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Chapter 1

Preamble

Atherosclerosis of the coronary arteries is the leading cause of mortality and morbidity
in the western world. Coronary artery disease can cause stable angina pectoris, unstable
angina or acute myocardial infarction. The latter two are collectively referred to as acute
coronary syndromes (ACS) and related to progression, instability, erosion, or rupture of
preexistent coronary atherosclerotic plaques with superimposed thrombus formation
and subsequent critical decrease of coronary blood flow. Generally, such plaques or
stenoses are referred to as “vulnerable plaques” and the propensity of a lesion to rupture
and possibly cause an acute coronary syndrome is called “vulnerability”. The prognosis
of stable coronary disease is generally quite good if treated appropriately1-3, whereas
acute coronary syndromes have a profoundly negative impact on prognosis4;5.
Consequently, a lot of research has been focused on identifying the patient that is at risk
of developing unstable coronary disease, with the emphasis lying on identifying
atherosclerotic plaques which have a propensity for causing acute coronary syndromes,
i.e. the so-called vulnerable plaque, as defined above. The role of inducible ischemia as
a risk factor or even trigger by which stable coronary disease may progress to unstable
disease, however, was insufficiently recognized, inadequately understood or
underestimated until recently.
The central theme of this thesis is the relationship between repetitive myocardial ischemia
and systemic markers and pathways which are involved in, related to or may help to
explain vascular inflammation and plaque vulnerability in coronary artery disease.
In this introduction the background and rationale for this thesis will be outlined.

Biochemical and mechanical triggers affecting plaque stability and the
occurrence of acute coronary syndromes
Since the 1990’s it is known that atherosclerosis encompasses much more than
accumulation of lipids in the arterial wall and is an active inflammatory process which
starts with endothelial dysfunction and influx of LDL particles6. By stimulating expression
of adhesion molecules on the endothelial surface, influx of inflammatory cells like
monocytes and T-lymphocytes is triggered. Monocytes differentiate into macrophages
which in turn engulfe LDL-particles to form foam-cells7. Smooth muscle cells proliferate
and migrate into the intima, and instead of having a contractile function, transform in
secretory cells that actively produce collagens type I and III which together with the
smooth muscle cells form an overlying fibrous cap. When the integrity of this plaque is
disrupted and the highly thrombogenic material from the plaques core comes into contact
with blood, thrombosis will ensue which can lead to coronary occlusion and thus
myocardial infarction.
There are several mechanisms by which an atherosclerotic plaque is believed to cause
acute coronary thrombosis and subsequent myocardial infarction, of which rupture of
an unstable atherosclerotic plaque is the most frequently occurring, followed by
erosion8. Several mechanisms play a role in the destabilization and subsequent rupture
of a plaque. Activated macrophages within the plaque secrete matrix-metalloproteinase
which break down the extracellular matrix while activated T-lymfocytes inhibit collagen
synthesis by smooth muscle cells through excretion of Interferon-gamma, thus
12
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Figure 1. T-lymphocytes inhibit
SMC collagen production.
Activated macrophages produce
matrix degrading enzymes,
weakening the fibrous cap. Finn
AV. Arterioscl Vasc Thromb Biol
2010;30:1282-92, reproduced
with permission.

1

weakening the plaque. These macrophages are amongst others activated by proinflammatory cytokines (Figure 1). Ruptured plaques are strongly infiltrated by
inflammatory cells like macrophages and lymphocytes, which points to active inflammation
as an important causative factor9.
Another factor contributing to plaque destabilization is positive (outward) remodeling.
In this process, the vessel enlarges as a response to plaque growth, with the purpose of
ensuring luminal patency and adequate blood flow10. However, it has also been shown
that outwardly remodeled plaques have a larger lipid core, more macrophage infiltration
and lack of smooth muscle cells, thus displaying vulnerable features11;12. Positive
remodeling may thus on one hand be beneficial by avoiding or perhaps compensating for
luminal stenosis while at the same time it is weakening the plaque, rendering it more
vulnerable. It is not unlikely that positive remodeling is a physiological response to injury
or ischemia and plaque rupture is an overshoot of this response.
Another mechanism involved in plaque destabilization is plaque neovascularization and
hemorrhage. The term ”plaque destabilization” is used here to summarize all the processes
described above which are weakening the structure of the plaque13. With progression of
the plaque-size and high metabolic activity and increased turnover and thus death of the
resident macrophages, hypoxia and necrosis in the plaques core ensues, triggering
angiogenesis from the vasa vasorum by induction of vascular endothelial growth factor14.
These neo vessels are structurally weak and can rupture, thereby causing intra-plaque
hemorrhage, acute growth and destabilization of the plaque15;16.
Although underestimated in the past, from a mechanical point of view, rheology and
alterations in flow and pressure across a lesion are also involved in lesion progression,
plaque vulnerability and rupture. Laminar endothelial shear stress is critical for the
maintenance of healthy endothelium mainly by production of NO through induction of
NO-synthase by endothelial cells17. NO inhibits vascular inflammation and smooth muscle
proliferation, thereby inhibiting plaque growth and inflammation. Low shear stress is
associated with low NO production, increased LDL uptake, increased thrombogenecity,
oxidative stress, angiogenesis, matrix degradation and thus lesion progression, explaining
the predilection for stenosis to occur for example on the inner curve of bifurcations, where
shear stress is low18-20.
As a lesion in the coronary artery progresses, the lumen at the location of the stenosis
becomes more narrow. As long as laminar flow is undisturbed, shear stress will be highest
13
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at the site of minimal lumen diameter. However, when laminar flow is disturbed because
of irregular surface or shape of the atherosclerotic plaque, shear stress behind the stenosis
is decreased or even becomes oscillating21, resulting in promotion of inflammation and
plaque remodelling. Also, there will be an increase in pressure drop across a lesion, due
to energy loss caused by the Venturi effect within the stenosis and turbulence at the exit
of the stenosis. This pressure drop is not only the cause of ischemia of the supplied
myocardium, by limiting maximal achievable bloodflow, but may also be an important
factor in the actual rupture of atherosclerotic plaques. Velocity increase and pressure
drop across a stenosis results in decrease of outward lateral wall pressure from the lumen.
Assuming normally functioning vasa vasorum, the higher proximal pressure transmitted
through these vasa vasorum into the plaque is not counteracted by lateral wall pressure,
thus creating a pressure gradient across the cap of the plaque into the direction of the
lumen, possibly contributing to plaque deformation, intraplaque hemorrhage and
eventually rupture22. This is depicted in Figure 2.
Finally, it might be clear that all these mechanical influences are most pronounced if the
pressure gradient across a plaque increases, resulting in approximately 40.000.000
increased “rhythmic deformations” of the plaque per year, making it understandable that
“fatigue” in the plaque occurs.

Searching for the vulnerable plaque: morphological aspects

When trying to identify plaques that are prone to rupture, it is logical to search for plaques
that share features of the already ruptured plaque. From early cross-sectional pathological
studies, which investigated autopsy specimens of patients who died of acute coronary
syndromes, several characteristics of ruptured plaques were identified23;24.

Figure 2. Hemodynamics of an atherosclerotic plaque. Due to the Venturi effect lateral wall pressure is decreased in the stenosis (1) and due to turbulence at the exit (2) distal pressure (P distal) drops. Meanwhile,
the proximal pressure (P proximal) is transmitted(3) through the vasa plaquorum (**) via the vasa vasorum
internae (*). Endothelial shear stress drops or becomes oscillating (4).

14
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Disrupted, ruptured plaques exhibit distinct morphological characteristics:
- A large necrotic core
- A thin overlying fibrous cap, with relative absence of smooth muscle cells
- A large concentration of inflammatory cells, especially macrophages, which are
concentrated at the shoulder-regions of the plaques.
The so-called thin-cap fibroatheroma (TCFA) is characterized by a relatively large lipid
core, thin fibrous cap, and relatively low smooth muscle cell and high macrophage content
and is therefore suspected to have a high likelihood of rupture25;26(Figure 3)

1

Applying this definition of a vulnerable, rupture-prone plaque, many have endeavored to
accurately identify these vulnerable plaques in patients using various imaging modalities
like intra-vascular ultrasound (IVUS), computer tomography, virtual histology (VH) and
optical coherence tomography (OCT), with the specific goal of predicting which patients
are at risk of experiencing an acute coronary event due to plaque rupture.
Although intuitively appealing, the concept of identifying a patient at risk solely by
identifying plaques with these so-called vulnerable characteristics has caveats.
The most important problem is that vulnerable plaques and plaque rupture (as defined
by the above mentioned criteria) are actually found not only as culprit lesions in acute
coronary syndromes. This was shown by Maehara et al27. They investigated 300 plaque
ruptures by IVUS in patients with AMI, unstable angina, stable angina and asymptomatic
disease and found 22% of ruptured plaques in stable angina or asymptomatic disease,
showing that plaque rupture is not solely confined to acute coronary syndrome but may
be found across the whole spectrum of patients with coronary artery disease, from
asymptomatic to acute MI. Or in other words: not every plaque rupture leads to an acute
coronary syndrome.
In this respect, it is also important to note that almost all studies of plaque vulnerability
were either retrospective or cross-sectional.
To further investigate the natural progression of atherosclerotic lesions, the PROSPECTtrial was performed28. In this trial non-culprit lesions of 700 patients admitted for acute
coronary syndrome (STEMI and NSTE-ACS) were investigated by angiography and virtual
histology– and subsequently followed (virtual histology is an intravascular ultrasoundbased technique discriminating calcium content, lipids and fibrous tissue within a plaque).

Figure 3. Example of a thin cap fibroatheroma (TCFA), showing a
thin fibrous cap (large arrow) and high lipid content (small arrow).

15
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The PROSPECT trial was the first trial which evaluated the natural history of plaques
prospectively and investigated if and which morphological features of a plaque would
have prognostic significance. Included were patients with unstable angina, NSTEMI and
STEMI who were treated by PCI. After PCI all non-culprit vessels with a diameter of ≥ 1.5
mm were investigated by virtual histology. Event rate at 3 years related to non-culprit
lesions was 11.6 %. The presence of TCFA had a lesion Hazard Rate (HR) 3.8 which was
statistically significant but a minimal luminal area of ≤ 4.0mm2 actually had a HR of 5.0,
concluding that apart from lesion’s composition, luminal stenosis severity was important
for prediction of MACE, which is in agreement with clinical data as will be discussed later.
However, this trial had several limitations, most importantly that event rate was low and
almost all cardiac events were either UA or increasing angina, with only 6 MIs (1%) and
no cardiac arrest or death attributable to non-culprit lesions.
In fact, the PROSPECT study showed the extremely low event rate related to non-significant
lesions if adequately treated by medical therapy, an observation confirming similar results
from the DEFER29 and FAME trials30, as will be discussed later. Furthermore, it simply
showed that stenosis severity was more powerful prognostic factor for events at followup than any of the other morphological characteristics like TCFA or lipid core.
An earlier retrospective study by Fuji et al from 2003 also pointed to lesion severity as an
important determinant in ruptured plaques in ACS31. In this study, IVUS-characteristics of
ruptured culprit plaques in patients with ACS were compared to those of ruptured nonculprit plaques in ACS patients and lesions of non-ACS patients. It was shown that culprit
ruptured plaques had more severe area stenosis (61± 15%) than either ruptured nonculprit plaques (51± 14%) and plaques in non-ACS patients (47±18%). They concluded
that 1) culprit ruptured plaques are more severely stenotic than non-culprit plaques in
ACS-patients or ruptured plaques in non-ACS patients and 2) that plaque rupture also
occurs in stable coronary disease and not always causes symptoms or acute coronary
syndromes.
This is in accordance with earlier findings by Burke et al32 reporting multiple healed plaque
ruptures underlying stable as well as acutely ruptured plaques in patients with acute
cardiac death, pointing to subclinical plaque rupture as a possible cause of lesion
progression. Interestingly, in this study the ruptured plaques responsible for ACS showed
significant luminal narrowing (>70%) even when no evidence of underlying healed plaque
rupture was found. Also, luminal narrowing was more severe in acutely ruptured than in
stable plaques, regardless of the number of underlying healed plaque ruptures, also
implying that culprit sites are more stenotic (and most likely had a higher transstenotic
pressure gradient; author’s note). Percentage luminal obstruction at acute rupture sites
increased as more healed underlying plaques were present.
In the previously mentioned study by Maehara27 it was also concluded that, although
rupture most often did not occur at the exact site with most severe stenosis, it did occur
close to a severe stenosis, implying a direct relationship between a severe stenosis and
plaque rupture.
In another IVUS-study by Kotani et al33 angiographic and IVUS characteristics of culprit
plaques in patients with acute myocardial infarction were compared to non-culprit plaques
in these patients and plaques in patients with stable angina. Also in this study culprit
plaques had more severe narrowing on angiography (79.6% ± 15.6% vs 42.2% ± 17% vs
52.1% ± 17%), were longer and had more positive remodeling and evidence of thrombosis.
From the above mentioned studies it can be concluded that stenosis severity is strongly
16
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related to plaque rupture and subsequent occurrence of acute coronary syndromes. From
a mechanical point of view, this can be understood, if one takes into account the effects
of lesion severity on transstenotic pressure gradients as explained in the first paragraph
and Figure 2, supporting the influence of hemodynamic forces in plaque rupture.
Unfortunately, for more than 20 years there has been a widespread misunderstanding in
a complete generation of cardiologists believing that mild plaques are the most risky to
develop ACS and, some believe, should be treated by stenting to prevent future events
(so-called “plaque sealing”)34. Not only has this resulted in inappropriate use of health
care resources but most likely also in underestimation of the benefit of PCI with respect
to outcome in many patients. This will be elaborated on in the next paragraph.

1

The Paradox between the vulnerable plaque theory and clinical
observations of culprit lesions in acute coronary syndromes

As stated above, there is a widespread belief that acute myocardial infarction and acute
coronary syndromes predominantly would occur at the sites of non-significant, non-flow
obstructing plaques that are of a “vulnerable composition”,and not at the site of severe,
flow-impairing stenoses. Actually, it was generally assumed for a long time that the severe
stenoses are the stable ones with good prognosis.
This concept stems from a few retrospective studies with small sample sizes and large
time-intervals (ranging from 6 weeks to 11 years) between index angiography and the
occurrence of acute myocardial infarction. Giroud et al35 reviewed culprit stenosis of AMI
in 92 patients and compared it to the severity of this lesion on “earlier angiography”. They
concluded that AMI most frequently occurred on previously angiographically nonsignificant lesions. However, the time-interval between the index angiography and AMI
ranged from 1 to 144 months, median 26 months. Similar results were described by Little
et al36 in only 29 patients with a time interval between initial angiography and angiography
at the time of the AMI of 22 ± 21 months. In the following two decades numerous review
articles, editorials, meta-analyses, book chapters and case reports have been published
on this issue, all referring to these few studies and to each other.
Furthermore, the finding that in patients with ACS multiple plaques with “vulnerable”
characteristics besides the culprit lesion are present37, led to the assumption that plaque
rupture and subsequent ACS is an almost randomly occurring event in a patient with
multiple non-significant vulnerable plaques with no relation to stenosis severity or
presence of myocardial ischemia whatsoever.
Apart from the findings of intravascular ultrasound mentioned in the previous paragraph
this idea is also contradicted by clinical practice.
To truly investigate the relation between stenosis severity and risk for subsequent ACS,
it is mandatory to do a large prospective study of patients undergoing coronary
angiography and follow these patients for years. Such a study has been performed by
Alderman et al (Figure 4).
In the 5-year follow-up of native coronary disease in the CASS-study, they observed that
initial stenosis severity was strongest predictor of segment occlusion at follow-up38.
More recently, important insights have been obtained by interventional cardiologists
performing primary PCI in acute myocardial infarction providing the possibility to study
underlying lesions in acute myocardial infarction.
17

2012125 proefschrift Jan Willem Sels.indd 17

07-02-13 16:07

Chapter 1

Figure 4. Relation of baseline
stenosis to segment occlusion in
patients with interval myocardial
infarction at follow up in CASS
study. Adapted from Alderman
E.L. et al, JACC 1993, vol.22. No 4.

Frobert et al showed in their single-centre observational study that the majority of acute
ST-Elevation Myocardial Infarctions (STEMIs) actually occurs at the site of significant
coronary stenoses39. When looking at the angiographic data of large ACS-studies like
TIMI-IIIb40 and FRISC-241, the large majority of patients had at least one angiographically
significant stenosis and only a minority of patients presented with diffuse, non-significant
coronary artery disease. Manoharan et al42 showed, in concurrence with the findings of
Frobert et al, that culprit stenoses in unstable angina/NSTEMI and STEMI were
angiographically significant in the majority of cases. Thrombus aspiration was performed
in STEMI before touching the lesion with a balloon or wire, revealing severe underlying
stenosis in the great majority of cases, only 11% of culprit stenoses being less than 50%.
Chan et al43 recently reported a in a series of 185 patients with acute myocardial infarction
who underwent angiography after successful thrombolysis that 78% had a infarct-related
underlying stenosis of more than 50%, in 31% of cases the underlying stenosis was more
than 70%.
A recent subanalysis of the COURAGE-trial44, which compared optimal medical therapy
(OMT) with PCI combined with OMT, showed that in patients referred for symptom-driven
repeat angiography, the only predictor for acute myocardial infarction or unstable angina
was if the lesion originally had a > 50% diameter stenosis.
From these clinical data it can be concluded that angiographically severe lesions are more
likely to occlude and cause acute coronary syndromes than non-significant ones and that
acute coronary syndromes mainly occur at the sites of severe stenosis. This can once again
be understood considering the importance of transstenotic pressure gradients and is
reflected in the prognostic importance of myocardial ischemia, which is the direct resultant
of impairment of blood flow due to coronary stenosis.
How then can we explain these paradoxical findings?
First of all, the time-interval in the previously mentioned studies between index
angiography and time of infarction is so large that progression of lesions might well have
occurred. Secondly, the prevalence of mild plaques in the general population is much
higher than that of severe plaques. Therefore, even if the risk of rupture for a single mild
stenosis is very low, due to sheer prevalence mild stenoses could account for a sizeable
portion of the infarct-causing lesions. Thirdly, severe lesions (especially hemodynamically
significant lesions) generally cause symptoms (angina pectoris) for which the patients
seeks medical attention. Medical treatment (aspirin, statins) and revascularization may
18
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reduce risk of AMI of the severe lesions while hemodynamically non-significant
asymptomatic lesions are not noticed and can (sporadically) cause myocardial infarction.
Finally, angiography is a poor tool for investigating the functional severity of a plaque and
frequently lesions that may be judged to be moderate are actually functionally severe
and cause repetitive myocardial ischemia (during exercise). The prognostic significance
of myocardial ischemia is outlined in the next paragraph.

1

The prognostic importance of myocardial ischemia

In coronary artery disease, there is strong evidence that the most important prognostic
factor with respect to the occurrence of adverse events like myocardial infarction and
death is the presence and extent of myocardial ischemia.
Reversible perfusion defects detected with the use of nuclear imaging are invariably
associated with an adverse prognosis in symptomatic as well as asymptomatic patients
with stable coronary disease and confer additional prognostic value over the presence or
absence of symptoms.
In a prospective study by Hachamovitch et al more than 5000 patients who underwent
myocardial perfusion scintigraphy (MPS) were followed45. Rates of myocardial infarction
and cardiac death were directly related to the perfusion abnormalities on the MPS, with
increasing rates of death and MI when perfusion abnormalities were larger. The same
investigators also showed a beneficial effect of early revascularization in patients with a
moderately abnormal and severely abnormal MPS46.
Similar results were found in asymptomatic patients with angiographic evidence of
coronary artery disease (CAD) in an earlier study by Pancholy et al47. In this study, events
rates were similar in both symptomatic and asymptomatic patients, while the angiographic
extent of CAD, left ventricular function and extent of perfusion abnormality did not differ
between the two groups. The extent of perfusion abnormality was found to be the most
important prognostic factor along with a history of diabetes mellitus.
In a substudy of the COURAGE- trial by Shaw et al, who compared optimal medical therapy
(OMT) combined with percutaneous coronary intervention (PCI) and OMT alone for stable
angina, it was found that if the extent of myocardial ischemia could be significantly
reduced by either OMT or PCI + OMT, prognosis improved48. Furthermore, the rate of
adverse events at 6 and 18 months follow-up was directly related to the extent of residual
ischemia found on repeat MPS.
The prognostic significance of inducible myocardial ischemia has also been proven by
other modalities like echocardiography. For example, in a recent study by BouzasMosquera49, development of wall motion abnormalities detected with echocardiography
during exercise testing was associated with doubled death and event-rates at 5 year
follow-up in patients with normal exercise tests, compared to patients who had normal
stress echocardiography. Furthermore, the extent of wall motion abnormalities developing
during exercise was an independent predictor of major cardiac events, defined as cardiac
death and non-fatal myocardial infarction.
Also, in post myocardial infarction and asymptomatic patients the presence of (residual)
myocardial ischemia confers additional risk of future cardiac events50-53.
In summary, the presence and extent of myocardial ischemia caused by coronary stenoses
is the most important factor for the future risk of cardiac events.
19
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Figure 5. (Left) Kaplan-Meier curves for survival free from adverse cardiac events at 5 years
for the 3 groups. (Right) Cardiac death and myocardial infarction at 5 years in the 3 groups of
the DEFER study Pijls et al. JACC 2007;49:2105-11. Reproduced with permission.

On the contrary, if a coronary stenosis is not hemodynamically significant and does not
cause ischemia, risk of future events is low if treated by appropriate medical therapy only.
This was shown in the DEFER study54, in which patients with single-vessel disease (as
defined by 50% or more reduction in luminal diameter) were included and Fractional Flow
Reserve (FFR) of the target lesions was performed. In short, FFR assesses the potential of
a given stenosis to induce myocardial ischemia at maximal hyperemia (a detailed
description of the principles and clinical use of FFR will be given in chapter 3). Patients
with lesions with an FFR>0.75 were randomly assigned to a conservative strategy (DEFERgroup) or PCI (PERFORM-group). Patients with an FFR≤0.75 were treated with PCI and
were used as Reference Group. It was found that lesions with an FFR>0.75(55) could safely
be treated conservatively with very low event rates at 1 and 5 year and also lower than
in patients with an FFR >0.75 treated with PCI. Even despite optimal medical therapy and
PCI, outcome for the group with ischemic stenoses (Reference group) was 3 times worse
at 5 years compared to the non-ischemic DEFER-group (Figure 5).
The landmark FAME-trial confirmed these findings in patients treated with PCI for
multivessel coronary disease56. In this study patients with multivessel disease suitable for
treatment with Percutaneous Coronary Intervention (PCI) were randomly assigned to a
FFR-based strategy, in which only lesions with FFR< 0.80 were treated, or an angiographybased approach in which all visually significant lesions of were treated with PCI.
In short, FFR-guided PCI (treating only hemodynamically significant lesions) resulted in a
significant risk reduction of a composite of death, myocardial infarction or repeat
revascularization at 1 year, whereas in lesions where stenting was not performed on the
basis of FFR>0.80 (500 lesions in 509 patients) the rate of myocardial infarction was 0.1%
per year57.
The incontrovertible conclusion of these studies is that:
1. The prognosis of non-ischemic stenoses is excellent (if treated medically by aspirin and
statins) with rate of death or infarction <1% per year and that stenting of such lesions
is unnecessary and potentially harmful.
2. Prognosis of ischemic lesions is much less favourable and probably improved by
eliminating the ischemia by stenting, followed by appropriate medical treatment.
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Therefore, if vulnerability is defined as the propensity of a plaque or stenosis to cause
future acute coronary syndrome, these clinical studies provide strong evidence that the
presence of inducible and repetitive ischemia is in fact the strongest discriminating marker
of vulnerability.

1

The search for the vulnerable plaque revisited: cellular aspects and the
role of ischemia

The importance of inducible myocardial ischemia on the occurrence of acute coronary
syndromes together with the fact that acute coronary events are often caused by acute
rupture of coronary lesions strongly points to a possible relationship between repetitive
ischemia and plaque vulnerability.
On one hand, it can be speculated that intermittent myocardial ischemia causes changes
in the composition of the blood that may affect plaque composition. On the other hand,
local mechanical forces caused by ischemia-causing lesions (with a large pressure gradient
during ischemia i.e. maximal hyperemia) might affect plaque dynamics and composition,
reflected in turn again in changes of associated factors in the systemic blood. In that case,
systemic changes of blood composition and properties of the circulating blood cells are
only a reflection of what happens locally in the coronary artery.
We therefore hypothesize that local myocardial ischemia induces a systemically detectable
response, which is at least associated with, but may also be causative in the complex
biological and mechanical pathways leading to plaque vulnerability and rupture. Further
unraveling these complex relations is the main goal of this thesis. In this context,
comparison with pathways of tumorangiogenesis and necrosis is useful, as will be outlined
below.
Hypoxia, angiogenesis and atherosclerosis
It is well known from oncology research that tissue hypoxia as occurs in the core of solid
tumors induces angiogenesis and infiltration of inflammatory cells. The most potent
angiogenic factor in tumor angiogenesis and growth is Vascular Endothelial Growth
Factor(VGEF), which is expressed as a response to hypoxia58. VEGF-specific antibodies
inhibiting tumorangiogenesis are used nowadays in cancer treatment of solid tumors.
Under conditions of hypoxia, chemotactic factors like Monocyte Chemo-attractant
protein-1 (MCP-1) and Colony Stimulating Factor attract monocytes from the vasculature
to the sites of hypoxia which subsequently infiltrate towards the hypoxic tissue59. Once
infiltrated, these monocytes differentiate into so-called Tumor Associated Macrophages
(TAM’s)60. Under the influence of hypoxia, chemo-attractant receptors on these TAM’s are
downregulated and migratory capability of these cells is reduced, assuring retention of
these cells in the ischemic tissue. These cells subsequently promote angiogenesis and
tumor progression. Also, angiogenesis is, amongst others, dependent on the action of
matrix-metallo-proteinases (MMPs) by degradation of extracellular matrix, which
facilitates the formation of new capillaries61. Similar processes have been observed in
tissue hypoxia due to ischemia and atherosclerosis. For example, in a pigs without
atherosclerosis in which myocardial ischemia was induced by ligation of the left anterior
descending artery, short term (90 minutes) ischemia induced infiltration of monocytes in
the hypoxic/infarcted tissue62. Interestingly, after 30 minute of ischemia there was also a
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significant upregulation of gene-expression of MCP-1 and Tissue Factor and increased
systemic platelet activation, implying an effect of tissue ischemia on the function of
peripheral blood cells. Azzawi et al found increased infiltration of macrophages in
explanted hearts of patients with ischemic heart disease as compared to normal subjects63.
Frangogiannis et al showed in both a murine and canine model, that short bursts of
myocardial ischemia induced an inflammatory response64;65. Niiyama et al showed in a
hind-limb ischemia mouse model that endogenous MCP-1 production was upregulated
following ischemia which resulted in increased production of pro-angiogenic factors like
TNF-alpha and VGEF66. Induced hind-limb ischemia in mouse experiments resulted in a
significantly increased production of MMP-2 and -9 illustrating the effects of ischemia on
production of MMPs in processes other than cancer. Another important inflammatory
signaling system involved in atherosclerosis, focused on in this thesis, is the Toll-like
Receptor (TLR) system. Key components of the innate immune system, Toll-like receptors
are pattern recognition receptors that recognize specific components of invading microbial
organisms and initiate the inflammatory and immunological response67;68. Endogenous
molecules can act as ligands for TLRs and in this way TLRs are involved in various
inflammatory diseases including atherosclerosis, rheumatoid arthritis and cancer. In
atherosclerosis, TLRs have been shown to be expressed on endothelial cells and
macrophages in atherosclerotic plaques and activation of TLR4 has been shown to induce
intimal lesion formation69-71. Also, atherosclerotic lesion formation in TLR-deficient mice
is significantly decreased. Furthermore, TLR activation has been shown to be involved in
outward remodeling72 and TLR2 has been shown to mediate matrix degradation in the
atherosclerotic plaque73;74, thereby contributing to plaque destabilization. Several
molecules known to be released from hypoxic tissue have been shown to act as ligands
for TLRs, for example Heat Shock Proteins and fibronectin69. These so-called dangerassociated molecular patterns (DAMPs) are released upon cell death or cell-stress and
matrix-degradation. It has become clear that TLR-activation plays an important role in
Ischemia-reperfusion (IR) injury after myocardial infarction. In mice it was shown that
endothelial dysfunction after IR-injury was mediated through TLR275 and that TLR2
expression on endothelial cells as well as circulating monocytes was increased. Also,
myocardial contractile dysfunction after IR has been shown to be TLR2 mediated76;77.
Interestingly, WT mice with TLR2-/- bone marrow were equally protected against IR injury
as total TLR2-/- knockout mice, whereas TLR2-/- mice with wild-type bone marrow where
not, stressing the importance of circulating cells in IR injury78.
However, these mechanisms have been shown in occlusive ischemia (mice-) models.
Whether these mechanism also play a role in repetitive ischemia as occurs in stable
angina, in which there is transient myocardial ischemia, but no cell death, is unknown.
Hypoxia has been shown to induce TLR expression on various cell types. For example, TLR
4 expression on microglia is increased under conditions of hypoxia79. In vitro, murine
hypoxic macrophages exhibit increased expression of TLR480. Apart from local production
of chemotactic factors and subsequent recruitment of cells to the hypoxic tissue changes
in the characteristics of peripheral blood cells have also been observed. For example, in
the previously mentioned study by Villahur et al62 expression of MCP-1 and Tissue Factor
in peripheral blood cells was significantly increased. Furthermore, van Royen et al showed
that local infusion of MCP-1 in a model of hind-limb ischemia, apart from inducing
formation of collaterals, resulted in increased expression of adhesion molecule CD11b on
peripheral monocytes and increased formation of aortic atherosclerotic plaques81. In a
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clinical study, Versteeg et al found increased responsiveness of TLR 2 and 4 on peripheral
monocytes in patients with stable coronary artery disease and inducible myocardial
ischemia, as assessed by FFR82. These observations point to interplay between tissue
hypoxia/ischemia, atherogenesis and properties of circulating cells.
The observation that altered properties of circulating inflammatory cells and circulating
cytokines contribute to development and progression of atherosclerosis, has previously
been shown in other systemic inflammatory conditions like rheumatoid arthritis (RA) and
psoriasis. Rheumatoid disease83;84 and psoriasis85;86 both are associated with increased
risk of coronary artery disease and this increase in risk is dependent on disease severity.
For example, in 20-25% of patients with RA expansion of CD4+CD28- T cells is found87.
These T-cells are also found in blood of patients with acute coronary syndrome and have
a high capacity for the production of Interferon-gamma, which is involved in plaque
vulnerability, as mentioned earlier. In the RA patients, increased levels of these T-cells is
associated with increased intima media thickness, thus implying increased atherogenesis.
Furthermore, treatment of patients with RA with the anti-TNF-alpha antibody infliximab
resulted in improved endothelial function88.

1

Clinical evidence for role of hypoxia or ischemia-related pathways in coronary artery
disease
The majority of the evidence presented in previous paragraph on hypoxia or ischemiarelated mechanisms is based on either in vitro experiments or mouse experiments.
There is ample clinical evidence that the factors described in the previous paragraph,
which are involved in inflammation and angiogenesis are also important in human
ischemic atherosclerotic disease. For example, increased plasma monocytechemoattractant protein 1 (MCP-1) levels have been found in patients with acute
coronary syndrome89. Elevated levels of matrix-metalloproteinases found in patients
with acute myocardial infarction (AMI) and unstable angina (UA)90, but are also elevated
in rapidly progressing coronary atherosclerosis91. Elevated levels of TNF-alpha are found
in all patients with coronary artery disease, with the highest levels in patients with AMI
and UA92. In patients with acute coronary syndrome a significant increase in TLR4positive monocytes was found. Furthermore, stimulation of TLR4 by LPS was found to
be increased in patients with recurrent unstable angina93. However, all the above
mentioned research pertain to acute ischemic events in which inflammation may either
be the cause (by plaque inflammation) or the consequence of ischemia. Whether similar
mechanisms occur in stable coronary disease in which ischemia occurs for relatively
short periods during for example exercise without myocardial necrosis, is unclear. Some
studies have indicated this. The previously mentioned study by Versteeg et al found a
clear relationship between TLR responsiveness to stimuli and the presence of inducible
ischemia, as measured by FFR82.

Platelets, atherosclerosis and myocardial ischemia

Platelets play a crucial role in acute events complicating coronary artery disease as
thrombus formation at the site of the ruptured or eroded plaques causes acute coronary
lumen narrowing or occlusion. However, apart from causing thrombosis in acute coronary
syndromes, it has become increasingly clear that platelets are also involved in initiation
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and progression of atherosclerotic lesions themselves94-96. Activated platelets can secrete
numerous chemokines97;98, cytokines and matrix metalloproteinases95, thereby promoting
inflammation, matrix degeneration and thus progression of atherosclerotic lesions99. Apart
from contributing to the atherosclerotic process, platelets themselves can also be
activated by atherosclerotic lesions. Platelets can be activated under conditions of elevated
shear stress conditions as occur at the sites of plaques100 by mechanical activation or as
a consequence of increased expression of factors on inflamed endothelium96. It has
previously been shown that platelet reactivity is increased after exercise in patients with
obstructive coronary artery disease101, suggesting increased shear stress through a stenosis
as one of the causative mechanisms, even without clear myocardial ischemia102. Other
investigators have found an inverse relationship between platelet reactivity and stenosis
severity103. Biochemical pathways, promoted by ischemia may also play a role. Gurbel et
al104 found that artificially induced occlusive ischemia of short duration (15 min) with
subsequent reperfusion resulted in increased platelet reactivity regionally in the coronary
circulation during ischemia, decreased systemic reactivity shortly after reperfusion and
subsequent increased reactivity systemically late after reperfusion. Since in this model
the LAD was totally occluded, it is unlikely that this effect occurred due to mechanical
causes and the authors suggest that locally produced factors by the ischemic myocardium
or endothelium might cause these findings.
Increased platelet activity is also seen in other ischemic syndromes like intermittent
claudication, the highest levels seen in critical limb ischemia105. This might contribute to
the high incidence of myocardial infarction in patients undergoing vascular surgery106.
Summarizing, platelets play an important role in atherosclerosis, from the initiation and
progression of atherosclerosis to the final complication of acute thrombosis. Furthermore
there seems to be a relationship between tissue ischemia and the properties of platelets
in peripheral blood, although this relationship is not consistently found in stable angina.
If such a relationship exists, then altered platelet function could contribute to the higher
risk of adverse events in patients with inducible myocardial ischemia.

Microvesicles, atherosclerosis and ischemia

Microvesicles (MVs) are small membrane shed vesicles which are secreted by cells after
activation or during apoptosis. MVs are defined by their size and surface markers,
indicating their origin, and are contained by a phospholipid bilayer. By releasing MVs, cells
can influence distant pathophysiological processes via fusion or internalization of MVs by
the host cell, thereby changing the properties of the receiving cells. MVs contain subsets
of proteins,mi RNA mRNAand bioactive lipids derived from the parent cell. Originally
thought only to function as a means by which a cell can rid itself of debris or pro-apoptotic
signals, in recent years MVs have been associated with multiple disease processes like
cancer, diabetes mellitus, infectious disease and cardiovascular disease107-111. With respect
to coronary artery disease, increased levels of circulating MVs of different origin have
been found in patients with acute myocardial infarction and stable coronary disease112;113.
Furthermore, circulating MVs from patients with acute myocardial infarction induce
endothelial dysfunction114 and levels of circulating endothelial and platelet MVs have been
shown to correlate with the area at risk during myocardial infarction115. Circulating platelet
MVs have been shown to promote coagulation (by surface expression of Tissue Factor
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and phosphatidylserine)116 and MVs from atherosclerotic plaques have been shown to
induce endothelial proliferation an angiogenesis, which may cause plaque
neovascularization and vulnerability117. With respect to tissue ischemia, MVs generated
by ischemic muscle were found to promote angiogenesis118 and platelet MVs injected in
ischemic myocardium induced angiogenesis119. Furthermore, exosomes (small
microvesicles, released from endosomes) secreted from mesenchymal stem cells have
been shown to reduce ischemia/reperfusion injury120. Although it can be concluded that
differences in quantity and origin of MVs in atherosclerotic and ischemic heart disease
clearly have an active pathophysiological role and serve as markers of disease, less is
known of differences in content of MVs in relation to severity and prognosis in
cardiovascular disease. Analogous to surface markers on MVs, the content of MVs reflect
the origin and state of activation of the parent cell. In this way, changes in protein content
of MVs may indicate differential pathophysiological processes and pathways which may
also serve as biomarkers.

