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REVIEW

Is ischemia the only factor predicting 
cardiovascular outcomes in all diabetes mellitus 
patients?
Mark W. Kennedy1,2, Enrico Fabris1,2, Harry Suryapranata1,2 and Elvin Kedhi1*

Abstract 

Diabetes mellitus (DM) is associated with an excess in cardiovascular morbidity and mortality, and is characterized 
by increased rates of coronary artery disease. Furthermore, once atherosclerosis is established, this is associated with 
an increased extent, complexity and a more rapid progression than seen in non-DM patients. Ischemia is the single 
most important predictor of future hard cardiac events and ischemia correction remains the cornerstone of current 
revascularization strategies. However recent data suggests that, in DM patients, coronary atherosclerosis despite the 
absence of ischemia, detected by either invasive or non-invasive methods, may not be associated with the same low 
risk of future cardiac events as seen in non-DM patients. This review seeks to examine the current evidence support-
ing an ischemia driven revascularization strategy, and to challenge the notion that ischemia is the only clinically rel-
evant factor in the prediction of cardiovascular outcomes in all-comer DM patients. Specifically, we examine whether 
in DM patients certain characteristics beyond ischemia, such as microvascular disease, coronary atherosclerosis 
burden, progression and plaque composition, may need to be considered for a more refined risk stratification in these 
high-risk patients.
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Background
An estimated 415 million people worldwide have dia-
betes mellitus (DM), with the prevalence expected to 
increase by a further 50% by 2050 [1]. DM is associated 
with an excess in morbidity and mortality [2]. Compared 
to patients without DM, people with DM are between 
two and four times more likely to have cardiovascular 
disease (CVD), with CVD accounting for a large pro-
portion of the excess mortality related to diabetes [3–7]. 
Indeed, 5-year cardiovascular mortality rates amongst 
those DM patients without a history of coronary artery 
disease (CAD) are similar to those of non-DM patients 
with a history of previous MI, and as such DM is consid-
ered a CAD equivalent [8].

Furthermore, once atherosclerosis is established, it is 
associated with increased rates, extent, complexity and 

more rapid progression than seen in non-DM patients, 
with resultant poor outcomes [9–11]. In addition, revas-
cularization outcomes in DM patients treated with per-
cutaneous coronary intervention (PCI) continue to be 
less favorable than in non-DM patients [12]. Despite 
refinements in stent design over the past number of years 
which have reduced rates of target lesion revasculariza-
tion (TLR), major adverse cardiac events (MACE) and 
stent thrombosis in non-DM patients, regrettably these 
improvements have not been transferred to DM patients, 
particularly those with more complex lesions [12, 13]. 
Alternatively, DM patients with non-complex lesions 
appear to have similar outcomes to non-DM patients, 
and so the earlier identification of these patients may 
improve outcomes and arrest progression [13]. This is 
particularly salient as for those DM patients with multi-
vessel disease, current evidence favors coronary artery 
bypass grafting (CABG) as the preferred revasculariza-
tion modality, which is likely to reflect the more com-
plete revascularization and global protection provided 
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by arterial conduits against rapid atherosclerosis progres-
sion in PCI and untreated segments.

The Providing Regional Observations Study Predictors 
of Events in the Coronary Tree (PROSPECT) study and 
subsequent sub-study analyses have consistently high-
lighted DM to be associated with worse outcomes. These 
worse outcomes in DM patients originated not only from 
the culprit lesion but also from non-culprit lesions (which 
were of very mild angiographic severity at baseline). Fur-
thermore, patients with DM were more likely to have at 
least one non-culprit lesion containing multiple high-risk 
plaque features shown to correlate with future unantici-
pated cardiac events [14, 15]. Thus, angiographically mild 
but otherwise “high risk” lesions in DM patients may not 
be as quiescent as in non-DM patients and so whilst pres-
ently the most appropriate revascularization strategy is 
based on targeting only those lesions causing ischemia, 
whether this is the only factor in DM patients is question-
able [13, 16–18]. This review seeks to examine the current 
evidence supporting an ischemia driven revascularization 
strategy, and to challenge the notion that ischemia is the 
only clinically relevant factor in the prediction of cardio-
vascular outcomes in all-comer DM patients. Specifically 
we examine whether in DM patients, certain character-
istics beyond ischemia, such as microvascular disease, 
coronary atherosclerosis burden, progression and plaque 
composition, may need to be considered for a more 
refined risk stratification in these high-risk patients.

The importance of ischemia
Studies have repeatedly shown that ischemia is the most 
important predictor of outcomes, with the presence 
of ischemia being associated with a 12-fold increased 
risk of future adverse cardiac events (death or non-fatal 
myocardial infarction) compared to those patients with-
out ischemia [19]. Furthermore, the presence of moder-
ate to severe ischemia is associated with a significantly 
higher risk of subsequent adverse events including 
death or myocardial infarction compared with mild or 
no ischemia [20]. In keeping with this, the Clinical Out-
comes Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) nuclear sub-study showed that 
those patients with the largest burden of ischemia, as 
detected by single-photon emission computed tomogra-
phy (SPECT), derived the greatest benefit from revascu-
larization [21]. Conversely, worsening of ischemia is an 
independent predictor of death or myocardial infarction 
[22], underscoring the concept of ischemia driven revas-
cularization, whether by PCI or CABG [23–25]. Specifi-
cally in DM patients, it has been shown that incomplete 
revascularization is associated with substantially worse 
outcomes, particularly in those patients with a large 
residual burden of ischemia [26, 27].

Fractional flow reserve and the assessment 
of ischemia
In the catheterization laboratory, fractional flow reserve 
(FFR) has emerged as the gold-standard invasive tech-
nique to detect coronary stenoses of sufficient hemo-
dynamic severity to induce myocardial ischemia. Given 
the poor correlation between angiographic severity and 
ischemic significance, the use of FFR to reliably detect 
functionally significant lesions-which may otherwise 
be left untreated with resultant poor  outcomes- seems 
logical and appealing [28]. Conversely, FFR may also 
identify those lesions which despite angiographic appear-
ances are not functionally significant and do not require 
revascularization.

