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The lifetime cardiovascular risk of a diabetic patient is approximately 4—5 times higher than that of an
age and sex matched individual without diabetes mellitus. Despite the well-publicized cardiovascular
risk equivalence of diabetes mellitus, it has become apparent that not all diabetic patients are equally at
high-risk and many patients may have a level of risk similar to that of the general population. Cardio-
vascular imaging has been employed to address the dilemma of a more accurate risk stratification of
diabetic patients. Two randomized clinical trials aiming at uncovering the presence of unknown
obstructive coronary artery disease (CAD) gave disappointing results. In fact, the number of patients with
inducible myocardial ischemia and/or severe obstructive disease was lower than expected and the
overall outcome was not improved after having brought the existence of CAD to light. Other techniques
that may help identify a diabetic patient susceptible to suffer future events have therefore being
explored. In this review we discuss two imaging tools that provide anatomical and functional infor-
mation on pre-clinical coronary atherosclerosis: computed tomography for calcium scoring, and plaque
characterization and myocardial ischemia detection and positron emission tomography using tracers to
identify functionally unstable plaques. Despite the availability of several imaging techniques there
remain numerous questions as to the utility of imaging to define risk in diabetes mellitus and an optimal
approach has yet to be found.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Cardiovascular events in diabetic patients are dependent upon
different pathogenetic mechanics: microvascular disease, athero-
sclerosis with and without obstructive arterial disease, and
ischemic and non-ischemic cardiomyopathy. Screening for coro-
nary artery disease in diabetic patients has been the aim of two
randomized clinical trials [1,2] designed to prove the utility of
screening for obstructive coronary artery disease; however, these
trials failed to deliver on the promise. The focus of the trials was the
identification of obstructive coronary disease with the aim of per-
forming revascularization if severe disease was identified. This
endpoint may have represented the primary weakness in the
design of the studies, as the mere presence of atherosclerosis even
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in the absence of obstructive luminal disease appears to be the
main cause of adverse events in diabetic patients. This review fo-
cuses on the utility of computed tomography (CT) and positron
emission tomography (PET) for anatomical, functional and molec-
ular imaging of atherosclerosis and their prognostic utility in dia-
betic patients. However, there remain several limitations to this
approach, namely access to imaging, radiation exposure and good
evidence of the clinical benefit of screening with imaging. Future
research should focus on improving the current quality and quan-
tity of evidence.

2. Coronary artery calcium and computed tomography
angiography

Coronary artery calcium (CAC) (Fig. 1) is a well-proven marker of
atherosclerosis and it has conclusively been shown to have prog-
nostic utility as a screening tool in asymptomatic populations [3,4].
Furthermore, it adds incremental prognostic information to the
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Fig. 1. Axial computed tomography image of the heart showing calcification of the
ascending aorta (horizontal arrow head) and left main and left circumflex coronary
artery (vertical white arrows).

prediction of events based on risk factors alone [5]. Several studies
have addressed the presence of CAC in asymptomatic diabetic pa-
tients and its prognostic significance. Those studies showed evi-
dence of extensive subclinical atherosclerosis in diabetes although
they also conflicted with the prevalent opinion that diabetic pa-
tients are uniformly at high cardiovascular risk. In fact, patients
with diabetes tend to have more CAC than non-diabetic patients of
the same age and sex often to an extent similar to patients with
prior cardiovascular events [6,7]. However, as many as 25—39% of
patients have no CAC independent of the duration of diabetes
mellitus [8—10]. Hence, those who have CAC have more than ex-
pected compared to the general population, but a large proportion
of patients do not seem to have subclinical atherosclerosis and
these data are reflected in the results of several prospective studies.
In the first report by Raggi et al. [8], each successive CAC score
category was associated with a higher rate of all-cause mortality
among 903 type-2 diabetes patients than in 9334 non-diabetic
patients during a follow-up of 5 + 3.5 years. However, the mortal-
ity was the same for diabetic and non-diabetic patients in the
absence of CAC. Investigators in the Multi Ethnic Study of Athero-
sclerosis (MESA) followed 881 patients with diabetes mellitus for
6.4 years after CAC screening for the occurrence of coronary heart
disease events [9]. The yearly event rate was 0.4% in patients with
CAC =0 but rose to 4% in those with a CAC>400. Global cardio-
vascular event rates increased from 0.8% to 5.1% in the same cate-
gories. CAC provided incremental prognostic value over traditional
risk factors. In the PREDICT study [11], 589 asymptomatic type-2
diabetic patients underwent CAC screening and were followed for
a median of 4 years. At the end of follow-up, the investigators re-
ported 66 events of which only 2 occurred in the CAC score range of
0—10. CAC provided incremental prognostic value over the United
Kingdom Prospective Diabetes Study (UKPDS) risk score. Anand
et al. [12] submitted 510 asymptomatic diabetes patients to CAC
screening of whom 20 suffered a cardiovascular event during a 2.2-
year follow-up; all events occurred in patients with a CAC>10. The
investigators from two large population prospective studies, MESA