1

Hypothesis and outline of this thesis

Considering the studies and data reviewed above, it can be concluded that inducible
ischemia is of paramount importance for the prognosis of patients with coronary artery
disease. Repetitive ischemia is caused by hemodynamically significant coronary artery
stenoses but the exact way in which ischemia and mechanical, rheological and biological
mechanism are related and contribute to plaque vulnerability, rupture and occurrence of
ACS is poorly understood. It is clear that tissue hypoxia induces pro-inflammatory and
angiogenic responses which are also involved in lesion progression and destabilization.
It is also clear that atherosclerosis is not only a local phenomenon but is a systemic disease
and influences the properties of circulating cells. Finally, in contrast to the abundance of
data in experimental studies it is unknown to what extent these mechanisms can be
extrapolated to humans.
Therefore, the purpose of this thesis is to investigate the relation between inducible
ischemia and the properties of systemic blood and blood cells involved in plaque
progression and vulnerability in patients with coronary artery disease.
This research was performed within the framework of CTMM, the Center for Translational
Molecular Medicine (www.ctmm.nl), project CIRCULATING CELLS (grant 01C-102), and
supported by the Dutch Heart Foundation. The study design of the Circulating Cells study
is presented in chapter 2. As a measure of myocardial ischemia related to a specific
stenosis Fractional Flow Reserve (FFR) is used. FFR is generally considered to be the gold
standard for assessing the ischemic potential of a coronary stenosis. Besides assessing
ischemia, FFR offers the possibility to measure pressure gradients over a stenosis and
understand circumferential and axial forces, which have been underestimated in the past
but most likely also contribute to plaque rupture FFR has superior spatial resolution over
non-invasive imaging modalities, therefore it is suitable for our purpose because truly
segmental and focal information can be obtained about pressure abnormalities in the
coronary artery. A detailed description of the principles and practical application of FFR
will be given in chapter 3. 							
It is hypothesized that repetitive ischemia, as occurs in stable coronary disease during
exercise, alters the properties of circulating cells involved in plaque progression and
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destabilization and alters platelet function, as opposed to non-ischemic atherosclerosis.
To test this hypothesis, expression of adhesion molecules, toll-like receptors 2 and 4 on
peripheral blood cells and responsiveness to receptor-specific ligands and inducibility and
extent of myocardial ischemia will be assessed. Plasma levels of several cytokines and
protein expression on circulating cells will also be investigated. Ex-vivo platelet reactivity
to different stimuli and the formation of leukocyte-platelet complexes in relation to
inducible ischemia will also be assessed. Finally, protein content of circulating microvesicles
in patients with inducible ischemia is assessed by proteomic analysis. These analyses will
be presented in chapters 5 through 9. 						
Central to this thesis is the paradigm that inducible myocardial ischemia is the main risk
factor of future coronary events and that severely stenotic, flow-limiting stenoses are
more likely to cause acute coronary syndromes than mildly stenotic lesions. This statement
implies that revascularization of non-ischemic lesions in acute coronary syndromes is not
beneficial, which has already shown for stable angina54. Put differently, a ischemia-driven
revascularization strategy would be equally beneficial in acute coronary syndrome as in
stable angina. To investigate this, a retrospective analysis of the FAME-cohort was
performed in which FFR-guided PCI and angiography-guided PCI in patients with stable
angina and with unstable angina or NSTEMI was compared. This is presented in chapter
10. In chapter 11, the clinical outcome of the Circulating Cells patients included in the
Catharina Hospital Eindhoven is presented.
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Abstract

Background
Biomarkers for primary or secondary risk prediction of cardiovascular disease (CVD) are
urgently needed to improve individual treatment and clinical trial design. The vast majority
of biomarker discovery studies has concentrated on plasma/serum as an easily accessible
source. Although numerous markers have been identified, their added predictive value
on top of traditional risk factors has been limited, as the biological specimen does not
specifically reflect expression profiles related with CVD progression and because the signal
is often diluted by marker release from other organs. In contrast to serum markers,
circulating cells serve as indicators of the actual disease state due to their active role in
the pathogenesis of CVD and are responsible for the majority of secreted biomarkers.
Therefore, the CIRCULATING CELLS study was initiated, focusing on the cellular effectors
of atherosclerosis in the circulation. In total, 714 patients with coronary artery disease
(CAD) symptoms were included. Blood cell fractions (monocytes, T-lymphocytes, platelets,
granulocytes, PBMC) of all individual patients were isolated and stored for analysis.
Concomitantly, extensive flow cytometric characterization of these populations was
performed. From each patient, a detailed clinical profile together with extensive
questionnaires about medical history and life style were obtained. Various high-throughput
–omics approaches (protein, mRNA, miRNA) are currently being undertaken. Data will be
integrated with advanced bioinformatics for discovery and validation of secondary risk
markers for adverse events. Overall, the CIRCULATING CELLS study grants the interesting
possibility that it will both identify novel biomarkers and provide useful insights into the
pathophysiology of CAD in patients.
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Introduction

The number of studies that have focused on the identification and implementation of
biomarkers for primary/secondary prevention, risk stratification and therapy monitoring
has grown almost exponentially over the past 2 decades. Generally, multiple applications
are considered for novel biomarkers, such as optimization of diagnostic and prognostic
procedures, assessment of drug efficacy and individual risk prediction.
Due to its easy accessibility and availability, peripheral blood is considered an attractive
source for the discovery and identification of novel biomarkers. As a result, numerous
studies using plasma or serum markers for primary and secondary prediction have been
performed1-4. However, biomarkers associated with low or high risk for future events do
not necessarily add significant value on top of traditional risk factors when it comes to
risk prediction. Multimarker panels and multimarker scores were expected to solve this
problem, however, even a combination of 10 plasma-derived biomarkers, amongst which
well-known risk factors such as C-reactive protein (CRP), B-type natriuretic peptide (BNP)
and homocysteine, showed only marginal improvements when taken into account in
combination with traditional risk factors5.
One of the major concerns regarding serum-based biomarkers is that these do not
specifically reflect expression profiles related with cardiovascular disease progression. In
addition, proteomics identification of novel serum markers, which are usually only
detectable in low concentrations even in the diseased tissue itself, are further hampered
by the abundance of non-specific plasma proteins (such as albumin and immunoglobulins)
and the dilution of the specific signal by noise of other organ systems that drain into the
circulation. Thus, other sources need to be considered in which promising markers are
likely to be identified and measured. Ideally, this alternative source not only provides a
readout of disease status, but is also directly involved in disease progression. Given the
attributes of the desired novel biomarkers, in place of liquid blood components,
atherosclerotic plaques6;7 or circulating blood cells would serve as more appropriate
sources of this material8. While plaque material is limited, difficult to access and can only
be investigated in a cross-sectional manner, circulating cells are causally involved in
atherosclerotic disease and are abundantly available at different time-points for
longitudinal trials. Furthermore, biological pathway analyses based on (-omics) data from
circulating cells may contribute to the establishment of new pathophysiological concepts
for atherosclerotic disease development and progression9-12.
The advances in –omics technologies and cell analysis tools such as flow cytometry and
cell sorting have led to various studies focusing on blood cell-derived biomarkers. A
number of cell types have attracted particular attention: endothelial progenitor cells
(EPC)13-15, CD4+CD16+ 16;17 monocytes and CD4+CD28null T cells18-20. These blood cell
populations, identified by flow cytometry analysis, have been described as risk factors for
atherosclerosis and are associated with the severity of disease and clinical outcomes.
Moreover, leukocytes can be isolated and fractioned for further exploration by e.g.
genomics or transcriptomics. Until now, the majority of these studies were performed in
a single-center design. Clinical introduction of any marker requires user and time
independent reproducibility of measurements, which is particularly challenging when
handling primary cell fractions. Despite the growing interest in circulating leukocytes as
carriers of biological information from systemic diseases like atherosclerosis, no studies
integrating current state-of-the-art –omics data with flow cytometry analyses for
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biomarker discovery in cardiovascular disease patients have been performed yet.
The CIRCULATING CELLS study was initiated and designed to address the following
objectives:
1. discovery and validation of novel cell-based biomarkers for risk prediction of secondary
manifestations of disease in the presence of coronary artery disease;
2. feasibility and reproducibility of cell-based biomarkers in a multi-center setting.
This study combines the strengths of scientific experts from several institutions in
collaboration with bioinformaticians and clinicians for the integration of clinical data,
-omics, flow cytometry and medical technology assessment (MTA).

2

Methods

Study design
The CIRCULATING CELLS study is a prospective discovery and verification study, executed
in 4 medical centers in the Netherlands: the Catharina Hospital in Eindhoven, the Leiden
University Medical Center, the Maastricht University Medical Center and the University
Medical Center Utrecht. The study was approved by the medical ethical committees of
the participating centers and conforms to the Declaration of Helsinki. The inclusion period
lasted from March 2009 till September 2011. All patients received oral and written
information about the objectives of the study and provided written informed consent.
Nine months after inclusion, patients are followed for adverse cardiovascular events and
death. Extensive case record forms including medical history, risk factors, medication,
extent and severity of coronary artery disease, laboratory measurements, and final
procedural result were filled in at inclusion. Additionally, patients were asked to fill in a
questionnaire based on the Rose cardiovascular questionnaire.
Inclusion and exclusion criteria
Patients scheduled for coronary angiography due to stable and unstable angina pectoris
were included in this study. To minimize potential influence of the presence of profound
acute myocardial ischemia, patients with ST-elevation myocardial infarction (STEMI) were
excluded. Further exclusion criteria were: age < 18 years, inability to give informed
consent, suspected drug or alcohol abuse, serious concomitant disease, serious recent
infectious disease in the last 6 weeks or suspected elevated state of the immune system,
and non-cooperativeness.
Coronary angiography and percutaneous coronary intervention
Coronary angiography and PCI (when indicated) were performed according to local
standards and treatment decisions were left at the discretion of the treating cardiologist.
The anatomical severity of coronary artery disease was assessed by calculating the SYNTAX
score of each patient21.
SYNTAX scoring
All coronary angiograms were evaluated at the central core lab facility at the Leiden
University Medical Center, Department of Cardiology (Leiden, the Netherlands) by two
interventional cardiologists. The SYNTAX score was calculated as previously described by
Sianos et al.22 using the online SYNTAX score calculator version 2.11 (www.syntaxscore.
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com). Following the suggested methodology, all lesions with more than 50% luminal
stenosis in coronaries larger than 1.5 mm in diameter were included in the analysis,
irrespective of whether they were considered significant enough to be treated or not.
Patients with a previous coronary artery bypass grafting (CABG) operation were excluded
from the analysis.
Blood collection and processing
To prevent unwanted variations between the clinical centers, all materials coming in direct
contact with the cells (e.g. blood collection tubes, antibodies etc.) were centrally ordered
and distributed.
From all patients, up to 100 ml blood was collected via the arterial sheath catheter directly
after insertion and before administration of any anticoagulants. In all participating centers,
5 ml citrate-buffered blood was collected for platelet activation assays and 65 ml EDTA
blood were reserved for flow cytometry (5 ml) and cell fractionation (60 ml) (Figure 1).
Further processing was performed directly after collection to rule out any potential blood
storage effects. For cell fractionation, 60 ml EDTA blood was centrifuged at 156xg for 15
min and the plasma fraction, including platelets, was transferred into fresh tubes and
centrifuged again for 15 min at 330xg to separate plasma and platelets. Plasma was
aliquoted in 5 vials, 1 ml each and frozen at -80°C. The platelet containing pellet was
resuspended in 1 ml PBS and centrifuged once more for 10 min at 330xg. After discarding
the supernatant, platelets were frozen at -80°C (2 vials per patient).
The remaining blood cell fraction after the first centrifugation step was diluted with PBS
to a final volume of 80 ml, filled out in 50 ml Leucosep tubes (Greiner Bio-One, Alphen,

Figure 1. Schematic overview of
the cell isolation protocol. 60ml
EDTA blood were used for isolation of the different cell fractions using Ficoll density gradient centrifugation, red blood
cell lysis and magnetic bead
isolation. Additional analyses
(flow cytometry panels, platelet
activation assays, platelet-leukocyte complex analysis) were
performed using the remaining
2 sample tubes (citrate, EDTA).
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Netherlands) containing 15 ml Ficoll-paque Plus (GE Healthcare, Diegem, Netherlands)
each. After centrifugation for 20 min at 1000xg, the PBMC rich interphase was collected
into fresh tubes. One-third of the PBMC fraction was washed twice with PBS and frozen
in DMSO and serum free cell freezing medium (Sigma-Aldrich, Zwijndrecht, Netherlands)
at -196°C. The other 2/3 was resuspended in Imag Cell Separation Buffer (BD Biosciences,
Breda, Netherlands) transferred into 2 vials of 1 ml each (for CD4+ and CD8+ cell isolation)
and 1 vial of 2 ml (for CD14+ cell isolation). Cells were incubated with anti-human CD14,
CD4 and CD8 magnetic particles (BD Biosciences, Breda, Netherlands) for 60 min on ice.
Magnetic selection was performed using pre-cooled magnets kept on ice during the
separation. The supernatant was aspirated and discarded and the cells were resuspended
in Trizol and aliquoted in 8 vials: 4 vials CD14+ cells (monocytes), 2 vials CD4+ cells (T
helper cells) and 2 vials CD8+ cells (cytotoxic T cells). Aliquots were frozen and stored at
-80°C for RNA isolation and future transcriptomic analyses (mRNA, miRNA).
Simultaneously, the filter of the separation tubes used for the Ficoll isolation was removed
and 2 vials of red blood cells, 0.5 ml each, were aliquoted and stored at -80°C. The
remaining red blood cell fraction, also containing the granulocytes, was lysed by adding
50 ml ice cold red blood cell lysis buffer (157 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA,
pH 7.4) for 10min on ice. This step was repeated and cells were frozen in DMSO and serum
free cell freezing medium at -196°C.

2

Flow cytometry
Whole blood flow cytometry analysis was performed to identify and quantify monocyte
and T-cell subsets applying 16 different 5-color panels per patient (see tables 1 and 2).
Within these panels, cells were also analyzed for their functionality including migratory
and homing ability, activation status, skewing and angiogeneity. For each panel, 50 μl
whole blood was stained directly after blood collection with the respective antibodies for
30 minutes on ice. Washing, centrifugation and blood lysis was performed at 4°C followed
by immediate flow cytometry. To ensure comparability and reproducibility of these
measurements, each center was equipped with an identical 5-color flow cytometer
(FC500, Beckman Coulter, Fort Lauderdale, USA). For standardization, all 4 cytometers
were calibrated and all settings were synchronized for the flow cytometry based analyses
(monocyte and T-cell panels, platelet activation assays, platelet-leukocyte complexes) on
one location before being transferred to the participating clinical centers.

Table 1. Overview of monocyte panels for flow cytometry analysis. Seven 4 or 5-color panels were used.
Monocytes and monocyte subtypes were identified based on their CD14 and CD16 expression.
FL1 (FITC)

FL3 (PE)

FL3 (ECD)

FL4 (PC5)

FL5 (PC7)

Tube 1

IL-15

CD68

Tube 2

CX3CR1

CCR3

CD162

CD16

CD14

CD16

CD14

Tube 3

CD143

CD11b

CD162

Tube 4

CD115

CD89

CD16

CD14

CD16

CD14

Tube 5

CD115

CD11b

Tube 6

CX3CR1

Tie2

CD16

DC-sign

CD14

CD162

CD16

CD14

Tube 7

CXCR4

Tie2

CD162

CD16

CD14
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Table 2. Overview of T-lymphocyte panels for flow cytometry analysis. Nine panels were used to assess
T-cell subpopulations (NK cells, Th1 cells, Th2 cells, Tregs), T-cell activation and angiogeneic T-cells.
FL1 (FITC)

FL2 (PE)

Tube 1

CD49b

TCRαβ

Tube 2

CD16

NKG2c

Tube 3

CD31

CXCR4

Tube 4

ICOS

Tube 5

IL-23R

Tube 6

CD127

Tube 7

CD127

Tube 8

CD8

CD62L

Tube 9

CD8

TCRαβ

FL3 (ECD)

FL4 (PC5)

FL5 (PC7)

CD56

CD3

CD3

CD244

CD4

CD28

CD3

CD4

CD62L

CD25

CD69

CD4

IL-12R

CD134

CD40

CD4

CD46

CD25

CD4

CD4

CD152

CD134

CD69

CD4

TCRγδ

CD4

Platelet activation assay
Platelet responsiveness was determined using concentration series of 4 different platelet
agonists: adenosine diphosphate (ADP), cross linked collagen related peptide (CRP-XL),
thrombin receptor activating peptide (TRAP), and iloprost (IP receptor agonist) together
with low dose ADP. Serial dilutions of platelet agonists were prepared in 50 μL Hepesbuffered solution, with 2 μL phycoerythrin (PE) labeled mouse anti-human P-selectin
antibodies (BD Biosciences, Breda, Netherlands) and 2 μL fluorescein isothiocyanate (FITC)
labeled mouse anti-human GPIb antibodies (BD Biosciences, Breda, Netherlands). The
platelet responsiveness assay was initiated by adding 5μL fresh, citrate anti-coagulated
whole blood to each sample of serial dilutions. Samples were incubated for 20 minutes
and subsequently fixed (0.2% formaldehyde and 0.9% NaCl). All samples were analyzed
on a FC500 flow cytometer (Beckman Coulter, Fort Lauderdale, USA) on the same day of
processing. Single platelets were gated based on FITC signal intensity and analyzed for
P-selectin expression.
Platelet-leukocyte complex analysis
For assessment of platelet-leukocyte complexes, 50μl of citrate anti-coagulated whole
blood was diluted with 45 μl phosphate buffered saline (PBS) and platelets were labeled
by incubation with 5 μl FITC labeled mouse anti-human GPIb antibodies and 5 μl PElabeled mouse anti-human CD14 (BD Biosciences, Breda, Netherlands) for 30 minutes at
room temperature. Triplicate samples were fixed and lysed for 10 minutes with Optilyse
B (Beckman Coulter, Fort Lauderdale, USA). Monocytes and neutrophils were identified
by scatter gating and CD14 staining. All samples were analyzed on a FC500 flow cytometer
(Beckman Coulter, CA, USA) on the same day of processing. Platelet-monocyte and
platelet-neutrophil complexes were identified by positive GPIb staining of cells in the
respective gates.
Cell based -omics
Marker discovery in the above mentioned cell fractions is being performed using stateof-the-art –omics platforms. mRNA and miRNA arrays will be performed on isolated
monocytes. Furthermore, T-cells (CD4+ and CD8+ fractions) will be used for miRNA arrays.
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Results of both platforms are expected by end 2012. Moreover, proteomics analyses is
performed in all cell fractions separately using pooled samples from patients who
remained healthy during follow up and patients who suffered from an event during follow
up. First protocol optimizations and analyses have already been performed confirming
the suitability of the approach for marker discovery23. All data from these platforms will
be directly transferred to the central database (Figure 2) for analysis and integration.

2

Figure 2. Sample distribution
and data flow to/from the different centers. All cell fractions
and plasma samples collected
at the clinical centers were centrally stored and re-distributed
for the various assays (miRNA,
mRNA, proteomics). All clinical
and assay data are collected and
integrated by the bioinformatics
department in Rotterdam. Output is generated centrally and
then shared with the partners.

Data integration
A translational research database, user data access and analysis application, Circucel, was
developed to support integrative data analysis and biomarker discovery. Circucel was
designed to store clinical parameters (and data), any type of assay (microarrays, flow
cytometry, proteomics, etc.), experimental design and results, summarization of
experiments results based on clinical outcome and candidate biomarker selection method.
The platform uses a PHP graphical user interface for uploading and editing clinical data,
for standardization of analysis, “R” and multiple R-packages and TIBCO spotfire and
associated webplayer to deliver results to consortium partners. Circucel was developed
using Oracle 11i 64-bit relational database (Enterprise Edition Release 11.2.0.1.0), the
graphical user interface developed with PHP 5.3.3 which is available on an Apache 2.2.3
server, R version 2.14.1 and TIBCO spotfire®5.0. All records for the biological specimens
are maintained within the primary hospital health record management system. For storage
in the Circucel database, anonymized sample codes are used as primary identifier with
no name or hospital identification to prevent the individual from being identified.
Follow up and endpoints
The primary endpoint of this study is the occurrence of major adverse cardiovascular
events (MACE) within 9 months after inclusion, defined as: death, myocardial infarction
(MI), percutaneous coronary intervention (PCI), coronary artery bypass grafting (CABG),
cardiovascular accident (CVA). The secondary endpoint is the occurrence of MACE or
peripheral vascular intervention. During follow-up, patients will be questioned about the
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occurrence of cardiovascular events, defined as cardiovascular death, myocardial
infarction, repeat revascularization (PCI or CABG), recurrent angina, CVA, non-cardiac
vascular intervention and treatment requiring cardiac arrhythmias. Reported events will
be verified by an independent clinical event committee. The aim of the study was to
include a total of 700 patients based on an expected event rate of 7-9% of MACE.
Characteristics
Clinical characteristics with discrete variables are described as frequencies and per
centages. Continuous variables are shown as means and standard deviations.

Results

A total of 714 patients between 31 and 83 years of age were included in this study,
distributed over the 4 participating medical centers (Catharina Hospital Eindhoven: 195,
Maastricht UMC: 169, Leiden UMC: 149, UMC Utrecht: 201). Baseline characteristics and
medication at inclusion are shown in Table 3. As expected, the majority of patients was
male (69.0%) presenting with stable angina pectoris symptoms (77%). Seventy-five
patients were included with unstable angina symptoms and another 67 patients were
included due to non ST-elevation myocardial infarction. As described above, clinical
decision making was left at the discretion of the treating cardiologist. Of the 714 included
patients, 477 patients underwent PCI; 66 were referred for CABG; 88 patients were
discharged with conservative treatment because of no significant lesions or lesions not
eligible for interventional treatments judged by coronary angiography and an additional
83 patients were deferred based on non-significant (>0.80) FFR measurements of target
lesions.

Discussion

To the best of our knowledge, the current study is the first to combine in-depth analysis
of several circulating blood cell fractions at a protein, RNA and miRNA level in combination
with both clinical data and functional assays in CAD patients. As such, the included patient
cohort ideally should reflect typical suspected CAD cohorts.
The baseline characteristics of patients included in the CIRCULATING CELLS study is largely
comparable to other large CAD cohorts (e.g. SYNTAX, FAME or Courage) with respect to
its composition, presence of cardiovascular risk factors and disease history, despite slight
differences in risk factor definitions21;24;25. Most of the patients included in these trials
were male, with a mean age of 60-65 years. More than 60% of the patients were
hypertensive, 30-40% suffered from previous myocardial infarction and 20-25% were
diabetic. All of these studies were designed to investigate efficacy of treatment regimens
in patients with established CAD. Due to its inclusion criteria, the CIRCULATING CELLS
study not only matches the aforementioned study populations, but also represents the
average CAD population as encountered in the catheterization lab.
Most of the patients in the CIRCULATING CELLS study presented with stable angina
symptoms. The prognostic significance of the occurrence of acute coronary syndromes
(ACS) has been well established and substantial numbers of biomarker studies have
40
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Table 3. Baseline Characteristics
Age [yrs](SD)

62.4 (10.1)

Male Gender

493 (69.0)

BMI [kg/m2](SD)

27.6 (4.4)

Hypertension

450 (63.0)

Hypercholesterolemia

468 (65.5)

Diabetes

151 (21.1)

Insulin dependent Diabetes

45 (6.3)

Current smoker

147 (20.6)

Positive family history

313 (43.8)

prior MI

213 (29.9)

prior PCI

261 (36.6)

prior CABG

50 (7.0)

2

Coronary disease severity
Non-significant atherosclerosis

60 (8.4)

1-vessel disease

266 (37.2)

2-vessel disease

238 (33.3)

3-vessel disease

150 (21.0)

Therapeutic decision
PCI

477 (66.8)

CABG

66 (9.2)

FFR, deferred

83 (11.6)

Conservative

88 (12.4)

Medication
Aspirin

590 (82.5)

β-blocker

525 (73.4)

Ca-antagonist

210 (29.4)

ADP receptor blocker

348 (48.7)

Vitamin-K antagonist

49 (6.9)

ACE inhibitor

228 (31.9)

ATII receptor blocker

141 (19.7)

Diuretic

153 (21.4)

Statin

563 (78.9)

focused on the discovery of markers for ACS26;27. Today, patients with ACS are treated
aggressively with both medication and coronary intervention, and are closely monitored.
This has significantly improved their prognosis. However, the majority of patients with
CAD have stable atherosclerotic disease, and it is therefore absolutely critical to identify
patients that are at risk for future coronary events among stable angina or even
asymptomatic patients. In the CIRCULATING CELLS study, we will execute a separate
discovery analysis in patients who suffered from stable CAD. The presence of an unstable
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coronary syndrome is likely to come with a different circulating cell activation status and
therefore merits extra, careful consideration.
In contrast to the vast number of studies focusing on plasma or serum markers, the current
study was designed to specifically assess circulating blood cells as they confer an
abundance of information on local atherosclerotic disease. Monocytes, granulocytes and
platelets play a causal role in the pathophysiology of atherosclerosis and its
complication16;28-41. The properties of these cells can be dramatically altered in response
to the phase or state of atherosclerotic disease. Hence, these cells can serve as excellent
markers of disease severity, with gene profiling and flow cytometry being utilized as a
means to assess cellular phenotype. Gene expression analysis of isolated PBMC in
cardiovascular disease patients has previously demonstrated that circulating leukocytes
carry information about cardiovascular disease severity 42;8. PBMC gene expression profiles
closely associate with atherosclerosis, CAD or cardiac allograft rejection43-45. In PBMC of
subjects with acute ischemic stroke, a set of 190 genes proved to be differentially
expressed as compared to healthy controls, with the majority of genes being upregulated
during stroke, amongst which the monocyte/macrophage cell surface marker CD1446.
Recent studies using flow cytometry analysis for the characterization of peripheral blood
leukocytes in various patient cohorts further support our notion that these cells carry
valuable information on local and systemic disease processes and therefore represent
ideal candidates for biomarker searches13-20.
Despite these encouraging studies however, cardiovascular disease biomarker research
has mainly focused on plasma or serum markers. Although intuitively appealing and easy
to measure, these markers are mostly inflammation-related and thus confer information
on relatively non-specific inflammatory activity47. While most inflammatory markers are
markedly increased in ACS patients48;49, their levels in stable coronary disease are usually
low50;51. The cellular origin of plasma markers cannot be reliably determined, thus
providing no additional mechanistic information.
The approach used for our CIRCULATING CELLS study, in which primarily the properties
of circulating cells, in combination with plasma and serum markers were investigated, has
several advantages as compared to previous studies. Firstly, in our study, cells known to
be causally involved in the development of atherosclerosis are investigated. While the
cells collected in this study do not originate from the coronary lesion, as mentioned above,
circulating cells interact with the vessel wall, and therefore potentially can yield not only
novel biomarkers, but also a detailed view of the vessel pathophysiology. Secondly, the
properties of circulating cells that are harvested in this study are studied on multiple
levels; at both the transcriptional and translation level, in concert with miRNA analysis
and cell surface protein expression. This information is not only useful from a scientific
perspective, but may also yield targets for future pharmacological intervention.
In conclusion, the CIRCULATING CELLS study bridges the gap between cellular biology and
clinical care of patients with CAD. Hereby, we aim to provide novel biomarkers for the
prognosis of CAD based on in-depth analysis of the properties and functions of circulating
blood cells involved in coronary atherosclerosis. Moreover, the experimental approach
attempts to broaden our current understanding of the pathophysiology of coronary artery
disease.
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Abstract

Fractional Flow Reserve (FFR) is considered nowadays as the gold standard for invasive
assessment of physiologic stenosis significance and an indispensable tool for decision
making upon coronary revascularization. Use of FFR in the catheterization laboratory
accurately identifies which lesions should be stented and improves outcome in most
elective clinical and angiographic conditions. Recently, FFR has been upgraded to a class
I A classification in multivessel PCI in the guidelines on coronary revascularization of the
European Society of Cardiology. In this state-of-the-art paper, the basic concept of FFR
and its application, characteristics, and use in several subsets of patients will be discussed
from a practical point of view.
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Introduction

Coronary angiography still plays a pivotal role for invasive imaging of the coronary arteries.
Despite rapid developments in non-invasive imaging, the temporal and spatial resolution
of coronary angiography is unsurpassed and will remain the road map for cardiologic
interventionalists and cardiac surgeons for performing revascularization. Nevertheless, it
has been recognized for many years that coronary angiography is of limited value in
defining the functional significance of a coronary artery stenosis. In this respect, functional
significant means hemodynamically significant, or associated with inducible ischemia in
case of stress.
It is important to emphasize that in coronary artery disease, the most important factor
related to outcome is the presence and extent of inducible ischemia 1;2. A functionally
significant stenosis generally causes anginal complaints and is associated with impaired
outcome. Therefore, functionally significant stenoses should be revascularized, if
technically possible 3;4. On the other hand, if a stenosis has no functional significance, it
will not cause angina by definition and the outcome of medical treatment is excellent
with an infarction and mortality rate of less than 1% per year 5;6. Therefore, for decision
making in the interventional catheterization laboratory with respect to revascularization,
it is of paramount importance to determine whether a stenosis is inducing reversible
ischemia or not. In other words, to assess if a stenosis is functionally significant.
Although in many patients with single vessel disease, non-invasive testing is a suitable
methodology to be informed about the potentially ischemic nature of a stenosis, in
multivessel disease it is often very difficult to judge which out of several lesions are
“functional significant” (associated with reversible ischemia) and should be stented; and
vice versa which stenoses could better be left alone and treated medically5;7.
Both exercise testing, technetium-99m sestamibi single-photon emission computed
tomography, and other classical non-invasive tests often indicate ischemia in patients
with multivessel disease but fail to distinguish the specific ischemic territories and
responsible stenoses. In addition, technetium-99m sestamibi single-photon emission
computed tomography may even be normal in multivessel disease because of balanced
ischemia.
Fractional Flow Reserve (FFR) is an accurate and lesion-specific index to indicate if a
particular stenosis or coronary segment can be held responsible for ischemia or not 8;9.
It has been shown that deferring stenting in a FFR-negative stenosis (i.e. in the nonischemic zone) is safe and associated with excellent long-term outcome. Vice versa, it has
also been shown that revascularization of a FFR-positive stenosis (i.e. in the ischemic
zone) is associated with significant decrease of ischemia and improved outcome3;4.
For those reasons, it is helpful for decision making in the interventional laboratory to
measure Fractional Flow Reserve (FFR) for guidance of coronary interventions, especially
if it is unclear whether a stenosis causes ischemia. In this state-of-the-art paper, FFR and
its practical application in the catheterization laboratory for functional measurement of
coronary artery stenosis will be discussed.
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Functional Measurement Of Coronary Stenosis

Definition of ffr

Fractional Flow Reserve (FFR) is defined as the ratio of maximum blood flow in a stenotic
artery to maximum blood flow if the same artery were normal. Stated in another way,
maximum flow in the presence of the stenosis is expressed as a fraction of maximum flow
in the hypothetical case that the epicardial artery is completely normal. It may be clear
that FFR is a ratio of 2 flows: the maximum myocardial flow in the stenotic territory divided
by the maximum myocardial flow in the same territory in the normal case. This ratio of
the 2 flows is expressed as the ratio of 2 pressures, which can be easily measured by a
pressure wire and the guiding catheter, respectively. So, FFR equals Pd/Pa where Pd is
distal coronary pressure across the stenosis and Pa is aortic pressure, both measured at
maximum coronary hyperemia. The concept of FFR is explained in Figure 1. FFR has a
direct clinical equivalent: FFR of 0.60 means that the maximum blood flow (and oxygen
supply) to the myocardial distribution of the respective artery only reaches 60% of what
it would be if that artery were completely normal. An increase to 0.90 after stenting,
indicates that maximum blood supply has now increased by 50%. So, FFR is linearly related
to maximum blood flow and its normal value is 1.0, irrespective of the patient, artery,
blood pressure and so forth. For further details about the mathematical aspects and
derivation of FFR and the possibility to distinguish coronary and collateral blood flow
contribution to myocardial blood flow, we refer to the literature 8;9.

3

Figure 1. Concept of fractional flow reserve (FFR) measurements. When no epicardial stenosis is present (blue
lines) the driving pressure Pa determines a normal (100%) maximal myocardial blood flow. In case of stenosis
responsible for a hyperaemic pressure gradient of 30 mmHg (red lines), the driving pressure will no longer be
100 mm Hg but 70 mm Hg (Pd). Since the relationship between driving pressure and myocardial blood flow is
linear during maximal hyperaemia, myocardial blood flow will only reach 70% of its normal value. This numerical example shows how a ratio of two pressure (Pd/Pa ) corresponds to a ratio of two flows (QSmax / QNmax).
It also illustrates how important it is to induce maximal hyperaemia.
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Practical aspects of ffr measurements

Catheters
Generally, guiding catheters are used when measuring FFR. The use of diagnostic catheters
is technically feasible. However, due to higher levels of friction hampering wire
manipulation, the smaller internal caliber interfering with pressure measurements, and
the inability to perform ad hoc PCI by using diagnostic catheters, the use of guiding
catheters is recommended.
Wires
Measuring intra-coronary pressure requires the use of a specific solid-state sensor
mounted on a floppy-tipped guide wire. Two such systems exist, namely the PressureWire®
(St. Jude Medical Inc, Minneapolis, MN and Uppsala, Sweden) and the PrimeWire®
(Volcano Inc, Rancho Cordova, CA). In both wires, the sensor is located at the junction
between the 3 cm-long radiopaque tip and the remainder of the wire. The last generations
of these 0.014” wires have excellent handling characteristics, although slightly inferior to
most standard angioplasty guide wires. Before introducing the sensor into the vessel to
be studied, the pressures recorded by the sensor and by the guiding catheter should be
equalized.
The pressure wire has to be connected to an interface (Analyzer Express, St. Jude Medical
Inc., Uppsalal, Sweden or Combomap, Volcano Inc.) which offers the possibility of
recording the registrations and showing FFR immediately.
Recent developments in hardware and software have further facilitated the use of
pressure wires and integration in the regular catheterization laboratory set up (wireless
Aeris wire, St Jude Medical Inc. and Integrated 5S cath lab system, Volcano Inc.).
Anti-coagulation
As soon as any device is advanced into the coronary tree, the use of the same
anticoagulation regimens as routinely used during a PCI procedure is recommended:
heparin adjusted to weight, validated by a monitored activated coagulation time (ACT)
of at least 250 seconds, or a fixed number of units per time and/or body weight, in
accordance to the local routine.
Hyperemic stimuli
FFR, by definition, represents an index of maximum blood flow. Therefore, it is essential
to induce maximal vasodilatation of the 2 compartments of the coronary circulation
(epicardial or “conductance” arteries and the microvasculature or ”resistance” arteries).
The pharmacological options for inducing hyperemia are summarized in Table 1 10;11.
A bolus of 200 µg isosorbide dinitrate, (or any other form of intracoronary nitrate) allows
the abolition of any form of epicardial vasoconstriction, and should be administered as
usual prior to any manipulation in the coronary artery.
Microvascular vasodilation is equally paramount for the calculation of FFR. To gauge
pressure differences at rest does not offer a definitive measure: It cannot be emphasized
strongly enough that there is no such thing as a “baseline FFR”. As a matter of fact, if the
Pd/Pa ratio at baseline is in the ischemic zone, it may only further decline at hyperemia
and the decision to revascularize can already be made. But even when the resting pressure
52

2012125 proefschrift Jan Willem Sels.indd 52

07-02-13 16:07

Functional Measurement Of Coronary Stenosis

gradient is large it is recommended to induce hyperemia because it allows to evaluate
what is the residual resistance reserve and to be able to quantify the improvement after
treatment. An example of a typical coronary pressure tracing during the administration
of intravenous adenosine is shown in Figure 2.

Special features of fractional flow reserve

FFR has a number of unique characteristics that make this index particularly suitable for
functional assessment of coronary stenoses and clinical decision-making in the
catheterization laboratory.

3

Table 1. Importance of epicardial and arteriolar vasodilatation when measuring FFR
Epicardial vasodilation
Isosorbide dinitrate: at least 200µg ic bolus, at least 30 seconds before the first measurements
Microvascular vasodilation
Adenosine or ATP ic

At least 40 µg ic bolus in RCA, 40-80 µg in LCA

Papaverine ic

10-12 mg in the RCA, 15-20 mg in the LCA

Adenosine or ATP iv

140µg/kg/min (preferably through a central venous e.g. femoral line)

ATP=adenosine triphosphate; ic=intracoronary; iv=intravenously; RCA=right coronary artery; LCA=left coronary artery. ATP is not available in the USA.