In the DEFER study, intermediate coronary stenoses 
which were non-ischemic (FFR > 0.75 cut off) had a low 
risk of future adverse cardiac events; approximately 1% 
per year and this risk was not decreased by revasculariza-
tion [29]. Additionally, at 5-year follow-up, non-ischemic 
lesions continued to have significantly better outcomes 
compared to those lesions which were FFR <0.75 and had 
index revascularization (5-year event rate; 3.3 vs 15.7%, 
p = 0.002). Subsequently, the fractional flow reserve ver-
sus angiography in multi-vessel evaluation (FAME) trial, 
enrolled 1005 patients with multi-vessel CAD who were 
randomized to undergo PCI with drug-eluting stents 
guided by angiography alone or guided by FFR assess-
ment of ischemia [30]. Patients assigned to FFR-guided 
PCI underwent stenting of indicated lesions only if the 
FFR was ≤0.80. The primary end-point was the rate of 
death, nonfatal myocardial infarction, and repeat revas-
cularization at 1  year, and was 18.3% in the angiogra-
phy group versus 13.2% in the FFR group (p = 0.02). In 
keeping with the DEFER study, those lesions which were 
found to be non-ischemic, had excellent outcomes with 
medical therapy alone; 2-year rate of myocardial infarc-
tion (MI) 0.2, 1.9% revascularization rate. Thus, based 
on these studies, limiting PCI to only ischemia induc-
ing lesions resulted in significantly better results and 
deferred revascularization of non-ischemic lesions was 
associated with excellent outcomes, in addition to signifi-
cant cost savings [31].

Moreover, similar to non-invasive studies, the 
FAME II study has shown that those lesions which are 
ischemia inducing and which are not revascularized, 
have substantially higher adverse event rates com-
pared to similar angiographic lesions which are non-
ischemic, whereas revascularization reduces this risk 
[32]. The combination of these studies have shaped 
current guidelines, recommending FFR to identify 
the hemodynamic relevance of intermediate coro-
nary lesions and deferred revascularization of those 
lesions FFR  >0.80 [25]. Unfortunately, the proportion 
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of patients with DM included in the large FFR studies 
to date has been low, ranging from 10.8 to 27%, and 
thus the concept of FFR guided revascularization in a 
population of only DM patients has perhaps not been 
completely proven.

FFR and diabetes mellitus
Diabetes mellitus is characterized by insulin resistance 
and chronic hyperglycemia, and concerns regarding 
increased vascular resistance and reduced vasodilative 
capacity due to chronic hyperglycemia have been raised 
[33]. Whilst, the reliability of FFR in DM patients is now 
accepted, more recently data has emerged suggesting 
that FFR and specifically the deferral of revascularization 
based upon a FFR >0.80 in DM patients may not be asso-
ciated with the same low risk of adverse events as seen in 
non-DM patients [34].

Our group have recently shown that compared to those 
DM patients who undergo complete revascularization, 
DM patients with  ≥1 remaining FFR negative (>0.80) 
lesion, have a significantly higher incidence of MACE, a 
composite of death/MI, rehospitalization for acute coro-
nary syndrome (ACS) and TLR, HR 2.01 (95% CI 1.21–
3.33, p  <  0.01) [35]. Furthermore, significant clustering 
of MACE events in those DM patients with a previous 
MI carrying FFR negative lesions was noted, whereas 
those patients without a previous MI had much more 
benign outcomes (Fig. 1). In a separate study, comparing 
deferred revascularization based upon a FFR >0.80 in 122 
DM patients and 128 non-DM patients, DM patients had 
significantly higher rates of target lesion failure (TLF), 
HR 3.65 (95% CI 1.40–9.53, p < 0.01), with significantly 
higher rates of TLR and a clear trend towards a higher 
incidence of target vessel MI (Fig. 2) [36]. Conversely in 
non-DM patients, deferred revascularization appeared 
to be as safe as reported in prior studies, with low rates 
of future target vessel MI and TLR. Recently, Liu et  al. 
[37] have confirmed these findings and have shown that 
amongst those patients with an FFR >0.85, diabetics had 
a more than two-fold higher risk of death and MI than 
non-diabetics, HR 2.20 (95% CI 1.19–4.01, p = 0.015). In 
addition, this study also reported that among non-dia-
betic patients with deferred PCI based upon a FFR >0.80, 
higher FFR values (closer to 1.0) were associated with 
lower rates of death, MI and revascularization. However, 
in DM patients with deferred revascularization, FFR val-
ues were unable to differentiate the risk of cardiovascu-
lar events, a finding we have recently confirmed, showing 
that FFR values do not predict future deferred lesion 
failure in FFR negative lesions in DM patients. Moreo-
ver, using multi-variate analysis, the only independent 
predictors of lesion failure identified were insulin requir-
ing DM and a history of prior revascularization, both 

conditions being marked by a more rapid atherosclerosis 
progression [38]. 

Thus, in all of these studies, deferred revascularization 
in DM patients based upon the absence of FFR detected 

Fig. 1 Time-to-event estimates for MACE, in FFR(−)MT and FFR(+)
CR groups according to presence or absence of prior MI. MACE 
major adverse cardiac event; MI myocardial infarction; FFR fractional 
flow reserve; FFR(−)MT the group of patients with ≥1 FFR negative 
(FFR > 0.80) lesion(s) which underwent medical therapy; FFR(+)CR 
the group of patients with all lesions FFR positive (FFR ≤ 0.80) and 
had complete revascularization; HR adjusted hazard ratio (Repro-
duced with permission from Kennedy et al. [35])

Fig. 2 Time-to-event estimates for target lesion failure according 
to FFR(−)DM and FFR(−)NonDM groups. TLF target lesion failure; CI 
confidence interval; HR hazard ratio (adjusted for age); FFR fractional 
flow reserve; FFR(−)DM the group of DM patients with FFR negative 
(FFR > 0.80) lesions; FFR(−)NonDM the group of Non-DM patients 
with FFR negative (FFR > 0.80) lesions (Reproduced with permission 
from Kennedy et al. [36])
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ischemia does not appear to be as safe as in non-DM 
patients. Several possible mechanisms, such as an 
increased prevalence of microvascular dysfunction, more 
aggressive atherosclerosis progression, an increased bur-
den of disease and a more active and high-risk plaque 
composition may contribute to this elevated risk of 
adverse cardiac events despite the absence of ischemia.

Complementary hemodynamic assessments 
and microvascular disease
Whilst FFR provides assessment of epicardial coronary 
stenosis severity and lesion-level ischemia, clinical events 
occur even in patients with FFR  >0.80, with one pos-
sible explanation owing to abnormalities in microvas-
culature. Coronary flow reserve (CFR) and the index of 
microcirculatory resistance (IMR) may provide additional 
complementary information in such situations. Indeed, 
significant discordance, ranging from 27 to 40%, has been 
described between FFR and CFR measurements [39, 40]. 
In a study by Meuwissen et al. [41] in patients undergo-
ing combined FFR and CFR assessment, approximately 
10% of intermediate lesions when assessed as FFR non-
ischemic, have an abnormal CFR defined as <2.0, a find-
ing confirmed by others. Recently, van de Hoef et al. [42] 
have shown that in those patients in whom a FFR >0.80 is 
associated with an abnormal CFR (<2.0), the clinical out-
comes are significantly worse than in patients with intact 
microcirculation.