and the Heinz Nixdorf Recall (HNR) study, merged their data on
1343 diabetic patients, then used clinical variables as well as CAC,
carotid intima media thickness, ankle brachial index and CRP to
calculate a novel predictive score for cardiovascular events in pa-
tients with diabetes [13]. Among the individual risk factors, CAC
was the best independent predictor of incident cardiovascular
events (85 events after 8.5 years follow-up). The novel risk score
out performed both the Framingham risk score (FRS) and the
UKPDS for the prediction of events (area under the curve 0.76, 0.70
and 0.69, respectively, p <0.05). Additionally, it demonstrated a
significant improvement in risk classification compared to the FRS
(Net Reclassification Index (NRI); 0.19) and UKPDS (NRI: 0.21).

The studies summarized above gave a consistent message: CAC
is strongly predictive of adverse events in diabetic patients but it is
absent in a sizable proportion of subjects. In these patients, the
prognosis is favourable and the cardiovascular event rates resemble
those of the general population. In this light, the writing group of
the American College of Cardiology suggested that CAC screening is
a reasonable approach to the initial risk assessment of asymp-
tomatic diabetic mellitus patients [14]. Only patients who become
symptomatic should undergo a functional study to identify the
presence of obstructive CAD. In all others, the recommendation was
to intensify preventive medical interventions. However, there is no
evidence that the absence of CAC warrants de-escalation of pre-
ventive efforts in diabetic patients maybe with the exception of
aspirin [15]. An additional important concern is the lag period
before the appearance of CAC or its progression that seems to be
associated with a greater risk of cardiovascular events in diabetic
patients than the general population [16]. Several physicians
remain skeptical of the utility of CAC as a screening tool, mainly due
to the absence of randomized evidence that intervening on patients
with CAC saves lives or reduces events (although it is reasonable to
expect it). This evidence would be very valuable if acquired in trials
where patients were randomized to treatment with intensive
medical therapy or standard of care in the presence —or even
absence - of CAC. However, the lack of any financial incentive for
industry and the lack of interest of federal agencies in sponsoring
such a trial will make this objective unattainable. Nonetheless,
given the ease of performance, the very low radiation dose with
current CT scanners and the impactful prognostic information of
CAC, screening may be advisable in specific circumstances such as
achieving better patient's compliance with preventive measures.
Although several biomarkers have been found useful to predict
cardiovascular events in patients with diabetes mellitus [17—19], no
study has compared the utility of CAC imaging versus that of bio-
markers to improve risk stratification of these patients.