Figure 2. Typical example of simultaneous aortic pressure (Pa) and distal coronary
pressure (Pd) recordings at rest and during maximal steady-state hyperaemia as induced by an intravenous infusion of adenosine. Fractional Flow Reserve (FFR) is simply calculated as the ratio between distal coronary pressure and aortic pressure during
steady state maximum hyperemia.
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FFR has a theoretical normal value of 1 for every patient, for every artery and for every
myocardial bed. An unequivocally normal value is easy to refer to but is generally rare in
clinical medicine. So, this is an unique advantage of FFR. Because in a normal epicardial
coronary artery there is virtually no decline in pressure, not even during maximal
hyperemia 12, it is obvious that Pd/ Pa will equal or be very close to unity. This means that
normal epicardial arteries do not contribute to the total resistance to coronary blood flow.
The lowest value found in individuals with strictly normal coronary arteries (N=65) was
0.94 12;13. Yet it is important to realize that in normal-looking coronary arteries in patients
with proven atherosclerosis elsewhere, the epicardial coronary arteries may contribute
to total resistance to coronary blood flow even though there is no discrete stenosis visible
on the angiogram. In approximately 50% of these arteries, FFR is lower than the lowest
value found in normal individuals. In approximately 10% of atherosclerotic arteries, FFR
will even be lower than the ischemic threshold12. Practically speaking, this finding implies
that myocardial ischemia might be present in atherosclerotic patients in the absence of
discrete stenoses.
FFR has a well-defined cut-off value with a narrow ‘gray zone’ between 0.75 and 0.80.
Cut-off or threshold values are values that distinguish ischemic from non-ischemic levels
for a given measurement. To enable adequate clinical decision making in individual
patients it is paramount that any level of uncertainty is reduced to a minimum. Stenoses
with FFR <0.75 are almost invariably able to induce myocardial ischemia; while stenoses
with FFR >0.80 are almost never associated with exercise-induced ischemia. This means
that the ‘gray zone’ for FFR (between 0.75 and 0.80) spans over less than 10 % of the
entire range of FFR values.
Fractional Flow Reserve in fact is the only index of ischemia which has been validated
versus a true gold-standard in a so-called prospective multi-testing Bayesian approach14.
During the past years, many studies have been performed examinating the gray zone and
in all these studies invariably a best cut-off value between 0.75 and 0.80 was found in
many subsets of patients including left main disease coronary artery disease, diabetes,
multivessel disease and previous myocardial infarction (MI). Therefore, the practical lesson
is that in a stenosis with FFR ≤ 0.75, stenting is always justified (if technically feasible)
whereas in a stenosis with FFR > 0.80, stenting can be safely deferred and optimum
medical treatment is sufficient. Between 0.76 and 0.80, sound clinical judgment (taking
into account the character of complaints, results of non-invasive tests if available, and
the fact if a gradient is focal or diffuse) should balance the final decision.
FFR is not influenced by systemic hemodynamics. In the catheterization laboratory
systemic pressure, heart rate and left ventricular contractility are prone to change. In
contrast to many other indices measured in the catheterization laboratory, changes in
systemic hemodynamics do not influence the value of FFR in a given coronary stenosis15.
In addition, FFR measurements are extremely reproducible16. This is due not only to the
fact that aortic and distal coronary pressures are measured simultaneously, but also to
the capability of the microvasculature to repeatedly vasodilate to exactly the same extent.
These characteristics contribute to the accuracy of the method and to the trust in its value
for clinical decision-making.
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FFR takes into account the contribution of collaterals. Whether myocardial flow is
provided antegradely by the epicardial artery or retrogradely through collaterals, does
not really matter for the myocardium. Distal coronary pressure during maximal hyperemia
reflects both antegrade and retrograde flow according to their respective contribution5;13.
This holds true for the stenoses supplied by collaterals but also for stenosed arteries
providing collaterals to another more critically diseased vessel.
FFR specifically relates the severity of the stenosis to the mass of tissue to be perfused:
“normalization for perfusion area”. The larger the myocardial mass subtended by a vessel,
the larger the hyperemic flow, and in turn, the larger the gradient and the lower the FFR
for a given stenosis. This explains why a stenosis with a minimal cross sectional area of 4
mm² has totally different hemodynamic significance in the proximal LAD versus the second
marginal branch, as recently demonstrated by Iqbal et al17. It also means that the
hemodynamic significance of a particular stenosis may change if the perfusion territory
changes (such as is the case after MI).These changes are accounted for by FFR.

3

FFR has unequalled spatial resolution. The exact position of the sensor in the coronary
tree can be monitored under fluoroscopy, and documented angiographically. Pulling back
the sensor under maximal hyperemia provides the operator an instantaneous assessment
of the abnormal resistance of the arterial segment located between the guide catheter
and the sensor. While other functional tests reach a per patient accuracy (exercise ECG)
or, at best, a per vessel accuracy (myocardial perfusion imaging or stress echo/MRI), FFR
reaches a per segment accuracy with a spatial resolution of a few millimeters.

Fractional flow reserve in different patient subsets

FFR IN ANGIOGRAPHICALLY INTERMEDIATE STENOSES
One of the standard indications for FFR is the precise assessment of the functional
consequences of a given coronary stenosis with unclear hemodynamic significance. In a
study of 45 patients with angiographically dubious stenoses it was shown that FFR has a
much larger accuracy in distinguishing hemodynamically significant stenoses than exercise
ECG, myocardial perfusion scintigraphy and stress echocardiography performed separately.
This was shown using a so-called sequential Bayesian approach, proving that FFR can
indeed be considered as a true gold standard14.
Furthermore, results of different non-invasive tests are often contradictory which renders
appropriate clinical decision-making difficult. In addition, the clinical outcome of patients
in whom PCI is deferred because FFR indicated no hemodynamically significant stenosis,
is very favorable. In such population the risk of cardiac death or myocardial infarction is
approximately 1% per year, and this risk is not decreased by PCI5. These results strongly
support the use of FFR measurements as a guide for decision making about the need for
revascularisation in “intermediate” lesions. Figure 3 illustrates how 2 angiographically
similar stenoses may have a completely different hemodynamic severity. One of them
should be revascularized, the other not. Based solely on the angiogram, the decision
should be identical in both cases, which would lead to an inappropriate interventional
decision in 1 of these patients.
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FFR IN LEFT MAIN STENOSIS
The presence of a significant stenosis in the left main stem is of critical prognostic
importance18. Conversely, revascularisation of a non-significant stenosis in the left main
may lead to early occlusion of the conduits, especially when internal mammary arteries
are used19. Furthermore, the left main is among the most difficult segments to assess by
angiography20. Non-invasive testing is often non-contributive in patients with a left main
stenosis. Perfusion defects are often seen in only one vascular territory especially when
the right coronary artery is significantly diseased21. In addition, tracer uptake may be
reduced in all vascular territories (“balanced” ischaemia”) giving rise to false negative
results22. Several studies have shown that FFR could be used safely in left main stenosis
and that the decision not to operate on left main stenosis with an FFR larger than 0.80 is
safe23;24. In addition, angiographic assessments of left main lesions with an FFR<0.80 were
no different from those with an FFR>0.80 further reinforcing the importance of
physiological parameters in case of doubt. Therefore, patients with an intermediate left
main stenosis deserve physiologic assessment before blindly taking a decision about the
need for revascularisation. Two examples shown in Figure 4 illustrate how FFR
measurements in the left main may drastically influenced the type of treatment in these
patients.
Left main disease is rarely isolated. When tight stenoses are present in the LAD or in the
LCx the presence of these lesions will tend to increase the FFR measured across the left
main. The influence of a LAD/LCx lesion on the FFR value of the left main will depend on

Figure 3. Example of two patients in whom an angiographically similar stenosis is found in the proximal
left anterior descending coronary artery. In the left example the lesion has no hemodynamic significance
and does not need any form of mechanical revascularisation. In the right example the stenosis is hemodynamically very significant and warrants PCI.
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Figure 4. Example of two patients in whom FFR measurements in an ‘intermediate’ ostial left main stenosis changed the therapeutic strategy. The first (upper panel) represents a 67-year-old man with massive mitral regurgitation who was assessed for minimally invasive (port access) mitral valvuloplasty. The coronary
angiogram showed an ‘intermediate’ ostial left main stenosis. The FFR of the left main stenosis was 0.69.
Accordingly, this patient underwent conventional CABG and mitral valvuloplasty via a median sternotomy.
The second (lower panel) represents an 89-year-old man with critical aortic stenosis, referred for aortic
valve replacement and bypass surgery because of the presence of an ostial left main stenosis. FFR of the left
main stem was 0.83. Accordingly, only a percutaneous aortic valve implantation was performed.

the severity of this distal stenosis but, even more, on the vascular territory supplied by
this distal stenosis. For example, if the distal stenosis is in the proximal LAD, its presence
will markedly impact the stenosis in the left main. If the distal stenosis is located in a small
second marginal branch, its influence on the left main stenosis will be minimal.
Nevertheless, even in the presence of other stenoses in addition to left main coronary
artery stenosis, the distal FFR value indicates to what degree maximum perfusion of the
different LCA territories is decreased. In a recent prospective study by Hamilos et al,
excellent outcome of FFR guided revascularization was found in 274 consecutive patients
with equivocal left main coronary artery disease, whether or not in conjunction with LAD
or LCx stenosis24.
FFR IN MULTIVESSEL DISEASE
Patients with multivessel disease actually represent a very heterogeneous population.
Their anatomical features (number of lesions, location, and respective degree of
complexity) may vary tremendously and have major implications for the revascularisation
strategy. Moreover, there is often a large discrepancy between the anatomic description
and the actual physiologic severity of each stenosis. For example, a patient may have
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3-vessel disease based on the angiogram, but actually have only 2 hemodynamically
significant stenoses. Conversely, a patient can angiographically be considered as having
1-vessel disease of the RCA but actually have a hemodynamically significant stenosis of
the left main coronary artery. Figure 5 shows a typical example of a patient in whom the
RCA and the LCx are critically narrowed and in whom the mid-LAD shows a mild stenosis.
Myocardial perfusion imaging showed a reversible perfusion defect in the infero-lateral
segments and a normal flow distribution in the segments supplied by the LAD. In contrast,
FFR shows that all three vessels are significantly narrowed but to a different extent. By
nuclear scintigraphy, the significant defect in the anterior wall is masked by the more
severe defects in the other areas. This has a major implication with regard to
revascularisation.
FFR-guided revascularisation strategies in patients with multivessel disease were very
encouraging25-27. Tailoring the revascularisation according to the functional significance
of the stenoses rather than to their mere angiographic appearance decreased costs and
avoided the need for surgical revascularisation. Recently, incontrovertible proof for the
benefit of FFR-guided multivessel PCI compared to standard angiography was provided
in the large randomized multicenter FAME (Fractional flow reserve versus Angiography
for Multivessel Evaluation) study. In that study, it was demonstrated that all types of
adverse events were decreased by 30% in the first year after PCI in multivessel disease,
when guided by FFR. This was achieved at a lower cost and without prolonging the
interventional procedure, whereas angina in FFR-guided patients was relieved at least as
effectively28;29, as is outlined in further detail in the following. After 2 years, the advantage
of FFR-guidance of PCI in multivessel disease even increased with respect to lower
mortality and myocardial infarction rate, whereas some catching-up occurred with respect
to repeat revascularization. Importantly, also in this study the progression of deferred
lesions was excellent. Only one late MI occurred on a previously deferred lesion (0.2%)
and 16 late PCI’s were performed (3.2%)6.

Figure 5. 69-Year-old man with
severe angina. Myocardial perfusion imaging (MPI) showed a
reversible defect in the inferolateral segments. From the angiogram it is obvious that the
RCA and the LCx are significantly
narrowed (no pressure measurements are needed!). However,
the mid-LAD stenosis, considered ‘non-significant’ on the
angiogram, appears to be hemodynamically significant. This LAD
stenosis was undetected by MPI
because the uptake of tracer is
markedly worse in the LCx territory than in the LAD territory.
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Figure 6. Schematic representation of the relationship between FFR and myocardial mass before and after myocardial infarction. DS= diameter stenosis See text
for details.Abrreviations as in Figure 2.

FFR AFTER MYOCARDIAL INFARCTION
After a myocardial infarction, previously viable tissue is partially replaced by scar tissue.
Therefore, the total mass of viable myocardium supplied by a given stenosis in an infarctrelated artery will tend to decrease30. By definition, hyperaemic flow and thus hyperaemic
gradient will both decrease as well. Assuming that the morphology of the stenosis remains
identical, FFR must therefore increase. This does not mean that FFR underestimates lesion
severity after myocardial infarction. It simply illustrates the relationship that exists
between flow, pressure gradient and myocardial mass and conversely illustrates that the
mere morphology of a stenotic segment does not necessarily reflect its functional
importance. This principle is illustrated in Figure 6.
Recent data confirm that the hyperemic myocardial resistance in viable myocardium within
the infarcted area remains normal31. This further supports the application of the
established fractional flow reserve cut-off value in the setting of partially infarcted
territories. In the acute phase of myocardial infarction, FFR is neither reliable nor useful
to assess the culprit lesions and electrocardiography trumps any other investigation. From
5 days after the infarction, FFR can be used as regular to indicate residual ischemia of the
infarct-related or remote arteries.
Earlier data had suggested that microvascular function would be abnormal in regions
remote from a recent myocardial infarction32. However, more recent work taking into
account distal coronary pressure indicates that hyperaemic resistance is normal in those
remote segments 33;34. These data support the use of FFR to evaluate stenoses remote
from a recent MI.
FFR IN DIFFUSE DISEASE
Histopathology studies and, more recently, intravascular ultrasound and optical coherence
tomography (OCT) have shown that atherosclerosis is diffuse in nature. The presence of
diffuse disease is often associated with a progressive decrease in coronary pressure and
flow and this can often not be clearly assessed from the angiogram 12;35. In contrast, this
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decline in pressure correlates with the total atherosclerotic burden. In approximately 10%
of patients this abnormal epicardial resistance may be responsible for reversible myocardial
ischemia. In these patients chest pain is often considered non-coronary because no single
focal stenosis is found, and the myocardial perfusion imaging is wrongly considered false
positive 35;36. Such diffuse disease and its hemodynamic impact should always be kept in
mind when performing functional measurements. In a large multi-centre registry of 750
patients FFR was obtained after technically successful stenting. A post-PCI FFR value of
<0.9 was still present in almost one third of patients (despite absence of a gradient across
the stent), reflecting diffuse disease, and was associated with a poor clinical outcome37.
The only way to demonstrate the hemodynamic impact of diffuse disease is to perform
a careful pull-back manoeuvre of the pressure sensor under steady-state maximal
hyperemia (Figure 7).
FFR IN SEQUENTIAL STENOSES
When several stenoses are present in the same artery, the concept and the clinical value
of FFR is still valid to assess the effect of all stenoses together. However, it is important
to realize in such cases that each of several stenoses will influence hyperaemic blood flow
and therefore FFR across the other one. The influence of the distal lesion on the proximal
is more important than the reverse. Theoretically the FFR can be calculated for each

Figure 7. Hyperemic pressure pull-back recording in a diffusely diseased LAD artery with
superimposed focal lesions. The pressure recording nicely shows that all the disease in
the LAD summed together is responsible for inducible ischemia (FFR 0.74) and indicates
exactly the origin of the gradient (arrows). The numbers 1 and 2 in the angiogram correspond to the respective numbers in the pressure tracings. Abbreviations as in Figures
2 and 5.
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stenosis individually 38. However, this is neither practical nor easy to perform and therefore
of little use in the catheterisation laboratory. Practically, as for diffuse disease, a pull-back
manoeuvre under maximal hyperaemia is the best way to appreciate the exact location
and physiological significance of sequential stenoses and to guide the interventional
procedure step-by-step (Figure 7). After the most severe stenosis (i.e. the stenosis with
the largest gradient) has been stented, the pull-back recording can be repeated and it can
be decided if and where a second stent should be placed.
FFR IN BIFURCATION LESIONS
Overlapping of vessel segments as well as radiographic artifacts render bifurcation
stenoses particularly difficult to evaluate at angiography, while PCI of bifurcations is often
more challenging than for regular stenoses. The principle of FFR-guided PCI applies in
bifurcation lesions even though clinical outcome data are currently limited. Two recent
studies by Koo et al used FFR in the setting of bifurcation stenting 39;40. The results of these
studies can be summarized as follows: (1) after stenting the main branch, the ostium of
the side branch often looks pinched. Yet such stenoses are grossly overestimated by
angiography: few of these ostial lesions with a diameter stenosis <75%, were found to
have an FFR<0.75 and (2) when kissing balloon dilation was performed only in ostial
stenoses with an FFR<0.75, the FFR at 6 months was >0.75 in 95% of cases. These studies
favour an approach in bifurcation lesions with stenting the main branch and kissing balloon
thereafter only if FFR of the side branch is <0.75. If FFR of the side branch is >0.75,
outcome is excellent without further intervention.

3

Optimizing treatment in multivessel coronary disease and consequences
of the fame study

In the last years, three large studies have been performed to examine the best possible
treatment of patients with multivessel coronary artery disease.
In these studies the respective value of optimum medical treatment only, percutaneous
coronary intervention in addition to medical treatment, and coronary bypass surgery
were investigated. These studies were the COURAGE (Clinical Outcomes Utilizing
Revascularization and Aggressive Drug Evaluation) study, SYNTAX (Taxus Drug-Eluting Stent
Versus Coronary Artery Bypass Surgery for the Treatment of Narrowed Arteries) study,
and FAME study 29;41;42. In the COURAGE study, optimum medical treatment only and
percutaneous coronary intervention in addition to medical treatment were investigated
in patients with multivessel disease and moderately severe coronary disease. In most
patients bare metal stents were used. In the SYNTAX – 3VD study, only patients with three
vessel disease were included and only DES stents were used. The degree of disease was
more severe than in the COURAGE trial and in these patients standard angiographic guided
PCI with drug-eluting stents only was compared to bypass surgery. In the FAME study,
also in patients with mainly three vessel disease but excluding left main stenosis, standard
angiography-guided PCI with drug-eluting stents was compared to FFR-guided multivessel
PCI with drug-eluting stents. The SYNTAX-3VD and FAME study had broader inclusion
criteria, including unstable patients and NSTEMI and decreased LV function. The FAME
study also included patients with previous PCI. The most important results of these three
studies are presented in Figure 8.
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Although the baseline characteristics of the studies were slightly different (with the
angiographically most complex disease in SYNTAX and least complex disease in COURAGE)
it can be seen that outcome was comparable in all studies for standard angiography-guided
PCI, whereas FFR-guided PCI improved outcome significantly. Not only the total number
of MACE was significantly reduced by routine measurement of FFR, but also the mortality
and occurrence of myocardial infarction. From Figure 8 it can be hypothesized that
multivessel PCI guided by FFR is superior to optimum medical treatment and yields results
comparable to coronary artery bypass graft surgery in many patients.
Therefore, it may be hypothesized that the indications for performing PCI will further
extend when guided by FFR measurements and that more patients, previously treated by
medical treatment alone or by CABG, can be better candidates for sophisticated PCI guided
by FFR measurements. Adding functional data to the Syntax score to stratefy patients
with multivessel disease to either CABG or PCI, as recently suggested, is also an interesting
development 43. Further prospective randomized trials are mandatory (and ongoing) to
investigate these positions. Finally, one can wonder why outcome after FFR guided PCI is
so good compared to standard, angiography guided PCI, despite the use of less stents.
This can be understood from reflecting about the combined mortality and myocardial
infarction rate associated with ischemic and non-ischemic stenosis in general and with
stents (Figure 9). From many studies it is known that such event rate is less than 1% per
year for a functionally non-significant stenosis, if treated appropriately by medication5;6;41;42;
between 5-10% per year for a functionally significant stenosis, if only treated by
medication4;44; and approximately 3% per year for a stented lesion, no matter whether it
was functionally significant or not. This means that stenting a functionally significant
stenosis, improves outcome but stenting a functionally non-significant stenosis, worsens
outcome. Both FFR-guided and angiography-guided PCI eliminate all ischemic lesions very
effectively and therefore have a similar positive effect on relief of angina pectoris.
If, however, indiscrimate stenting is performed based upon the angiogram, the positive
influence on reducing mortality and MI rate by stenting of the ischemic stenoses, is
eradicated by inadvertent stenting of the non-ischemic stenoses. Such unintended damage
is prevented by FFR guidance. Based upon the results of trials as DEFER and FAME, use
of FFR in multivessel PCI has been upgraded recently in the ESC guidelines to a class IA
classification45.

Figure 8. Major Adverse Event rate
(death from all causes, myocardial
infarction, and (repeated) revascularization) in the COURAGE study,
SYNTAX-3VD study, and FAME
study. Note: the exact MACE rate in
the Courage trial at 1 year has not
been published to our knowledge,
but from published data a MACE
rate exceeding 20% can be deduced.
Angio= angiography; CABG= coronary artery bypass grafting; FFR=
fractional flow reserve; PCI= percutaneous coronary intervention.

62

2012125 proefschrift Jan Willem Sels.indd 62

07-02-13 16:07

Functional Measurement Of Coronary Stenosis

Fractional Flow Reserve Post Intervention

The use of FFR to evaluate the results of PCI is less well investigated. An inverse relation
has been shown between post-PCI FFR and restenosis rate37. After successful stenting, no
noticeable hyperemic gradient should be present anymore across a well-deployed stent46.
The opposite is not always true and in case of doubt, Intravascular ultrasound (IVUS) or
Optical Coherence Tomography (OCT) is a better way to study stent deployment. Finally,
the hyperemic pressure pullback recording is an informative tool for analyzing the extent
and significance of residual disease proximal or distal to the stent.

3

Figure 9. Schematic explanation why FFR-guided PCI decreases rate of death and myocardial infarction.
The hypothetical patient in this Figure has 4 angiographically significant stenoses, 2 of them are also functionally significant (i.e. causing reversible ischemia; yellow circles).The intrinsic risk of such ischemic stenosis to die
or experience MI, is at least 5% per stenosis per year (see text). The intrinsic risk for the non-ischemic lesions
(green circles), on the contrary, is ≤1% per year. By stenting a stenosis (whether or not being functionally significant) the risk of death or MI is approximately 3% per year. Stenting all 4 lesions based upon angiography,
eliminates ischemia very effectively and relieves angina pectoris. The risk to die or experience MI, however,
is decreased for 2 of the lesions but increased for the other two. The benefit in terms of survival by stenting
the ischemic lesions is annihilated by “collateral damage” by unnecessary stenting of the other 2 lesions. By
FFR-guided PCI, ischemic and angina pectoris is eliminated as effectively, but also the net chance for death or
MI is decreased by 30-35%.
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Limitations and pitfalls of fractional flow reserve

There are several pitfalls related to FFR measurement and a few clinical situations where
it is not reliable and should not be applied. The most important of these is acute STelevation myocardial infarction (STEMI). During primary PCI for acute MI, the combination
of the symptoms, electrocardiogram and angiogram makes it mostly possible to determine
the culprit lesion in the majority of cases. In addition, thrombus embolization, myocardial
stunning, acute ischemic microvascular dysfunction, and other factors make reaching
complete microvascular vasodilation unlikely.
Therefore, FFR measurement makes no sense in the setting of acute STEMI. When a couple
of days have passed (usually 5 days are considered sufficient), FFR can be applied as in
routine practice. The question whether FFR can be applied during primary PCI to assess
the hemodynamic severity of remote lesions has recently been answered34.
From the technical point of view, there are several pitfalls to watch when performing FFR
measurement. The 2 most important pitfalls are submaximal hyperemia (underestimating
the stenosis severity) and issues related to the guiding catheter. A large guiding catheter
may interfere with maximum blood flow and a guiding catheter with sideholes may
confound proximal coronary pressure and interfere with intracoronary administration of
adenosine. Such situations can be easily recognized and avoided, once the operator has
some experience with FFR. For a more in-dept discussion of pitfalls, we refer to several
excellent overviews in the literature47;48.
Finally, there are a number of physiologic reasons why FFR can be high despite an
apparently tight stenosis. This is further clarified in Table 2.
Table 2. Reasons of non-ischemic FFR despite an apparently tight stenosis
Physiologic explanations
• stenosis hemodynamically non significant despite angiographic appearance
• small perfusion territory, old myocardial infarction, little viable tissue, small vessel
• abundant collaterals
• severe microvascular disease (rarely affecting FFR)
Interpretation explanations
• other culprit lesion
• diffuse disease rather than focal stenosis (make pull-back recording)
• chest pain of non-cardiac origin
Technical explanations
• insufficient hyperemia (check system and solution; or use other stimulus)
• guiding catheter related pitfall (deep engagement, small ostium, sideholes)
• electrical drift (pull sensor back to ostium to check and equalize)
Actual false negative FFR
• acute phase of ST elevation myocardial infarction
• severe left ventricular hypertrophy
• exercise-induced spasm
FFR=Fractional Flow Reserve
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Conclusions

Fractional Flow Reserve (FFR) is an indispensable tool in the state-of-the-art catheterization
laboratory to support decision making on revascularization in almost all elective clinical
and angiographic conditions.
With modern equipment as available today, measurement can be easily, rapidly, and safely
performed and the methodology is cost-effective, if not cost-saving. 			
FFR strongly supports the developing paradigm of functional complete revascularization,
i.e. stenting of ischemic stenoses and medical treatment of non-ischemic ones. By
systematic use of FFR in equivocal stenosis and multivessel disease, PCI can be made an
even more effective and better treatment than it is presently.

3
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Abstract

Objectives
This study was aimed at investigating whether a fractional flow reserve (FFR)-guided
SYNTAX score, termed “functional SYNTAX score (FSS)” would predict clinical outcome
better than the classic SYNTAX score (SS) in patients with multi-vessel coronary artery
disease (CAD) undergoing percutaneous coronary intervention (PCI).
Background
The SS is a purely anatomic score based on the coronary angiogram and predicts outcome
after PCI in patients with multi-vessel CAD. FFR-guided PCI improves outcomes by adding
functional information to the anatomic information obtained from the angiogram.
Methods
The SS was prospectively collected in 497 patients enrolled in the FAME study. FSS was
determined by only counting ischemia-producing lesions (FFR ≤0.80). The ability of each
score to predict major adverse cardiac events (MACE) at 1 year was compared. A further
refinement called the quantitative FSS (FSSq) was made by accounting for the severity of
inducible ischemia by incorporating the numerical value of a ischemic FFR value.
Results
The 497 patients were divided into tertiles of risk based on the SS. After determining the
FSS for each patient, 32% moved to a lower-risk group as follows. MACE occurred in 9.0%,
11.3%, and 26.7% of patients in the low-, medium- and high-FSS groups, respectively (p
< 0.001). Only FSS and procedure time were independent predictors of 1-year MACE. FSS
demonstrated a better predictive accuracy for MACE compared to SS (Harrell’s C of FSS,
0.677 vs. SS, 0.630, p=0.02; integrated discrimination improvement of 1.94%, P<0.001).
FSSq did not improve predictive accuracy of FSS.
Conclusions
Recalculating SS by only incorporating ischemia-producing lesions as determined by FFR
decreases the number of higher-risk patients and better discriminates risk for adverse
events in patients with multi-vessel CAD undergoing PCI.
(Fractional Flow Reserve versus Angiography for Multi-vessel Evaluation [FAME];
NCT00267774)
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Introduction

As a result of the reduction of repeat revascularization after percutaneous coronary
intervention (PCI) due to drug-eluting stents (DES), a large and growing number of patients
with multi-vessel coronary artery disease (CAD) are undergoing PCI 1;2. However, the longterm safety and efficacy of these procedures remain controversial. Therefore, appropriate
selection of target vessels and of methods for revascularization is critical to obtain optimal
clinical outcomes in patients with multi-vessel CAD.
The SYNTAX score (SS) is an anatomic scoring system based on the coronary angiogram,
which not only quantifies lesion complexity but also predicts outcome after PCI in patients
with multi-vessel CAD and/or left main disease 2-5. The SS allows prospective risk
stratification of patients with multi-vessel CAD undergoing PCI. However, the SS has several
inherent limitations because it is angiography-based6. Recent studies have shown that
many angiographically significant lesions are not hemodynamically significant and stenting
these stenoses results in worse outcomes 7;8. The FAME (Fractional Flow Reserve [FFR]
Versus Angiography in Multi-vessel Evaluation) study demonstrated that treatment based
on FFR measurement in addition to angiography can decrease rates of major adverse
cardiac events (MACE) in patients with multi-vessel CAD 9-11. The aim of this study is to
determine whether an FFR-guided SYNTAX score, termed “functional SYNTAX score (FSS)”
and defined as a recalculated SS counting only ischemia-producing lesions as assessed by
FFR, is a better predictor of 1-year clinical outcome in patients with multi-vessel CAD
undergoing PCI.

Methods

Study design and population
This study was performed by reanalyzing the patients in the FFR-guided arm of FAME
study. In brief, FAME was a multicenter trial designed to investigate PCI outcomes in 1005
patients with multi-vessel CAD 10. All patients were randomly assigned to angiographyguided PCI (496 patients) or FFR-guided PCI (509 patients). Patients assigned to
angiographic guidance underwent stenting of all indicated lesions with drug-eluting stents.
In patients assigned to FFR guidance, FFR was measured in each diseased coronary artery
and stents were placed only if the FFR was ≤0.80. Patients with angiographically significant
left main CAD, previous coronary artery bypass graft (CABG) surgery, cardiogenic shock,
or extremely tortuous or calcified coronary arteries were excluded. The FAME study
protocol was approved by the internal review board or ethics committee of each
participating center.
Syntax Score (SS), Functional Syntax Score (FSS) and Quantitative Functional Syntax
Score (FSSq)
The SS for each patient was calculated by three interventional cardiologists from different
centers to assess inter-observer reproducibility, who were blinded to the baseline clinical
characteristics, procedural data, clinical outcomes, and previously calculated SS. The
lesions selected for this calculation were based on the previous FAME study10. From the
baseline diagnostic angiogram, each coronary lesion producing ≥50% diameter stenosis
in vessels ≥1.5 mm by visual estimation, was scored separately using the SS score algorithm
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from its website (www.syntaxscore.com), and individual scores were added to provide
the overall SS 4;12. FSS was calculated by separately adding the individual scores of lesions
with an actual value of FFR ≤0.80 and ignoring lesions with FFR >0.80. To assess intraobserver reproducibility, angiograms were reanalyzed by the same interventional
cardiologist in 1 center at 8 weeks after the first analysis. The investigator remained
blinded to the results of the first analysis. We tried to make a further refinement of the
FSS by adding a measure for the severity of ischemia, once a stenosis was indicated as
ischemic. One should realize that in calculating FSS, FFR-data were used in a binary fashion,
i.e. either a lesion was hemodynamically significant (and thus included in the analysis) or
not. In this way, two anatomically identical stenoses at a given location in the coronary
tree, for example one with an FFR of 0.79 and one with an FFR of 0.45, receive the same
score while the extent and/or depth of myocardial ischemia is clearly greater in the latter
case. We therefore speculate that integrating the absolute value of FFR into the FSS would
add predictive power. To test assumption, we devised a scoring system based on the
Syntax Score and absolute values of FFR-measurements, the Quantitative Functional
Syntax Score (FSSQ ) and applied this to the FFR-guided treatment arm of the FAME-study
cohort.
FSS was defined as :

4

SS
Σ stenosis FFR≤0.80 ________________
1
FSSq was defined as:
SS
Σ stenosis FFR≤ 0.80 ________________
0.2 + FFR

By using this method, a lesion with an FFR of 0.80 is multiplied by factor 1, while a lesion
with FFR 0.30 (approximately the minimal FFR value without ischemia at rest, meeting
metabolic demand at rest) is multiplied by a factor 2. In this way, individual weight is given
according to absolute FFR-values, while the location of the stenosis is already accounted
for in the original Syntax Score. The analysis and calculation for the FSSq were only
performed in a subgroup of 454 patients because of logistical reasons.
Procedural details
PCI was performed using standard techniques. Antiplatelet and antithrombotic agents
were prescribed according to current PCI guidelines 13. FFR was measured with a coronary
pressure guidewire (Radi, St. Jude Medical, Uppsala, Sweden) and defined as the ratio
between mean distal coronary pressure and mean aortic pressure, both measured
simultaneously at maximal hyperemia induced by intravenous adenosine, administered
at 140 μg/kg/min through a central vein. Hyperemic pressure pull-back recordings were
performed as described previously 14;15. Quantitative coronary angiography was performed
off-line.
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Study end points
The primary end point was the rate of MACE at 1 year. MACE was defined as a composite
of death, myocardial infarction, or any repeat revascularization. Secondary end points
included individual components of MACE. Death was defined as all-cause mortality.
Myocardial infarction (MI) was defined as a threefold or greater elevation of creatine
kinase-myocardial band (CK-MB) level or new Q-waves in ≥2 contiguous leads of the
electrocardiogram 16. Total CK and CK-MB levels were measured in all patients between
12 and 24 hours after PCI. Repeat revascularization included repeat PCI or CABG. After
discharge, follow-up was performed at 1 month, 6 months, and 1 year.
Statistical analyses
All variables were stratified according to SS tertiles. Three groups of FSS were divided by
the same cut-off score based on SS tertiles. Continuous variables including SS are expressed
as mean ± standard deviation and were compared using 1-way ANOVA. Categorical data
are presented as frequency (%) and were compared using the Pearson chi-square test or
the Fisher exact test, appropriately. The reproducibility of SYNTAX scoring was evaluated
by calculating intra- and inter-observer reliability using intra-class correlation. Receiveroperator-characteristic curves (ROC) analysis, and integrated discrimination improvement
(IDI) were used to compare the performance and predictive accuracy of the SS and FSS
for MACE during 1-year follow-up 17. Multivariate logistic regression analysis also was used
to assess independent predictors of MACE at 1-year. The parameters analyzed in
multivariate analysis were selected when the p value was less than 0.10 in the univariate
analysis. Differences were considered to be statistically significant when the 2-sided
p-values were < 0.05. All statistical analyses were performed using SPSS version 15.0 for
Windows (SPSS Inc., Chicago, IL, U.S.A.) and SAS version 9.1 (SAS Institute Inc, Cary, NC, USA)

Results

SYNTAX Score According to Risk Groups
The SS was prospectively measured in 497 patients of the 509 patients in the FFR-guided
arm of the FAME study. Twelve cases were excluded because of missing angiograms. The
range, mean and median SS was 4 to 43, 14.8 ± 6.0, and 13.8, respectively, while those
for FSS were 0 to 43, 11.3 ± 6.9, and 10.5, respectively. In this study, the 497 patients were
divided into tertiles (intertertile range 12 to 16) of risk based on the SS, namely low,
medium and high SS (34%, n = 167; 34%, n = 167; and 32%, n = 163, respectively) and
analyzed. After incorporating FFR into the SS to calculate FSS, 32% of patients moved from
a higher risk group to a lower-risk group as follows: 23% of the highest SS tertile moved
to the medium risk FSS group and 15% moved to the lowest risk FSS group, while 59% of
the middle SS tertile moved to the lowest risk FSS group. Thus, after calculating the FSS
three new groups were created as follows: low FSS, 59% (n = 290), medium FSS, 21% (n
= 106), and high FSS, 20% (n = 101) (Figure 1).
Reproducibility of the SYNTAX Score
The mean values of the SS calculated by 3 cardiologists were 14.1 ± 5.4, 14.2 ± 6.7, and
16.5 ± 7.4, while those of FSS were 10.6 ± 6.6, 10.9 ± 7.5, and 12.4 ± 8.1, respectively. An
inter-observer reliability of classic SS using the intra-class correlation analysis was 0.594,
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Figure 1. Proportions of Study
Population. Proportions of study
population according to the tertiles of classic SYNTAX score (SS)
(A) and those of funcational SYNTAX score (FSS) (B). After incorporating FFR into the SS to calculate
FSS, 32% of patients moved from
a higher risk group to a lowerrisk group as follows: 38% of the
highest SS tertile moved to the
medium or lowest risk FSS group,
while 59% of the medium SS tertile moved to the lowest risk FSS
group.

4

95% confidence interval (CI) 0.515-0.661, p <0.0001, and that of FSS was increased as
0.713, 95% CI 0.664-0.756, p <0.0001.
With respect to intra-observer variability, the value of the SS in the first measurement
was 14.2 ± 6.7 versus 14.6 ± 7.3 for the second measurement. The mean difference of
intra-observer variability using paired T-test for classic SYNTAX score was 0.358 ± 3.175,
p=0.013, and that of functional SYNTAX score was 0.307±3.024, p=0.025. An intra-observer
reliability of classic SS using the intra-class correlation analysis was 0.946, 95% CI :0.95350.955, p <0.0001, and that of FSS was 0.961, 95% CI :0.953-0.967, p <0.0001.
Baseline Characteristics and Procedural Results
Baseline clinical, angiographic, and procedural characteristics of the study population are
summarized and stratified in Tables 1 and 2 Baseline clinical characteristics were not
different among the 3 groups. However, the number of indicated lesions per patients,
involvement of proximal left anterior descending coronary artery, and indicators of
procedure complexity, such as procedure time, amount of contrast agent used, number
of DES used, and total stent length were significantly larger in the higher-SS or -FSS group,
reflecting the higher calculated score for these patients.
One Year Outcomes According to the SS and FSS
Death or MI occurred in 4.8%, 7.5%, and 15.8% of patients with low, medium and high
FSS, respectively (p=0.005). Although a similar trend was observed in the SS groups, the
differences did not achieve statistical significance (5.4%, 6.0%, and 11.7% in the low-,
medium-, and high-SS groups, p=0.06) (Figure 2). The rate of any repeat revascularization
was 4.5% and 3.8% in the low and medium FSS groups compared with 12.9% in the high
FSS group, respectively (p=0.005). A similar pattern was observed in the SS groups (3.6%,
4.2%, and 10.4% in the low-, medium-, and high-SS groups, p=0.02). The rate of MACE as
a composite of death, MI, and repeat revascularization was 9.0%, 11.3%, and 26.7% in
the low-, medium-, and high-FSS groups (p < 0.001) and 8.4%, 10.2%, and 20.9% in the
low-, medium-, and high-SS groups, respectively (p=0.001) (Figure 2).
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Figure 2. Outcomes According to the SYNTAX Score. The rates of death or myocardial infarction (MI) (A), and
the rates of major adverse cardiac events, as composite of death, MI, or any repeat revascularization including repeat percutaneous coronary intervention and coronary artery bypass graft (B) according to the tertiles
of SYNTAX score and functional SYNTAX score. The rate of death or myocardial infarction as a critical hard
end point was significantly different in the FSS groups unlike the SS groups. The rate of MACE was accordingly
increased for the highest-risk group; this trend was attenuated in the FSS groups compared to the classic SS
groups. * p value is <0.01, ** p value is < 0.001. Abbrevations as in Figure 1.