Microvascular disease and DM
Data from prior studies which have assessed the micro-
circulatory function in patients with and without DM, 
have shown that patients with DM have substantially 
altered microvascular function and even amongst those 
DM patients without known CAD, the presence of an 
abnormal CFR is associated with poor outcomes, com-
parable to non-DM patients with known CAD [43, 44]. 
Furthermore, it has been demonstrated that in diabetic 
patients without obstructive CAD, coronary microvas-
cular function is substantially more impaired than in 
non-DM patients when matched for traditional cardio-
vascular risk factors [45]. Finally, in the The Prediction 
of CK-MB RElease During Successful Stenting Cor-
relating with Indicators of Microvascular ObstruC-
Tion (PREDICT) trial, despite similar pre-PCI FFR 
values, DM patients after PCI, had significantly lower 
CFR measurements indicative of greater microvascu-
lar dysfunction [46]. It has been postulated that this 
microvascular dysfunction promotes the process of ath-
erosclerosis. Indeed, this dysfunction is substantially 
worse in patients with poorer glycaemic control and 
may contribute to the poorer outcomes seen in such 
patients [47].

Recently Lee et  al. [48] examined the clinical, angio-
graphic, and hemodynamic characteristics of patients 
with high FFR (>0.80) and evaluated the prognostic 
implications of abnormal CFR and IMR in these patients. 
Despite similar clinical and angiographic characteristics, 
including similar Gensini and SYNTAX scores (to quan-
tify patients’ macrovascular disease burden), patients 
with a high FFR, a low CFR and a high IMR had a signifi-
cantly higher adverse event rate during follow-up com-
pared with those patients with intact microcirculation, 
HR: 5.623 (95% CI 1.234–25.620; p  =  0.026) (Fig.  3). 
Moreover, in a multivariate model comprising those 
patients with a high FFR, low CFR and high IMR, DM 
was identified as an independent predictor of adverse 
events, HR 2.71 (95% CI 1.05–7.02, p = 0.04). Conversely, 
those patients with a high FFR and normal microvascular 
function (high CFR, low IMR) had excellent outcomes. 
Thus, based upon this study, abnormal microvascular 
function may in part explain the worse outcomes in DM 
patients despite the absence of FFR detected ischemia, as 
has been recently described in several studies [35–37]. 
Whether the addition of complementary hemodynamic 
assessments in DM patients with negative FFR assess-
ments, may result in a more accurate deferred revascu-
larization needs to be studied in larger dedicated studies 
and the development of repeatable methods of absolute 
coronary flow measurement may finally help to provide a 
better understanding of coronary microcirculation [49].

Fig. 3 Clinical outcomes according to patterns of microvascular sta-
tus defined according to CFR and IMR among patients with high FFR. 
The cumulative incidence of patient-oriented composite outcomes 
was compared among four groups divided according to CFR and 
IMR. All IMR values were adjusted with Yong’s formula  (IMRcorr). NA 
not available; CFR coronary flow reserve; IMR index of microvascular 
resistance; CI confidence interval (Reproduced with permission from 
Lee et al. [48])



Page 5 of 9Kennedy et al. Cardiovasc Diabetol  (2017) 16:51 

Coronary atherosclerosis progression
Coronary atherosclerosis is a generalized disease and the 
natural history of CAD is that of a progressive condition, 
thus initially non-obstructive and non-ischemia produc-
ing lesions can over time progress to become high-grade 
stenoses, resulting in cardiac events. Several studies have 
attempted to assess the impact of atherosclerosis progres-
sion on future events. Glaser et al. [50] reported that 6% 
of initially non-culprit coronary lesions will have clinical 
plaque progression requiring non–target-lesion PCI by 
1 year. Chacko et al. [51] provided 5-year follow-up data 
from the SIRIUS (Sirolimus-Eluting Stent in De Novo 
Native Coronary Lesions) trial, and have shown that 
events attributed to the non-target vessel are frequent 
and accounted for the majority of all adverse outcomes, 
with almost 25% of patients suffering an event related to 
disease progression during the 5-year follow-up period in 
both the sirolimus and bare metal stent groups. Finally, 
the contribution of atherosclerosis progression on future 
events may be even higher; based upon the results of 
the BASKET-PRO study, 40% of all events at 5 years and 
almost 40% of all new perfusion defects in patients with-
out events were as a result of disease progression in non-
target areas [52].

Atherosclerosis progression and DM
DM is associated with even more unremitting and rap-
idly progressive atherosclerosis progression which may 
be as a result of numerous factors; hyperglycemia induced 
endothelial dysfunction, increased platelet aggregation, 
and plaque instability. Additionally when these processes 
are combined with other traditional risk factors, a syn-
ergistic effect occurs which significantly accelerates ath-
erosclerosis progression. In the Prevention of Restenosis 
with Tranilast and its Outcomes (PRESTO) trial, diabetic 
patients had a 33% increase over non-diabetic patients in 
new lesion formation over a nine month follow up [53]. 
In the SWISSI II study, despite comprehensive cardiovas-
cular risk factor intervention, DM was identified as the 
strongest predictor of progressive coronary artery disease, 
OR 19.01, p = 0.03 [54]. Finally, in the Diabetes and Siroli-
mus Eluting Stent (DIABETES) study, at 2-year follow-
up, 50% of repeat revascularizations were as a result of 
progression in a vessel or segment remote and different 
from the one previously treated, a finding which has been 
confirmed by others [55, 56]. Indeed, the aforementioned 
PROSPECT study, which assessed the natural history of 
atherosclerosis in patients presenting with ACS has high-
lighted this very fact, with the majority of subsequent 
adverse cardiac events, particularly in DM patients arising 
from so-called non-culprit lesions which given their angi-
ographic appearance (mean diameter stenosis 36.2 [31.1–
44.2]) were presumably non-ischemic at baseline [14].