Coronary CT angiography (CCTA) was embraced with enthu-
siasm in the early 2000s because of its high accuracy to diagnose
obstructive coronary artery disease (CAD) non-invasively [20]. Due
to its ability to quickly and reliably exclude CAD, both the European
Society of Cardiology [21] and the National Institute for Health and
Care Excellence (NICE) [22] in the United Kingdom, recently rec-
ommended CCTA as the test of choice in patients with chest pain
and low to intermediate probability of CAD. Importantly, the
prognostic value of CCTA has been clearly demonstrated for both
critical and non-obstructive disease [23]. In patients with and
without diabetes the presence of non-obstructive atherosclerosis of
the coronary arteries is associated with a several fold higher risk of
major adverse cardiovascular events (MACE) compared to patients
with no demonstrable disease [24,25]. As expected, obstructive
CAD is associated with an even higher risk of events. Of note, as
many as 20—25% of symptomatic and 30% of asymptomatic diabetic
patients have no evidence of atherosclerosis on CCTA and their
prognosis is very favourable, similar in fact to that of patients
without diabetes mellitus. In this regard, the data collected with
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CCTA resembles closely what we described earlier with CAC
scoring. To date there has been a single randomized trial involving
CCTA as a screening modality for CAD in diabetic patients [2]. In the
FACTOR-64 trial investigators randomized 900 type 1 and 2 diabetic
patients to either CCTA screening (n=452) or standard of care
(n=448). The aim was to assess whether CCTA screening affects
subsequent treatment decisions (coronary revascularization vs
aggressive medical therapy) leading to a reduction in cardiac events
[2]. CCTA showed no obstructive CAD in 31%, mild to moderate
luminal stenosis in 58%, and severe stenosis in 11% of the patients.
Coronary CTA was followed by invasive angiography in 8% of the
cases; of these 53% were revascularized with PCI and 19% under-
went coronary artery by-pass surgery. The primary endpoint of all-
cause death, non-fatal MI, and hospitalization for unstable angina
after a mean follow-up of 4 + 1.7 years occurred in 28 patients
(6.2%) in the CCTA arm and 34 patients (7.6%) in the standard of care
group (HR 0.80; Cl:0.49—-1.32, p=0.38). A secondary benefit of
CCTA screening was that it led to more aggressive risk factor
modification in 70% of the patients. Nonetheless, the global event
rate was the same between randomization groups. Hence this trial
failed to demonstrate an advantage of screening for obstructive
CAD by CCTA. A long-term follow up of the patients enrolled in the
trial is ongoing. However, a more informative trial may have
included CTA screening for obstructive CAD followed by randomi-
zation to optimal medical therapy (OMT) compared to OMT plus
revascularization of patients with luminal obstructive disease. In
this design, truly high-risk patients would have been randomized
to different treatment options and the utility of CAD detection
demonstrated. An indirect evidence of the importance of CAD
detection, even in its non-obstructive form, was provided by Chow
et al. [26] in a retrospective analysis of a large international CTA
registry that included 11% diabetic patients. Historical use of statins
was associated with a reduced CV event rate but only in patients
with non-obstructive CAD, while patients without disease on CTA
did not benefit from either statins or aspirin. Additionally, Min et al.
showed that CTA added incremental prognostic information to CAC
and traditional risk factors for the prediction of major cardiovas-
cular events in asymptomatic diabetic patients [27].

The power of modern day CCTA extends beyond the detection of
stenotic disease and includes the ability to characterize the com-
ponents of the plaque. Pundziute et al. [28] showed a good corre-
lation between CCTA and intravascular ultrasound as far as
description of plaque characteristics. Some of the most frequently
reported plaque phenotypes reported on CCTA are positive (i.e.,
outward) vessel remodeling, mixed calcified and non-calcified
plaques (MP), low attenuation plaques (LAP) and spotty calcifica-
tions (SC) (Fig. 2). Positive remodeling and low attenuation plaques
indicate the presence of large lipid cores with necrotic material
within the core and a thin fibrous cap covering the atheroma. Most
of these plaque characteristics have been associated with risk of
adverse events in the general population [29,30]. Andreini et al.
[24] showed the same trend for patients with diabetes mellitus in
an investigation where each of the plaque characteristics described
above was an independent predictor of MACE. In contrast, the
absence of any of these characteristics was associated with an
excellent event free prognosis [24]. An innovative and more recent
application of CTA is the assessment of myocardial perfusion as it
relates to the characteristics of plaques discovered during luminal
imaging. Lin et al. [31] showed that MPs were associated with
inducible myocardial ischemia on SPECT even in the absence of
obstructive luminal disease. Similarly, LAP and plaques with large
lipid cores were associated with abnormal invasive fractional flow
reserve (FFR<0.80) [32] and myocardial ischemia on nuclear stress
testing [33], in patients with moderate luminal disease. Gaur et al.
[34] showed that assessment of plaque composition and FFR by CTA

Fig. 2. Multiplanar reformatted image of the left anterior descending coronary artery
showing a low-density plaque (arrow) set between 2 areas of dense calcification.

improved the ability to predict whether a specific lesion is associ-
ated with inducible ischemia. Only a fraction of the patients in
these series was affected by diabetes mellitus and whether this
information will translate in a better prediction of future events
awaits confirmation.