Figure 3. Receiver operator curves (ROC) analysis. ROC analysis for the classic SYNTAX score (SS) and functional SYNTAX score (FSS) for composite of death, myocardial infarction, or repeat revascularization (A), death or
myocardial infarction (B), and any revascularization (C). The ROC analysis demonstrates a superior ability of the
FSS to predict death or MI, and MACE at 1-year compared with the classic SS. AUC denotes area under curve;
CI, confidence interval. P values in each figure are the comparison of Harrell’s C index model of SS and FSS.
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Predictors of Outcomes
Logistic regression analysis was used to define the predictors of MACE at 1 year (Table 3).
Comorbidity with peripheral vascular disease, procedure time, contrast volume used, the
SS, and FSS were related to MACE in univariate analysis. However, after multivariate
adjustment, the independent predictors of cumulative 1-year MACE were FSS (relative
risk [RR] 1.14, CI: 1.04-1.25, p=0.006) and procedure time (RR 1.01, CI: 1.01-1.02,
p=0.003).

4

Table 1. Baseline and procedural characteristics of the classic SYNTAX score (SS) groups
Low SS
(n=167)

Medium
SS (n=167)

High SS
(n=163)

p Value

64 ± 10

65 ± 10

65 ± 10

0.40

Clinical
Age, years
Male

124 (74)

130 (78)

122 (75)

0.72

Diabetes

32 (19)

39 (23)

49 (30)

0.07

Hypertension
Hypercholesterolemia

103 (62)

98 (59)

102 (63)

0.75

119 (72)

122 (74)

115 (71)

0.87

Current smoking

54 (32)

46 (28)

36 (22)

0.12

Positive family history

73 (45)

58 (35)

69 (44)

0.16

Previous myocardial infarction

67 (40)

51 (31)

64 (39)

0.15

Previous PCI

47 (28)

49 (30)

47 (29)

0.96

Peripheral vascular disease

12 (7)

16 (10)

19 (12)

0.40

Left ventricular ejection fraction, %

57 ± 11

57 ± 11

57 ± 11

0.81

2.4 ± 0.7

3.0 ± 0.9

3.5 ± 1.3

<0.001

Angiographic
Indicated lesions per patient
50 – 70% narrowing

169 (42)

235 (47)

225 (39)

70 – 90% narrowing

160 (40)

170 (34)

220 (38)

90 – 99% narrowing

59 (15)

70 (14)

79 (14)

Total occlusion

10 (3)

22 (5)

52 (9)

Involvement of proximal LAD lesion

36 (22)

74 (44)

100 (61)

<0.001

SYNTAX score

9.1 ± 1.9

13.9 ± 1.2

21.6 ± 4.7

<0.001

56 ± 28

69 ± 44

85 ± 50

<0.001

Procedural
Procedure time, min†
Contrast agent used, mL

233 ± 104

265 ± 111

321 ± 161

<0.001

Drug-eluting stents used per patient

1.4 ± 0.9

1.6 ± 0.9

2.2 ± 1.1

<0.001

Total stent length, mm

25 ± 18

31 ± 20

43 ± 26

<0.001

Average stent diameter, mm

3.0 ± 0.4

2.9 ± 0.4

2.9 ± 0.3

0.43

Patients were divided into tertiles according to SYNTAX score. Values are expressed as number (%) or mean
± SD. †Procedure time was defined as time from introduction of first catheter until removal of last guiding
catheter. PCI denotes percutaneous coronary intervention; LAD, left anterior descending coronary artery.
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SYNTAX Score versus Functional SYNTAX Score
ROC analysis for clinical outcomes at 1 year is shown in Figure 3. In the ROC for 1-year
MACE, the area under curve (AUC) for FSS was larger than that of SS (Harrell’s C of FSS,
0.677 vs. SS, 0.630, p=0.02) (Figure 3-A). FSS demonstrated a better predictive accuracy
for MACE compared to SS (IDI of 1.94%, P<0.001). A similar result was observed in the
ROC for death or MI; the AUC for FSS was larger than that of SS (0.676 vs. 0.621, p=0.017)
(Figure 3-B), and IDI of 1.30%, P=0.0008. The results for any repeat revascularization

Table 2. Baseline and procedural characteristics of the functional SYNTAX score (FSS) groups
Low FSS
(n=290)

Medium FSS
(n= 106)

High FSS
(n=101)

p

65 ± 11

0.31

Clinical
Age, years

64 ± 10

66 ± 10

Male

216 (75)

80 (76)

80 (79)

0.63

Diabetes

67 (23)

21 (20)

32 (32)

0.11

Hypertension
Hypercholesterolemia

174 (60)

63 (59)

66 (65)

0.60

209 (73)

72 (68)

75 (75)

0.51

Current smoking

88 (30)

27 (26)

21 (21)

0.17

Positive family history

120 (42)

38 (36)

42 (42)

0.47

Previous myocardial infarction

107 (37)

35 (33)

40 (40)

0.64

Previous PCI

95 (33)

19 (18)

29 (29)

0.02

Peripheral vascular disease

21 (10)

7 (7)

11 (11)

0.53

Left ventricular ejection fraction, %

58 ± 11

57 ± 11

56 ± 12

0.55

2.8 ± 0.9

2.9 ± 0.9

3.6 ± 1.4

<0.001

Angiographic
Indicated lesions per patient
50 – 70% narrowing

392 (49)

125 (40)

112 (31)

70 – 90% narrowing

282 (35)

114 (37)

154 (43)

90 – 99% narrowing

99 (13)

57 (18)

52 (14)

Total occlusion

27 (3)

14 (5)

43 (12)

Involvement of proximal LAD lesion

97 (33)

53 (50)

60 (59)

<0.001

SYNTAX score

6.7 ± 3.5

13.9 ± 1.3

21.7 ± 5.0

<0.001

59 ± 37

72 ± 33

99 ± 54

<0.001

Procedural
Procedure time, min†
Contrast agent used, mL

239 ± 102

281 ± 122

361 ± 173

<0.001

Drug-eluting stents used per patient

1.3 ± 0.9

2.0 ± 0.9

2.5 ± 1.1

<0.001

Total stent length, mm

25 ± 18

40 ± 19

49 ± 27

<0.001

Average stent diameter, mm

2.9± 0.4

3.0 ± 0.3

2.9 ± 0.3

0.24

Patients were divided into three groups using same tertile values of classic SYNTAX score in Table 1. Values
are expressed as number (%) or mean ± SD. †Procedure time was defined as time from introduction of first
catheter until removal of last guiding catheter. LAD= left anterior descending coronary artery; PCI = percutaneous coronary intervention.
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showed Harrell’s C of FSS of 0.657 vs. SS, 0.627, p=0.329 (Figure 3-C), and IDI of 0.54%,
P=0.02. When the Clinical SS 18, which added clinical parameters to the classic SS, is
compared with the FSS, the area under curve for 1-year MACE for FSS was larger than
that of clinical SS (0.687 vs. 0.608, p=0.008).
Quantitative FSS (FSSq)
In a subgroup of 454 patients, also the quantitative FSS (FSSq) was calculated as described
above. The patients were then divided into tertiles according to FSSq and incidence of
MACE, Death or MI were compared between tertiles, as depicted in Figure 4.
Similar to FSS, a better relation to outcome was found for FSSq compared to anatomic
Syntax Score (AUC 0.63 vs 0.58 for MACE and 0.64 vs 0.57 for Death or MI). However, the
results of FSSq were not different from FSS (AUC 0.63 vs 0.64 for MACE and 0.64 vs 0.64
for death or MI), meaning that FSSq did not add any predictive power over FSS in this
particular cohort as will be discussed later. Because of the absence of difference and the
smaller number of patients assessed by FSSq, we decided not to use this more complex
index but to restrict ourselves to FSS in the remainder of this thesis.

4

Figure 4. Incidence of MACE (A) and Death or MI (B) according to FSSq subgroups. * p=0.01, ** p= 0.109.

Table 3. Predictors for composites of death, myocardial infarction, repeat PCI, or CABG at 1 year PCI denotes percutaneous coronary intervention; CABG, coronary artery bypass graft; CI, confidence interval
Univariate variables
Relative
Risk

95% CI

Multivariate variables
p Value

Relative
Risk

95% CI

p Value

Diabetes

1.61

0.93 – 2.80

0.09

1.49

0.81 – 2.75

0.20

Hypertension

1.61

0.92 – 2.80

0.09

1.26

0.69 – 2.28

0.45

Peripheral vascular disease

2.11

1.02 – 4.36

0.045

1.54

0.67 – 3.51

0.31

Procedure time

1.01

1.01 – 1.02

<0.001

1.01

1.01 – 1.02

0.003

Contrast agent used

1.01

1.00 – 1.01

0.01

1.00

0.99 – 1.01

0.61

Classic SYNTAX score

1.07

1.03 – 1.11

0.001

0.92

0.83 – 1.02

0.11

Functional SYNTAX score

1.08

1.05 – 1.12

<0.001

1.14

1.04 – 1.25

0.006
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Discussion

The major findings in the current study are that the FSS decreases the number of highestrisk patients as assessed by the classic SS, while better discriminating risk for adverse
cardiac events in patients with multi-vessel CAD undergoing PCI. Furthermore, the FSS is
an independent predictor of 1-year MACE in these patients. Finally, the inter- and intraobserver variability of the FSS is better than that for the SS. These findings could have
significant clinical implications on decision making regarding the choice of revascularization
strategy in patients with multi-vessel CAD.
Recently the SS, which is derived from coronary anatomy and lesion characteristics was
introduced to quantify lesion complexity and to predict early and late clinical outcomes
after PCI in patients with multi-vessel CAD and/or left main disease 2;4. Methods of
revascularization can be decided according to the SS and improve clinical outcome.
However, it is well known that angiographic lesion assessment has several inherent
limitations 6. The severity of a significant number of lesions is under- or over-estimated by
only using angiographic information. Moreover, PCI of a functionally nonsignificant stenosis
is not of benefit to the patient, either from a prognostic or from a symptomatic point of
view 7. In the FAME study, FFR-guided PCI in multi-vessel CAD was associated with a
favorable 1 and 2-year clinical outcome compared to PCI guided by angiography alone 9;10.
In the current study, by recalculating the SS after counting only ischemia-producing lesions
with FFR ≤0.80, termed “functional SYNTAX score” (FSS), 32% of studied patients moved
from higher-risk groups by SS to lower-risk groups by FSS (Figure 1). In particular, 23% of
patients in the highest SS tertile moved to the middle group, 15% of the highest tertile
moved to the lowest group, and 59% of patients in middle SS tertile moved to the lowest
group. These changes were driven in large part by the conversion of angiographic 3 vessel
CAD to functional 1 or 2 vessel CAD.
With changes in the relative proportions of each risk group, the rate of MACE was
accordingly increased from low and medium risk groups to the highest-risk group; this
difference was greater in the FSS groups compared to the classic SS groups. The rate of
death or myocardial infarction as a critical hard end point was significantly different in
the FSS groups unlike the SS groups (Figure 2). Because nearly all the ischemia-producing
lesions were sufficiently revascularized at the time of the initial PCI and the rate of repeat
revascularization was very low in the low and medium FSS groups, as it was in the SS
groups, the predictive accuracy of FSS for repeat revascularization was not statistically
different from SS. However, the FSS did predict repeat revascularization in that the highest
FSS group had a significantly higher repeat revascularization rate compared to the lowest
and middle groups. The MACE rate of the patients who moved to the low- and mediumrisk groups based on the FSS from the high-risk group based on the classic SS was
significantly lower when compared to those patients who remained in the high-risk group
(11.3% vs. 26.7%, p=0.028). Therefore, the FSS can not only help to more accurately stratify
the risk in each patient with multi-vessel CAD, but it is also more closely related to
prognosis after revascularization according to risk group.
The decision on whether to perform PCI or CABG in patients with multi-vessel CAD remains
highly controversial. If the 2010 European myocardial revascularization guidelines are
applied to patients in this study 19, 43% (29/69 patients) of patients in whom CABG would
be recommended due to 3-vessel CAD with a SS >22 would move to a lower risk group
after calculation of the FSS and thereby might have another option. In contrast, when the
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fact is considered that the patients with high FSS had the worst 1-year outcome after PCI
in all studied groups, surgical revascularization could be considered in the high-risk
patients with multi-vessel CAD classified by FSS and hopefully improve outcomes. This
hypothesis will need to be tested by another randomized trial.				
In multivariate analysis, the independent predictors of cumulative 1-year MACE were FSS
and procedure time. The result was the same when this analysis was repeated to predict
only the hard end points of death and MI, or to predict 1-year MACE excluding
periprocedural MI. In the latter analysis, the presence of diabetes was added to the
original two predictors. The ROC and IDI analysis demonstrates a superior ability of the
FSS to predict death or MI, and MACE at 1-year compared with the classic SS. The interobserver reproducibility of FSS also was better than that of SS, because it eliminates
functionally insignificant lesions resulting in fewer lesions requiring inclusion and
description by the SS and therefore fewer chances for disagreement. The FSS has better
predictive accuracy and reliability than the classic SS. Therefore, the selection of target
vessels, the method for revascularization and the determination of prognosis in patients
with multi-vessel CAD are improved by calculating the FSS in daily practice.
Some special attention should be paid to the inability of FSSq to predict outcome better
than FSS in itself. Intuitively, one would expect that by not only including the presence of
ischemia but also the severity, further improvement of prognostic stratification should
be achieved. The explanation, most likely, is given by the fact that all ischemic lesions in
the FAME-study were revascularized, irrespective of whether FFR was 0.79 or 0.45, and
lesions with FFR either 0.79 or 0.45 but both stented most likely have similar outcome.
So in fact, the intention and necessity to treat interfered with a prospective testing of the
prognostic value of FSSq. For FSS itself, this limitation was not present. As in the remaining
part of this thesis, functionally significant lesions are almost invariably revascularized (as
is the state of the art), we will confine ourselves to FSS for scoring of ischemic burden in
addition to anatomic abnormalities.
The FSS still does not include clinical patient characteristics. Recent studies have
demonstrated that the incorporation of clinical risk factors into scoring systems, such as
the Clinical SYNTAX score or NERS score improves the predictability and accuracy of the
SS 18;20. However, this was not the subject of this study and will have to be investigated
further.

4

Study Limitations

First, because the current study is restricted to 1-year clinical outcome, unscored lesions
by FFR-guidance can progress to future adverse outcome beyond this time. However, a
previous report demonstrated good clinical outcome up to 5 years in lesions deferred
based on FFR guidance 7. Second, this study was not a direct comparison of outcomes
between FFR-guided PCI and CABG in patients with multi-vessel CAD. Therefore, a new
randomized trial would be necessary to prove that application of the FSS would result in
better outcomes in patients undergoing PCI compared to CABG. Third, measuring FFR to
calculate the FSS is inherently invasive and adds complexity, but the information is
extremely valuable and we believe it outweighs the added risk. Fourth, the FFR comparison
was against visual calculation of the syntax score same as the SYNTAX trial, and that if
QCA had been used, this may have affected the number of reclassified patients.
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Finally, this study population had 2- and 3 vessel disease while the SYNTAX trial included
patients with 3 vessel disease and/or left main disease. Therefore, direct comparison
between studies or analysis using the same cutoff score as SYNTAX trial were impossible.
However, patients in this study could still be stratified into low, medium and higher risk
groups based on the FSS.

Conclusion

Compared to the classic SYNTAX score, the functional SYNTAX score, which is obtained
by counting only ischemia-provoking lesions, has better reproducibility, better prognostic
value, and increases the proportion of patients with multi-vessel CAD who fall into the
lowest risk for adverse events after PCI.
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Abstract

Background
Atherosclerosis is an inflammatory condition and increased blood levels of inflammatory
biomarkers have been observed in acute coronary syndromes. In addition, high expression
of inflammatory markers is associated with worse prognosis of coronary artery disease.
The presence and extent of inducible ischemia in patients with stable angina has previously
been shown to have strong prognostic value. We hypothesized that evidence of inducible
myocardial ischemia by local lesions, as measured by fractional flow reserve (FFR), is
associated with increased levels of blood based inflammatory biomarkers.
Methods
Whole blood samples of 89 patients with stable angina pectoris and 16 healthy controls
were analyzed. The patients with stable angina pectoris underwent coronary angiography
and FFR of all coronary lesions. We analyzed plasma levels of cytokines IL-6, IL-8 and TNF-α
and membrane expression of Toll-like receptor 2 and 4, CD11b, CD62L and CD14 on
monocytes and granulocytes as markers of inflammation.
Furthermore, we quantified the severity of hemodynamically significant coronary artery
disease by calculating Functional Syntax Score (FSS), an extension of the Syntax Score.
Results
For the majority of biomarkers, we observed lower levels in the healthy control group
compared with patients with stable angina who underwent coronary catheterization.
We found no difference for any of the selected biomarkers between patients with a
positive FFR (≤ 0.75) and negative FFR (>0.80). We observed no relationship between the
investigated biomarkers and FSS.
Conclusion
The presence of local atherosclerotic lesions that result in inducible myocardial ischemia
as measured by FFR in patients with stable coronary artery disease is not associated with
increased plasma levels of IL-6, IL-8 and TNF-α or increased expression of TLR2 and TLR4,
CD11b, CD62L and CD14 on circulating leukocytes.
83

2012125 proefschrift Jan Willem Sels.indd 83

07-02-13 16:07

Part II | Chapter 5

Introduction

Atherosclerosis is the leading cause of mortality and morbidity in the Western world
and coronary artery disease is its most prevalent manifestation. Atherosclerosis has
been recognized as a chronic inflammatory disease. The influx of inflammatory cells
into the vascular wall and release of pro-inflammatory substances drives plaque
initiation and progression. In addition, local inflammation is the key factor in the
biological events leading to plaque rupture and subsequent thrombosis, causing
myocardial infarction and stroke. Ruptured plaques have been shown to be infiltrated
with inflammatory cells 1. This observation initiated the search for systemically expressed
markers of inflammation that could reflect the severity and stability of the atherosclerotic
disease. As a result increased levels of pro-inflammatory biomarkers have been
measured in plasma and on blood cells of patients with acute coronary syndromes 2-4.
Furthermore, higher levels of these cytokines have been associated with impaired
prognosis in patients with acute coronary syndromes 5;6. The detrimental effect of
increased inflammatory activity also applies to stable atherosclerotic disease and even
asymptomatic individuals. In a healthy cohort, increased levels of interleukin (IL) -6
were associated with increased occurrence of myocardial infarction and coronary death
7
. In another study, IL-8 was predictive for the occurrence of cardiovascular events in
patients with stable coronary artery disease 8. The presence and extent of inducible
ischemia is a strong prognostic factor in stable coronary artery disease. It has consistently
been shown, both invasively and non-invasively, that coronary artery lesions that give
rise to ischemia negatively affect prognosis. On the other hand, if coronary stenoses do
not cause ischemia, prognosis is excellent with low event rates 9-12. It is unknown if the
inflammatory activity in patients at risk is explained by the local functional severity of
a lesion or that it reflects the inflammatory status of the entire vasculature. Considering
the reports that both increased inflammatory activity and the presence of inducible
ischemia affect the clinical course of stable coronary disease, we hypothesized that
functional parameters of locally inducible ischemia and systemic inflammatory
parameters are related.
Fractional Flow Reserve (FFR) is an invasive, lesion-specific index of myocardial ischemia
and is considered the gold standard for the assessment of ischemic potential of coronary
lesions. FFR has a well defined cut-off value for ischemic lesions and has shown excellent
reproducibility. FFR-guided treatment of coronary lesions has been shown to be superior
to conventional angiography-guided treatment and FFR is of prognostic significance with
respect to future acute myocardial infarction or death 11;12.
In the current study we assessed the relationship of functional coronary lesion significance,
assessed by FFR, with both cell-based as well as secreted markers of inflammatory activity.

Methods

Patient selection
Our analysis included 89 patients with chronic stable angina that were presented at the
catherization lab of the Catharina Hospital Eindhoven, the Netherlands. All patients were
investigated for ischemia with FFR. As a negative control group, 16 healthy individuals
aged >40 years without known coronary artery disease or atherosclerosis were included.
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All participants provided written informed consent prior to participation. This study was
approved by the local ethics committee. Exclusion criteria were active inflammatory
conditions, autoimmune disease, malignancies, use of immunosuppressive drugs and
known hematological disorders. Patients with ST-elevation myocardial infarction were
also excluded. Blood of patients with suspected unstable angina or NSTEMI was studied
but retrospectively excluded from this analysis.
Invasive assessment of ischemia by FFR
The technical aspects of FFR measurement have been extensively described in chapter 313.
In short, a stenosis to be investigated is crossed with a standard pressure-wire
(PressureWire™ Certus, St Jude Medical Inc,USA ) through a coronary guiding catheter
after which myocardial hyperemia is induced. This is achieved by continuous infusion of
adenosine 140 μg/kg/min through a central venous catheter until steady-state maximum
hyperemia is achieved after which pressure proximal (Pa) and distal to the stenosis (Pd)
are measured simultaneously. FFR is calculated as the ratio of distal coronary pressure
divided by proximal coronary pressure during steady-state maximum hyperemia. This
procedure is the state-of-the-art operating procedure for performing FFR.
Patients with inducible myocardial ischemia were defined as having at least one coronary
lesion with an FFR ≤0.75, while patients without inducible myocardial ischemia were
defined as having no coronary lesion with an FFR ≤0.80. These cutoff values have been
extensively validated 14-16. To clearly demarcate ischemic status, patients with an
intermediate FFR-value (0.76-0.80) were excluded from the analysis. Chronic total
occlusions were arbitrarily assigned a FFR value of 0.50. In the remainder of the text
patients with at least one FFR-value ≤0.75 will be referred to as FFR-positive, while patients
with all FFR values >0.80 will be referred to as FFR-negative.
Coronary angiography was not performed in the healthy control group. Control subjects
were randomly selected from local laboratory staff and had to meet the following criteria:
age above 40, no previous vascular history, no medication use and absence of inflammatory
or autoimmune disease. These subjects were questioned for coronary risk factors and
symptoms of coronary artery disease. A routine electrocardiogram and standard blood
analysis was performed as described below.

5

Measurement of systemic markers of inflammation
After inclusion, blood was collected in lithium-heparin (LH) and ethylenediaminetetraacetic
acid (EDTA) anticoagulated tubes. In the patient group blood samples were drawn
immediately before angiography from the inserted arterial sheath while in healthy controls
blood samples were obtained from a large antecubital vein.
Standard whole blood analysis, including complete blood cell count, renal function and
lipid spectrum was performed in all participants.
Cytokine measurements
Portions of 100 μl of whole blood LH – anticoagulated samples were transferred to 96
wells plates. 100 μl PBS was added and incubated at 37˚C and atmosphere containing 5%
CO2 for 2 hours. This was executed to allow valid comparison with the measurements of
cell based parameters obtained with flow cytometry.
Afterwards, the samples were centrifuged for 5 minutes at 400xg, the supernatant was
carefully transferred to sterile tubes and frozen at -80˚C until further analysis. Cytokine
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levels of interleukine (IL)-6, IL-8 and tumor necrosis factor (TNF)-α were measured in
these supernatants by Luminex cytometric bead analysis, according to the manufacturer’s
instructions. Undetectable values were imputed as 0.1 pg/ml. All levels of cytokines were
corrected for total white blood cell count.
Flow cytometry analysis
To assess expression of surface markers 50 μl of LH-anticoagulated whole blood was
incubated with fluorescent antibodies against TRL2 (CD282 TLR2-FITC, Serotec, UK ), TLR4
(CD284 TLR4-RPE, Serotec, UK), CD11b (CD11b PE-Cy7, Becton-Dickinson, NJ, USA), CD62L
(CD62L ECD, Beckman Coulter, CA, USA) and CD14 (CD14 PC5, Beckman Coulter, CA,USA)
for 30 minutes. After washing and whole blood lysis, the samples were subsequently
analyzed by flow cytometry (Beckman Coulter FC 500). Granulocytes were gated based
on their scatter properties. Monocytes were identified based on their scatter properties
and positive CD14 staining. Expression of surface markers was quantified by mean
fluorescence intensity (MFI).
Severity of ischemic coronary disease and inflammation
To investigate a possible correlation between the severity of ischemic coronary disease and
inflammatory markers we calculated Functional Syntax Score (FSS) for FFR-positive patients.
FSS is a functional extension of the Syntax Score (a scoring system to grade anatomical
severity of coronary artery disease) which has been shown to have predictive value in
patients with multivessel disease and left main coronary artery disease treated with either
PCI or CABG17. In this scoring system, each lesion is individually scored on the basis of
location and morphological characteristics. The total score directly reflects the angiographic
extent and severity of coronary artery disease. As presented in chapter 4, FSS has superior
predictive value over SS in a FFR-guided PCI treated cohort18. Calculation of FSS is explained
in detail in chapter 4. In FSS, only hemodynamically significant lesions participate in the
total score and thus reflect the severity of ischemic coronary artery disease (“ischemic
burden”). Since all patients in our cohort were treated with an FFR-guided strategy, this
scoring system is appropriate for this purpose. We hypothesized that increasing severity of
the ischemic coronary disease would be associated with increased levels of inflammatory
markers. The FSS scores of the FFR-positive group were divided into tertiles. We then
compared inflammatory markers of the individual tertiles of FSS to inflammatory markers
measured in the FFR-negative group and to each other.
Statistical analysis
Results are presented as means±SD or medians (interquartile range; IQR) in case of a
skewed distribution. Continuous variables were compared between groups with either
student’s T, Mann Whitney U-test in case of comparison between two groups and ANOVA
or Kruskal-Wallis test or Jonckheere-Terpstra for comparison between multiple groups,
as appropriate. Discrete variables were compared using Chi-square testing. A p value
<0.05 was considered statistically significant. All analysis were performed using SPSS 17.0
(SPSS inc, Chicago, Ill, USA)
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Results

Procedural results
In 108 patients with stable angina, FFR was measured and inflammatory markers were
assessed. Twelve patients with an intermediate FFR-value (0.76-0.80) were not included
in this analysis. Due to technical errors an additional 7 patients were excluded from further
analysis. Consequently, 89 patients were analyzed in the current study. Demographics
and history of patients according to ischemic status are presented in Table 1. Of the
patients with an FFR≤0.75 included in this analysis 45 patients (76.3%) were treated with
PCI, 9 (15.3%) with CABG and 5 (8.5%) treated conservatively. There were no statistically
significant differences in risk profiles between the FFR-positive and FFR-negative patients,
neither in age, sex, risk factors, body mass index or relevant cardiovascular history. The
majority of patients had a normal Left ventricular ejection fraction (LVEF) (Table 1).

Table 1. Baseline Characteristics of patients with stable angina
FFR>0.80
N=30

FFR≤0.75
N=59

* p-value

Age

63.1 ± 9.8

60.5 ± 10.1

0.24

Sex - n male (%)

20 (66.7)

37 (62.7)

0.71

BMI

27.1 ± 4.3

27.6±3.4

0.54

5

Risk factors- n (%)
Smoking

5 (16.7)

17 (28.8)

0.21

Hypertension

13 (43.3)

27 (45.7)

0.83

DM

6 (20)

14 (23.7)

0.69

Hyperlipidemia

16 (53.3)

28 (47.5)

0.60

Family history

18 (60)

43 (72.9)

0.22

Peripheral artery disease

5 (16.7)

7 (11.8)

0.53

Cerebrovascular disease

1 (3.3)

1 (1.7)

0.62

Previous MI

6 (20)

11 (18.6)

0.88

Previous PCI

13 (43.3)

18 (30.5)

0.23

Previous CABG

1 (3.3)

1 (1.7)

0.62

Renal failure **

0 (0)

1 (1.6)

0.47

Normal LVEF (if known)

22 (73.3)

42 (71.2)

0.43

Mean lowest FFR

0.86± 0.05

0.57±0.15

White blood cell count (WBC)

6.49 ± 1.51

6.84 ± 1.73

0.34

Neutrophil count

4.05 ± 1.06

4.46 ± 2.69

0.43

Monocyte count

0.54 ± 0.20

0.57 ± 0.16

0.48

Continuous values are presented as means ± standard deviation (SD). Categorical values are presented as number (percentages).* Signific ance level
0.05. FFR= fractional flow reserve BMI= body mass index; DM= diabetes
mellitus; MI= myocardial infarction; PCI= percutaneous coronary intervention; CABG= coronary artery bypass grafting; LVEF = left ventricular ejection
fraction.** Defined as a serum creatinin >150 μmol/l.
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Table 2. Medication use of patients with stable angina at inclusion
FFR>0.80
N=30

FFR≤0.75
N=59

ASA

24 (80)

55 (93)

0.08

β-blocker

18 (60)

51 (86)

<0.01

ACE-inhibitor

8 (26.7)

15 (25.4)

0.90

Statin

28 (93.3)

54 (91.5)

0.77

Clopidogrel (chronic use)

9 (30)

19 (32.2)

0.83

Clopidogrel (loading dose)

3 (10)

32 (54.2)

<0.01

* p-value

Medication – n(%)

Proportions were compared using Chi-square testing. *Significance level
0.05. FFR= fractional flow reserve; ASA= Acetylsalicylic acid; ACE= angiotensin-converting enzyme.

In the healthy control group, 12 (75%) were male with a mean age of 49.8 ± 5.6. None of
the healthy controls used any medication. Five healthy control subjects (31.2%) reported
a positive family history and 1 had known hyperlipidemia for which no medication was
taken. None of the control subjects had any other relevant medical history. BMI of the
healthy control subjects was lower (23.6 ± 2.0 versus 27.1 ± 4.3 and 27.6 ± 3.4, p <0.01).
Medication use in the patient group before undergoing catheterization and FFRmeasurement is described in Table 2. Clopidogrel loading dose was administered
depending on whether PCI was expected to be performed. Use of beta-blockers and
administration of a loading dose clopidogrel was significantly higher in patients with
lowest FFR≤0.75 (both p< 0.01). Chronic use of clopidogrel, however, was similar in both
groups (p=0.83).
White blood cell (WBC) count
In the group of patients with stable angina total WBC count, neutrophil and monocytecounts did not differ between FFR-positive and FFR-negative patients, as shown in Table
1. Patients with stable angina had significantly higher total WBC, neutrophil and monocyte
counts than healthy controls, respectively 6.72 ± 1.66 x 109/l versus 5.37±1.35 x 109/l
leukocytes, p<0.01, 4.32 ± 2.23 x 109/l versus 2.99 ± 1.11 x 109/l neutrophils, p<0.01 and
0.56 ± 0.18 x 109/l versus 0.43 ± 0.12 x 109/l monocytes, p<0.01.
Cytokine concentrations
Concentrations of IL-6, IL-8 and TNF-α were measured in the supernatants of all patients
and healthy controls and corrected for total white blood cell count. In 2 patients cytokineconcentration could not be measured, due to technical reasons. Concentrations of the
above mentioned cytokines were compared among groups. Results are depicted in Figure
1. We did not observe differences in concentrations for any of the cytokines in supernatants
of FFR-positive patients compared to those of FFR-negative patients. Median concentration
(IQR) of IL-6 in FFR-positive patients compared to FFR-negative patients was 0.19 (0.040.45) versus 0.09 (0.02-0.54), p=0.21, concentration of IL-8 was 3.4 (1.9-7.2) versus 2.7
(1.8-6.9), p=0.56 and concentration of TNF-α 0.30 (0.10-0.75) versus 0.34 (0.14-0.66),
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p=0.94. We did observe a significantly lower concentration of both IL-6 and TNF-α in the
healthy controls compared to the patients with stable angina (p=0.001 and p=0.03,
respectively). Concentration of IL-8 in the supernatants did not significantly differ between
all three groups (p=0.21).
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Figure 1. Comparison of levels of cytokines for FFR-positive and FFR-negative patients and healthy controls.
*Comparison by Kruskal-Wallis test.** Between subgroup differences compared with Mann Whitney U test.
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Figure 2. Expression levels of TLR2 and TLR4 on monocytes (A) and granulocytes (B) FFR-positive and FFRnegative patients and healthy control subjects.*Comparison by Kruskal-Wallis test for all groups.** Between
subgroups with Mann Whitney U test. TLR= toll-like receptor.
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Expressions of TLR2, TLR4, CD14, CD11b and CD62L on peripheral blood cells
Expression of TLR2 and TLR4 quantified by mean fluorescence intensity (MFI), was
measured by flow cytometry on monocytes and granulocytes in blood samples of all 89
patients. We did not observe any significant differences between the expression levels
for TLR2 and TLR4 on both monocytes (Figure 2a) and granulocytes (Figure 2b) between
FFR-positive and FFR-negative patients. TLR2 and TLR4 expression on monocytes and TLR4
expression on granulocytes in healthy control subjects was significantly lower compared
to both FFR-positive and FFR-negative patients (p<0.01, p= 0.01 and p=0.03).
We then compared expression levels of CD11b and CD62L on both monocytes and
granulocytes and CD14 on monocytes (Figures 3a and 3b). We observed no differences
between the FFR-groups in expression of CD11b on monocytes (p=0.34) or granulocytes
(p=0.95). Expression of CD62L on both monocytes and granulocytes also did not differ
between FFR-positive and FFR-negative patients (p=0.86 and p=0.64, respectively).
Moreover, no difference in expression of CD14 on monocytes could be detected (p=0.92).
Healthy control subjects had significantly lower expression levels of CD11b on monocytes
(p<0.01) and CD62L on granulocytes (p=0.04). CD11b on granulocytes and CD62L on
monocytes did not differ between groups (p=0.95 and p=0.43 respectively).
Influence of severity of ischemic coronary disease on inflammatory markers
To assess the influence of the severity and extent of ischemic coronary disease on the
measured markers of inflammation we calculated FSS for each FFR-positive patient (as
described above), divided FSS-scores into tertiles (range 1 to 28, intertertile range 7 to
14) and compared inflammatory markers of each tertile to each other and to FFR-negative
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Figure 3. Expression levels of CD11b, CD62L and CD14 on monocytes (A) and CD11b and CD62L on granulocytes (B) in FFR-negative patients, FFR-positive and healthy control subjects.*Comparison by Kruskal-Wallis
test for all groups.** Between subgroups with Mann Whitney U test.
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patients. No between-subgroup differences were noted (p-values all >0.05). More
importantly, there was no incremental relation between FSS tertiles and the measured
markers (Figures 4a, b and c).
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Figure 4. Concentrations of cytokines and surface markers on monocytes and granulocytes according to FSS
tertiles and FFR-negative patients. Concentrations of cytokines (A) and surface markers on monocytes (B) and
granulocytes (C) according to FSS tertiles (of FFR-positive patients) and FFR-negative patients. Comparison of
all subgroups was performed with the Jonckheere-Terpstra test. FSS= functional syntax score.
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Discussion

The presence of inducible myocardial ischemia is of key importance for the prognosis of
stable coronary artery disease. Numerous studies have shown increased rates of
myocardial infarction and cardiovascular death when substantial myocardial ischemia is
present. Systemically measured inflammatory markers have also been associated with
adverse outcome in patients suffering from cardiovascular disease. The origin of these
inflammatory parameters can be the local inflammatory unstable plaque, can be a
reflection of the atherosclerotic burden in the vascular system or an epi-phenomenon.
Since plasma levels of pro-inflammatory cytokines as well as cell-based markers on
circulating cells have been found to be elevated in acute coronary syndromes, and the
presence and extent of inducible ischemia associated with increased occurrence of
myocardial infarction and death, we hypothesized that inducible ischemia is associated
with increased levels of blood derived inflammatory markers.
In this study, however, we found no relation between the investigated inflammatory
markers and the presence of inducible myocardial ischemia as evidenced by FFR. In line
with previous reports, we observed a difference in inflammatory markers between healthy
subjects and patients with stable angina, pointing to a chronically elevated inflammatory
status in patients with coronary artery disease 19. Our observations suggest that this
elevated inflammatory state is not altered by the presence of inducible ischemia by local
atherosclerotic luminal narrowing, but probably a reflection of co-morbidities or systemic
risk factors with concomitant generalized atherosclerotic disease, independently of its
functional severity.
The latter is supported by the baseline characteristics that reveal that the FFR-positive
and negative patient groups have comparable atherosclerotic risk profiles and history of
previous MI or PCI as opposed to the healthy control group, which has virtually no risk
factors and no history of coronary pathology. This study therefore shows that local lesions
that may induce local ischemia do not explain the increased inflammatory blood profile
in patients suffering from stable coronary artery disease.
Fractional Flow Reserve (FFR) is the most reliable method for assessing the ischemic
potential of coronary stenoses. Reducing myocardial ischemia is associated with improved
prognosis 20 and by use of FFR it is possible to adequately pinpoint which lesions are
responsible for ischemia. FFR-guided revascularization provides optimal relief of ischemia,
preventing unnecessary stenting or bypass surgery of non-ischemia causing lesions while
at the same time preventing undertreatment of lesions that appear moderate on
angiography but do cause ischemia 21.
In this study, we investigated a specific subset of inflammation markers known to be
associated with coronary artery disease. Even if the extent and severity of ischemic
coronary disease is taken into according to FSS, no relationship between the inflammatory
markers and inducible ischemia could be identified.
Toll-like receptors (TLRs) are a key part of the innate immune system and have been shown
to play an important role in both the initiation and progression of coronary disease 22;23.
Increased expression of TLR4 on circulating monocytes and increased transcription of
pro-inflammatory cytokines and co-stimulatory molecules, reflecting downstream
activation of TLR stimulation, have been found in patients with unstable angina (UA) and
acute myocardial infarction (AMI) compared to patients with stable angina and healthy
controls 24;25.
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CD11b, also known as Integrin αM, is involved in adhesion and transendothelial migration
an early marker for cellular activation of leukocytes26. Furthermore, CD11b-expression
has been shown to be upregulated immediately after stimulation of TLRs 27. CD62L
(L-selectin) is a member of the selectin family, expressed on both monocytes and
granulocytes and is involved in cell adhesion 28. Both granulocytes and monocytes readily
shed CD62L upon stimulation.
It has been shown in both experimental and clinical settings that short lasting myocardial
ischemia elicits an inflammatory response. In a porcine experiment 30 minutes of induced
ischemia resulted in marked increase of plasma levels of IL-6 and TNF-α 29. In patients with
coronary artery disease, dobutamine-induced ischemia resulted in an increase in plasma
levels of IL-6 and tissue factor. Furthermore, IL-6 levels were related to left ventricular
dysfunction at peak stress and rate of recovery of left ventricular function 30. In patients
with a reversible perfusion defect in myocardial perfusion imaging after stress, TLR
mediated leukocyte activation was attenuated31. These findings provide both experimental
as well as clinical evidence that an acute inflammatory response to ischemic episodes
occurs which is detectable in peripheral blood samples. However, these results pertain
to acutely induced ischemia and it is unknown whether inflammatory status is permanently
altered by short repetitive ischemic episodes. In this study we found no evidence for this.