This more rapid progression may in part explain 
the findings of the recent studies which have shown 
worse outcomes in DM patients despite the absence 
of ischemia. Furthermore, it is recognized that lesions 
which are angiographically significant are known to pro-
gress faster than milder lesions [57]. Thus, despite the 
absence of ischemia, an “angiographically significant 
but hemodynamically non-significant” lesion in the set-
ting of rapid atherosclerosis progression in DM, may not 
be insignificant. Indeed, Giri et al. [58] have shown in a 
study of 4755 patients undergoing SPECT myocardial 
perfusion imaging (MPI), of which 929 were diabetic, 
that survival during the first 2  years of follow-up was 
identical in the patients with normal MPI results, irre-
spective of their diabetic status. However rates increased 
rapidly after 2 years in diabetics but not in non-diabetics 
(Fig. 4). Thus, the absence of ischemia, assessed either by 
invasive (FFR) or non-invasive (SPECT) methods in DM 
patients, does not appear to have the same “warranty” as 
in non-DM patients.

Coronary artery disease burden and DM
Compared to non-DM patients, DM is associated with a 
higher incidence of coronary artery calcium (CAC), an 
anatomic marker of increased coronary artery disease 
burden. Furthermore, non-invasive studies combining 
computerized tomography (CT) CAC scoring and a func-
tional assessment of myocardial ischemia in the same 
patient, have shown that atherosclerotic burden despite 
normal ischemia studies predicts adverse cardiac events. 
Thus, there exists a strong linear relationship between 
increasing CAC scores and future adverse cardiac events, 

Fig. 4 Kaplan-Meier survival curves comparing the subset of diabetic 
and nondiabetic patients with normal stress MPI results. MPI myocar-
dial perfusion imaging (Reproduced with permission from Giri et al. 
[58])
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with a CAC score >400 being a significant predictor, HR 
3.55 (95% CI 1.78–7.09; p  <  0.001). Alternatively, those 
patients with normal perfusion and without CAC have 
excellent outcomes.

The Multi-Ethnic Study of Atherosclerosis (MESA) in 
which 6814 participants without a prior history of CAD 
underwent CT assessment to assess the incidence of CAC, 
showed that compared to non-DM patients, DM patients 
have double the incidence of CAC presence, RR 1.9 (95% 
CI 1.4–2.4, p < 0.01). Furthermore, DM was identified as 
the strongest risk factor for CAC progression, HR 26.8 
(95% CI 19.5–34.2, p  <  0.001). Conversely, 38% of DM 
patients had no CAC, and the absence of CAC was asso-
ciated with a low annual rate (<1%) of CHD events (7). 
Recently, Blanke et  al. [59] published 5-year follow up 
of the prognostic utility of coronary CT angiography in 
patients with DM from the CONFIRM (Coronary CT 
Angiography Evaluation for Clinical Outcomes: An Inter-
national Multicenter) registry. In this study, 1823 DM were 
propensity-matched to 1823 patients without DM. In the 
absence of CAD, DM patients had similar outcomes to 
non-DM patients, HR 1.32 (95% CI 0.78–2.24; p = 0.30). 
However, strikingly patients with DM and non-obstructive 
(diameter stenosis 1–49%) and thus highly likely non-
ischemic CAD, had significantly worse outcomes than 
non-DM patients with obstructive disease (diameter ste-
nosis > 50%), both in terms of all-cause mortality, [HR 2.09 
(95% CI 1.43–3.06, p < 0.001)] and MACE [HR 5.12 (95% 
CI 2.95–8.88, p < 0.001)]. These landmark findings strongly 
support the concept that DM is associated with therapy 
refractive, rapidly progressive coronary atherosclerosis and 
further supports the possibility that such progression may 
be as a result of significant differences in plaque compo-
sition between DM and non-DM patients, as described in 
the PROSPECT study [11, 14, 15].

DM and plaque composition
Marso et al. [15] in a sub-study analysis from the PROS-
PECT study, have shown that DM patients have a 
significantly different composition and character of ath-
erosclerosis than non-DM patients. Using gray-scale 
and radio-frequency intravascular ultrasound, non-cul-
prit lesions (NCL) in DM patients were noted to be sig-
nificantly longer, had a greater plaque burden, a smaller 
lumen area, and had a greater necrotic core and a larger 
calcium content. Additionally, necrotic core and calcifica-
tion were significantly greater in the NCL’s of those DM 
patients with future MACE compared to DM patients 
who did not have subsequent event. Furthermore, the use 
of insulin therapy was also noted to be associated with a 
significantly higher incidence of NCL-MACE [14].

In an additional analysis from the PROSPECT study, 
Kedhi et  al. [60] analyzed the incidence of NCL-MACE 

in two propensity-matched groups according to the pres-
ence of DM and thin cap fibroatheroma (TCFA). In this 
study, among DM patients, the presence of  ≥1 TCFA 
was associated with higher NCL-MACE at 3 years (27.8 
vs. 8.9% in patients without a TCFA, HR: 3.56; 95% CI 
0.98–12.96; p =  0.04). Alternatively, DM patients with-
out a TCFA had a similar 3-year rate of NCL-MACE as 
patients without DM (8.9 vs. 8.9%; HR:1.09; 95% CI 0.27–
4.41; p = 0.90) (Fig. 5). Thus based upon this study, there 
would appear to be a symbiotic relationship between 
vulnerable plaque and DM, which results in excessive 
adverse outcomes which does not occur to the same 
degree in non-DM patients with similar plaque.

Moreover, studies have shown that a longer duration 
of DM and poorer glycemic control are associated with 
a higher prevalence of TCFA [61, 62]. Since DM not 
only promotes atherosclerosis progression, the greater 
oxidative stress and hyperglycemia associated with this 
condition also favors plaque instability and degradation 
[63, 64]. Given the higher prevalence of TCFA in DM 
patients, this may account for the observed elevated risk 
despite an apparent absence of ischemia. The Impact of 
optical coherence tomography (OCT) detected TCFA on 
major adverse events derived from non-ischemic (FFR 
negative) atherosclerotic lesions in DM patients is cur-
rently being studied in the COMBINE study [65]. In this 
prospective multi-center, study, DM patients with FFR-
negative lesions are clinically followed after index OCT 
assessment and compared for major adverse events based 
on presence or absence of TCFA. Interestingly, both 

Fig. 5 Time-to-event estimates of non-culprit lesion-related MACE, 
according to the presence of diabetes and/or a TCFA at 3 years in the 
propensity matched groups of patients with and without diabetes. 
DM diabetes mellitus. TCFA thin-cap fibroatheroma. HR hazard ratio. 
CI confidence interval. NCL non-culprit lesion. MACE major adverse 
cardiac events (Reproduced with permission from Kedhi et al. [60])
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groups will be compared with a third group of patients 
with similar angiographic lesions at baseline which were 
FFR positive and therefore underwent index revascu-
larization. This study will shed important light onto the 
impact of untreated TCFA in FFR negative lesions and 
may help to explain the poorer outcomes observed in 
these non-ischemic lesions.