3. Molecular imaging of atherosclerosis in diabetes mellitus

There are numerous mechanisms subtending atherosclerosis
development that could potentially be targeted with nuclear mo-
lecular imaging. Among them, apoptosis, calcification and inflam-
mation stimulated a sizeable amount of research. Apoptosis
imaging was attempted for several years with targets such as
Annexin V tagged with radionuclide tracers used in either single
photon computed tomography (SPECT), or positron emission to-
mography (PET) imaging [35,36]. However, to date the yield of
studies employing Annexin V has been very limited as far as im-
aging of atherosclerosis in-vivo. Of greater interest have been
studies involving the use of 18-fluoride tagged agents for imaging
of inflammation in atherosclerosis. '8F-fluoro-deoxy-glucose (FDG)
has been the main focus of investigations directed at identifying
inflammation within atherosclerotic plaques. FDG is a glucose
analogue and it is consumed by cells with a high metabolic rate.
Although typically used in oncological imaging, FDG was noted to
accumulate in arterial segments with a high concentration of
macrophages [37]. The hypoxic conditions inherent within an
atherosclerotic plaque appear to stimulate the glycolytic pathway
of monocytes and macrophages that react taking up FDG avidly
[38]. However, humoral inflammatory stimuli released within the
context of the atherosclerotic plaque also induce an increased up-
take of FDG by endothelial and smooth muscle cells; therefore FDG
is not specific for macrophages [34]. The non-specific affinity of
FDG for macrophages is probably advantageous in diabetic patients.
In fact, preliminary data suggest that macrophages display a
reduced insulin sensitivity in diabetic patients potentially reducing
the uptake of FDG by these cells. To maximize the uptake of FDG by
all metabolically active cells within atherosclerotic plaques, pa-
tients are asked to fast for 12 h before being administered FDG for
PET scanning. At times, although time consuming and cumber-
some, a euglycemic hyperinsulinemic clamp is utilized to optimize
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tissue uptake of FDG. Nuclear molecular imaging currently can be
performed with hybrid technology that combines PET for func-
tional imaging and either CT or magnetic resonance (MR) for
anatomical imaging. CT is radiation based, has a higher spatial
resolution, is faster and has the longest experience and base of
knowledge. MR offers the advantage of no radiation and better soft
tissue characterization, but it has lower spatial and temporal res-
olution and it is not yet optimized for coronary atherosclerosis
imaging.

Numerous retrospective and observational studies conducted
with PET/CT correlated arterial FDG uptake with adverse events
[39,40]. Studies in diabetic patients showed a high rate of inflam-
mation in the aorta and carotid arteries [41—43], and regression of
FDG uptake after treatment with statins [44,45], and pioglitazone
but not glimepiride [46,47]. Pioglitazone reduced serum glucose
and hemoglobin Alc levels, it raised the HDL cholesterol level and
reduced the serum level of high-sensitivity CRP and reduced arte-
rial wall FDG uptake [46]. Most PET imaging data were acquired in
large size arteries; in fact since the myocardium competes for FDG
uptake it makes the identification of plaque radioactivity in the
relatively small coronary arteries very difficult to detect. In a single
study the investigators were able to demonstrate a change in FDG
uptake limited to the left main coronary artery trunk that is easier
to isolate from the myocardium than the rest of the coronary tree
[47]. A single study with PET/MR suggested that a gallium based
tracer can identify atherosclerotic plaques in large arteries in dia-
betic patients [48]. Numerous other tracers, mostly '®F based, have
been tested to detect accumulation of pro-atherosclerotic cells in
active plaques as discussed by Osborn et al., [49] with variable re-
sults. However, 2 new tracers hold promise for the detection of
different components of unstable coronary artery atherosclerotic
plaques. %8Gallium-Dodatate (58Ga-DOD) is a PET tracer with high
affinity for a ligand known as somatostatin receptor type-2 (SST»)
expressed on the surface of activated macrophages. In a recent
publication, ®8Ga-DOD identified with 88% sensitivity and 78%
specificity the culprit vessel in acute coronary syndromes [50]. It
also identified plaques exhibiting high-risk features by CCTA in
patients with stable coronary artery disease with 83% sensitivity
and 72% specificity. Approximately 20% of the subjects in the study
were diabetic patients and the coronary artery uptake of ®3Ga-DOD
increased in direct proportion to the risk level of these patients. Of
interest, the uptake of ®®Ga-DOD was lower in patients taking high
intensity statins. These data compared very favourably with the
inability to image the coronary arteries with FDG is 64% of the
patients in the same cohort due to myocardial spillover of the
tracer.