5

Limitations

Due to the fact that FFR measurements are obviously unknown prior to angiography,
patient groups are inevitably unequal in size. Also, FFR-positive patients were more
frequently pre-treated with a loading dose of clopidogrel. Clopidogrel has been shown
to have anti-inflammatory properties 32, and thus it is possible that inflammatory status
in the FFR-positive group could be underestimated by pre-treatment. It must be noted
however, that any anti-inflammatory properties of clopidogrel have mainly been observed
during chronic treatment 32-35, and chronic clopidogrel treatment did not differ between
the FFR positive and negative groups. Quinn et al specifically investigated effects of
clopidogrel treatment (>24 hours) before PCI on inflammatory markers and observed that
serum CD40 ligand and IL-6 were not affected by clopidogrel pre-treatment 36. It is
therefore unlikely that pre-treatment with a loading dose of clopidogrel would have played
a significant role in our study. In any case, we feel withholding clopidogrel pretreatment
in patients if stenting is anticipated is unethical and potentially hazardous.
Over 90% of the patients with stable angina in this study are treated with statins (HMGCoA reductase inhibitors), which have been shown to have anti-inflammatory properties
37-39
. Despite the use of statins, inflammatory markers are increased in the patient groups
as compared to the healthy controls. In the patient groups it is conceivable that use of
statins may mask small differences related to the presence or absence of inducible
ischemia.
Blood samples were taken from an arterial sheath in the patient groups. Consequently,
no statements can be made on possible differences in other locations of the vascular
system (e.g. coronary artery or coronary sinus) in these patients. In the healthy control
group, blood was obtained from an antecubital vein. Although differences in inflammatory
markers between locally (coronary sinus) obtained blood and peripheral blood in coronary
artery disease have been observed 40;41, to our knowledge differences of these markers
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between peripheral venous and peripheral arterial blood have not been reported 42.
BMI of the healthy control subjects was significantly lower than that of the patient groups.
As increased levels of inflammatory markers have been reported in obese subjects 43-45,
we cannot exclude the possibility that this may have influenced biomarker levels in the
patient groups, although BMI was only moderately increased in the FFR positive and FFRnegative patients.
In this study we only analyzed a specific subset of inflammatory markers; IL-6, IL-8 and
TNF-α as inflammatory cytokines and CD11b, CD62L, TLR2 and TLR4 as markers for cellular
activation of circulating cells. Although we investigated cell based expression as well as
secreted markers for inflammation, we cannot discount the possibility that repetitive
ischemia exerts effects through different mechanisms and is reflected by different
biomarkers than the ones investigated here.

Conclusion

Inducible myocardial ischemia is not associated with increased concentrations of IL-6,
IL-8 and TNF-α in blood or expression of CD11b, CD62L, CD14, TLR2 or TLR4 on circulating
leukocytes in patients with stable angina.
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Abstract
Purpose
To investigate the relationship between the presence of inducible myocardial ischemia,
as measured by Fractional Flow Reserve and responsiveness of Toll-like Receptors 2 and
4 on peripheral blood cells in patients with stable angina.
Background
Toll-like receptors (TLRs) are part of the innate immune system and have also been shown
to play an important role in the development and progression of atherosclerosis and
destabilization of atherosclerotic plaques. In addition, TLRs have been shown to mediate
ischemia-reperfusion injury and are relevant in collateral formation. Previously it was
shown that the response of TLR2 and 4 upon stimulation with ligands is downtoned
immediately following vascular injury and induced cardiac ischemia at non-invasive
testing. We hypothesized that the presence of hemodynamically significant coronary
lesions which results in inducible myocardial ischemia (as measured by FFR) is associated
with altered early TLR responsiveness in patients with chronic stable angina.
Methods
Blood samples were analyzed from 89 patients with stable angina prior to angiography
and of 16 healthy controls. FFR was measured of all coronary lesions with >30%
angiographic stenosis. Inducible ischemia was present if a patient had at least one stenosis
with an FFR≤ 0.75 and absent if all lesions had an FFR> 0.80. Whole blood samples were
stimulated with the TLR4 ligand Lipolysaccharide (LPS) and with the TLR2 ligand Pam3Cys.
As measures of TLR responsiveness concentrations of IL-6, IL-8 and TNF-α in the
supernatants of stimulated whole-blood samples were measured. Expression CD14, CD11b
and CD62L on monocytes and granulocytes after stimulation were assessed by flow
cytometry.
Results
No differences were observed in TLR response. Secreted cytokines and expression of
surface markers did not differ between ischemic (FFR≤0.75) and non-ischemic (all FFRvalues > 0.80) after stimulation with LPS or Pam3Cys. CD11b on monocytes was significantly
lower for all stimulation conditions in healthy control subjects.
Conclusion
Ex-vivo measured TLR 2 and 4 responsiveness did not differ between ischemic and nonischemic stable coronary artery disease. Expression of CD11b on monocytes was
significantly lower in healthy control subjects without known vascular disease than in
patients with stable coronary artery disease, indicating that TLR responsiveness may be
a marker of atherosclerosis per se but not of inducible ischemia in stable non-ischemic
conditions.
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Introduction

Toll-like receptors (TLRs) are a key part of the innate immune system. By recognizing
specific molecular patterns on invading micro-organism, they trigger the innate immune
response, forming the first line of defense1. Furthermore, they are essential to mounting
an adaptive immune response2. All types of toll-like receptors share a cytoplasmic domain
resembling the IL 1-receptor (IL-1R), termed the TIR domain. Ultimately translocation of
NF-Kβ to the nucleus results in increased transcription and release of pro-inflammatory
cytokines like IL-6, IL-8 and TNF-alpha3. Apart from their role in immunity, TLRs have been
shown to be involved in the pathogenesis of various inflammatory disease processes and
it has been shown that various endogenous ligands can bind and stimulate TLRs4. Besides
being expressed in atherosclerotic lesions, TLR4 expression on circulating monocytes and
in vitro responsiveness upon stimulation is correlated with symptomatic atherosclerotic
disease. Increased expression of TLR4 on circulating monocytic cells and increased
transcription of pro-inflammatory cytokines and co-stimulatory molecules, reflecting
downstream activation of TLR stimulation, have been found in patients with unstable
angina (UA) and acute myocardial infarction (AMI) compared to patients with stable angina
and healthy controls5. In stable angina, a role for repetitive ischemia (as occurs in stable
angina during exercise) as a modulator of TLR-responsiveness was suggested in a study
by Versteeg et al6, who found increased TLR responsiveness to be associated with ischemic
coronary stenoses, as measured by Fractional Flow Reserve (FFR). In our study we
associated FFR outcomes with TLR2 and TLR4 induced cytokine release and surface antigen
expression in a larger cohort and also compared these to healthy control subjects. We
hypothesized that repetitive ischemia, as occurs in patients with inducible ischemia is
associated with chronically altered TLR responsiveness of peripheral monocytes and
granulocytes, compared to patients who do not have inducible ischemia. To accurately
assess the presence and extent of inducible myocardial ischemia we used Fractional Flow
Reserve (FFR), an invasive index of inducible ischemia.

Methods

Patient selection
Eighty-nine patients with chronic stable angina that were scheduled to undergo coronary
angiography including FFR measurements in the Catharina Hospital Eindhoven were
included. As a control group, 16 healthy individuals without known coronary artery disease
or atherosclerosis were included. All participants provided written informed consent prior
to participation. This study was approved by the local ethics committee. Exclusion criteria
were active inflammatory conditions, autoimmune disease, malignancies, use of
immunosuppressive drugs. Patients with ST-elevation myocardial infarction, Non-ST
elevation myocardial infarction or unstable angina were also excluded. Blood samples
were drawn immediately before angiography in the patient groups from the arterial sheath
before the administration of systemic anticoagulants and in the control group via puncture
of a large antecubital vein. Blood was collected in sterile Lithium-Heparin (LH)
anticoagulated tubes. All blood samples were processed within the hour (see section
Whole Blood Stimulation below).
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Interventional Procedure
In the patient group, all lesions identified by angiography were investigated by FFR, using
a standard ressure Wire (PressureWire™ Certus, St Jude Medical Inc,USA). A detailed
description of the procedure and principles of FFR we refer to Chapter 37. The presence
of inducible myocardial ischemia was defined as having at least one coronary lesion with
an FFR ≤0.75, while patients without inducible myocardial ischemia were defined as having
no coronary lesion with an FFR ≤0.80. Chronic total occlusions were arbitrarily assigned
a FFR value of 0.50. Patients with at least one FFR-value ≤ 0.75 will be referred to as FFRpositive, while patients with all FFR values >0.80 will be referred to as FFR-negative. The
decision how to treat the coronary lesions (PCI, CABG or conservative) was at the
discretion of the operator. Coronary angiography was not performed in the healthy control
group. To quantify the ischemic coronary artery disease Functional Syntax Score (FSS) was
calculated offline for the FFR-positive patients. The Functional Syntax Score was described
in chapter 48 and is a functional extension of the Syntax Score, an anatomical scoring
system of the extent and complexity of coronary artery disease9. In short, the FSS describes
the angiographic characteristics only of the ischemia causing lesions, as defined by an
FFR< 0.80, and thus is a measure of the severity and extent of ischemic coronary artery
disease.
Measures of responsiveness
Stimulation of TLR 2 and 4 by ligands results in increased secretion of pro-inflammatory
cytokines via activation of NF-kβ, like Il-6, IL-8 and TNF-alpha 10. Changes in concentration
of these cytokines in blood samples after ex vivo whole blood stimulation of TLR2 and
TLR4 are thus a measure of the response to TLR ligands. Expression of membrane surface
proteins on circulating cells were also assessed as a measure of TLR responsiveness. CD11b
mediates adhesion and migration of leukocytes to endothelium and is expressed after
stimulation of TLRs11. CD62L is expressed on both monocytes as granulocytes is also
involved in cellular adhesion to endothelium. It is rapidly shed from the cell membrane
after stimulation of TLRs. Thus, increased expression of CD11b and decreased expression
of CD62L on the surface of granulocytes and monocytes function as quantitative markers
of cellular activation and responsiveness to TLR stimulation.

6

Whole blood stimulations

Cytokine analysis
Samples 100 μl of LH-anticoagulated whole blood were transferred to 96 wells plates
and stimulated with either 100 μl of TLR4-ligand Lipopolysaccharide (LPS, Sigma-Aldrich,
MO, USA ) 100 ng/ml, LPS 10 ng/ml, TLR2 ligand Pam3Cys-Ser-(Lys)4 (Pam3Cys,
Calbiochem, CA, USA) 500ng/ml or phosphate-buffered saline and incubated at 37˚C
and atmosphere containing 5% CO2 for 2 hours. LPS and Pam3Cys were dissolved in
PBS. After 2 hours, the samples were centrifuged for 5 minutes at 400g, after which the
supernatants were carefully transferred to sterile tubes and frozen at -80 degrees Celsius
until further analysis. Cytokine levels of IL-6, IL-8 and TNF-alpha were measured in these
supernatants by Multiplex based Luminex cytometric bead analysis, according to the
manufacturer’s instructions. Undetectable values were imputed as 0.1 pg/ml. All levels
of cytokines were corrected for total white blood cell count. White blood cell counts
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for all study subjects were performed on a Celldyn Sapphire (Abbott Diagnostics, Ill,
USA) automated blood analyzer.
Surface marker expression
To assess expression of TLR expression 50 μl of LH-anticoagulated whole blood was
incubated with fluorescent antibodies against TRL2 (CD282 TLR2-FITC, Serotec, UK ) and
TLR4 (CD284 AB, TLR4-RPE, Serotec, UK) for 30 minutes. Portions of 100 μl of heparinlithium anticoagulated blood were transferred to 96 wells plates and stimulated with 100
μl of LPS 100 ng/ml, 10 ng/ml, Pam3Cys 500ng/ml and PBS and incubated at 37 degrees
Celsius and atmosphere containing 5% CO2. After 30 minutes, 100 μl of each well was
transferred to a plastic tube and incubated with fluorescent antibodies for CD14 (CD14
PC5, Beckman Coulter, CA,USA), CD11b (CD11b-PE-Cy7, Becton-Dickinson, NJ, USA) and
CD62L (CD62L ECD, Beckman Coulter, CA, USA) for 30 minutes. After washing and red
blood cell lysis the samples were analyzed by flow cytometry (FC 500, Beckman Coulter,
CA, USA).
Granulocytes were gated based on their scatter properties. Monocytes were identified
based on their scatter properties and positive CD14 staining. Expression of surface markers
was quantified by mean fluorescense intensity (MFI).
Statistical analysis
Both cytokine and mean fluorescense intensity values were not normally distributed,
therefore all analyses were done using non-parametric statistical methods. Results are
presented as medians (interquartile range) (IQR). Continuous variables were compared
between groups with the Mann Whitney U-test in case of comparison between two groups
and with Kruskal-Wallis test for comparison between multiple groups, as appropriate.
Discrete variables were compared using Chi-square testing. A p-value <0.05 was considered
significant. White blood cell count was normally distributed and compared using ANOVA.
Results are presented as means ± SD, a p-value<0.05 considered significant. All analysis
were performed using SPSS 17.0 (SPSS inc, Chicago, Ill, USA). Correlation analysis with
FSS was performed with Spearman’s rho.

Results

Baseline characteristics and and Procedural results
In 108 patients with stable angina, FFR was measured and stimulation experiments were
performed. To accurately assess ischemic status, patients with a lowest FFR-value in the
gray zone (0.76-0.80) were not included in this analysis, excluding 12 patients. Due to
technical errors a further 7 patients were excluded from the analysis, leaving 89 patients
for analysis. The baseline characteristics and medication use of the patients and healthy
have already been presented in chapter 5, see Table 1 and 2. In short, there were no
significant differences between the FFR positive and negative group on neither age, sex,
risk factors or relevant cardiovascular history between the FFR-positive and FFR-negative
patients. In the control group, 12 (75%) were male with a mean age of 49.8 ± 5.6. None
of these control subjects had a history of cardiovascular disease. 5 (31.2%) had a positive
family history and 1 had known hyperlipidemia for which no medication was taken. None
of the healthy controls smoked, had known diabetes or hypertension on physical
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examination. Of the patients with at least one FFR ≤ 0.75 included in this analysis patient
45 (74.6%) were treated with PCI, 9 (15.3%) with CABG and 5 (8.5%) treated conservatively.
White blood cell counts in patients and controls in patients and healthy controls
Patients with stable angina had significantly higher total white blood cell (6.72 ± 1.66 versus
5.37± 1.35, p<0.01), neutrophil (4.32 ± 2.23 versus 2.99 ± 1.11, p<0.01) and monocyt (0.56
± 0.18 versus 0.43 ± 0.12, p<0.01) counts than healthy controls. In the group of patients
with stable angina total white blood cell, neutrophil and monocyt-counts did not differ
between FFR-positive and FFR-negative patients (p=0.32, 0.43 and 0.48, respectively).
Cytokine release before and after TLR stimulation
Concentrations of IL-6, IL-8 and TNF-α were measured in the supernatants of 88 patients
and 16 healthy controls for all stimulation conditions and corrected for total white blood
cell count. In 1 patient cytokine-concentrations could not be measured, due to technical
reasons. Concentrations of the above mentioned cytokines in PBS incubated and LPS
and Pam3C stimulated supernatants were measured and compared between the three
groups. As a measure of responsiveness we compared cytokine concentration after
stimulation with LPS and Pam3Cys for all conditions between groups. Results are depicted
in Figure 1.
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Figure 1. Cytokine concentrations following stimulation with LPS 100 ng/ml, LPS 10 ng/ml and Pam3Cys
500 ng/ml in FFR-positive patients, FFR-negative patients and healthy control subjects. Values are medians,
edges of the boxes are at the 25th and 75th percentiles and whiskers are at ± 1.5 interquartile range. Comparison with Kruskal-Wallis test, a p-value <0.05 was considered statistically significant.
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We observed no statistically significant differences in cytokine concentrations after
stimulation for any of the measured cytokines between patients with and without
inducible ischemia or healthy control subjects.
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Figure 2. Expression of surface markers CD11b, CD62L and CD14 on peripheral leukocytes after stimulation
with LPS 100 ng/ml, LPS 10 ng/ml and PAM3CYS 500 ng/ml in FFR-positive patients, FFR-negative patients
and healthy control subjects. Values are median, edges of the boxes are at the 25th and 75th percentiles and
whiskers are at ± 1.5 interquartile range. Comparison with Kruskal-Wallis test, a p-value <0.05 was considered
statistically significant
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Expression of CD11b, CD14 and CD62L after TLR2 and TLR4 stimulation
Expression of TLR2 and TLR4 was measured in unstimulated whole blood samples. We
observed no significant difference between the expression levels for TLR2 and TLR4
between FFR-positive and FFR-negative patients (all p-values >0.05). In healthy control
subjects we observed a significantly lower expression of TLR2 and TLR4 on monocytes
(both p<0.01) and TLR4 on granulocytes (p= 0.03) compared to both patient groups.
Expression of surface markers CD11b, CD62L and CD14 after stimulation with LPS and
Pam3Cys could be measured in all but one study participant, due to technical reasons.
Results of the stimulation tests are presented in Figure 2.
We observed no difference in any of the measured surface markers between FFR-positive
and FFR-negative patients. However, expression of CD11b on monocytes was significantly
lower in healthy control subjects compared to the patients with stable coronary artery
disease and this difference was consistently found for all stimulation conditions. No
significant differences were observed for the other surface markers except for expression
CD62L on granulocytes. However, this was only observed after stimulation with LPS 10
ng/ml but not after stimulation with either LPS 100 ng/ml or Pam3Cys 500 ng/ml.
Influence of severity of coronary artery disease on TLR-responsiveness
To investigate if more severe and extensive ischemic coronary disease would differ from
milder ischemic disease, we calculated the Functional Syntax Score for all FFR-positive
patients (mean 10.9, range 1-28) and performed non-parametric (Spearman’s rho)
correlation of FSS to the stimulated cytokine levels and surface marker expression levels
(Table 1).
As shown in Table 1, no consistent significant correlation, positive or negative, between
any of the investigated markers and FSS was observed, with very low correlation
coefficients. In conclusion, we observed no relationship of the investigated markers with
the severity of ischemic coronary artery disease as quantified by FSS.

6

Discussion

In this ex-vivo experiment of TLR-responsiveness we did not find a relationship with the
presence of inducible myocardial ischemia as measured by FFR in patients with stable
coronary artery disease. Moreover, we found no relationship with extent and severity of
ischemic coronary artery disease. TLRs 2 and 4 are involved in both initiation and
progression of atherosclerotic lesions. In the early stage of atherosclerosis, TLR4expression is increased on endothelial cells and thought to interact with LDL particles to
form early atherosclerotic lesions. On the other side of the spectrum of atherosclerosis,
TLR4 expression is enhanced in macrophages found in advanced, inflamed lipid-rich
lesions, mostly in the shoulder region of atherosclerotic plaques12. Combined with the
fact that stimulation of TLR-4 has been shown to induce MMP-9 production macrophages,
TLR-4 is thought to be involved in plaque destabilization13. TLR2 has been shown to
mediate inflammation and matrix degradation in atherosclerosis14.
Originally considered to be of only marginal importance in atherosclerotic disease,
neutrophile granulocytes are increasingly shown to be involved in all stages of
atherosclerosis 15. Neutrophiles are found at sites of plaque rupture in patients with acute
coronary syndrome16. Furthermore, neutrophils have been found near the fibrous cap of
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Table 1. Correlation of the functional syntax score with the
investigated cytokines and cell based markers. Correlation
with Spearman’s rho, p<0.05 was considered significant.
Correlation
coefficient

p-value

Cytokines
IL-6 LPS 100

-0.089

0.52

IL-6 LPS 10

-0.069

0.61

Il-6 Pam3Cys

-0.101

0.46

IL-8 LPS 100

-0.102

0.46

IL-8 LPS 10

-0.014

0.92

IL-8 Pam3Cys

-0.088

0.53

TNF-α LPS 100

-0.265

0.05

TNF-α LPS 100

-0.209

0.13

TNF-α Pam3Cys

-0.124

0.37

CD11b monocytes LPS10

-0.004

0.98

CD11b monocytes LPS100

0.019

0.89

CD11b monocytes Pam3Cys

0.017

0.90

CD14 monocytes LPS 10

0.046

0.73

CD14 monocytes LPS 100

0.074

0.58

CD14 monocytes Pam3Cys

-0.068

0.61

CD62L monocytes LPS 10

-0.084

0.53

CD62L monocytes LPS 100

-0.107

0.43

CD62L monocytes Pam3Cys

-0.037

0.78

CD11b granulocytes LPS 10

-0.066

0.62

CD11b granulocytes LPS 100

-0.076

0.57

CD11b granulocytes PAM3CYS

0.062

0.65

CD62L granulocytes LPS 10

0.142

0.29

CD62L granulocytes LPS 100

0.301

0.02

CD62L granulocytes Pam3Cys

0.024

0.86

Surface markers
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atherosclerotic plaques and interference with neutrophil homeostasis has been shown
to alter plaque formation in mice17. Neutrophils express both TLR 2 and TLR 4, and
expression is up-regulated by exposure to endogenous ligands and bacteria18;19. There is
considerable evidence that both TLR2 and TLR4 expression and responsiveness of
circulating leukocytes is altered in acutely ischemic coronary artery disease.
Liuzzo et al found that increased response of TLR4 (measured by IL-6 production) to in
vitro stimulation of monocytes from patients with recurrent unstable angina correlated
with increased CRP levels 20. Another study found enhanced TLR4 expression and
downstream signaling events in patients with acute myocardial infarction or unstable
angina 5. Furthermore, Arslan et al found in a murine experiment TLR2 on circulating
leukocytes mediates myocardial ischemia/reperfusion damage21. Recently, Selejan et al
found increased TLR2 expression and responsiveness on circulating monocytes of patients
with AMI and cardiogenic shock. They also showed that TLR mediated cytokine production
was increased under hypoxic conditions, implying tissue hypoxia as a relevant factor in
TLR expression of circulating cells22. 						
The relationship between TLR expression and responsiveness in patients with stable
coronary disease have been rather less well described. Ashida et al found that TLR4
expression levels on peripheral monocytes of patients with both stable and unstable
angina have been reported to be increased compared to healthy controls, while TLR2
levels were higher in UA, and levels of TLR2 of patients with stable angina comparable to
that of healthy controls23. In the previously mentioned study by Methe et al5 however,
TLR4 expression levels in patients with SA were similar to healthy controls. Moreover,
stimulation with LPS yielded a significantly higher response (measured by secretion of
IL-12 and expression co-stimulatory molecule B7-1) in unstable angina or acute myocardial
infarction, while levels of patients with stable angina and healthy controls were significantly
lower and did not differ from each other5.
In a recent study by our group, TLR responsiveness at baseline between patients with
reversible perfusion defects, fixed perfusion defects and normal perfusion scintigraphy
did not differ between groups, although TLR responsiveness was significantly attenuated
directly after scintigraphy depending on the presence of a reversible defect24. This supports
the concept that changes in TLR responsiveness of circulating cells may be influenced by
active ischemia but returns to baseline values when ischemia is resolved, which would
explain the absence of difference between patients with and those without ischemic
lesions during stable conditions as we found in our study.
The notion that TLR expression and responsiveness would differ between patients with
and without demonstrable inducible ischemia was first formed based on the results of
the study by Versteeg 6. We could not reproduce these findings, although it must be noted
that our experiment differed considerably from that by Versteeg et al. Most importantly,
we examined early cytokine production (2 hour stimulation) while Versteeg examined
cytokine production after overnight incubation. It may be possible that changes in
temporal behavior of TLR responsiveness (for example prolonged activation after
stimulation) may account for these differences, however this was not investigated.
Although it was not the main research question of this study, we did observe a significantly
lower expression of CD11b after stimulation on monocytes in the relatively small group
of healthy control subjects. Also, TLR expression in monocytes was lower in this group,
which is in agreement with previous observations23;25

6
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Taken together, these findings implicate that enhanced TLR reponsiveness may be a
feature of atherosclerotic disease per se, but is not a distinguishing marker in patients
with inducible myocardial ischemia in stable conditions.

Conclusion

TLR responsiveness of peripheral blood cells is not altered in patients with stable angina
with inducible myocardial ischemia, nor is it related to the severity and extent of ischemic
coronary artery disease.
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Abstract
Purpose
Previously it has been shown that Toll-like receptor (TLR) responsiveness is altered in
response to acute coronary ischemia. In the current study we investigated if TLRresponsiveness is altered after succesful Fractional Flow Reserve (FFR)-guided
percutaneous coronary intervention (PCI) of ischemic coronary stenoses in patients with
stable coronary artery disease.
Background
TLRs are the first line of defense of the innate immune system upon ligation by exogenous
or endogenous stimuli. TLR responsiveness of peripheral blood cells has been shown to
be immediately increased in patients suffering from acute myocardial infarction but is
attenuated after induction of myocardial ischemia at non-invasive testing or after vascular
trauma. Whether relief of ischemia in patients with stable angina by percutaneous
coronary intervention results in a long term attenuation of TLR responsiveness is unknown.
Methods
Thirty-three patients with at least one coronary lesion with an FFR ≤ 0.75 were completely
revascularized by PCI, guided by FFR-measurements. An additional 30 patients undergoing
catheterization but with all FFR-values > 0.80 were studied as baseline control group.
Severity and extent of ischemic coronary artery disease was assessed by Functional Syntax
Score, an extension of the Syntax Score accounting for inducible ischemia of each
individual lesion. Blood samples were taken immediately before angiography and 6 weeks
after PCI. Whole blood samples were stimulated with the TLR4 ligand Lipolysaccharide
(LPS) and with the TLR2 ligand Pam3Cys 500 ng/ml and phosphate buffered saline (PBS).
Concentrations of IL-6, IL-8 and TNF-α in the supernatants of stimulated whole-blood
samples were measured and expression of CD14, CD11b and CD62L on monocytes and
granulocytes after TLR stimulation were assessed by flow cytometry, as indicators of TLR
responsiveness.
Results
There was no significant difference in TLR responsiveness in treated patients compared
to non-ischemic individuals. Six weeks after FFR- guided PCI we observed a significantly
decreased secretion of cytokines following ex-vivo stimulation of TLR2 by Pam3Cys (IL-6
p=0.007, IL-8 p= 0.02 and TNF-α p= 0.02). Temporal changes in TLR responsiveness did
not correlate with the Functional Syntax Score.
Conclusion
FFR-guided PCI in stable angina results in long-term attenuated cytokine release during
TLR2 stimulation. However, this decreased responsiveness may not be attributable to
relief of inducible ischemia by PCI.
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Introduction

Percutaneous coronary intervention (PCI) has been shown to induce an acute
inflammatory response and the magnitude and persistence of this response after PCI
has been linked to the occurrence of future cardiovascular events1-3. Besides an acute
inflammatory response, vascular injury also induces anti-inflammatory effects in an
attempt to counteract systemic inflammation: Toll-like receptor response to stimuli has
been shown to be decreased immediately following vascular trauma, possibly as a
protective measure to prevent an excessive inflammatory reaction4;5. In line with this
observation, TLR response has been shown to be downregulated after percutaneous
coronary intervention (PCI)6. Similar phenomena have been observed with inducible
myocardial ischemia in coronary artery disease. Increased expression of TLRs on
peripheral blood cells and increased TLR responsiveness has been found in patients
with acute myocardial infarction, while conversely downtoning of TLR responsiveness
has been shown to occur after induction of short term reversible myocardial ischemia
at non-invasive testing, as was recently demonstrated 7. The latter study also
demonstrated that no downtoning of TLR response occurs during exercise in the
presence of irreversible perfusion defects, supporting a clear relationship of TLR
responsiveness with temporary reversible ischemia. These studies suggest a differential
effect on TLR responsiveness of acute and ongoing ischemia in unstable patients (with
myocardial damage) as opposed to short term, temporary reversible ischemia in patients
with stable coronary artery disease.
Whether PCI with stent-placement of ischemic coronary lesions in stable angina patients
results in persisting altered TLR responsiveness and whether this is attributable to relief
of intermittent ischemia, is unknown. To investigate this, we assessed TLR responsiveness
to various stimuli on peripheral blood cells in patients before being treated by FFR-guided
PCI, in which inducible ischemia was demonstrably abolished by PCI, and comparing this
to TLR responsiveness 6 weeks after PCI.

Methods

Patient selection
We included patients with stable angina who had evidence of inducible ischemia on
invasive assessment who were eligible for and subsequently treated by PCI. Patients
who (after FFR-measurements) were indicated for coronary artery bypass grafting were
not included in this analysis. Treatment decisions were entirely at the discretion of the
operator. The choice of stenttype was also left up to the operator. All patients were
treated according to the local standard care. Patients treated with bare metal stents
were treated with at least 1 month of clopidogrel, while patients who received drug –
eluting stents (DES) were treated with clopidogrel for at least 6 months. 6 weeks after
PCI of the ischemic lesions, a second blood sample was taken in the outpatient clinic.
Patients were questioned for symptoms or adverse events in the period from PCI to
follow up. Patients with an active inflammatory condition, malignancy or use of
immunosuppressive medication were excluded. Patients with previous CABG were not
included in this analysis.
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Invasive procedure
Inducible ischemia was assessed by Fractional Flow Reserve (FFR). The principles and
application of FFR is described in chapter 3. 						
In our study population, all lesions were investigated by FFR, and PCI performed if
indicated by FFR-measurements and technically feasible. Chronic total occlusions treated
by PCI were arbitrarily assigned a FFR -value of 0.50. After PCI, FFR was again measured
to ensure complete relief of ischemia, meaning that FFR after PCI was >0.80. In the
remainder of the text patients with at least one FFR-value ≤ 0.75 will be referred to as
FFR-positive, while patients with all FFR values >0.80 will be referred to as FFR-negative.
To clearly demarcate ischemic status, patients with an intermediate FFR-value (0.76-0.80)
were excluded from the analysis.
To further investigate the influence of the extent inducible ischemia and the effect of PCI
of ischemic lesions on TLR responsiveness, we calculated Functional Syntax Score (FSS)
for each patient and correlated this to differences in TLR responsiveness after PCI. The
FSS is described in chapter 4.
Blood sample collection
Blood samples were collected into lithium heparin (LH) and ethylenediaminetetraacetic
acid (EDTA) anticoagulated tubes before angiography from the arterial sheath, before
administration of systemic anticoagulants. After 6 weeks, we collected blood samples
from patients treated by FFR-guided PCI, via puncture of a large antecubital vein. After
withdrawal, blood samples were processed within the hour.
Measures of TLR responsiveness
Stimulation of TLR 2 and 4 results in increased secretion of pro-inflammatory cytokines
via activation of NF-kβ, like Il-6, IL-8 and TNF-alpha. Changes in secreted concentration
of these cytokines thus reflect TLR stimulation. Response to TLR ligands was also measured
by changes in expression of activation surface markers of peripheral monocytes and
granulocytes. CD11b mediates adhesion and migration of leukocytes to endothelium and
is expressed after stimulation of TlRs. CD62L is expressed on both monocytes and
granulocytes and is also involved in cellular adhesion to endothelium. It is rapidly shed
from the cell membrane after stimulation.

7

Whole blood stimulation

Cytokine analysis
Portions of 100 μl of LH-anticoagulated whole blood were transferred to 96 wells plates
and stimulated with either 100 μl of TLR4 ligand Lipopolysaccharide (LPS, Sigma-Aldrich,
MO, USA ) 100 ng/ml, LPS 10 ng/ml, TLR2 ligand Pam3Cys-Ser-(Lys)4 (Pam3Cys,
Calbiochem, CA, USA) 500ng/ml or phosphate-buffered saline (PBS) and incubated at
37˚C and atmosphere containing 5% CO2 for 2 hours. The TLR ligands LPS and Pam3Cys
were diluted with PBS to obtain desired concentrations. After 2 hours, the samples were
centrifuged for 5 minutes at 400g, after which the supernatants were carefully transferred
to sterile tubes and frozen at -80 degrees Celsius until further analysis. Cytokine levels of
IL-6, IL-8 and TNF-alpha were measured in these supernatants by Multiplex based Luminex
cytometric bead analysis, according to the manufacturer’s instructions. Undetectable
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values were imputed as 0.1 pg/ml. White blood cell counts for all study subjects were
performed on a Celldyn Sapphire (Abbott Diagnostics, Ill, USA) automated blood analyzer.
All levels of cytokines were corrected for total white blood cell count.
Surface marker expression
Baseline expression of TLR2 and TLR4 was assessed by incubation of 50μl LH anti
coagulated blood with fluorescent antibodies against TRL2 (CD282 TLR2-FITC, Serotec,
UK ) and TLR4 (CD284 AB, TLR4-RPE, Serotec, UK). For assessment of responsiveness,
portions of 100 μl of LH anticoagulated blood were transferred to 96 wells plates and
stimulated with 100 μl of LPS 100 ng/ml, 10 ng/ml, P3C 500ng/ml and phosphate buffered
saline and incubated at 37 degrees Celsius and atmosphere containing 5% CO2 for 30
minutes. Next, 100 μl of each well was transferred to a plastic tube and incubated with
fluorescent antibodies against CD14 (CD14 PC5, Beckman Coulter, CA,USA), CD11b
(CD11b-PE-Cy7, Becton-Dickinson, NJ, USA) and CD62L (CD62L ECD, Beckman Coulter, CA,
USA) for 30 minutes. After washing and whole blood lysis, the samples were analyzed by
flow cytometry (Beckman Coulter FC 500, CA, USA). Granulocytes were gated based on
their scatter properties. Monocytes were identified based on their scatter properties and
positive CD14 staining. Expression of surface markers was quantified by mean fluorescence
intensity (MFI).
Statistical analysis
Results are presented as means ± SD or medians (interquartile range) (IQR) in case of a
non-normal distribution. Continuous variables were compared between groups with either
student’s T or Mann Whitney U-test as appropriate. Paired samples were compared using
Wilcoxon signed ranks test for paired samples. Discrete variables were compared using
Chi-square testing. A p value <0.05 was considered statistically significant. All analysis
were performed using SPSS 17.0 (SPSS inc, Chicago, Ill, USA)

Results

Baseline characteristics
39 patients with stable angina and at least one lesion with FFR< 0.75 that were treated
with PCI, had blood samples taken before and 6 weeks after PCI. Due to technical reasons
in blood analysis, 6 patients were excluded from this analysis. 30 FFR-negative patients
acted as a control group to assess TLR responsiveness patterns that could be attributed
to the FFR-based diagnosis of inducible ischemia. Baseline characteristics and medication
use of both groups are shown in Table 1.
Cytokine measurements
When compared to the FFR-negative group we observed no statistically significant
differences in non-stimulated, PBS incubated samples between pre-PCI levels of FFRpositive patients and those of FFR-negative patients (p= 0. 29 for IL-6, p=0.43 for IL-8 and
p= 0.56 for TNF-alpha). Comparing the FFR-negative group with FFR-positive group we
did not observe consistent differences in cytokine release following TLR2 or TLR4
stimulation before PCI (Figure 1).
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Table 1. Baseline characteristics and medication use at inclusion of the FFR-guided PCI group
and the FFR-negative group. Continuous variables are presented as means± SD. Significant pvalues are printed bold. NA= not applicable.
FFR+ PCI group
N=33

FFR- group
N=30

p-value

Age (mean± SD)

60.7 ± 10.7

63.1 ± 9.8

0.36

Sex- male (%)

22 (66.7)

20 (66.7)

1.0

Previous MI

5 (15.2)

6 (20)

0.86

Previous PCI

9 (27.3)

13 (43.3)

0.28

DM

5 (15.2)

6 (20)

0.86

Hypertension

15 (45.5)

13 (43.3)

0.87

Hyperlipidemia

13 (39.4)

16 (53.3)

0.39

Smoking

9 (27.3)

5 (16.7)

0.48

Family history of CAD

22 (66.7)

18 (60)

0.77

ASA

29 (87.9)

24 (80)

0.61

B-blockers

25 (75.8)

18 (60)

0.08

Statins

29 (87.9)

28 (93.3)

0.76

ACE-inhibitors

10 (30.3)

8 (26.7)

0.97

Clopidogrel (chronic use)

10 (30.3)

9 (30)

0.98

Clopidogrel (loading dose)

23 (69.7)

3 (10)

<0.01

Mean Lowest FFR-value

0.57± 0.14

0.86± 0.045

DES-use N (%)

24 (72.7)

NA

History - N (%)

Risk Factors - N (%)

Medication at inclusion - N (%)

7

In non-stimulated, PBS-incubated samples we found a small but statistically significant
decrease in both IL-8 and TNF-alpha concentrations 6 weeks after PCI compared to prePCI values (3.14 (1.9-6.95) versus 2.89 pg/ml (1.41-6.36), p=0.02 for IL-8 and 0.39 pg /ml
(0.11-0.82) versus 0.24 pg/ml (0.07-0.52), p<0.01 for TNF-alpha). IL-6 did not differ
between pre-PCI and post PCI samples (p=0.27).
Cytokine levels after stimulation with LPS 100 ng/ml and 10 ng/ml rose to equivalent
levels in all groups and stimulated concentrations of cytokines did not differ before and
after PCI (all p-values >0.10 ). However, P3C-stimulated concentrations of IL-8, IL6 and
TNF-alpha were significantly lower after PCI (p=0.007, p=0.02 and p=0.02, respectively)
indicating a diminished response to TLR2 stimulation after PCI.
Expression of TLR2, TLR4, CD14, CD11b and CD62L on peripheral blood cells
Baseline expression of TLR 2 and TLR4 on monocytes and granulocytes pre-PCI did not
differ from post-PCI expression (p=0.91 for TLR2 on monocytes, p=0.32 for TLR2 on
granulocytes, p=0.27 for TLR4 on monocytes and p=0.52 for TLR4 on granulocytes), nor
was there any difference between FFR-positive patients and FFR-negative patients (all
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p-values >0.10, data not shown). Expression of CD11b on monocytes in unstimulated
samples incubated with PBS of FFR-positive patients significantly declined 6 weeks after
PCI (p<0.01). CD11b on monocytes in these PCI-treated FFR-positive patients was
significantly higher when compared to FFR-negative patients (p <0.01). This difference
was no longer detectable after PCI (p=0.61). A similar trend was seen for CD14 on PBS
incubated samples, but this difference did not reach statistical significance. No differences
in expression of CD11b on granulocytes and of CD62L on monocytes and granulocytes
were observed neither before versus after PCI nor between FFR-positive and FFR-negative
patients (Figure 2).