Finally, in response to progressive atherosclerosis, 
negative remodeling occurs more frequently in DM 
patients compared to the typical positive remodeling 
seen in non-DM patients [66]. This vessel shrinkage 
and inability to overcome continued intimal hyperplasia 
may also explain why FFR and other ischemic tests do 
not appear to carry the same warranty. Moreover, nega-
tive remodeling has been shown to be a marker of more 
advanced atherosclerosis and more abundant TCFA 
distribution which may also contribute to the reduced 
guarantee [67, 68].

Conclusions
DM patients have more rapidly progressive coronary ath-
erosclerosis, a higher degree of microvascular disease, 
a larger burden of coronary plaque and a significantly 
different composition of atherosclerosis compared to 
non-DM patients. Recent evidence has shown that the 
absence of ischemia, detected by either non-invasive or 
invasive methods, may not carry the same “warranty” as 
in non-DM patients. This finding should make us rethink 
our strategy when dealing with coronary atherosclerosis 
in DM patients. The use of ischemic assessments, intrac-
oronary morphological imaging, as well as our treatment 
modalities need to be fine-tuned to match the specific 
needs of this patient population, which is clearly quite 
different than the non-DM population. In this endeavor 
ischemia is only one, but clearly not the only factor to 
take into account. Ongoing trials will shed more light 
into this fascinating model of human atherosclerosis 
progression.

Abbreviations
FFR: fractional flow reserve; PCI: percutaneous coronary intervention; CABG: 
coronary artery by-pass graft; MI: myocardial infarction; DM: diabetes mellitus; 
TLR: target lesion revascularisation; TLF: target lesion failure; TVMI: target vessel 
myocardial infarction; CVD: cardiovascular disease; CAD: coronary artery dis-
ease; CFR: coronary flow reserve; IMR: index of microvascular resistance; SPECT: 
single photon emission computed tomography; CT: computerized tomogra-
phy; MACE: major adverse cardiac events; CAC: coronary artery calcium; NCL: 
non-culprit lesion; TCFA: thin cap fibroatheroma.

Authors’ contributions
MK conceived and drafted the manuscript. EF, HS, EK all participated in review-
ing/editing the manuscript for important intellectual content. All authors read 
and approved the final manuscript.

Author details
1 Isala Hartcentrum, Docter van Heesweg 2, Zwolle, The Netherlands. 2 Dia-
gram CRO, Zwolle, The Netherlands. 

Acknowledgements
Dr. Clare Leonard for manuscript editing.

Competing interests
The authors declare that they have no competing interests.

Availability of data
Not applicable. No new datasets were generated for this manuscript.

Disclosures
All authors report no relevant relationships to the content of this paper.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 February 2017   Accepted: 8 April 2017

References
 1. Boyle J, Honeycutt A, Narayan K, Hoerger T, Geiss L, Chen H, Thompson T. 

Projection of diabetes burden through 2050: impact of changing demog-
raphy and disease prevalence in the U.S. Diabetes Care. 2001;24:1936–40.

 2. Manuel D, Schultz S. Health-related quality of life and health-adjusted 
life expectancy of people with diabetes in Ontario, Canada, 1996–1997. 
Diabetes Care. 2004;27:407–14.

 3. Gu K, Cowie C, Harris M. Mortality in adults with and without diabetes 
in a national cohort of the US population, 1971–1993. Diabetes Care. 
1998;21:1138–45.

 4. Kannel W, McGee DL. Diabetes and glucose tolerance as risk factors 
for cardiovascular disease: the Framingham study. Diabetes Care. 
1979;2(2):120–6.

 5. Lee W, Cape D, Cheung A, Zinman B. Impact of diabetes on coronary 
artery disease in women and men. A meta-analysis of prospective stud-
ies. Diabetes Care. 2000;23(7):962–8.

 6. Adlerberth A, Rosengren A, Wilhelmsen L. Diabetes and long-term risk of 
mortality from coronary and other causes in middle-aged swedish men: 
a general population study. Diabetes Care. 1998;21(4):539–45.

 7. Hammoud T, Tanguay J, Bourassa M. Management of coronary artery 
disease: therapeutic options in patients with diabetes. J Am Coll Cardiol. 
2000;36(2):355–65.

 8. Haffner S, Lehto S, Ronnemaa T, Pyorala K, Laakso M. Mortality from 
coronary heart disease in subjects with type 2 diabetes mellitus and in 
nondiabetic subjects with and without prior myocardial infarction. N Engl 
J Med. 1998;339:229–34.

 9. Dortimer A, Shenoy P, Shiroff R, Leaman D, Babb J, Liedtke A, Zelis R. Dif-
fuse coronary artery disease in diabetic patients: fact or fiction? Circula-
tion. 1978;57(1):133–6.

 10. Kip K, Faxon D, Detre K, Yeh W, Kelsey S, Currier J. Coronary angioplasty 
in diabetic patients: the national heart, lung, and blood institute 
percutaneous transluminal coronary angioplasty registry. Circulation. 
1996;94(8):1818–25.

 11. Nicholls SJ, Tuzcu EM, Kalidindi S, Wolski K, Moon KW, Sipahi I, Schoen-
hagen P, Nissen SE. Effect of diabetes on progression of coronary ath-
erosclerosis and arterial remodeling: a pooled analysis of 5 intravascular 
ultrasound trials. J Am Coll Cardiol. 2008;52(4):255–62.

 12. Stone GW, Kedhi E, Kereiakes DJ, Parise H, Fahy M, Serruys PW, Smits PC. 
Differential clinical responses to everolimus-eluting and paclitaxel-eluting 
coronary stents in patients with and without diabetes mellitus. Circula-
tion. 2011;124(8):893–900.

 13. Kedhi E, Généreux P, Palmerini T, McAndrew TC, Parise H, Mehran R, Dan-
gas GD, Stone GW. Impact of coronary lesion complexity on drug-eluting 
stent outcomes in patients with and without diabetes mellitus: analysis 
from 18 pooled randomized trials. J Am Coll Cardiol. 2014;63(20):2111–8.

 14. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, Mehran 
R, McPherson J, Farhat N, Marso SP, et al. A prospective natural-history 
study of coronary atherosclerosis. N Engl J Med. 2011;364(3):226–35.