The second tracer, '8F-sodium-fluoride (NaF), has been in use for
a long time in radiation oncology to identify bone metastases since
it has a high affinity for growing calcium apatite crystals. Initial
observational studies in oncology patients showed its selective
accumulation in atherosclerotic plaques in the aorta and carotid
arties [51]. Dweck et al. [52] demonstrated that it had better
selectivity for the coronary arteries than FDG due to lack of
myocardial contamination. NaF may accumulate in arterial seg-
ments without any calcification, while densely calcified areas may
not show any radioactivity (Fig. 3). In the first instance, NaF prob-
ably identifies micro-calcification within nascent atherosclerotic
foci that are still invisible on CT imaging, while the latter situation
suggests that dense calcifications may represent repaired and
inactive atherosclerotic processes. Several studies showed that the
arterial uptake of NaF increases proportional to the number of risk
factors and the Framingham risk score [53,54]. In a seminal study,
Joshi et al. [55] performed NaF PET/CT imaging in 40 patients
admitted through the emergency department for an acute coronary
syndrome (ACS), 40 patients with stable angina and 12 patients

submitted to carotid endoarterectomy after having suffered a ce-
rebrovascular event. In the ACS patients, NaF uptake was highest in
36 of the 40 culprit arteries; in the stable angina patients NaF
localized preferentially in areas with a large necrotic core as shown
by intravascular ultrasound. In the patients with cerebrovascular
events the uptake of NaF was very high in ruptured carotid artery
plaques and was associated with histological evidence of calcifi-
cation, inflammation and necrosis. An observational study of NaF
imaging in 95 consecutive ambulatory diabetic patients was
recently completed in Canada (www.ClinicalTrials.gov; Clinical
Trial Protocol N: 00-049-578). In preliminary analyses, only 10—15%
of patients showed increased NaF uptake in the coronary arteries
and the likelihood of finding an increased uptake was proportional
to the baseline cardiovascular risk as well as a history of prior
cardiovascular events (Raggi, personal communication). The prev-
alence of increased aortic uptake of NaF was higher than for the
coronary arteries. More in depth analyses are in progress to assess
which demographic and laboratory characteristics are more closely
associated with high NaF uptake in unselected diabetic patients.
The data may help elucidate whether this imaging approach can
provide useful information for risk stratification of ambulatory
diabetes mellitus patients.

4. Conclusions

The atherosclerosis imaging modalities discussed in this review
were developed for the general population and are not specific to
the diabetic patients. There are several other atherosclerosis im-
aging modalities that can be employed to assess risk of events in
diabetic patients, such as magnetic resonance [56], CT [57] and
ultrasound based [58,59] tissue characterization of carotid plaques.
While all modalities offer advantages and disadvantages (higher vs.
lower resolution, no radiation vs. radiation exposure, higher vs.
lower reproducibility, lower vs. higher cost etc) (Table 1), there are
currently no prospective studies of diabetic patients randomized to
alternative treatments based on the findings provided by these
imaging modalities. Hence, despite the interest in using imaging to
improve risk prediction in diabetic patients, this field is still in its
infancy and requires further development. Meanwhile, we learned
from two randomized clinical trials that the search for stenotic
lesions inducing myocardial ischemia [60] and anatomical imaging
to identify luminal stenoses [2] did not improve prognosis in pa-
tients affected by diabetes mellitus. Of note, the phenotype of
atherosclerosis in diabetes mellitus may have changed in the past
several decades. In fact, Chhabra et al. [61] reported a substantial
reduction in incidence of abnormal nuclear stress tests in symp-
tomatic diabetic patients in the past 2 decades. Whether this may
be secondary to more intensive preventive medical interventions
versus a more liberal referral of patients for nuclear stress testing
with a resultant large number of negative studies is unclear.