Figure 1. Concentrations of IL-6 (A), IL-8 (B) and TNF-α (C) after stimulation with LPS 10 ng/ml, LPS
100 ng.ml and Pam3Cys 500 ng/ml. Comparison between pre and post-PCI values with Wilcoxon signed
ranks test, comparisons with FFR-negative groups with Mann Whitney U test, a p-value < 0.05 was considered statistically significant. Lines indicate median values.
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Following TLR2 and TLR4 stimulation, expression of CD11b on monocytes and
granulocytes and CD 14 on monocytes before FFR-guide PCI did not differ when
compared to stimulated expression 6 weeks after FFR-guided PCI. Furthermore, no
difference in stimulated expression of CD11b and CD14 was observed when comparing
the non-ischemic FFR-negative control group and the FFR-positive PCI group (Figure 3).
Also, expression of CD62L declined to similar low levels after TLR stimulation (all p-values
>0.10, data not shown).
Relationship with ischemic territory: correlation with the Functional Syntax Score
To investigate if there was a differential effect of treatment of patients with large area at
risk of ischemia versus patients with a relatively small area at risk, we correlated the
differences before and after PCI found in the above mentioned markers that were
significantly altered after 6 weeks to the Functional Syntax Score (FSS) of each patient.
More specifically, we investigated the correlation between the FSS and the decrease 6
weeks after FFR-guided PCI of CD11b and CD14 on monocytes that were incubated with
PBS, and decrease in concentration of IL-6, IL-8 and TNF-α in whole blood supernatants
after stimulation with Pam3Cys 500 ng/ml. Differences were calculated by subtracting
the post-PCI value from the pre-PCI value and subsequently correlated to FSS with
Spearman’s rank correlation.
The mean functional syntax score per patient was 9.3, ranging from 2 to 21. Spearman’s
correlation revealed a weak negative correlation of differences in Pam3Cys stimulated
cytokine levels (TLR2) and FSS, of which only IL-8 reached statistical significance.

7

Figure 2. Expression of CD11b on monocytes and granulocytes and CD14 on monocytes in PBS incubated
samples before FFR-guided PCI (pre), 6 weeks after PCI (post) and in FFR-negative patients. MFI= mean
fluorescence intensity. Statistical analysis as in Figure 1. Statistically significant differences are printed
bold. Lines are at median values.
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Figure 3. Expression of CD11b and CD14 on monocytes and CD11b on granulocytes after TLR 2 and
TLR4 stimulation before FFR-guided PCI (pre), 6 weeks after PCI (post) and FFR-negative patients
(FFR-) with LPS 10 ng/ml (A), LPS 100 ng/ml (B) and Pam3Cys 500 ng/ml. Statistical analysis as in
Figure 1. MFI= mean fluorescence intensity.
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Table 2. Correlation of Functional Syntax score (FSS) with the significantly
changed markers after FFR-guided PCI. Correlation performed with Spearman’s rank correlation, p< 0.05 is considered statistically significant.
Correlation
Coefficient (ρ)

p-value*

Difference in Cytokines
Il-6 PBS

-0.10

0.57

IL-8 PBS

-0.18

0.31

TNF-α PBS

-0.13

0.09

IL-6 Pam3Cys

-0.34

0.059

IL-8 Pam3Cys

-0.36

0.04

TNF-α Pam3Cys

-0.32

0.08

CD11b monocytes PBS

0.15

0.44

CD 14 monocytes PBS

0.1

0.61

Difference in surface markers

Discussion

Toll-like receptors are important in the initiation and progression of atherosclerosis. Also,
TLR stimulation plays an important role in mediating effects of myocardial ischemia 13-15.
TLR2 has been shown to mediate ischemia-reperfusion injury and pharmacologically
blocking TLR2 has been shown to reduce ischemia/reperfusion injury and infarct size in
mice16. Induction of temporary myocardial ischemia in humans by exercise resulted in a
blunted TLR response, suggesting an effect of myocardial ischemia on TLR response.
Also vascular injury, as occurs during vascular surgery or PCI, induces an immediate
downtoning of TLR response, probably as a protective measure from excessive
inflammation. In this observational study, we studied the effects of relief of inducible
ischemia by PCI on TLR responsiveness in patients with stable angina. To differentiate
between effects of relief of ischemia and effects purely resulting from the mechanical
effects of the intracoronary procedure itself, we compared results of FFR-positive patients
treated with PCI with non-ischemic conservatively treated patients. We observed a
decrease of TLR2 mediated cytokine release by ex-vivo stimulated peripheral blood cells
6 weeks after FFR-guided PCI. No difference in TLR4 induced cytokine release was
observed. Also, expression of cell based activation markers after stimulation with either
TLR2 or TLR4 ligands did not change significantly after FFR-guided PCI. We conclude from
the above that PCI of ischemic lesions to some extent attenuates TLR2 responsiveness of
peripheral leukocytes in stable, non-ischemic conditions.
We did not however find evidence that this change in TLR2 responsiveness following
PCI would be caused by relief of inducible ischemia, since there was no difference when
compared to a comparable group of patients without inducible ischemia (FFR negative).
When we quantified the severity and extent of ischemic coronary artery disease by FSS

7
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we found only a weak and, importantly, negative correlation with the decrease in
cytokine levels after stimulation of TLR2. This indicates that in the presence of more
severe disease the changes in TLR2 responsiveness are, if anything, less pronounced.
If relief of inducible ischemia would cause the observed difference in TLR2 respon
siveness, one would expect greater changes to be correlated with more extensive
ischemic disease, since all patients were completely revascularized. One can speculate
on alternative explanations for the observed changes in TLR2 responsiveness. No
changes in medication were noted at follow up, nor were there any cardiovascular
events during the follow-up period. It seems therefore likely that the changes are related
to the stent placement itself. Intracoronary stent placement induces a local inflammatory
response in response to the inflicted vascular injury, which induces vascular repair
mechanisms promoting re-endothelialization but also in-stent restenosis17. Early reendothelialization is characterized by overlying thrombus with infiltration of
inflammatory cells. Over time, inflammatory infiltration decreases and deposition of
smooth muscle cells and extracellular matrix occurs, constituting a neo-intima18;19.
Coronary arteries treated with drug-eluting stents (DES) have shown impaired reendothelialization and chronic inflammatory infiltration20. Moreover, sirolimus and
paclitaxel, two drugs commonly used on DES, directly promote inflammation in
monocytes and endothelial cells21. It has been shown previously that coronary stent
placement elicits an inflammatory response and TLR hyporesponsiveness of ex-vivo
stimulated peripheral blood cells has been observed both after minor vascular surgery
and after coronary stent placement5;6. A possible explanation for our findings is the
occurrence of persisting hyporesponsiveness or a tolerance-like state, persisting after
the immediate hyporesponsiveness of the coronary intervention. Tolerance is a situation
in which after TLR stimulation by ligands, subsequent TLR response to repeat stimulation
is attenuated. Tolerance has been described after both TLR2 and TLR4 stimulation and
is attributed to changes in downstream signaling22-24. This would however not explain
why TLR2 and not TLR4 induced responsiveness is altered during follow up unless
specific TLR2 endogenous ligands are responsible for the inflammatory state following
PCI.

Study Limitations

This study has several limitations. First, we did not study the natural variation in
responsiveness in the FFR-negative group. However, we feel that the observation that the
measures of responsiveness did not differ before PCI between FFR-positive and FFRnegative patients was sufficient to conclude that stable angina due to ischemic (FFRpositive) coronary lesions did not induce an altered responsiveness pattern. From the
current study we cannot conclude that acutely induced reversible ischemia in stable
angina does not result in impaired responsiveness. All patients who underwent PCI were
stable and not suffering complaints immediately prior to PCI, which may explain any lack
of differences between the FFR-positive and FFR-negative group. These findings do not
contradict earlier studies that found altered TLR response in conditions of acute ischemia,
either persistent (myocardial infarction)25-26 or reversible7, since TLR responsiveness of
peripheral blood cells in our study was assessed in non-ischemic conditions.
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Conclusion

FFR-guided PCI results in decreased cytokine production of peripheral blood cells after
ex-vivo TLR2 stimulation. These changes appear not to be associated with relief of
inducible ischemia, as assessed by Fractional Flow Reserve.

7
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Abstract

Background
The presence of stenoses that significantly impair blood flow and cause myocardial
ischemia negatively affects prognosis of patients with stable coronary artery disease.
Altered platelet reactivity has been associated with impaired prognosis of stable coronary
artery disease. Platelets are activated and form complexes with leukocytes in response
to microshear gradients caused by friction forces on the arterial wall or flow separation.
This is associated with high pressure gradients and decreased coronary flow reserve. We
hypothesized that the presence of significantly flow-limiting stenoses is associated with
altered platelet reactivity and formation of platelet-leukocyte complexes.
Methods
One hundred patients with stable angina were studied. Hemodynamic significance of all
coronary stenoses was assessed with Fractional Flow Reserve (FFR). Patients were
classified FFR-positive (at least one lesion with FFR≤0.75) or FFR-negative (all lesions
FFR>0.80). Whole blood samples were stimulated with increasing concentrations of ADP,
TRAP, CRP and Iloprost with substimulatory ADP. Expression of P-selectin as platelet
activation marker and platelet–leukocyte complexes were measured by flow cytometry.
Patients were stratified on clopidogrel use. FFR positive and negative patient groups were
compared on platelet reactivity and platelet-leukocyte complexes.
Results
Platelet reactivity between FFR-positive patients and FFR-negative patients did not differ.
A significantly lower percentage of circulating platelet-neutrophil complexes in FFRpositive patients and a similar non-significant decrease in percentage of circulating
platelet-monocyte complexes in FFR-positive patients was observed.
Conclusion
The presence of hemodynamically significant coronary stenoses does not alter platelet
reactivity but is associated with reduced platelet-neutrophil complexes in peripheral blood
of patients with stable coronary artery disease.
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Introduction

For patients with stable coronary artery disease, the presence and extent of myocardial
ischemia is the most important prognostic factor for myocardial infarction and death 1;2.
On the other hand, patients who have coronary artery stenoses which do not significantly
obstruct blood flow and consequently do not cause ischemia have a good prognosis,
annual event rates being lower than 1%3. The biological mechanisms that mediate the
increased risk in patients with inducible myocardial ischemia are not clear. Increased
platelet reactivity is associated with increased risk of myocardial infarction (MI) in patients
with stable coronary artery disease4 and antithrombotic therapy has been shown to be
effective in reducing the risk of future MI4. Furthermore, variation in response to
antithrombotic therapy is associated with increased occurrence of atherothrombotic
events in patients treated with percutaneous intervention6;7. Increased levels of plateletmonocyte complexes and increased platelet reactivity have been found in peripheral
blood of patients with stable coronary artery disease compared to healthy control
subjects8, acute coronary syndromes9-11 and ischemic stroke12-14.
Platelets are functionally affected by conditions of high shear stress15;16 and platelets form
larger aggregates in response to increasing microshear gradients, independent of soluble
agonists17. Previous reports have shown that lesion severity and calculated shear stress
correlate with increased platelet-monocyte complexes distal to a stenosis and further in
the coronary sinus, as compared with samples from the proximal coronary artery18. Also,
experimental evidence suggests myocardial ischemia itself as a factor in platelet behavior,
by secretion of proaggregratory substances19.
Apart from thrombosis, it has become increasingly clear that platelets are actively involved
in all stages of atherosclerosis. Platelets have been shown to interact with both endothelial
cells as well as circulating leukocytes to promote atherogenesis20. Alpha granule fusion
with the platelet membrane causes exposure of P-selectin which by interaction with
P-selectin glycoprotein ligand – 1 (PSGL-1) mediates the formation of inflammatory
platelet-leukocyte complexes. This facilitates a leukocyte influx into the endothelium,
thereby presumably assisting in lesion development 21.
Fractional Flow Reserve (FFR) is an invasive lesion-specific index of myocardial ischemia
due to epicardial coronary stenosis. FFR measures a lesion’s ability to cause myocardial
ischemia by measuring the pressure gradient across a stenosis during maximum induced
hyperemia, as explained in chapter 322. Percutaneous coronary intervention of FFRpositive, ischemia-causing lesions has been shown to be superior to medical treatment
in patients with stable coronary artery disease23. We hypothesized that in patients with
stable coronary artery disease, the presence of ischemia-causing, flow-limiting coronary
lesions, as measured by FFR is associated with altered platelet reactivity. Furthermore,
we hypothesized that the presence of hemodynamically significant coronary lesions is
associated with altered fractions of platelet-leukocyte complexes (PLCs).

Methods

Interventional procedure
116 patients with stable angina that underwent FFR measurement and platelet reactivity
were included from 3 Dutch hospitals: Catharina Hospital Eindhoven, University Medical
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Center Utrecht and the Maastricht University Medical Centre. All patients were referred
for angiography on basis of symptoms suggesting myocardial ischemia and/or evidence
of ischemia on non-invasive testing. Exclusion criteria were active inflammatory state,
auto-immune disease or malignancy. Fractional Flow Reserve of all coronary stenoses
was performed lege artis under conditions of maximal hyperemia. Evidence of myocardial
ischemia was defined by the presence of at least one coronary stenosis with FFR≤ 0.75.
Conversely ischemia was considered absent if none of the measured lesions had an
FFR≤0.80. These cut off values have been extensively validated 24. To clearly demarcate
the presence or absence of ischemia, we did not include 16 patients with intermediate
FFR-values of 0.76 to 0.80, leaving 100 patients for analysis. Decision on treatment of the
coronary lesions was left at the discretion of the operator. Depending on whether PCI was
expected to be performed on the basis of a previously performed angiography, patients
received a loading dose of clopidogrel 600 mg on the day before the procedure, according
to local protocol. The study was approved by the local ethics committee of all participating
centers and all patients gave written informed consent for participation prior to coronary
angiography.
Laboratory methods
Blood was collected from the arterial sheath into 3,2% tri-sodium citrate tubes (Greiner
Bio-One), before administration of intravenous anticoagulants. Inflammatory status was
determined by measurement of Hs CRP. Platelet reactivity was determined with agonist
concentration series of adenosine diphosphate (ADP; P2Y12 receptor agonist), cross linked
collagen related peptide (CRP-XL; GPVI receptor agonist), thrombin receptor activating
peptide (TRAP; PAR-1 receptor agonist), and iloprost (IP receptor agonist) with
substimulatory ADP. Serial dilutions of ADP (125μM, 31.25μM, 7.8μM, 1.95μM, 488nM,
122nM, 31nM, 8nM) were prepared in 50μL HEPES buffered saline (HBS; 10mM HEPES,
150mM NaCl, 1mM MgSO4¬, 5mM KCl, pH 7.4), with 2μL phycoerythrin (PE) labeled
mouse anti-human P-selectin antibodies (BD Biosciences, Breda, the Netherlands) and
2μL fluorescein isothiocyanate (FITC) labeled mouse anti-human GPIb antibodies (BD
Biosciences, Breda, the Netherlands). Similarly, serial dilutions of CRP-XL (2.5μgr/mL,
625ng/mL, 156.3ng/mL, 39.1ng/mL, 9.8ng/mL, 2.4ng/mL, 600pg/mL, 153pg/mL), TRAP
(625μM, 156.3μM, 39.1μM, 9.8μM, 2.4μM, 610nM, 153nM, 38nM), and iloprost (1250
ng/mL, 312.5ng/mL, 78ng/mL, 19.5ng/mL, 4.9ng/mL, 1.2ng/mL, 0.31ng/mL, 0.076ng/
mL) with 5μM ADP were prepared in 50μL HBS with 2μL mouse anti-human P-selectin
antibodies and 2μL mouse anti human GPIb antibodies. The platelet reactivity assay was
initiated by adding 5μL whole blood to each sample of serial dilutions. Samples were
incubated for 20 minutes and subsequently added with 500μL fixative (0.2% formaldehyde
and 0.9% NaCl). All samples were analyzed on a FC 500 flow cytometer (Beckman Coulter,
FL, USA) on the same day of processing. Data acquisition was performed with the SXP
SYSTEM software (Beckman Coulter, FL, USA) Single platelets were gated based on FITC
signal intensity. The median fluorescence intensity (MFI) for PE was measured. Doseresponse graphs for P-selectin expression were constructed and the maximum response
and area under the curves (AUC) in arbitrary units was calculated. 			
For assessment of platelet-leukocyte complexes, 50μl of citrate anticoagulated whole
blood was diluted with 45ul phosphate buffered saline (PBS) and platelets were labeled
by incubation with 5μl FITC labelled mouse anti human GPIb antibodies (BD Biosciences)
for 30 minutes at room temperature. Triplicate samples were fixed for 10 minutes with
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80μl of Optilyse B (Beckman Coulter), containing 3.4% paraformaldehyde, after which
hypotonic red blood cell lysis was achieved by the addition of 820μl of demineralized
water. Monocytes and neutrophils were identified by forward and sideward scatter gating.
Platelet – monocyte complexes (PMCs) and platelet – neutrophil complexes (PNCs) were
determined by calculating the percentage of cells in these gates that were positive for
the platelet marker GPIb. All samples were analyzed on a FC 500 flow cytometer (Beckman
Coulter, FL, USA) on the same day of processing. Fifteen thousand cells were counted,
and data acquisition was performed with the SXP SYSTEM software (Beckman Coulter, FL,
USA).
Statistical Analysis
Comparison of categorical variables was done with Chi square testing. Continuous
variables were compared with Mann Whitney U test, a p-value < 0.05 was considered
statistically significant. Statistical analysis was done with SPSS 18 (SPSS inc, Chicago, Ill,
USA).

Results

Baseline characteristics
As shown in Table 1, age, gender, previous coronary history and traditional cardiovascular
risk factors and angiographic extent of coronary disease were similar in both groups,
except for a positive family history which was more prevalent in the FFR-positive group
(p=0.04).
In the FFR-negative group, 3 patients used neither ASA or clopidogrel, 2 of which used
oral anticoagulation. In the FFR-positive group, all patients used either ASA or clopidogrel
(chronically or loading dose). FFR-positive patients were more likely to receive treatment
with clopidogrel. Previous research has demonstrated inhibition of clopidogrel on both
platelet reactivity and platelet leukocyte complex formation25;26. Collinearity analysis of
all independent variables showed significant collinearity of clopidogrel use and FFR
(tolerance 0.037, VIF 27.4). To omit a confounding effect of clopidogrel use, we therefore
stratified our patients according to clopidogrel use (either chronic or loading dose) yielding
4 groups: FFR-negative without clopidogrel (25 patients), FFR-positive without clopidogrel
(9 patients), FFR-negative with clopidogrel (18 patients) and FFR-positive with clopidogrel
(48 patients).
Platelet reactivity
Platelet reactivity was determined by the maximal expression of P-selectin after stimulation
and cumulative reactivity by the area under the curve (AUC) calculations determined from
the dose-response curves. The use of clopidogrel resulted in a markedly lower response
to ADP, and Iloprost with sub-optimal ADP stimulation for both the maximal response and
the AUC. Clopidogrel was not able to significantly inhibit activation by TRAP or CRP-XL as
was observed in both the maximal response and the AUC values (Figure 1 and 2). No
significant difference was observed between FFR-positive and FFR-negative patients for
all activation responses by either platelet reactivity measurements.
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Table 1. Baseline characteristics of FFR-positive and FFR-negative patients
FFR≤0.75
N= 57

FFR>0.80
N= 43

*pvalue

Age (mean± SD)

61.8 ± 9.8

63.1 ± 9.8

0.51

Sex- male (%)

36 (63.2)

27 (62.8)

0.97

Previous MI

13 (22.8)

13 (27.7)

0.40

Previous PCI

18 (31.6)

20 (46.5)

0.49

Previous CABG

1 (1.8)

4 (9.3)

0.16

DM

13 (22.8)

5 (30.2)

0.15

Hypertension

27 (47.4)

22 (51.1)

0.71

Hyperlipidemia

29 (50.9)

21 (48.8)

0.84

Smoking

13 (22.8)

14 (32.6)

0.28

Family history of CAD

42 (73.7)

23 (53.5)

0.04

ASA

53 (93)

37 (86)

0.25

B-blockers

50 (87.7)

23 (53.5)

<0.01

Statins

50 (87.7)

38 (88.4)

0.92

ACE-inhibitors

16 (28.1)

13 (30.2)

0.81

Clopidogrel (chronic use)

21 (36.8)

17 (39.5)

0.78

Clopidogrel (loading dose)

28 (49.1)

1 (2.3)

<0.01

Oral anticoagulation

2 (3.5)

3 (7)

0.89

Non-significant

0 (0)

5 (11.6)

0.01

1-vessel disease

31 (54.4)

21 (48.8)

0.68

2-vessel disease

18 (31.6)

11 (25.6)

0.65

3-vessel disease

8 (14)

6 (14)

1.0

0.55± 0.14

0.87 ± 0.04

NA

History - N (%)

Risk Factors - N (%)

Medication at inclusion - N (%)

8

Angiographic severity - N(%)

FFR measurements
Mean Lowest FFR-value

Continuous values are presented as means ± SD. Categorical values are presented as number
(percentages). Non-significant indicates no lesion with stenosis > 50%. *significance level 0.05.
MI=myocardial infarction, PCI= percutaneous coronary intervention, CABG= coronary artery bypass grafting, DM= diabetes mellitus, CAD= coronary artery disease, NA= not applicable.
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Platelet-leukocyte complexes
Percentages of platelet–monocyte complexes (PMCs) and platelet–neutrophil complexes
(PNCs) in whole blood were available for 67 included patients. Patients were again stratified
according to clopidogrel use and percentages of complexes were compared between FFRpositive and negative patients. The number of platelets per leukocyte as measured by MFI
of CD42b did not significantly differ between groups, as shown in Figure 3. We observed
no significant difference in percentage of PMCs or PNCs between the FFR-positive and
FFR-negative patients that were not treated with clopidogrel, although comparison is
hampered by the small sample size (n=15 vs n=5) (Figure 4A). There was a significant
decrease in the percentage of PNCs (p=0.03; Figure 4B) and a trend towards a decrease in
the percentage of PMCs (p=0.08; Figure 4A) in the clopidogrel treated FFR-positive patients
compared to FFR-negative patients.

Figure 1. Maximal expression of P-selectin after stimulation with ADP (A), TRAP (B), CRP
(C) and Iloprost with substimulatory ADP (D). Lines indicate median values.
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Figure 2. Cumulative expression of P-selectin after stimulation with ADP (A), TRAP (B),
CRP (C) and Iloprost with substimulatory ADP (D). Lines indicate median values.

8

Figure 3. Platelets per monocyte (A) and neutrophil (B) measured by MFI of CD42b.
Lines indicate median values.
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Figure 4. Percentages of platelet-monocyte (A) and platelet-neutrophil (B) complexes in FFR-negative and
FFR-positive patients, identified by presence of platelet marker CD42b on monocytes and neutrophils. Lines
indicate median values.

Discussion

In this observational study we observed no differences in both maximal and cumulative
in vitro platelet reactivity between patients with a positive FFR and a negative FFR.
However, we did observe a significant decrease in the percentage PNCs in patients with
a positive FFR compared to a negative FFR in the clopidogrel treated group, and a trend
towards lower percentages of PMCs in patients with a positive FFR compared to a negative
FFR in the clopidogrel treated group.
Previous clinical studies have shown diverging results with respect to the relationship
between platelet reactivity, platelet-leukocyte complexes and coronary luminal obstruction
or inducible myocardial ischemia. Increased systemic platelet reactivity was described in
patients with documented coronary artery disease immediately after peak exercise27;28,
however no relationship with ischemia was found27. In critical limb ischemia, increased
PMCs and expression of P-selectin was observed, implying an ischemic mechanism of
platelet activation29. Conversely, other investigators found an inverse relationship between
coronary obstruction and platelet reactivity30, although all patients investigated had severe
single-vessel disease. Others found experimental evidence that platelet reactivity might
be reduced by ischemic pre-conditioning31, which may point to the possibility of down
regulation of platelet reactivity by repeated, short-acting bouts of ischemia as occurs in
stable coronary disease. We found no evidence for this. 				
The paradoxical lower percentage of platelet-leukocyte complexes observed in the FFRpositive group may be explained by increased activation of leukocytes due to significantly
flow-limiting stenoses14 and subsequent increased clearance of the complexes from the
circulation. Da Costa et al showed that attachment of monocytes to platelets leads to
enhanced transmigration of monocytes into the subendothelium32. Also, Huo et al showed
that the interaction of infused activated platelets with leukocytes resulted in increased
adherence to the endothelium. Subsequent transmigration of the complexes led to
absence of detectable levels of platelet-leukocyte complexes in a time frame of 3-4 hours33.
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Acute ischemic events, like myocardial and cerebral infarction cause a strong inflammatory
respons and tissue damage, and are associated increased levels of peripherally detectable
leukocyte-platelet formation during or shortly after the ischemic event, as previously
shown9-14. In contrast, inducible ischemia in stable coronary disease implies relatively
short, reversible episodes of ischemia (during for example exercise) without permanent
damage, which may transiently increase leukocyte-platelet complexes. PLCs may
subsequently be cleared from the circulation by the above mentioned mechanisms,
effectively leading to decreased levels when measured in stable, non-ischemic conditions.
Besides lower systemic percentages of platelet-leukocyte complexes due to increased
transmigration of these complexes, neutrophils have been shown to phagocytose activated
platelets in vivo34. Hence, lower percentages of circulating neutrophils with platelets
adhered to the cell membrane might reflect leukocyte populations that effectively
phagocytosed activated platelets.
Limitations
This study has several limitations. In our population, platelet reactivity and platelet –
leukocyte complexes were assessed in stable, non-ischemic conditions, as opposed to the
majority of previously mentioned research in which platelets and platelet – leukocyte
complexes were mostly investigated during or shortly after ischemia or exercise. Thus,
we cannot discount the possibility that acute changes in platelet reactivity occur during
ischemic episodes.
In this observational study, patients were included before coronary angiography and FFR,
which may account for differences in baseline characteristics. However, regarding
cardiovascular risk profile and angiographic extent of coronary disease the two groups
are comparable, as shown in Table 1.
Use of clopidogrel before angiography differed significantly between patient groups. The
reason for this is that the majority of these patients were referred for PCI in which loading
of clopidogrel is mandatory, in contrast to coronary angiography with FFR alone, in which
this is not required. This introduces a bias between the FFR-positive and negative groups,
since patients with severe lesions are more likely to be referred for PCI and thus be treated
with clopidogrel upfront while at the same time these are more likely to have a FFR≤0.75.
Given the observational nature of this study, however, we could not interfere with local
regimens. We therefore chose to stratify patients, which resulted in relatively small groups
and reduced statistical power.

8
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Abstract

Purpose
To identify potential microvesicle-based biomarkers indicative of inducible ischemia in
stable CAD assessed by fractional flow reserve.
Background
The presence of inducible myocardial ischemia is associated with increased risk of
myocardial infarction and death in stable or asymptomatic coronary artery disease (CAD).
Biomarkers specifically indicative of inducible ischemia are therefore of clinical importance.
Moreover, the molecular pathways that may be associated with temporary myocardial
ischemia caused by blood flow limiting stenoses are unknown. Plasma based biomarkers
of atherosclerosis are generally present in very low concentrations in patients with stable
CAD and therefore may not be able to discriminate between ischemic and non-ischemic
CAD as they are masked by the abundant albumin and immunoglobulins. Circulating
microvesicles (Mvs) are membrane shed vesicles that, amongst others, contain high
concentrations of protein from parent cells and therefore present a valuable source of
potential biomarkers without the drawbacks of plasma protein analysis.
Methods
Blood was obtained from 35 stable CAD patients with and 35 age and gender matched
patients without evidence of inducible ischemia before coronary angiography. Equal
quantities of plasma were pooled in each group and microvesicles were isolated. Inducible
ischemia was assessed by measurement of Fractional Flow Reserve of each coronary
lesion. I-Traq quantitative proteomic analysis comparing the MV protein expression
between the pooled MVs of each group was performed. For biomarker discovery, proteins
that were differentially expressed between groups were subsequently uploaded in
Ingenuity Pathway Analysis (IPA, Ingenuity Systems Inc, Ca, USA).
Results
We identified 547 differentially expressed proteins, of which 490 could be mapped by
Ingenuity®. Ingenuity analysis identified biological functions and networks that were
overrepresented in the data set of differentially expressed proteins. Target proteins were
selected if present in both the top-11 biological functions as well as in the top-5 networks.
On the basis of relevance to atherosclerotic disease and availability of antibodies for
individual testing, we propose 6 biomarker candidates for further validation: Platelet
endothelial cell adhesion molecule (PECAM-1, CD31), Platelet Factor 4 (PF4), Plasminogen,
Matrix-Metalloproteinase 9 (MMP-9), Lipopolysaccharide – Binding Protein (LBP) and
Integrin alpha V (CD51, vitronectin receptor).
Conclusion
I-Traq proteomic analysis of microvesicle proteins suggests that the microvesicle proteome
in patients with stable coronary artery disease and inducible ischemia differs significantly
from that of patients without inducible ischemia.
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Introduction

Extensive searches for biomarkers in coronary artery disease have been executed to
predict the occurrence of manifestations of coronary artery disease or to diagnose acute
coronary syndromes. The majority of patients, however, have stable coronary artery
disease. A major contributor to risk of the occurrence of myocardial infarction or death
in patients with stable coronary artery disease is the presence and extent of inducible
ischemia 1;2. Moreover, relieving substantial inducible ischemia by revascularization has
been shown to improve prognosis3. Therefore, there is a need to search for biomarkers
of inducible ischemia to further identify patients with stable coronary artery disease who
are at an increased risk. Substantial evidence exists for the prognostic value of plasma
based biomarkers in cardiovascular disease, most of which are associated with
inflammation (e.g. hsCRP, IL-6, IL-8, TNF, MCP-1)4-13. As atherosclerosis is a systemic, low
grade inflammatory condition, increased systemic inflammatory markers are probably a
reflection of the atherosclerotic disease activity itself than its functional severity (i.e.
causing ischemia) on a local coronary level, as we have shown previously.
Microvesicles (MVs) are small membrane-shed vesicles which are excreted by activated or
apoptotic cells and contain proteins, RNA and bioactive lipids of the parent cell14. Most cell
types, including circulating cells and cells present in the vessel wall, such as platelets,
leukocytes, monocytes and endothelial cells are capable of producing MVs. Originally, MVs
were only presumed to serve as vehicles of cellular debris, but in recent years circulating
MVs have been associated with cancer 15;16, infectious and inflammatory disease 17-19,
diabetes20;21, thrombosis22 and cardiovascular disease and ischemia23-30. Release of MVs from
one cell and subsequent incorporation by another allows for intercellular communication
over longer distances, obviating the need for direct cell-cell contact. MVs can exert direct
biological effects by interaction with target cells. Furthermore, they can transfer their
content to the target cell thereby directly affecting biological function31. Since MVs contain
protein originating from the parent cell and are involved in thrombosis and cardiovascular
disease, we hypothesize that MVs may also serve as biomarkers of myocardial ischemia and
reveal cellular processes that play a role in inducible myocardial ischemia in stable coronary
artery disease. For this, we characterize protein content of microvesicles in patients with
stable coronary artery disease with inducible ischemia and compare it to that of patients
without evidence of inducible ischemia. I-Traq proteomics was performed on pooled isolated
plasma MVs. The microvesicle proteins found to be differentially expressed between groups
will subsequently have to be validated in individual patients.

Methods

Patient selection
Patients with stable angina that were scheduled to undergo coronary angiography or
percutaneous coronary intervention in the Catharina Hospital Eindhoven were included.
All included patients were part of the Circulating Cells cohort.
All patients provided written informed consent before blood withdrawal. This study was
approved by the local ethics committee. Patients were treated according to local standard
care, meaning that if they were scheduled for PCI, an upfront loading dose of clopidogrel
was administered before angiography.
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Assessment of inducible ischemia
Inducible ischemia of all coronary lesions was assessed by Fractional Flow Reserve (FFR),
as described in chapter 3. Inducible ischemia was defined as the presence of at least one
stenosis with FFR≤0.75 (FFR-positive), inducible ischemia was absent if none of the
angiographic lesions had an FFR≤0.80 (FFR-negative).
Microvesicle isolation
Blood samples were collected from the arterial sheath in citrate-anticoagulated tubes,
before the administration of anticoagulants, before angiography and FFR-measurements,
and immediately processed after withdrawal. Plasma was stored at -80˚C until further
analysis.
For the proteomics experiment, plasma samples of 35 patients with evidence of inducible
ischemia (FFR≤0.75) and 35 age and gender matched patients without evidence of
inducible ischemia (FFR>0.80) were pooled, after which microvesicles were isolated. Per
patient, 600 μl of citrate-anticoagulated plasma was collected and pooled, totaling 21 ml
per group. After a short centrifugation step (1850 g, 10 min RT), the 2 pooled samples
were centrifuged for 30 min at 30.000 g at 4 °C followed by centrifugation of the
supernatant at 100.000g for 60 min at 4°C. The pellet was resuspended in PBS and again
centrifuged at 100.000g for 60 min at 4°C. The pellet was then dissolved in 4% SDS and
used for proteomics analyses.
Microvesicle proteomics
The relative protein expression in the 2 samples was quantified by iTRAQ-based shotgun
proteomics with a LC-MS/MS MuDPIT approach. For the 2-plex iTRAQ experiment, 200μg
peptides from each sample/condition was labeled with iTRAQ reagent. iTRAQ labeled
peptides were fractionated using ERLIC with a PolyWAX LP weak anion-exchange column
(4.6 × 200 mm, 5 μm, 300 Å, PolyLC, Columbia, MD, USA) on a Shimadzu Prominence UFLC
system using solvent A (85% acetonitrile (ACN), 0.1% acetic acid), and solvent B (30% ACN,
2% formic acid). Thirty fractions were collected with a 70 min gradient of 100% buffer A
for 10 min, 0%–10% buffer B for 20 min, 10%–100% buffer B for 30 min, and 10 min at
100% buffer B at a flow rate of 0.5 mL/min. The collected fractions were dried with a
vacuum centrifuge. All fractions were analyzed using a QStar Elite mass spectrometer
coupled with an online TempoTM nano-MDLC system (Applied Biosystems, CA, USA).
Identification and quantification of proteins were performed using ProteinPilot software
(Applied Biosystems, CA, USA).