Page 8 of 9Kennedy et al. Cardiovasc Diabetol  (2017) 16:51 

 15. Marso SP, Mercado N, Maehara A, Weisz G, Mintz GS, McPherson J, Schiele 
F, Dudek D, Fahy M, Xu K, et al. Plaque composition and clinical outcomes 
in acute coronary syndrome patients with metabolic syndrome or diabe-
tes. J Am Coll Cardiol Imaging. 2012;5(3 Suppl):S42–52.

 16. Mak K, Faxon D. Clinical studies on coronary revascularization in patients 
with type 2 diabetes. Eur Heart J. 2003;24(12):1087–103.

 17. Bangalore S, Kumar S, Fusaro M, Amoroso N, Kirtane AJ, Byrne RA, Wil-
liams DO, Slater J, Cutlip DE, Feit F. Outcomes with various drug eluting 
or bare metal stents in patients with diabetes mellitus: mixed treat-
ment comparison analysis of 22,844 patient years of follow-up from 
randomised trials. BMJ. 2012;345:e5170.

 18. Whang W, Bigger J Jr, Coordinators fTCPTIa. Diabetes and outcomes of 
coronary artery bypass graft surgery in patients with severe left ventricu-
lar dysfunction: results from The CABG Patch trial database. J Am Coll 
Cardiol. 2000;36:1166–72.

 19. Iskander S, Iskandrian A. Risk assessment using single-photon emission 
computed tomographic technetium-99 m sestamibi imaging. J Am Coll 
Cardiol. 1998;32:57–62.

 20. Hachamovitch R, Berman D, Shaw L, Kiat H, Cohen I, Cabico J, Friedman J, 
Diamond G. Incremental prognostic value of myocardial perfusion single 
photon emission computed tomography for the prediction of cardiac 
death: differential stratification for risk of cardiac death and myocardial 
infarction. Circulation. 1998;97(6):535–43.

 21. Shaw LJ, Berman DS, Maron DJ, Mancini GB, Hayes SW, Hartigan PM, 
Weintraub WS, O’Rourke RA, Dada M, Spertus JA, et al. Optimal medical 
therapy with or without percutaneous coronary intervention to reduce 
ischemic burden: results from the Clinical Outcomes Utilizing Revasculari-
zation and Aggressive Drug Evaluation (COURAGE) trial nuclear substudy. 
Circulation. 2008;117(10):1283–91.

 22. Farzaneh-Far A, Phillips HR, Shaw LK, Starr AZ, Fiuzat M, O’Connor CM, Sas-
try A, Shaw LJ, Borges-Neto S. Ischemia change in stable coronary artery 
disease is an independent predictor of death and myocardial infarction. J 
Am Coll Cardiol Imaging. 2012;5(7):715–24.

 23. Hachamovitch R, Hayes SW, Friedman JD, Cohen I, Berman DS. Compari-
son of the short-term survival benefit associated with revascularization 
compared with medical therapy in patients with no prior coronary artery 
disease undergoing stress myocardial perfusion single photon emission 
computed tomography. Circulation. 2003;107(23):2900–7.

 24. Farzaneh-Far A, Borges-Neto S. Ischemic burden, treatment allocation, 
and outcomes in stable coronary artery disease. Circ Cardiovasc Imaging. 
2011;4(6):746–53.

 25. Authors/Task Force m, Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, 
Falk V, Filippatos G, Hamm C, Head SJ, et al. 2014 ESC/EACTS Guidelines 
on myocardial revascularization: the task force on myocardial revascu-
larization of the European Society of Cardiology (ESC) and the European 
Association for Cardio-Thoracic Surgery (EACTS) developed with the 
special contribution of the European Association of Percutaneous Cardio-
vascular Interventions (EAPCI). Eur Heart J. 2014;35(37):2541–619.

 26. Hambraeus K, Jensevik K, Lagerqvist B, Lindahl B, Carlsson R, Farzaneh-Far 
R, Kellerth T, Omerovic E, Stone G, Varenhorst C, et al. Long-term outcome 
of incomplete revascularization after percutaneous coronary intervention 
in SCAAR (Swedish Coronary Angiography and Angioplasty Registry). J 
Am Coll Cardiol Interv. 2016;9(3):207–15.

 27. Schwartz L, Bertolet M, Feit F, Fuentes F, Sako EY, Toosi MS, Davidson CJ, 
Ikeno F, King SB 3rd. Impact of completeness of revascularization on 
long-term cardiovascular outcomes in patients with type 2 diabetes mel-
litus: results from the Bypass Angioplasty Revascularization Investigation 
2 Diabetes (BARI 2D). Circ Cardiovasc Interv. 2012;5(2):166–73.

 28. Tonino PA, Fearon WF, De Bruyne B, Oldroyd KG, Leesar MA, Ver Lee PN, 
Maccarthy PA, Van’t Veer M, Pijls NH. Angiographic versus functional 
severity of coronary artery stenoses in the FAME study fractional flow 
reserve versus angiography in multivessel evaluation. J Am Coll Cardiol. 
2010;55(25):2816–21.

 29. Pijls NH, van Schaardenburgh P, Manoharan G, Boersma E, Bech JW, van’t 
Veer M, Bar F, Hoorntje J, Koolen J, Wijns W, et al. Percutaneous coronary 
intervention of functionally nonsignificant stenosis: 5-year follow-up of 
the DEFER study. J Am Coll Cardiol. 2007;49(21):2105–11.

 30. Tonino P, De Bruyne B, Pijls N, Siebert U, Ikeno F, van ‘t Veer M, Klauss V, 
Manoharan G, Engstrøm T, Oldroyd K, et al. Fractional flow reserve versus 
angiography for guiding percutaneous coronary intervention. N Engl J 
Med. 2009;360(3):213–24.

 31. Fearon WF, Bornschein B, Tonino PA, Gothe RM, Bruyne BD, Pijls NH, Sie-
bert U. Fractional flow reserve versus angiography for multivessel evalu-
ation study I: economic evaluation of fractional flow reserve–guided 
percutaneous coronary intervention in patients with multivessel disease. 
Circulation. 2010;122(24):2545–50.

 32. De Bruyne B, Pijls NH, Kalesan B, Barbato E, Tonino PA, Piroth Z, Jagic N, 
Mobius-Winkler S, Rioufol G, Witt N, et al. Fractional flow reserve-guided 
PCI versus medical therapy in stable coronary disease. N Engl J Med. 
2012;367(11):991–1001.