In the current literature, there are several guidelines and expert
positions recommending pro or against screening for atheroscle-
rotic coronary artery disease in patients affected by diabetes mel-
litus. A recent position paper from the imaging council of the
American College of Cardiology recommended an initial approach
based on CAC imaging followed by functional imaging in symp-
tomatic patients or patients at higher risk [14]. Both the Canadian
Diabetes Association (www.guidelines.diabetes.ca/browse/
chapter23, last accessed October 16, 2017) and the American Dia-
betes Association (http://www.ndei.org/ADA-diabetes-
management-guidelines-cardiovascular-disease-CVD-
management-lipids-BP.aspx.html, last access October 16, 2017)
recommend against screening with imaging unless symptoms or
electrocardiographic signs of CAD are present. The European Soci-
ety of Cardiology does not endorse any imaging technology to
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Fig. 3. Example of diabetic patient with sodium-18-fluoride uptake in the aortic root and left circumflex coronary artery.

(A) The axial computed tomography image on the left shows no calcification in the aortic root. However, the fused image on the right shows active sodium-18-fluoride uptake at the
same location (note hot spots on both sides on the asterisk). (B) The axial computed tomography image on the right shows calcification of the left anterior and circumflex coronary
arteries, but only the circumflex coronary artery shows uptake of sodium-18-fluoride (white arrow).

Table 1

Comparison of the imaging characteristics and clinical utility of the radiological imaging modalities discussed in this review.

Imaging Radiation = Detection of high-risk coronary  Detection of silent Epidemiological and observational Randomized evidence supporting
modality dose plaques ischemia® outcome data screening

CT for CAC + - = ++ -

CT-Angio ++ ++ + + -

PET/CT ++ ++ - + -

PET/MR + - = - -

SPECT +++ - ++ ++ -

CAC: coronary artery calcium; CT: computed tomography; CT-Angio: computed tomography angiography; PET/CT: positron emission tomography and computed tomography
hybrid imaging; PET/MR: positron emission tomography and magnetic resonance hybrid imaging; SPECT: single photon emission tomography.

2 For the purpose of this table, PET imaging is considered an imaging modality for molecular imaging of coronary atherosclerosis. When used to detect abnormal myocardial
perfusion with flow tracers, PET/CT has equal or superior imaging characteristics compared to SPECT.

detect subclinical atherosclerosis in asymptomatic patients [62].
However, it supports as a moderate strength recommendation
performing nuclear stress testing to find silent ischemia in diabetic
patients at high-risk of cardiovascular events, such as patients with
peripheral arterial disease, patients with high CAC scores or
severely increased intima media thickness of the carotid arteries
[62].

The data presented herein, and further ample evidence from the
literature, support the notion that diabetic patients are not at high
risk across the board, and that at least a quarter of asymptomatic
diabetic patients has no evidence of atherosclerosis. While

presence of asymptomatic atherosclerosis detected with several
imaging modalities has been associated with adverse outcomes,
there are no trials to support an approach based on imaging
directed interventions. Future randomized studies should focus on
proving that detection of atherosclerosis followed by treatment
makes this approach worthwhile. To date, screening for coronary
artery stenosis detection has given disappointing results as there is
no evidence that pre-emptive revascularization lowers event rates.
Although aggressive control of risk factors and glycaemia failed to
show superior results compared to standard of care in the past,
studies with new generation drugs such as GLP-1 receptor
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activators and SGLT-2 inhibitors may change the outlook and
prognosis of patients living with diabetes mellitus.
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