9

Target protein selection
A total of 6942 proteins which were expressed in the pooled patient group samples were
identified. The ratio of expression in the FFR-positive patients to the expression in the
FFR-negative group could be calculated for 2216 proteins, to compare differential
expression between the 2 patient groups. Only molecules for which data on their function
and presence in humans was previously described were considered for further analysis.
A cutoff-value for the ratio of expression of < 0.8 and > 1.2 was set to identify molecules
of which expression was differentially regulated between groups. After applying these
conditions, 547 molecules remained eligible for analysis. Each identifier was then mapped
to its corresponding object in the Ingenuity® Knowledge Database. Fifty-seven identifiers
could not be mapped by Ingenuity®, leaving 490 proteins for analysis. These proteins
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were then analyzed through the use of Ingenuity Pathway Analysis (IPA, Ingenuity®
Systems Inc, CA, USA, www.ingenuity.com). The data set containing human gene identifiers
and corresponding ratio of expression values was uploaded into in the application.
Statistical Analysis
Categorical variables were compared using Chi-square test. Continuous variables were
compared using either student’s T or Mann Whitney U test, as appropriate. A p-value of
<0.05 was considered statistically significant.

Results

Target protein selection results
The Functional Analysis identified the biological functions and/or diseases that were
overrepresented in the data set. As shown in the supplementary data, the 11 most
significantly overexpressed biological functions were all related to cardiovascular disease.
Proteins represented in these identified biological functions were considered for further
analysis. Additionally, the molecules that met previously mentioned cut-off criteria were
uploaded into IPA and were overlaid onto a global molecular network developed from
information contained in the Ingenuity® Knowledge Base. Overrepresented networks of
eligible molecules were then algorithmically generated based on the direct and indirect
relationships of the uploaded proteins. The top-5 networks generated by this analysis and
the proteins of the generated networks are presented in the supplementary data panel
B and D, repectively. For further target selection, only differentially expressed molecules
that were present in both the 11 selected biological functions as well as in the top-5
networks were considered for further analysis, yielding 28 target molecules (Table 2).
To further investigate these targets, again networks of these targets were created with
the use of IPA, based on their connectivity. Of the 28 target proteins identified, 18 could
be connected within one network. In summary, this network comprised proteins that
through pathway analysis were associated with cardiovascular disease, (biological
functions) and were related to each other (network analysis by connectivity). The network
is depicted in Figure 1. In this way, we identified 18 related proteins associated with
cardiovascular disease that were differentially expressed between the pooled patient
samples. These are shown in Table 3.
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Table 1. Patient characteristics of FFR-positive (FFR+) and FFR-negative (FFR-) patients
FFR+
N=35

FFRN=35

p-value

Age (mean± SD)

63.9 ± 9.1

64.0 ± 9.6

0.95

Sex- male (%)

23 (66)

23 (66)

1.0

Previous MI

6 (17.1)

7 (20)

0.76

Previous PCI

13 (37.1)

14 (40)

0.81

DM

3 (8.6)

8 (22.9)

0.1

Hypertension

14 (40)

14 (40)

1.0

Hyperlipidemia

18 (51.4)

19 (54.3)

0.81

Smoking

6 (17.1)

7 (20)

0.76

Family history of CAD

24 (68.6)

22 (62.9)

0.62

ASA

33 (94.3)

27 (77.1)

0.04

Clopidogrel (chronic use)

11 (31.4)

9 (25.7)

0.60

Clopidogrel (loading dose)

20 (57.1)

4 (11.4)

<0.01

Statines

32 (91.4)

31 (88.5)

0.69

B-blockers

28 (80)

21 (60)

0.07

ACE-inhibitors

7 (20)

9 (25.7)

0.57

Oral anticoagulation

1 (2.8)

4 (11.4)

0.16

Non-significant

0 (0)

9 (25.7)

<0.01

1-vessel disease

19 (54.3)

16 (45.7)

0.63

2-vessel disease

10 (28.6)

7 (20)

0.58

3-vessel disease

6 (17.1)

3 (8.60)

0.48

0.57 ± 0.14

0.87 ± 0.05

NA

History - N (%)

Risk factors - N (%)

Medication use at inclusion - N(%)

Angiographic severity - N(%)

Mean lowest FFR

9

Non-significant signifies that no lesions with > 50% diameter stenosis are present. NA=not applicable.

Table 2. Proteins present in both biological functions and generated networks
Proteins present in both biological functions and generated networks
ALB
ALOX12
ATM
ATP2A2
CD44
COL4A2

CTNNAL1
CYFIP2
DICER1
DSP
F5
ITGAV

LBP
LGMN
LRP1
LRRK2
MMP9
MYH11

NAV2
PECAM1
PF4
PLG
PPP1CA
QSOX1

RNF216
SPARC
SYNE1
VCL
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Figure 1. Network comprising 18 target proteins of inducible ischemia. The network was created from the 28
proteins identified after selection by biological function and connectivity. Green color represents decreased
expression in the FFR-positive sample, red represents increased expression in the FFR-positive sample.
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Table 3. Identified proteins in the network shown in Figure 1. Indicated are protein identifiers, names and
fold change of protein expression of ischemic (FFR+) to non-ischemic (FFR-) patients in the pooled microparticle samples.
ID

Entrez Gene Name

Fold change

ALOX12

arachidonate 12-lipoxygenase

1,202

ATM

ataxia telangiectasia mutated

2,279

ATP2A2

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2

1,315

COL4A2

collagen, type IV, alpha 2

1,62

CYFIP2

cytoplasmic FMR1 interacting protein 2

1,252

DICER1

dicer 1, ribonuclease type III

-1,442

DSP

Desmoplakin

-1,398

F5

coagulation factor V (proaccelerin, labile factor)

-1,265

ITGAV

integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51)

1,307

LBP

lipopolysaccharide binding protein

-1,27

MMP9

matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa type
IV collagenase)

1,245

MYH11

myosin, heavy chain 11, smooth muscle

-1,464

PECAM1

platelet/endothelial cell adhesion molecule

1,26

PF4

platelet factor 4

1,311

PLG

Plasminogen

1,528

RNF216

ring finger protein 216

1,302

SPARC

secreted protein, acidic, cysteine-rich (osteonectin)

-1,297

VCL

Vinculin

1,223

Discussion

In this pooled microvesicle proteomics experiment we compared protein content of
circulating MVs from sex and age-matched patients with stable coronary artery disease
with and without hemodynamically significant lesions. We observed a substantial number
of differentially expressed proteins between the two groups, pointing to fundamental
differences between ischemic and non-ischemic disease, whether by differences in the
atherosclerotic disease process but possibly also as a consequence of temporal ischemia
itself. These proteins are thus potential biomarkers of the presence of inducible ischemia
in stable coronary artery disease. These biomarkers would serve several purposes: to give
insight in the cellular and molecular mechanisms and pathways which occur in periodically
occurring ischemia without myocardial necrosis, to explore the mechanisms which
inducible ischemia can lead to the occurrence of a cardiovascular event and to facilitate
identification and monitoring of patients with stable coronary disease at increased risk
of inducible ischemia and thus of adverse events. Identification of inducible ischemia in
a non-invasive way may aid existing to risk prediction models of stable atherosclerosis.
Microvesicles are an appealing source for discovery of biomarkers. Proteins or markers
of interest in plasma are generally present in very low concentrations, which makes
detection by proteomics amongst abundant proteins like albumin and immunoglobulines

9
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difficult32. Microvesicles on the other hand do not suffer from these restrictions, which
greatly enhances the potential for biomarker discovery. Moreover, given their biological
function of cell-cell communication, MVs involved in atherosclerosis may function as a
medium for cell-specific therapy.

Proposed biomarkers of inducible ischemia

From Table 3 and Figure 1, target markers for validation were selected on the basis of
relevance and described associations with atherosclerotic disease and availability of
diagnostic tools for measurement in individual patient samples. The following markers were
selected: PECAM1, PF4, plasminogen, MMP-9, LBP and ITGAV. A short description of each
marker and its relevance to atherosclerosis or myocardial ischemia are discussed below.
PECAM-1
Platelet endothelial cell adhesion molecule (PECAM-1, CD31) is a cell adhesion molecule
expressed on almost all hematopoietic cells and endothelial cells. PECAM-1 has both
pro-and anti inflammatory functions, assisting leukocyte diapedesis on one hand and
dampening cytokine response to inflammatory stimuli on the other33;34. In atherosclerosis,
endothelial PECAM-1 expression has both pro-atherogenic and protective effects,
depending on local flow characteristics and shear stress 35;36. Increased expression of
PECAM-1 in MVs may be a marker of flow disturbances which occur in flow limiting
stenoses.
Platelet factor 4
Platelet-factor 4 (PF4, CXCL4) is the most abundantly secreted chemokine released from
platelets upon their activation37. PF4 is released in high concentrations at injury sites,
where it is involved in arrest and differentiation of peripheral monocytes, in this way
promoting lesion development. PF4 accumulates in atherosclerotic lesions as these
progress and levels in atherosclerotic lesions have been shown to correlate with lesion
severity and symptoms38. PF4 in microvesicles can therefore in theory originate from
activated platelets but also from cells within advanced atherosclerotic lesions. There have
been conflicting results in human studies on PF4 and its relationship to inducible
myocardial ischemia39-41.
Plasminogen
The plasminogen activation system is a key regulator of vascular homeostasis, besides its
well known role in fibrinolysis. Plasmin that is generated from plasminogen activates
matrix metalloproteinases participating in cell migration, remodelling and angiogenesis42.
Endothelial microvesicles have been shown to bind and activate plasminogen into plasmin
on their surface43. Increased plasminogen content of MVs may be a marker or mediator
of structural changes in vascular homeostasis and atherosclerotic lesions that are altered
in ischemic as opposed to non-ischemic coronary atherosclerosis.
Matrix-Metalloproteinase 9 (matrix-metallopeptidase 9, MMP-9)
Matrix metalloproteinases (MMPs) are a group of enzymes involved in the breakdown of
extracellular matrix and remodeling of the vascular wall44. MMPs are involved in lesion
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progression and excessive breakdown of extracellular matrix is one of the main
mechanisms responsible believed to be responsible for the occurrence of plaque rupture45.
Increased expression of MMP-9 has been found in the inflamed shoulder region of
vulnerable plaques. Increased levels of circulating MMP-9 have been found in patients
with acute coronary syndrome46 and rapidly progressive coronary artery disease47.
Moreover, MMP-9 has been associated with ischemia/reperfusion injury48. It can therefore
be speculated that increased MMP-9 expression in microvesicles mark the presence of
episodes of myocardial ischemia and mediate plaque instability and remodelling.
Lipopolysaccharide - Binding Protein (LBP)
LBP is an acute-phase protein that binds bacterial lipopolysaccharide (LPS) and delivers
it to its target Toll like receptor (TLR) 4 and interacts with CD14, initiating an innate
immune reponse to bacterial infection. LBP has been shown to circulate with LDL and
VLDL in healthy individuals, which enhances the capability of the lipoproteins to bind
LPS49. While beneficial in bacterial infection, this LBP-LDL/VLDL binding and subsequent
interaction with TLRs and CD14 may promote atherosclerosis. Indeed, increased serum
levels of LBP have been found in patients with established coronary artery disease50 and
to be associated with increased cardiovascular mortality51. We observed decreased
expression of LBP in MVs in patients with inducible ischemia.
ITGAV (Integrin alpha-V; vitronectin receptor;CD51)
Integrin alpha-V is a cell surface adhesion molecule that mediates cell-cell and cell- matrix
adhesion. It is expressed on a variety of cells involved in atherosclerosis (endothelial cells,
smooth muscle cells, fibroblasts, platelets and macrophages)52-54. Activation of ITGAV
promotes smooth muscle cell migration, thereby promoting angiogenesis and lesion
development of the atherosclerotic plaque55. Moreover, blockade of ITGAV has been
shown to reduce neointima formation, at least experimentally56. ITGAV has been shown
to induce retinal neovascularization in retinal ischemia57;58. This indicates that increased
expression of ITGAV and secretion in MVs may be a marker of tissue ischemia.

Strengths and Limitations

9

To the best of our knowledge, this is the first study to explore differences in microvesicle
proteomics specifically related to inducible myocardial ischemia in stable coronary disease.
A strength of this study is the use of FFR for the assessment of functional significance of
stenoses, which is the most accurate and validated method for detection of inducible
ischemia available. As this is a pooled analysis, the results will have to be validated both
internally and externally in a larger cohort, which will be performed. Several identified
proteins are proposed for this purpose, as discussed above. The validation is relevant
since other parameters that were not equally distributed among both groups may act as
confounder. For instance clopidogrel use differed between groups. A large number of
proteins were considered to be differentially expressed among groups. The chosen
threshold ratios of <0.8 and >1.2 are arbitary and merits careful consideration. The ratio
reflects the differences between average values from all patients and may theoretically
be caused by one single patient. The abundance of pathways we found related with
cardiovascular disease and myocardial disease provides support for the idea that the
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selection of proteins is not just co-incidence. As only MV protein levels were measured
no statements concerning the amount of MVs can be made.

Conclusion

The proteome of microvesicles of patients with ischemic stable coronary artery disease
differs from that of non-ischemic patients. Several differentially expressed and relevant
microvesicle proteins are suggested as potential biomarkers of ischemic stable coronary
disease.

146

2012125 proefschrift Jan Willem Sels.indd 146

07-02-13 16:08

Microvesicle proteomics in inducible myocardial ischemia

Supplementary Data

A. Most significant biological functions
Category

Functions annotation

p-value

Cardiovascular disease

Arteriosclerosis

7.67 x 10-8

Cardiovascular disease

Vascular disease

8.32 x10-8

Cardiovascular disease

Atherosclerose

1.42x10-7

Cardiovascular disease

Myocardial ischemia

7.03x10-7

Hematological disease

Myocardial ischemia

7.03x10-7

Cardiovascular disease

Ischemia

8.92 x10-7

Hematological disease

Ischemia

8.92 x10-7

Cardiovascular disease

Heart disease

1.09x10-6

Cardiovascular disease

Coronary artery disease

1.09x10-6

Hematological disease

Coronary artery disease

1.09x10-6

Genetic disorder

Coronary artery disease

1.09x10-6

B. Top-5 Networks
Associated Network Functions
		
Cardiovascular system development and function, Cellular movement, Cardiovascular Disease
Cellular movement, Hematological system development and function, Immune Cell Trafficking
Cellular Growth and Proliferation, Lymfoid Tissue structure and development, Inflammatory response

9

Cancer, Embryonic development, Genetic disorder
Cell cycle, Connective Tissue disorders, Developmental disorder
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C. List of proteins in top biological functions
Molecule name

Molecule name

Molecule name

ACTC1

KCNQ5

SYNPO2

ALB

KIAA1217

TBC1D9

ALOX12

KIAA1671

TNS1

ANK1

KIAA0319L

TRIM14

ASNA1

LBP

TUBG2

ATM

LGMN

UNC79

ATP2A2

LIMCH1

USP42

BPTF

LRP5

VCL

CA1

LRP1 (includes EG:16971)

CACNA2D1

LRRK1

CAMK4

LRRK2

CD44 (includes EG:100330801)

MACF1

CELSR2

MCF2L

CHSY3

MDGA2

COL11A1

MIA3

COL24A1

MMP9

COL4A2

MON2 (includes EG:100334806)

COL6A6

MRPS7

COMT

MYH11

CTNNA2

NAV2

CTNNAL1

PDE5A

CYFIP2

PECAM1

DICER1

PF4

DLEC1

PHGDH

DOCK9

PIWIL4

DSP

PLG

EFR3A

PPFIA3

F5

PPP1CA

FAH

PRPF4B

FYB

QSOX1

GLIPR2

RNF216

GSTO1

S100A8

HBA1/HBA2

SBF2

HIVEP3

SCN5A

HPRT1

SELP

HRG

SPARC

ITGAV

SPEG

KALRN

SYNE1
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D. List of proteins in top-5 networks
Molecule name

Molecule name

Molecule name

Molecule name

Molecule name

ACTA2

E2f

HTRA2

NEK2

RANBP2

Akt

Eotaxin

IFN Beta

NEK11

RAP1A

ALB

ERBB2

IFNG

NFATC2IP

RAPGEF1

ALOX12

ERK

IGFBP4

NFkB (complex)

RECQL4

ALOX15

ERK1/2

IgG

NLRP2

RGS4

Alp

F5

IL13

NUP98

RNA polymerase II

ANXA6

Fibrinogen

IL22

NUP107

RNASE2

Ap1

FN1

IL12 (complex)

NUP160

RNF216

ARHGAP35

Focal adh. Kinase

IL12B

NUP214

RPS6KB1

Arp2/3

FOXM1

IL4R

NUP133

RUNX1

ASPM

FSH

Immunoglobulin

P38 MAPK

S100A4

ATM

FXR1

Integrin

P4HA2

SERPINA1

ATP2A2

GDF6

Interferon alpha

PCSK1N

SMC1A

BAI1

GLI1

ITGAV

PDGF BB

SNAP23

BCR

GNA11

Jnk

PECAM1

SPARC

BIRC6

GNAI1

KRT1

PF4

SPHK1

BMP6

GNB1

KRT10

PHB

SRRM1

CAPZA1

GPR56

KRT18

PI3K (complex)

SYNE1

Caspase

GPX3

KRT81

Pkc(s)

TCR

CCL22

HBB

LAMP1

PLCL1

TGM1

CD3

HIST1H4A

LBP

PLG

TLN1

CD24

Histone h3

LGMN

PLXNB1

TNPO2

CD44

HLA-A

Lh

PODXL

TP73

CDK16

HLA-B

LRP1

PPAP2A

TPP2

CFHR1

HLA-F

LRRK2

PPBP

TTC28

CFLAR

HNRNPD

LTF

PPIH

TUBA1A

CLTC

HPSE

MALT1

PPP1CA

TXNDC17

COL1A1

Hsp27

MAP3K14

PRDX3

VCL

COL4A2

Hsp70

MAP3K14

PRKACA

ZAP70

CORO1A

Hsp90

MAPK7

PRMT6

CTNNAL1

HSPA8

Mapk

PSMA3

CYFIP2

HTRA2

Mediator

PTK2

DDX11/DDX12

IFN Beta

MMP9

PTPN1

DHCR7

IFNG

MORC2

PTPN3

DICER1

IGFBP4

MYB

PTPRF

DSP

Hsp90

MYH11

QSOX1

DUOX1

HSPA8

NAV2

RAC1

9
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Abstract

Purpose
The aim of this study was to study whether there is a difference in benefit of Fractional
Flow Reserve (FFR) guidance for percutaneous coronary intervention (PCI) in multivessel
coronary disease in patients with unstable angina (UA) or non ST-elevation myocardial
infarction (NSTEMI) compared with stable angina (SA).
Background
The use of FFR to guide PCI has been well established for patients with SA. Its use in
patients with UA or NSTEMI has not been investigated prospectively.
Methods
In the FAME (Fractional flow reserve versus Angiography for Multivessel Evaluation) study
1005 patients with multi-vessel disease amenable to PCI were included and randomized
to either angiography-guided PCI of all lesions ≥ 50% or FFR-guided PCI of lesions with an
FFR≤ 0.80. Patients admitted for UA or NSTEMI with positive troponin but total CK less
than 1000 U/l, were eligible for inclusion. We determined 2-year MACE-rates of these
patients and compared it with stable patients.
Results
Out of 1005 patients, 328 had UA or NSTEMI. There was no evidence for heterogeneity
among the subgroups for any of the outcome variables (p-values all > 0.05). Using FFR to
guide PCI resulted in similar risk reductions of MACE and its components in patients with
UA or NSTEMI compared with patients with SA (absolute risk reduction of 5,1% vs 3,7%,
respectively, p=0.92).
In patients with UA or NSTEMI the number of stents was reduced without increase in
hospital stay or procedure time and with less contrast use, in similarity to stable patients.
Conclusion
The benefit of using FFR to guide PCI in multivessel disease does not differ between
patients with UA or NSTEMI compared with patients with SA.
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Introduction

The use of Fractional Flow Reserve (FFR) to select coronary stenoses associated with
reversible ischemia and that will benefit most by stenting, has been well established in
patients undergoing elective percutaneous coronary intervention (PCI)1-3. Its use in
unstable angina (UA) and non-ST segment elevation myocardial infarction (NSTEMI), is
less well investigated. Several retrospective and a few small prospective studies have
indicated that in such patients FFR can be used in a similar way as in stable angina pectoris
(SA), but no large randomized study has been performed so far 4-7. Especially in multivessel
disease when several stenoses are present, selection of the culprit lesion in case of UA
or NSTEMI might be difficult. Often, electrocardiography is helpful and indicates the lesion
responsible for the acute ischemia but sometimes it does not. In addition, even when the
culprit lesion is known, doubt may arise about the ischemic potential of other concomitant
lesions and the necessity to treat such lesions invasively. 				
In the recently published prospective and randomized FAME (Fractional flow reserve
versus Angiography for Multivessel Evaluation) study, FFR-guided PCI in multivessel disease
was compared to angiography-guided PCI in 1005 patients.
The FAME study demonstrated the superiority of FFR-guided PCI over angiography
guidance alone in patients with multivessel disease with a decrease of all types of events
by approximately 30% up to 2 years of follow-up without prolongation of the procedure,
at lower costs, with less use of contrast agent, a shorter hospital stay and an at least equal
functional class at 1 and 2 years follow-up3;8;9.
In the FAME study, 328 patients were included who were admitted because of UA or
NSTEMI. The outcome of FFR-guided PCI versus angiography-guided PCI in these patients
and comparison with the 677 patients with SA is the subject of this study.		
										

Methods

FAME study design and patient population
The FAME study is a multicenter, prospective trial in 1005 patients with multivessel
coronary artery disease undergoing PCI by stenting with drug-eluting stents (DES). Patients
were randomly assigned to either angiography-guided PCI or FFR guidance in addition to
angiography. The decision and selection of those coronary stenoses that required stenting
was based upon visual estimation on the angiogram (angiography-guided group) or upon
FFR measurements (FFR-guided group), in addition to clinical data.
Patients assigned to angiography-guided PCI underwent stenting of all stenoses ≥ 50% by
visual estimation of which the operator deemed stenting indicated. In patients assigned
to the FFR-guided PCI, FFR was measured first in all such lesions and stenting was only
performed if FFR was ≤0.80. Exclusion criteria were left main disease, previous CABG and
STEMI less than 5 days before because the use of FFR is not validated in recent STEMI 10.
However, patients admitted for UA (whether or not with transient ST-segment changes)
and NSTEMI with positive troponin but total CK less than 1000 U/l, could be included.
Out of the 1005 patients, 328 (32%) had an initial diagnosis of UA or NSTEMI. Strict criteria
were used to distinguish between NSTEMI and periprocedural infarction as previously
described 11. Further details about the FAME-trial have been extensively described
elsewhere 11.
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Fractional Flow Reserve
The principles and practical application of FFR have been described in chapter 3. Fractional
Flow Reserve is an index of the physiological significance of a coronary stenosis and is
defined as the ratio of maximal blood flow in a stenotic artery to normal maximal flow. It
can be easily measured during coronary angiography by calculating the ratio of distal
coronary pressure measured with a coronary pressure guidewire to aortic pressure
measured simultaneously with the guiding catheter during maximum hyperemia 12. FFR in
a normal coronary artery equals 1.0. An FFR value of 0.80 or less identifies ischemia-causing
coronary stenoses with an accuracy of more than 90%13. The information provided by FFR
is similar to that obtained with myocardial perfusion studies, but FFR is more specific and
has a better spatial resolution, because every artery or segment is analyzed separately,
and masking of one ischemic area by another, more severely ischemic area is avoided 14;15.
Treatment
The interventional treatment of patients in the FAME study has been described previously
and was identical for patients with SA or patients admitted because of UA or NSTEMI 11.
PCI was performed using standard techniques and using drug eluting stents. FFR was
measured with a coronary pressure guidewire (St. Jude Medical Systems, Uppsala,
Sweden) at maximum hyperemia induced by intravenous adenosine, administered at a
rate of 140 µg/kg/min through a central vein. Pressure pull back recordings were
performed in all indicated arteries. All patients were treated with aspirin and clopidogrel
for at least 1 year after PCI. Use of periprocedural GPIIb/IIIa-antagonists was at the
discretion of the operator.
Endpoints and Follow-up
Subject of this study was the occurrence of major adverse cardiac events (MACE) and its
individual components at 2 years. MACE was defined as a composite of death from any
cause, myocardial infarction and any repeat revascularization. Details on these definitions
have been decribed previously 3;11. Also, functional class at 2 years was assessed.
Statistical analysis
Data management and statistical analysis were performed by an independent data
coordinating center (UMIT - University for Health Sciences, Hall in Tirol, Austria). An
independent Clinical Events Committee, whose members were unaware of the treatment
assignments, adjucated all events. All enrolled patients were included in the analysis of
MACE according to the intention-to-treat principle. To test for heterogeneity for the effect
of using FFR in the strata of UA or NSTEMI and SA, Breslow-Day testing was performed, a
two-sided p-value<0.05 signifying heterogeneity. For descriptive purposes, we compared
the effect of FFR-guided therapy versus angiography-guided therapy within subgroups.
Categorical variables, including the primary endpoint and its individual components, are
expressed as proportions and were compared with the use of Chi-square test. Continuous
variables are expressed as means and standard deviations and were compared with the use
of an unpaired T-test or the Mann-Whitney-U-test as appropriate. A two-sided P-value of
less than 0.05 was considered to indicate statistical significance. Kaplan-Meier curves are
shown for the time-to-event distributions of MACE in all patients stratified according to
diagnosis (UA or NSTEMI or SA) and treatment strategy (angiography- or FFR-guided PCI).
All statistical analysis were performed with the use of SAS software, version 9 (SAS Institute).

10
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Results

Baseline characteristics
Of 1005 patients enrolled in the FAME study, 328 patients (32%) had UA or NSTEMI, of
which 178 were randomised to angiography-guided PCI and 150 to FFR-guided PCI.
The baseline characteristics of the patients with UA or NSTEMI and patients with SA are
mentioned in Table 1. Although most baseline characteristics were equally distributed,
patients with UA or NSTEMI in comparison to SA were less likely to be male (69 vs 77%,
p=0.01), more often had previous myocardial infarction (44% versus 33%; p<0.01), more
often used beta blockade (81% versus 75%, p=0.017) and clopidogrel (70% versus 40 %,
p<0.01), less often used statins (77% versus 83%, p=0.02) and had a higher Euro-score
(2.8±2.2 versus 3.2±2.3, p< 0.01). The angiographic severity of disease (number and
severity of lesions and Syntax score) and FFR measurements, however, were not different
between patients with UA or NSTEMI and patients with SA.
Next, patients were categorized according to diagnosis (either UA or NSTEMI or SA) and
treatment strategy (Angiography-guided PCI or FFR-guided PCI) thus rendering 4 groups.
Baseline characteristics of these 4 groups are presented in Table 2.
Procedural results
UA or NSTEMI versus SA
There was no difference between patients with UA or NSTEMI and patients with SA with
respect to the number of indicated lesions per patient (2.7±0.9 versus 2.8±1.0, p= 0.06),
the percentage of hemodynamic significant lesions within the FFR-guided groups (61.8%
vs 63.5%, p= 0.54) and the percentage of successfully treated lesions (97.4% vs 96.9%,
p= 0.42).
There was no significant difference in procedure time, contrast use, number or type of
stents used or use of Glycoprotein IIb/IIIa inhibitors. Hospital stay was significantly longer
for patients with UA or NSTEMI than for patients with SA (4.5±4.5 vs 3.1±2.7 days, p<0.01).
These data are shown in Table 1.
FFR-guidance versus angiography-guidance in UA or NSTEMI
In the patients with UA or NSTEMI, procedural success, procedure-time and duration of
hospital stay were not different between the FFR-guided-group and the angiographyguided group except for contrast use, which was significantly higher in the angiographyguided group (308±134 ml versus 269±139 ml, p=0.01). In patients with UA or NSTEMI
assigned to FFR guidance group, on average one stent less per patient was used than in
those assigned to angiography guidance (1.9±1.5 versus 2.9±1.1, p<0.01), as shown in
Table 3.
Two-year outcome
Benefit of FFR-guidance in UA or NSTEMI compared with SA				
We found no evidence for heterogeneity in effect of FFR-guidance amongst the subgroups
of UA or NSTEMI and SA.
In the patients with UA or NSTEMI the absolute reduction of MACE at two years by using
FFR guidance was 5.1% versus 3.7% in patients with SA. The relative risk reduction of
MACE was 19% versus 18% respectively. The rates of MACE and its individual components,
absolute and relative risk reductions by FFR-guidance, and Breslow-Day test for MACE
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Table 1. Demography, clinical characteristics, procedural data, outcome and functional status at 2 years of
patients with UA or NSTEMI compared with patients with SA.
UA or NSTEMI

Stable angina

N=328

N=677

*p-value

64.8±10.7

64.3±10.0

0.41

226 (69)

518 (77)

0.01

Previous myocardial infarction

144 (44)

223 (33)

<0.01

Previous PCI

100 (30)

175 (26)

0.13

Diabetes

71 (22)

177 (26)

0.13

Hypertension

212 (65)

427 (63)

0.68

Current smoker

98 (30)

196 (29)

0.77

Hypercholesterolemia

230 (70)

498 (74)

0.25

Positive family history

142 (43)

253 (37)

0.07

Left ventricular ejection fraction - %

58±11.5

57± 11.5

0.16

Euroscore

3.2±2.3

2.8±2.2

<0.01

SYNTAX score

14.7±8.4

14.4±8.9

0.69

No of indicated lesions per patient

2.7±0.9

2.8±1.0

0.06

Succesfully treated lesions - %

96.9

97.4

0.42

Procedure time – min.

70 ±43

70±44

1.0

Contrast agent used – ml.

290 ±137

286±128

0.60

Drug eluting stents used per patient– no.

2.43 ±1.38

2.4±1.36

0.71

Hospital stay at baseline admission - days

4.5 ±4.5

3.1±2.7

<0.01

GP2b/3a inhibitor - no (%)

55 (17)

85 (13)

0.08

391/420(93)

938/994(94)

0.39

FFR ≤ 0.80 (ischemic lesions)

0.60±0.13

0.60±0.14

0.65

FFR > 0.80 (non-ischemic lesions)

0.87±0.06

0.88±0.05

0.43

254/411 (61.8)

620/976 (63.5)

0.54

Death, myocardial infarction, CABG or repeat PCI

79 (24.1)

123 (18.2)

0.03

Death

12(3.7)

20 (3.0)

0.44

Myocardial infarction

36 (10.9)

44 (6.5)

0.02

Death or myocardial infarction

45 (13.7)

62 (9.2)

0.04

CABG or repeat PCI

45 (13.7)

72 (10.6)

0.17

Demography
Age - yr
Sex – no. (%)
Male
Clinical Characteristics
History – no. (%)

Procedural Characteristics

10

FFR results
Lesions successfully measured by FFR – no. (%)
FFR (all lesions)

Lesions with FFR ≤ 0.80 – no. (%)
Endpoints no-%
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table 1 continued
Functional Status

N= 282

N=618

Patients without event and free from angina

177 (62.8)

422 (68.3)

0.11

Patients free from angina

209 (74.1)

492 (79.6)

0.07

Functional status at 2 years no - %

Values are mean ±SD or n (%). *Significant p-value <0.05. CABG= coronary artery bypass grafting;
FFR=fractional flow reserve; GP=glycoprotein; MI= myocardial infarction; NSTEMI= non-ST elevated myocardial infarction; PCI=percutaneous coronary intervention; SA= stable angina; UA=unstable angina

Table 2. Baseline characteristics of patients stratified to diagnosis and treatment strategy
UA or NSTEMI

Stable angina

Angiography

FFR

(N=178)

(N=150)

p

Angiography

FFR

(N=318)

(N=359)

p

Age - yr

64.2±10.5

65.6±11.0

0.22

64.2±10.0

64.3±10.0

0.95

Male - no (%)

116(65)

110(73)

0.12

244(77)

274(76)

0.93

78(44)

66(44)

1

102(32)

121(34)

0.68

History
Previous myocardial infarction
Previous PCI

50(28)

50(33)

0.34

79(25)

96(27)

0.60

Diabetes

38(21)

33(22)

0.89

87(27)

90(25)

0.54

Hypertension

122(69)

90(60)

0.13

205(65)

222(62)

0.52

Current smoker

55(31)

43(29)

0.71

101(32)

95(26)

0.15

Hypercholesterolemia

129(72)

101(67)

0.33

233(73)

265(74)

0.93

Positive family history

73(41)

69(46)

0.37

117(37)

136(39)

0.81

57.3±10.4

0.37

56.4±11.9

57.2±11.3

0.39

Left ventricular ejection fraction - % 58.5±12.3
Euroscore

3.3±2.3

3.8±2.5

0.46

2.6±2.1

2.7±2.1

0.71

SYNTAX score

13.9±7.6

15.6±9.1

0.08

14.8±9.4

14.1±8.4

0.28

Values are means ±SD. A p-value of <0.05 is considered statistically significant. EuroSCORE: European Systems
for Cardiac Operative Risk Evaluations; LVEF:= Left ventricular ejection fraction; other abbreviations as in
Table 1.
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and its components are shown in Table 4. Kaplan-Meier curves for survival free from
MACE for the patients in all groups are presented in Figure 1.
UA or NSTEMI versus SA
The composite of death, myocardial infarction and repeated revascularization at 2 years
occurred in 24.1% of all patients with UA or NSTEMI versus 18.2% of patients with SA
(p=0.03). There was also a significant difference in occurrence of myocardial infarction
(10.9 versus 6.5%, p=0.02) and death or myocardial infarction (13.7% versus 9.2%, p=0.04)
Functional status at two years did not differ. These data are shown in Table 1.

Table 3. Angiographic and procedural data of patients stratified according to diagnosis and treatment strategy
UA or NSTEMI

Stable angina

Angiography FFR

Angiography FFR

(N=178)

(N=150)

p*

(N=318)

(N=359)

p*

Nr. of indicated lesions per patient

2.6±0.8

2.7±1.0

0.61

2.8±0.9

2.8± 1.0

0.54

Procedural success rate (%)

97

98.4

0.32

96.4

97.6

0.23

Drug eluting stents used per
patient– no.

2.9±1.1

1.9±1.5

< 0.01

2.8±1.2

2.0±1.4

< 0.01

Procedure time – min.

71±48

69±35

0.72

69±41

71±46

0.54

Contrast agent used – ml.

308±134

269±139

0.01

299±124

273±130

0.08

2b/3a inhibitor - no. (%)

31(17)

24(16)

0.77

45(15)

40(11)

0.24

Hospital stay at baseline
admission - days

4.6±4.2

4.5±4.7

0.76

3.2±2.9

3.0±2.5

0.42

Values are means ±SD. * Significant p-value (<0.05). Abbreviations as in Table 1.