 33. Nahser PJ Jr, Brown RE, Oskarsson H, Winniford MD, Rossen JD. Maximal 
coronary flow reserve and metabolic coronary vasodilation in patients 
with diabetes mellitus. Circulation. 1995;91(3):635–40.

 34. Sahinarslan A, Kocaman SA, Olgun H, Kunak T, Kiziltunc E, Ozdemir M, 
Timurkaynak T. The reliability of fractional flow reserve measurement in 
patients with diabetes mellitus. Coron Artery Dis. 2009;20(5):317–21.

 35. Kennedy M, Hermanides R, Kaplan E, Hemradj V, Fabris E, Koopmans P, 
Dambrink J, Gosselink A, van ‘t Hof A, Ottervanger J, et al. Fractional flow 
reserve guided deferred versus complete revascularization in patients 
with diabetes mellitus. Am J Cardiol. 2016;118(9):1293–9.

 36. Kennedy MW, Kaplan E, Hermanides RS, Fabris E, Hemradj V, Koopmans 
PC, Dambrink JH, Marcel Gosselink AT, Van’t Hof AW, Ottervanger JP, et al. 
Clinical outcomes of deferred revascularisation using fractional flow 
reserve in patients with and without diabetes mellitus. Cardiovasc Diabe-
tol. 2016;15:100.

 37. Liu Z, Matsuzawa Y, Herrmann J, Li J, Lennon RJ, Crusan DJ, Kwon TG, 
Zhang M, Sun T, Yang S, et al. Relation between fractional flow reserve 
value of coronary lesions with deferred revascularization and cardio-
vascular outcomes in non-diabetic and diabetic patients. Int J Cardiol. 
2016;219:56–62.

 38. Kennedy MW, Fabris E, Hermanides RS, Kaplan E, Borren N, Berta B, Koo-
pmans PC, Ottervanger JP, Suryapranata H, Kedhi E. Factors associated 
with deferred lesion failure following fractional flow reserve assessment 
in patients with diabetes mellitus. Catheter Cardiovasc Interv 2017. doi: 
10.1002/ccd.27002.

 39. Meuwissen M, Chamuleau S, Siebes M, Schotborgh C, Koch K, de Winter 
R, Bax M, de Jong A, Spaan J, Piek J. Role of variability in microvascular 
resistance on fractional flow reserve and coronary blood flow velocity 
reserve in intermediate coronary lesions. Circulation. 2001;103:184–7.

 40. Johnson NP, Kirkeeide RL, Gould KL. Is discordance of coronary flow 
reserve and fractional flow reserve due to methodology or clini-
cally relevant coronary pathophysiology? J Am Coll Cardiol Imaging. 
2012;5(2):193–202.

 41. Fearon WF, Nakamura M, Lee DP, Rezaee M, Vagelos RH, Hunt SA, Fitzgerald 
PJ, Yock PG, Yeung AC. Simultaneous assessment of fractional and coronary 
flow reserves in cardiac transplant recipients: physiologic Investigation for 
Transplant Arteriopathy (PITA Study). Circulation. 2003;108(13):1605–10.

 42. van de Hoef TP, van Lavieren MA, Damman P, Delewi R, Piek MA, Chamu-
leau SA, Voskuil M, Henriques JP, Koch KT, de Winter RJ, et al. Physiological 
basis and long-term clinical outcome of discordance between fractional 
flow reserve and coronary flow velocity reserve in coronary stenoses of 
intermediate severity. Circ Cardiovasc Interv. 2014;7(3):301–11.

 43. Murthy VL, Naya M, Foster CR, Gaber M, Hainer J, Klein J, Dorbala S, Blank-
stein R, Di Carli MF. Association between coronary vascular dysfunction 
and cardiac mortality in patients with and without diabetes mellitus. 
Circulation. 2012;126(15):1858–68.

 44. Di Carli MF, Janisse J, Ager J, Grunberger G. Role of chronic hyperglycemia 
in the pathogenesis of coronary microvascular dysfunction in diabetes. J 
Am Coll Cardiol. 2003;41(8):1387–93.

 45. Marciano C, Galderisi M, Gargiulo P, Acampa W, D’Amore C, Esposito 
R, Capasso E, Savarese G, Casaretti L, Lo Iudice F, et al. Effects of type 2 
diabetes mellitus on coronary microvascular function and myocardial 
perfusion in patients without obstructive coronary artery disease. Eur J 
Nucl Med Mol Imaging. 2012;39(7):1199–206.

 46. Kini AS, Kim MC, Moreno PR, Krishnan P, Ivan OC, Sharma SK. Comparison 
of coronary flow reserve and fractional flow reserve in patients with 
versus without diabetes mellitus and having elective percutaneous coro-
nary intervention and abciximab therapy (from the PREDICT Trial). Am J 
Cardiol. 2008;101(6):796–800.

 47. Yokoyama I, Momomura SI, Ohtake T, Yonekura K, Nishikawa J, Sasaki Y, 
Omata M. Reduced myocardial flow reserve in non–insulin-dependent 
diabetes mellitus. J Am Coll Cardiol. 1997;30:1472–7.

http://dx.doi.org/10.1002/ccd.27002


Page 9 of 9Kennedy et al. Cardiovasc Diabetol  (2017) 16:51 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 48. Lee JM, Jung J-H, Hwang D, Park J, Fan Y, Na S-H, Doh J-H, Nam C-W, 
Shin E-S, Koo B-K. Coronary flow reserve and microcirculatory resist-
ance in patients with intermediate coronary stenosis. J Am Coll Cardiol. 
2016;67(10):1158–69.

 49. van ‘t Veer M, Adjedj J, Wijnbergen I, Toth GG, Rutten MC, Barbato E, van 
Nunen LX, Pijls NH, De Bruyne B. Novel monorail infusion catheter for 
volumetric coronary blood flow measurement in humans: in vitro valida-
tion. EuroIntervention. 2016;12(6):701–7.

 50. Glaser R, Selzer F, Faxon DP, Laskey WK, Cohen HA, Slater J, Detre KM, 
Wilensky RL. Clinical progression of incidental, asymptomatic lesions 
discovered during culprit vessel coronary intervention. Circulation. 
2005;111(2):143–9.

 51. Chacko R, Mulhearn M, Novack V, Novack L, Mauri L, Cohen SA, Moses J, 
Leon MB, Cutlip DE. Impact of target lesion and nontarget lesion cardiac 
events on 5-year clinical outcomes after sirolimus-eluting or bare-metal 
stenting. J Am Coll Cardiol Interv. 2009;2(6):498–503.