10
Figure 1. Kaplan-Meier curves for survival free from MACE at 2 years stratified to diagnosis
and treatment strategy. Kaplan-Meier curves for the percentage survival free from MACE at 2
years in the 4 different groups. Also indicated are absolute risk reduction (ARR) and relative risk
reduction (RRR) of MACE by FFR-guided PCI in patients with unstable angina (UA) or non-ST
elevated myocardial infarction (NSTEMI) and patients with stable angina (SA).
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Table 4. Outcome and functional status at 2 years of patients stratified to diagnosis and treatment strategy

Relative Risk Reduction (%)

Breslow-Day‡

64(20.1)

59(16.4)

3.7

18

0.922

Death

8(4.5)

4(2.7)

1.8

40

11(3.5)

9(2.5)

1.0

29

0.786

Myocardial infarction

24(13.5)

12(8.0)

5.5

41

25(7.9)

19(5.3)

2.6

33

0.742

Death or myocardial
infarction

30(16.9)

15(10.0)

6.9

41

34(10.7)

28(7.8)

2.9

27

0.556

CABG or repeat PCI

25(14.0)

20(13.3)

0.7

5

38(11.9)

34(9.5)

2.4

20

0.624

All events

57 (32)

36 (24)

8

25

74 (23.3)

62 (17.3)

6

26

0.933

Functional status at 2
years - no. (%)

N=147

N=135

pvalue

N=291

N=327

Patients without event
and free from angina §

95(64.6)

82(60.7)

0.54

189 (64.9) 233 (71.3)

0.10

Patients free from angina
– no. (%)

110(74.8)

99(73.3)

0.78

222 (76.3) 270 (82.6)

0.06

FFR

19

N=150

Angiography

5.1

N=178

Relative Risk Reduction (%)

32(21.3)

FFR

MACE (Death, myocardial in- 47(26.4)
farction, CABG or repeat PCI)

Events at 2 years
– no. (%)

Angiography

Absolute Risk Reduction (%) †

Stable angina
Absolute Risk Reduction (%) †

UA or NSTEMI

N=318

N=359

pvalue

Absolute (ARR) and relative risk reductions (RRR) by using FFR for both patients with UA or NSTEMI and patients with stable angina (SA) are shown. A p-value <0.05 is considered statistically significant.† Differences in
endpoints between treatment strata within diagnosis subgroups are all statistically non-significant
‡ Breslow-Day indicates Breslow-Day test for heterogeneity of odds ratio of FFR-guided PCI vs the odds ratio
of angiography-guided PCI within each diagnosis subgroup.
MACE= major adverse cardiac events; other abbreviations as in Table 1.
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Discussion

As previously shown in the FAME-study9, using FFR to guide PCI in multivessel disease
resulted in significant reduction of MI and mortality at 2 years. In this subanalysis, we
found no evidence for a difference of the effect of using FFR between patients with
unstable angina (UA) or non-ST elevation myocardial infarction (NSTEMI) compared to
patients with stable angina (SA). The guidance of PCI by FFR rather than angiography alone
was associated with similar relative risk reductions of MACE, death, MI and death or MI
in patients with UA and NSTEMI and patients with SA.
The reduction of events by FFR-guidance in patients with UA or NSTEMI is obtained by
using less stents, as in patients with SA.						
This latter observation can be explained because, also in UA or NSTEMI in patients with
multivessel coronary disease, unnecessary stenting of non-ischemic lesions increases the
chance of stent thrombosis, in-stent restenosis and periprocedural complications which,
in contrast to ischemic lesions, is not outweighed by the benefit of relieving myocardial
ischemia2. Moreover, if the culprit lesion is not clear from the ECG, as is sometimes the
case in UA or NSTEMI, FFR can be helpful to select it. Importantly, at the same time
concomitant lesions can be interrogated for being responsible for reversible ischemia and
a better decision can be made whether or not to treat those lesions invasively.
It has been widely advocated that acute coronary syndromes primarily occur in nonsignificant lesions and sometimes so-called plaque sealing of all lesions in UA or NSTEMI
is advocated based on morphological characteristics of plaque vulnerability16-19. However,
we found no evidence that guiding treatment by FFR, and thus only treating ischemia
causing lesions, would be less beneficial in UA or NSTEMI than in SA. An important
observation in this respect is that in the patients with UA or NSTEMI none of the myocardial
infarctions at follow up in the FFR-guided group occurred on previously deferred lesions,
underlining the safety of deferring non-significant lesions even in unstable coronary
disease9.
The present data also indicate that the 2-year event rate is higher for patients who present
with UA or NSTEMI than patients with SA (24.1% versus 18.2%), stressing the negative
impact of unstable coronary disease on prognosis and at the same time showing that
these patients in the FAME population are in fact at increased risk of MACE compared to
stable patients. This is reflected in similar relative risk reduction but larger absolute risk
reduction by using FFR in these patients.

10

Study Limitations

Our study also has several limitations. First of all, the FAME-study was powered to show
a difference in outcome at 1 year between angiography-guided and FFR-guided PCI with
an alpha level of 0.05 and a statistical power of 0.80, assuming event rates at one year in
the complete study population of 14% in the angiography guided group and 8% in de FFR
guided group. This means that for analysis of smaller subgroups, this study in fact is not
powered to show superiority of one treatment modality above the other. Moreover, the
study was not powered to detect differences in subgroups, and therefore, the statistically
nonsignificant heterogeneity test must be interpreted as absence of evidence for different
effects, but is not proof for the equality of effects across subgroups. If, in studies like this,
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statistical significance would be present in one of the complementary subgroups (UA or
NSTEMI and SA), it either indicates absence of an effect in the other subgroup or
overpowering of the study. Therefore, testing for (or showing evidence against)
heterogeneity, is the correct purpose of an analysis like this. Nevertheless, it is desirable
to confirm these findings of the utility of FFR in patients with UA or NSTEMI in a separate
prospective study.
Secondly, the use of FFR in acute coronary syndromes can be limited by microvascular
obstruction which is often present with extensive MI, although this is still debated 20-24.
However, in UA or NSTEMI with CK< 1000 U/l as defined in the FAME study, obviously the
degree of microvascular obstruction, if present, was so limited or rapidly transient that
the usefulness of FFR for selection of lesions to be treated was not affected.
This is different from extensive ST-elevation myocardial infarction, excluded in the FAME
study, where microvascular obstruction in the infarcted area can be extensive and stunning
can last for several days. In such situations, FFR should not be used until transient
microvascular obstruction has resolved and demarcation between vital and necrotic tissue
has occurred. Previous studies have indicated that after STEMI, FFR should not be used
to make decisions within the first 5 days after the acute event, which was an exclusion
criterion in the FAME-study10.

Conclusion

In conclusion, in patients with UA or NSTEMI in the FAME-study there is no heterogeneity
in benefit of FFR guidance of PCI compared with patients with SA.
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Introduction

This chapter serves to report on the clinical outcome of the patients in the Circulating
Cells Study that were included in the Catharina Hospital Eindhoven. 			
Although the results of studies presented so far in this thesis are not based on clinical
endpoints, all patients included were subjected to treatment for coronary artery disease,
whether it be by revascularization or by conservative, medical treatment. This merits a
report on the clinical course of these patients. Furthermore, the majority of patients with
stable angina was treated based on measurement of Fractional Flow Reserve (FFR) of
coronary lesions. Although FFR has already extensively proven its clinical use1, it is useful
to compare outcome of the present cohort to previous FFR-based studies. This will indicate
whether this cohort is comparable to other FFR-cohorts.
Patient characteristics
The baseline characteristics of all patients that underwent angiography (included in the
Catharina Hospital Eindhoven) are shown in Table 1. Healthy controls are not presented
in the table.
Diagnosis and treatment decisions
Both patients with stable angina and unstable angina or NSTEMI were included, as
described in Chapter 2. In patients with stable angina hemodynamic significance of
coronary lesions was assessed with fractional flow reserve (FFR). FFR was not performed
in case of angiographically completely normal coronary arteries (3 patients) and in 25
cases FFR was not performed due to technical limitations. In all patients included, clinical
decisions on revascularization and method of revascularization were left at the discretion
of the treating cardiologist. Percutaneous coronary intervention of all indicated lesions
was performed ad hoc during the index procedure, except for 5 patients, who underwent
PCI for indicated lesions in a second procedure. Figure 1 presents all patients included,
subdivided according to primary diagnosis and FFR measurements. Treatment decisions
are also depicted.
Clinical Outcome
Clinical endpoints in the Circulating Cells study were measured at 9 months after index
procedure and were defined as follows: death, myocardial infarction, repeat
revascularization (PCI or CABG), CVA and non-cardiac vascular interventions.
At 9 month follow-up a total of 31 cardiovascular events had occurred in 195 patients.
Four patients had died, 5 suffered from MI, and 17 patients underwent repeat
revascularization. Repeat revascularization was performed for 12 original target lesions
and 5 de novo lesions were revascularized. None of the previously deferred lesions based
on FFR in the patients with stable angina required treatment due to progression of the
original lesion in the follow up period. Types of cardiovascular events and event rates for
each patient group according to diagnosis and FFR-status are presented in Table 2.
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Table 1. Baseline characteristics of all included
patients that underwent coronary angiography
N=195
Age

63 ± 9.8

Male Sex

130 (66.7)

Risk factors
Hypertension

102 (52.3)

Hyperlipidemia

113 (57.7)

Diabetes mellitus

41(21)

Family history

102 (52)

Current smoker

36 (18.5)

History
Previous MI

43 (22.1)

Previous PCI

57 (29.2)

Previous CABG

9 (4.6)

CVA/TIA

6(3.1)

PAD

25 (12.8)

Renal Failure

6 (3.1)

Angiographic severity
No of vessels diseased
Non-significant atherosclerosis*

15 (7.7)

1

79 (40.3)

2

67 (34.2)

3

30 (15.3)

Medication use
ASA

164 (84.1)

Clopidogrel at inclusion

60 (30.8)

B-blockers

149 (76.4)

ACE-inhibitor

50 (25.6)

ATII antagonist

42 (21.5)

Statins

161 (82.6)

11

Continuous values are means ± SD, categorical variables n(%). * No coronary lesion with
diameter stenosis >50% by visual estimation.
MI=myocardial infarction; PCI=percutaneous
coronary intervention; CABG=coronary artery
bypass grafting; CVA=cerebrovascular accident;
TIA=transient ischemic attack; PAD=peripheral artery disease; ACE=angiotensin converting enzyme;
ATII=angiotensin II.
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Figure 1. Patients included stratified according to diagnosis, FFR measurement and treatment. SA= stable
angina, ACS= acute coronary syndrome. Other abbreviations as in Table 1.

Discussion

In this chapter the clinical outcome of the patients of the Circulating Cells cohort included
in the Catharina Hospital Eindhoven is described. It must be emphasized that this report
serves descriptive purposes for this thesis only, as it represents only a part of the entire
study population included in the 4 centers participating in the Circulating Cells Study.
However, it specifically comprises a part of the stable angina patients that have been
systematically treated on the basis of FFR. When compared to other FFR-based studies
several similarities can be detected. The first large randomized study to evaluate the
usefulness of FFR to guide decisions on revascularization was the DEFER-study2, in which
patients with single vessel coronary artery disease underwent FFR measurement of these
lesions. All lesions with FFR≤0.75 were revascularized by PCI (59% with bare-metal stents,
41% by angioplasty only), while lesions with FFR>0.75 were randomly assigned to
revascularization by PCI or medical treatment. Events were defined as: cardiac death,
non-cardiac death, myocardial infarction and repeat revascularization by either PCI or
CABG. At 12 months, 19.4% of patients (95% CI 13.8-26.7) in the reference group
(FFR≤0.75) suffered an event, which is strikingly similar to that observed in the Circulating
Cells patients with FFR≤ 0.75, namely 17.6% (95% CI 10.9-27.2%), excluding CVA and noncardiac vascular interventions.
The FAME-study3, in which FFR-guided PCI for multi-vessel disease was compared to an
angiography-guided strategy, showed similar results. Cumulative event rate (defined as
death, myocardial infarction or repeat revascularization) in patients with stable angina at
12 months treated by FFR guidance was 11.1% (95% CI 8.3-14.8). In the Circulating Cells,
applying the same FFR cut off value of 0.80 and endpoints, event rate was 16.5% (95% CI
10.5-25.0%).
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Table 2. Events and cumulative event rates in patients with stable angina and acute coronary syndrome.
Stable angina

Event type (N)

Acute
Coronary
Syndrome

FFR≤ 0.75 FFR 0.76-0.80 FFR> 0.80 No FFR
N= 85
N=18
N=38
N=28

N= 23

Death

2

0

1

1

0

MI total

2

1

0

1

1

0

1

0

1

0

11

1

0

2

3

Target Lesion revascularization

9

0

0

2

1

De novo lesions

2

1

0

0

2

CVA

1

0

0

0

0

Non-coronary vascular intervention

1

0

0

0

2

Total

17

2

1

4

6

Cumulative event rate

20.0%

11.1%

2.6%

14.3%

26.1%

Periprocedural MI
Repeat Revascularisation

Patients with stable angina have been stratified according to FFR results. FFR=fractional flow reserve;
MI=myocardial infarction; CVA=cerebrovascular accident.

Although it is attractive to simply compare these trials to the present study population,
it is important to recognize the inherent limitations of such a comparison. Most
importantly, both the DEFER- and FAME-study are large randomized controlled trials and
revascularization was per protocol performed by means of PCI. The DEFER-study
specifically included single vessel disease, while the FAME-study included only multi-vessel
disease. The cut-off FFR value for treatment in the DEFER-study was 0.75, while in the
FAME-study the cut off value was 0.80. In both studies, patients were revascularized by
PCI. Follow up in intervals in both DEFER and FAME did not include 9 months. The
Circulating Cells stable angina population that underwent FFR-guided treatment included
in Eindhoven actually represents an all-comer population of patients with stable angina
and both single and multi-vessel disease treated by FFR-based revascularization. Although
by definition different from both study populations, these patients represent real life in
the modern catheterization lab. Moreover, the similarity in event rates and functional
status illustrates the applicability of both DEFER -and FAME-study in daily interventional
practice.

11

Conclusion

In this chapter, we present clinical characteristics and outcomes at 9 months of the
patients included in the Circulating Cells study in the Catharina Hospital Eindhoven. It is
a mixed population with predominantly patients suffering from stable angina, of which
the majority was treated by FFR-guidance. Patients with stable angina that were treated
by FFR-guidance experienced similar event rates as patients in larger FFR-trials, like the
DEFER-and FAME-study, confirming previous findings.
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The importance of inducible ischemia in stable coronary artery disease is becoming
ever more clear as evidence accumulates that the functional rather than the anatomic
severity of coronary artery disease predicts the occurrence of future cardiac events1-3.
Consequently, it has been well demonstrated that functional guidance of percutaneous
coronary interventions yields superior outcome compared to angiographic guidance
alone4;5. Moreover, non-ischemic lesions can be safely treated conservatively and only
rarely cause myocardial infarction, both in stable and unstable coronary disease5-7. From
these and other studies 1;8, it has become clear that flow-limiting and often
angiographically severe lesions are most dangerous from a prognostic point of view.
Nevertheless, in coronary artery disease often abundant non-ischemic lesions are
present and occasionally such lesions may become unstable (vulnerable) and lead to
plaque rupture, whether or not followed by an acute coronary syndrome.
Culprit lesions in acute coronary syndromes undoubtedly are also structurally different
from stable lesions, as described in the introduction of this thesis, and numerous blood
based biomarkers have been identified which are associated with the occurrence of
acute coronary syndromes and are presumed to play a role in pathological processes
of plaque growth and destabilization. One can wonder whether repetitive ischemia
plays a role in this process of destabilization and vulnerability and thus leads to changes
in these biomarkers.
Taken together, these considerations constitute the main hypothesis of this thesis,
namely, that the presence of lesions that cause repetitive myocardial ischemia is
associated with alterations in blood and cell based biomarkers of vulnerability in
coronary artery disease. Fractional flow reserve (FFR) is the gold standard for the
detection of the ischemic potential of coronary stenosis. FFR gives virtually dichotomous,
lesion specific information, has superior spatial resolution and has been extensively
clinically validated, as described in chapter 3. Therefore, FFR is the ideal tool to
investigate our hypothesis.
Summarizing the results of Chapter 5 through 8, we can conclude that inducible ischemia
due to coronary artery stenoses, as assessed by FFR, is not associated with permanently
altered systemic levels of selected markers of inflammation or altered platelet or
leukocyte responsiveness to stimulation, at least not for the markers we investigated.
Moreover, differences in leukocyte toll like receptor responsiveness observed after
FFR-guided PCI do not appear to be ischemia-related. We did observe lower neutrophilplatelet aggregates in patients with evidence of inducible ischemia, pointing to
differences in platelet or leukocyte activation state. However, the exact mechanism for
this observation is unclear.
It is interesting and necessary to speculate on the reasons for our findings. While
evidence exists for acute changes in inflammatory markers like IL-6 9-12, TLR
responsiveness13;14 and platelet properties during or shortly after the induction of
ischemia15-19, it was unknown if these effects persisted over time. We found no evidence
for chronic alterations and the absence of differences in stable conditions makes these
substances unsuitable for practical use as biomarkers of inducible ischemia in patients
with stable angina. Rather, from the comparisons with healthy control subjects we
conclude that the markers we investigated are more likely to reflect risk factors and the
presence of atherosclerosis per se rather than repetitive ischemic episodes resulting
from obstructive coronary atherosclerosis.
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Future directions

Although progress in both medical and invasive treatment have greatly improved
prognosis of patients with coronary artery disease, it remains the leading cause of
morbidity and mortality in the Western World. At the same time, individual risk
prediction for both symptomatic and asymptomatic coronary artery disease remains
challenging and relies on risk prediction models from almost 15 years ago20. While the
identification of biomarkers associated with inducible ischemia is interesting from a
scientific point of view and may provide new pathophysiological insights, it also
important to consider the practical implications and applications of such biomarkers.
It seems safe to state that any blood based biomarker is very unlikely to replace a
extensively validated and accepted method for clinical decision making like FFR, once
invasive evaluation is decided upon. However, ischemia-based biomarkers in stable CAD
may have several other practical applications. They may add to existing risk prediction
models for screening in asymptomatic individuals considered to be at high risk of
atherosclerosis based on traditional risk factors. As an increasing number of
asymptomatic patients undergo screening for atherosclerosis, for example by CT
coronary calcium score and CT angiography, blood based biomarkers of inducible
myocardial ischemia would be easy, noninvasive and relatively inexpensive additive
diagnostic tools that may improve the poor specificity of these modalities. Furthermore,
such markers could serve as a tool for non-invasive follow-up of patients with known
coronary artery disease and possibly aid in decision making if and when to proceed to
a more invasive approach.
Finding these biomarkers is a different matter. In this thesis we investigated several
previously described biomarkers of atherosclerosis in relation to inducible myocardial
ischemia. Numerous other plasma and cell based biomarkers have been associated with
either atherosclerosis, symptomatic coronary disease or the occurrence of adverse
events in coronary artery disease. Inevitably, analyses like the ones presented in chapter
5 through 8 can never encompass every known marker and a choice has to be made
which markers to assess, based on previous research. Furthermore, such an approach
purposely ignores unknown or unexpected biomarkers and obviously has logistic and
financial limitations. In recognition of these limitations, we performed the proteomic
analysis of circulating microvesicles described in chapter 9 with promising results.
Microvesicles are thought to be an important source of biomarkers in cardiovascular
disease. Their secretion by parent cells is increased and their properties have been
shown to be altered in both stable and unstable coronary disease21-24. Microvesicles
contain relatively high concentrations of protein without the abundance of non-specific
proteins like albumin and immunoglobulins, making them more suitable for proteomic
analyses than plasma samples. The exploratory analysis presented in chapter 9 indicates
that differences in microvesicle protein content exist between ischemic and nonischemic coronary artery disease. Although further validation of these candidate
biomarkers is mandatory, this chapter illustrates a different approach to biomarker
discovery, with use of high throughput analytic tools like proteomics and pathway
analyses as opposed to investigation of individual biomarkers. Using proteomics, a large
number of target biomarkers can be identified from relatively small samples and
pathway analyses tools can limit the number of potential targets but also have the
possibility to discover clusters of biomarkers or even complete pathways rather than
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individual markers, which may enhance prognostic power.
Finally, the results of the Circulating Cells Study as a whole, which employs state-ofthe-art analytical tools as described in chapter 2, will hopefully provide us with new
cell based biomarkers, which will enable further research in this field.
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Summary

Markers of inducible myocardial ischemia in the systemic circulation
Summary

In this thesis, we tested the hypothesis that the presence of inducible myocardial ischemia
as a result of blood flow-limiting coronary stenoses in patients with stable coronary artery
disease is associated with altered levels of various markers and different molecular
pathways detectable in peripheral blood, as opposed to non-ischemic coronary artery
disease.
In Chapter 1 the rationale of this thesis is described. The importance of the presence of
severe coronary stenoses and inducible ischemia is explained and various cellular and
molecular mechanisms associated with ischemia or tissue hypoxemia are described, in
both clinical and experimental settings. The research presented in this thesis was
performed within the framework of the Circulating Cells Study, a project of the Center of
Translational Molecular Medicine (CTMM). The goal of the Circulation Cells Study was
discovery and validation of novel cell-based biomarkers for risk prediction of secondary
manifestations of coronary artery disease. Chapter 2 describes the rationale and study
design of the Circulating Cells Study.
The remainder of this thesis is divided into 3 parts.
Part I describes the tools used for assessment of ischemic coronary disease in this thesis
and contains chapters 3 and 4.
						
Ischemic potential of coronary stenoses was assessed by fractional flow reserve (FFR).
Chapter 3 provides an overview of the principles and clinical application of this technique.
In Chapter 4 we describe the functional syntax score (FSS), which combines anatomical
features (scored by the SYNTAX score) and functional severity of coronary artery disease
(as measured by FFR). We show that in patients with multivessel coronary artery disease,
who are treated by FFR-guided percutaneous coronary intervention (PCI), FSS has better
predictive value for the occurrence of future cardiac events than the traditional SYNTAX
score. We further attempted to refine the FSS score by incorporating absolute FFR-values
in the same study population. However, this did not result in a better predictive value
compared to the dichotomous classification of lesions as either FFR-positive or FFRnegative.
In Part II, comprising chapters 5 through 9, the relationship between the presence of
inducible ischemia and various plasma and cellular markers is investigated. 		
As described in the introduction, the presence of inducible ischemia is associated with
increased risk of myocardial infarction and death in patients with coronary artery disease.
Simultaneously, biomarker research in patients with coronary artery disease aims to
identify biomarkers that can be helpful in predicting the occurrence of future cardiac
events. We therefore hypothesized that the presence of locally inducible myocardial
ischemia would be associated with altered biomarkers in the systemic circulation.
In Chapter 5, we showed that inflammatory cytokines IL-6, IL-8 and TNF-α in plasma and
expression of Toll like receptor (TLR) 2 and 4, adhesion molecules CD11b and CD62L, and
CD14 on circulating leukocytes are not related to FFR in patients with stable angina, even
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when extent of ischemic disease is taken into account by FSS. In a control group of healthy
subjects, lower levels of IL-6 and TNF-α as well as lower expression of TLR 2 and 4 and
CD11b on monocytes and TLR 4 and CD62L on granulocytes, were observed.
In Chapter 6, we explored the association between FFR and responsiveness to wholeblood stimulation of TLR 2 and 4 as measured by supernatant levels of IL-6, IL-8 and TNF-α
and expression of CD11b, CD62L and CD14 on circulating leukocytes. We observed no
differences in TLR responsiveness between FFR-positive patients, FFR-negative patients
and healthy controls, except for CD11b on monocytes, which was lower in healthy controls
for all conditions. No relation between FSS and TLR responsiveness was observed in FFRpositive patients.
In Chapter 7, the effects of FFR-guided percutaneous coronary intervention (PCI) on TLR
responsiveness were investigated in a subgroup of 33 patients. We observed decreased
responsiveness to TLR2 stimulation 6 weeks after FFR-guided PCI. However, this decrease
did not appear to be related to relief of ischemia, nor was there any relationship with
extent of ischemic disease, as measured by FSS.
In Chapter 8 we investigated the relationship between platelet reactivity and platelet
leukocyte complexes in peripheral blood and FFR of 100 patients with stable coronary
artery disease. No difference in platelet reactivity was noted, however, the percentage
platelet neutrophil complexes were significantly lower in blood samples from patients
with at least one coronary stenosis with FFR≤0.75.
In Chapter 9 we performed an I-Traq proteomic analysis of circulating microvesicles in
pooled plasma samples of 35 paired age- and gender-matched FFR-positive and negative
patients. This analysis suggests that the microvesicle proteome of patients with stable
coronary artery disease and inducible ischemia differs significantly from that of patients
without inducible ischemia. By Ingenuity Pathway Analysis ® we identified several possible
target molecules, yet to be validated as biomarkers of inducible ischemia.
In Part III, comprising chapter 10 through 12, clinical analyses and a general discussion
are presented.									
In Chapter 10, we show that the benefit of FFR-guided PCI versus angiography-guided PCI
in patients with multivessel disease is equally present in patients with unstable angina or
non-ST-elevation myocardial infarction as in patients with stable angina. 		
Chapter 11 describes the outcome at 9 month follow up of the patients participating in
the Circulating Cells Study that were included in the Catharina Hospital Eindhoven.
In Chapter 12, a general discussion on the findings of the research described in this thesis
is presented and future directions are discussed.

184

2012125 proefschrift Jan Willem Sels.indd 184

07-02-13 16:08

Samenvatting

Samenvatting

De centrale hypothese van dit proefschrift is dat bij patiënten met stabiel
kransslagaderlijden de aanwezigheid van induceerbaar zuurstoftekort van de hartspier
(myocardischemie) geassocieerd is met veranderde concentraties van in perifeer bloed
aanwezige biomarkers, vergeleken met patiënten met kransslagaderlijden zonder
induceerbare myocardischemie. Hiertoe werden zowel biomarkers op witte bloedcellen
(leukocyten), bloedplaatjes (thrombocyten) als in plasma en in plasma-microvesicles
onderzocht. Als maatstaf voor de aanwezigheid van induceerbare myocardischemie werd
Fractionale Flow Reserve (FFR) van alle kransslagadervernauwingen verricht. De
aanwezigheid van induceerbare myocardischemie werd gedefinieerd als de aanwezigheid
van minimaal 1 vernauwing met FFR≤0.75. Als alle vernauwingen een FFR>0.80 hebben,
dan is er geen induceerbare myocardischemie veroorzaakt door kransslagader
vernauwingen.
In Hoofdstuk 1 wordt de achtergrond en rationale voor dit proefschrift beschreven.
Het onderzoek dat in dit proefschrift beschreven wordt, werd verricht in het kader van
de Circulating Cells Study, een project van het Center of Translational Molecular Medicine
(CTMM), in 4 Nederlandse ziekenhuizen, met als doel het ontdekken van nieuwe
biomarkers op en in circulerende bloedcellen ter voorspelling van het optreden van
secundaire manifestaties van kransslagaderlijden. In Hoofdstuk 2 wordt de studieopzet
van de Circulating Cells Study beschreven.
Deel I bevat hoofdstukken 3 en 4. Hierin worden de instrumenten voor de evaluatie van
ischemisch kransslagaderlijden beschreven.
Zoals eerder vermeld werd de aan- of afwezigheid van induceerbare ischemie bij patiënten
met kransslagadervernauwingen bepaald met behulp van FFR. In Hoofdstuk 3 worden de
principes en toepassing van deze techniek beschreven. In Hoofdstuk 4 wordt de Functionele
Syntax Score (FSS) beschreven die de anatomische ernst (SYNTAX score ) en functionele
ernst (FFR) combineert. In Hoofdstuk 4 laten we zien dat bij patiënten met meervatskransslagaderlijden, die worden behandeld met FFR-geleide percutane coronaire interventie
(PCI), FSS het optreden van toekomstige cardiovasculaire events beter voorspelt dan de
traditionele SYNTAX Score. We hebben getracht deze score verder te verfijnen door rekening
te houden met de absolute FFR-waarden, dit leidde echter niet tot betere voorspellende
waarde. FSS wordt in deel 2 gebruikt voor de kwantificatie van ischemisch kransslagaderlijden.
Deel II bevat hoofdstukken 5 tot en met 9. Hierin wordt de relatie tussen aanwezigheid
van induceerbare myocardischemie en verschillende plasma en cellulaire biomarkers
onderzocht.
In Hoofdstuk 5 laten we zien dat de aanwezigheid van induceerbare myocardischemie niet
gerelateerd is aan concentraties van ontstekingsmerkers in perifeer bloed van patiënten
met stabiel kransslagaderlijden, ook niet als rekening wordt gehouden met uitgebreidheid
van induceerbare myocardischemie, met behulp van FSS. In een controle groep van
gezonde individuen vonden we significant lagere waarden van ontstekingsmerkers.
In Hoofdstuk 6 werd de relatie tussen induceerbare myocardischemie en reactie op
stimulatie van Toll-like receptors (TLRs) 2 en 4 op leukocyten onderzocht. We vonden
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geen verschil in reactiviteit tussen patiënten met of zonder induceerbare myocardischemie
of gezonde proefpersonen, behoudens expressie van CD11b op monocyten bij gezonde
proefpersonen. Tevens vonden we geen relatie met FSS.
In Hoofdstuk 7 werd het effect van FFR-geleide PCI op de reactiviteit van TLR 2 en 4
stimulatie onderzocht in een subgroep van 33 patiënten. We vonden dat het vrijkomen
van cytokines na TLR2 stimulatie significant is afgenomen na PCI. Deze afname lijkt echter
niet te berusten op het opheffen van induceerbare myocardischemie en was niet
gerelateerd aan de FSS score.
De relatie tussen induceerbare myocardischemie en thrombocytenreactiviteit en vorming
van leukocyt-thrombocyt complexen werd onderzocht in Hoofdstuk 8. We vonden dat bij
patiënten met minimaal 1 vernauwing met FFR≤0.75 significant minder leukocyteneutrofiel complexen in perifeer bloed aanwezig waren. Thrombocytenreactiviteit
verschilde niet tussen de twee groepen.
In Hoofdstuk 9 werd een proteomics analyse van circulerende microvesicles verricht.
Hiertoe werden plasma samples verzameld van 35 FFR-positieve en 35 FFR-negatieve
patiënten met stabiel coronarialijden, die gematched waren op leeftijd en geslacht. Van
elke groep werden plasma samples samengevoegd, uit deze 2 samengevoegde samples
werden microvesicles geisoleerd. Met behulp van I-Traq proteomic analyse werd proteine
samenstelling van circulerende microvesicles tussen deze 2 groepen vergeleken, waarbij
significante verschillen tussen de FFR-positieve en FFR-negatieve groep werden gevonden.
Met behulp van Ingenuity Pathway Analysis® identificeerden we potentiële markers voor
induceerbare myocardischemie.
Deel III bevat hoofdstukken 10,11 en 12 waarin klinische analysen en een discussie over
dit proefschrift worden gepresenteerd.
In Hoofdstuk 10 wordt een subanalyse van de FAME-studie beschreven. De FAME-studie
werd eerder al gepubliceerd en vergelijkt de strategie van FFR-geleide PCI versus
conventionele, angiografie-geleide PCI voor patiënten met meervats-coronarialijden,
waarbij een duidelijk voordeel van FFR-geleide PCI werd gezien. In de subanalyse in
hoofdstuk 10 werd gevonden dat het voordeel van FFR-geleide PCI zowel voor patiënten
met stabiele angina pectoris als instabiele angina pectoris of NSTEMI geldt.
Het onderzoek beschreven in hoofdstukken 5,6,7 en 9 betreft patiënten die participeren
in de Circulating Cells studie en specifiek geïncludeerd werden in het Catharina Ziekenhuis
Eindhoven. In Hoofdstuk 11 wordt de 9-maands follow-up van deze patiënten
beschreven.
In Hoofdstuk 12 worden de resultaten en implicaties van het onderzoek gepresenteerd
in dit proefschrift bediscussieerd.
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Hoewel alleen de naam van de promovendus op de voorzijde van het proefschrift
verschijnt, was het volbrengen van datgene wat voor u ligt niet mogelijk geweest zonder
de hulp van anderen. In dit dankwoord krijg ik eindelijk de kans om alle mensen hiervoor
te bedanken en dat te zeggen wat niet altijd uitgesproken wordt.
Prof.dr. N.H.J. Pijls: Beste Nico, toen je me ruim 4 jaar geleden benaderde voor dit
onderzoek, was dit “an offer I couldn’t refuse”. Dank je voor je onvoorwaardelijke
vertrouwen en steun. Je doorzettingsvermogen, intelligentie en eerlijkheid als
wetenschapper en arts zijn voor mij een voorbeeld.
Prof.dr. G. Pasterkamp: Beste Gerard, jij weet als geen ander de brug tussen kliniek en
harde wetenschap te slaan. Zonder de mogelijkheden die je me gaf in jouw lab en hulp
bij manuscripten was dit alles niet mogelijk geweest.
Mevr. E.H.A.M. Elsenberg: Beste Ellen, jou hulp bij alle bepalingen, isolaties, analyses en
het geduld dat je moest opbrengen voor een ongeduldige, onwetende en luidruchtige
dokter was onmisbaar en bewonderenswaardig, ontzettend bedankt voor alles!
Dr I.E. Hoefer: Beste Imo, ik denk met plezier terug aan onze samenwerking binnen
Circulating Cells en aan het design stuk, hopelijk schrijven we nog eens wat samen. Dank
dat je plaats wilde nemen in de beoordelingscommissie
Dr. Ir. M. van ‘t Veer: Cello, jij hebt als een van de weinigen zowel hoogte-en dieptepunten
in deze promotie van nabij mogen aanschouwen en je hebt me bij beiden enorm geholpen.
Ik wil je hiervoor bedanken, als collega, medewetenschapper en vriend. Je bent een goed
mens.
Dr. W.A.L. Tonino: Beste Pim, dit is het dan. Toen we samen bij Monique achter zaten te
discussieren en te lachen over alles wat maar de revue passeerde en samen regelmatig
poli’s van jan en alleman deden, had ik deze dag nog niet in gedachten. Dank voor je
adviezen en steun, helaas heb ik je advies tot bondigheid (“In der Beschränkung zeigt sich
erst der Meister”) nooit echt kunnen volgen….
Dames en heer van de afdeling celdiagnostiek, klinisch laboratorium Catharina Ziekenhuis:
Rinnie, Hella, Carolien, Pauly, Chris, Charlotte, Maria, Marlies, Anne en Ankie. Dank voor
jullie inzet en hulp bij de experimenten. Nooit was iets teveel of onmogelijk, zelfs niet als
ik 2 uur later dan afgesproken met bloed aan kwam zetten.
Dames en heren van het cathlab Catharina Ziekenhuis Eindhoven: Bedankt voor jullie
onmisbare hulp bij de bloedafnames, het overtuigen van ongeduldige interventie
cardiologen om toch nog een FFR te doen en dank voor de uitleg aan alle patienten over
de symptomen van de door jullie verwachte bloedarmoede (natuurlijk veroorzaakt door
mijn bloedafname). Eduard, jou wil ik speciaal bedanken voor je belangenloze hulp bij de
berekeningen van functionele syntax scores.
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AIOS van de experimentele cardiologie UMC Utrecht: Ellen, Sanne, Pleunie, Geert, Marten,
dank voor jullie gastvrijheid en de verse koffie.
Thijs van Holten en Bert Rutten: Heren, onze samenwerking heb ik als uiterst prettig en
productief ervaren. Dank voor jullie inzet.
Maatschap Cardiologie Catharina Ziekenhuis Eindhoven: dank voor de mogelijkheden die
jullie me hebben geboden om zowel onderzoeker als cardioloog te worden.
Dr. J.M. van Dantzig: Beste Jan-Melle, jou wil ik als mijn opleider speciaal bedanken. Ik
bewonder je kritische en genuanceerde visie op geneeskunde, analytisch vermogen en
betrokkenheid.
Assistenten en fellows Cardiologie Catharina Ziekenhuis Eindhoven: Het is mij een eer
met jullie samen te werken. Dank voor jullie interesse in mijn “Interleukines-en-zo”onderzoek.
Dhr. R.J.P. Lassouw. Beste Roger, amigo, een mens kan niet zonder goede vrienden. Dank
voor je vriendschap en je bereidheid paranimf te zijn (fijn dat je de sportvragen voor je
rekening neemt!)
Dhr. P.E.H. Sels en Dhr. S.C.P. Sels. Broeders, eindelijk is het zover. Dank voor jullie nietaflatende interesse (en ook nodige scepsis) in wat ik tijdens de weekenden en avonden
allemaal deed of vond dat ik moest doen.
Dhr. en Mevr. Sels. Lieve mam en pap, zonder jullie steun bij alles wat ik ooit heb
ondernomen was ik nooit gekomen waar ik nu ben en kan jullie hiervoor niet genoeg
bedanken. Mam, jou gastvrijheid en warmte is legendarisch. Dank dat ik altijd voor alles
bij je terecht kan.
Een speciaal woord van dank wil ik richten aan Dr. J.P.J.E. Sels, internist-endocrinoloog.
Beste collega, lieve pap, uiteindelijk is het er dan. Ik wil je bedanken voor je betrokkenheid
en bezorgheid bij mijn opleiding, dit promotie-onderzoek en eigenlijk alles wat ik heb
gedaan of me is overkomen. Je toegewijdheid en empathie als arts zijn altijd een voorbeeld
voor me geweest. Ik weet met hoeveel verdriet je noodgedwongen afscheid moest nemen
van je vak, maar ik hoop dat je nooit vergeet dat je aan alles wat in dit boek staat en aan
wat ik als arts en mens doe een klein stuk hebt bijgedragen.
Lieve Inge, zonder jou onvoorwaardelijke steun en liefde weet ik niet of ik dit voor elkaar
had kunnen krijgen. Jij hebt de slapeloze nachten en momenten dat ik mezelf verloor in
werk van dichtbij meegemaakt en ik weet dat deze promotie ook van jou offers heeft
gevraagd. Op momenten van twijfel weet je me altijd op te beuren en als mijn
enthousiasme weer eens een loopje met me neemt ben jij degene die me met beide
voeten op de grond houdt. Ik kan onmogelijk in woorden uitdrukken hoe dankbaar ik je
ben en wat je voor me betekent, behalve je te zeggen dat ik heel veel van je hou.
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The author of this thesis was born on March 7th, 1975, in Leuven, Belgium. After primary
school, he attended secondary school at the Stella Maris College, Meerssen, the
Netherlands. After graduating in 1993, he entered military service from August 1993 until
June 1994. From August 1994 to July 1995 he studied Economics at Maastricht University,
receiving a Bachelor’s degree. In August 1995 he entered medical school at Utrecht
University, the Netherlands, from which he received a Master’s degree in Medicine in
April 2000, after completion of his graduation project titled “Driving ability of Type 1
Diabetics during moderate hypoglycaemia “, under supervision of Dr. A.D.M. Stork. He
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Catharina Hospital Eindhoven, first as resident in the Intensive Care Unit, under supervision
of Dr A. Roos, until January 2003. He then worked as resident in Internal Medicine until
August 2003, supervision Dr. S. Hoorntje, after which he became resident in Cardiology.
In 2004, he started his specialist training in Cardiology in the Catharina Hospital Eindhoven,
under supervision of Dr. J.M. van Dantzig and Prof.dr. N.H.J. Pijls. From January 2009 this
training was combined with research, leading to this thesis. He expects to be registered
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