 52. Zellweger MJ, Kaiser C, Jeger R, Brunner-La Rocca HP, Buser P, Bader F, 
Mueller-Brand J, Pfisterer M. Coronary artery disease progression late after 
successful stent implantation. J Am Coll Cardiol. 2012;59(9):793–9.

 53. Singh M, Gersh BJ, McClelland RL, Ho KK, Willerson JT, Penny WF, 
Holmes DR Jr. Clinical and angiographic predictors of restenosis after 
percutaneous coronary intervention: insights from the Prevention of 
Restenosis With Tranilast and Its Outcomes (PRESTO) trial. Circulation. 
2004;109(22):2727–31.

 54. Schoenenberger AW, Jamshidi P, Kobza R, Zuber M, Stuck AE, Pfisterer M, 
Erne P. Progression of coronary artery disease during long-term follow-up 
of the Swiss Interventional Study on Silent Ischemia Type II (SWISSI II). Clin 
Cardiol. 2010;33(5):289–95.

 55. Jimenez-Quevedo P, Sabate M, Angiolillo DJ, Alfonso F, Hernandez-Anto-
lin R, SanMartin M, Gomez-Hospital JA, Banuelos C, Escaned J, Moreno R, 
et al. Long-term clinical benefit of sirolimus-eluting stent implantation in 
diabetic patients with de novo coronary stenoses: long-term results of 
the DIABETES trial. Eur Heart J. 2007;28(16):1946–52.

 56. Loutfi M, Mulvihill NT, Boccalatte M, Farah B, Fajadet J, Marco J. Impact 
of restenosis and disease progression on clinical outcome after 
multivessel stenting in diabetic patients. Catheter Cardiovasc Interv. 
2003;58(4):451–4.

 57. Lichtlen P, Nikutta P, Jost S, Deckers J, Wiese B, Rafflenbeul W. Anatomical 
progression of coronary artery disease in humans as seen by prospective, 
repeated, quantitated coronary angiography. Relation to clinical events 
and risk factors. The INTACT Study group. Circulation. 1992;86:828–38.

 58. Giri S, Shaw L, Murthy D, Travin M, Miller D, Hachamovitch R, Borges-
Neto S, Berman D, Waters D, Heller G. Impact of diabetes on the risk 

stratification using stress single-photon emission computed tomography 
myocardial perfusion imaging in patients with symptoms suggestive of 
coronary artery disease. Circulation. 2002;105:32–40.

 59. Blanke P, Naoum C, Ahmadi A, Cheruvu C, Soon J, Arepalli C, Gransar H, 
Achenbach S, Berman DS, Budoff MJ, et al. Long-term prognostic utility of 
coronary ct angiography in stable patients with diabetes mellitus. J Am 
Coll Cardiol Imaging. 2016;9(11):1280–8.

 60. Kedhi E, Kennedy MW, Maehara A, Lansky AJ, McAndrew TC, Marso SP, 
De Bruyne B, Serruys PW, Stone GW. Impact of TCFA on unanticipated 
ischemic events in medically treated diabetes mellitus: insights from the 
PROSPECT study. J Am Coll Cardiol Imaging. 2017;10(4):451–8. 

 61. Lindsey JB, House JA, Kennedy KF, Marso SP. Diabetes duration is associ-
ated with increased thin-cap fibroatheroma detected by intravascular 
ultrasound with virtual histology. Circ Cardiovasc Interv. 2009;2(6):543–8.

 62. Kato K, Yonetsu T, Kim SJ, Xing L, Lee H, McNulty I, Yeh RW, Sakhuja R, 
Zhang S, Uemura S, et al. Comparison of nonculprit coronary plaque 
characteristics between patients with and without diabetes: a 3-ves-
sel optical coherence tomography study. J Am Coll Cardiol Interv. 
2012;5(11):1150–8.

 63. Marfella R, Di Filippo C, Baldi A, Siniscalchi M, Sasso F, Crescenzi B, Cirillo 
F, Nicoletti G, D’Andrea F, Chiorazzo G, et al. The vascular smooth muscle 
cells apoptosis in asymptomatic diabetic carotid plaques: role of glyce-
mic control. J Am Coll Cardiol. 2006;47(10):2118–20.

 64. Creager MA, Luscher TF, Cosentino F, Beckman JA. Diabetes and vascular 
disease: pathophysiology, clinical consequences, and medical therapy: 
part I. Circulation. 2003;108(12):1527–32.

 65. Kennedy MW, Fabris E, Ijsselmuiden AJ, Nef H, Reith S, Escaned J, Alfonso 
F, van Royen N, Wojakowski W, Witkowski A, et al. Combined optical 
coherence tomography morphologic and fractional flow reserve hemo-
dynamic assessment of non- culprit lesions to better predict adverse 
event outcomes in diabetes mellitus patients: COMBINE (OCT-FFR) pro-
spective study. Rationale and design. Cardiovasc Diabetol. 2016;15(1):144.

 66. Kornowski R, Mintz G, Lansky A, Hong M, Kent K, Pichard A, Satler L, 
Popma J, Bucher T, Leon M. Paradoxic decreases in atherosclerotic plaque 
mass in insulin-treated diabetic patients. Am J Cardiol. 1998;81:1298–304.

 67. Nishioka T, Luo H, Eigler N, Berglund H, Kim C, Siegel R. Contribution 
of inadequate compensatory enlargement to development of human 
coronary artery stenosis: an in vivo intravascular ultrasound study. J Am 
Coll Cardiol. 1996;27:1571–6.

 68. Inaba S, Mintz GS, Burke AP, Stone GW, Virmani R, Matsumura M, Par-
vataneni R, Puri R, Nicholls SJ, Maehara A. Intravascular ultrasound and 
near-infrared spectroscopic characterization of thin-cap fibroatheroma. 
Am J Cardiol. 2016. doi:10.1016/j.amjcard.2016.10.031.

http://dx.doi.org/10.1016/j.amjcard.2016.10.031

	Is ischemia the only factor predicting cardiovascular outcomes in all diabetes mellitus patients?
	Abstract 
	Background
	The importance of ischemia
	Fractional flow reserve and the assessment of ischemia
	FFR and diabetes mellitus
	Complementary hemodynamic assessments and microvascular disease
	Microvascular disease and DM
	Coronary atherosclerosis progression
	Atherosclerosis progression and DM
	Coronary artery disease burden and DM
	DM and plaque composition
	Conclusions
	Authors’ contributions
	References




