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Abstract
Aims/hypothesis Coronary flow reserve (CFR) and coronary
artery calcium (CAC) represent functional and structural aspects
of atherosclerosis. We examined the prevalence of reduced CFR
and high CAC scores in three predefined groups of participants
without known cardiovascular disease: (1) patients with type 2
diabetes and albuminuria; (2) patients with type 2 diabetes and
normoalbuminuria; and (3) non-diabetic controls.
Methods In a cross-sectional design, cardiac 82Rb positron
emission tomography/computed tomography was conducted
in 60 patients with type 2 diabetes who were free of overt
cardiovascular disease and who were stratified by
normoalbuminuria (<30 mg/24 h) (n=30; age [mean±SD]
60.9±10.1 years) and albuminuria (≥30 mg/24 h) (n=30;
age 65.6±4.8 years), and in 30 healthy, non-diabetic controls
(age 59.8±9.9 years).
Results In controls, normoalbuminuric and albuminuric patients, CFR was 3.0±0.8, 2.6±0.8 and 2.0±0.5, respectively.
Reduced CFR (<2.5) was observed in 16.7%, 40.0% and
83.3% of participants, respectively, and median (interquartile
range) CAC scores were 0 (0–81), 36 (1–325) and 370 (152–
1,025), respectively (p for trend <0.01). After adjustment, the
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difference in CFR and CAC between albuminuric patients and
controls remained significant (p≤0.001). There were trends
towards lower CFR and higher CAC scores in
normoalbuminuric patients vs controls (p≤0.023) and towards
higher CAC scores in albuminuric vs normoalbuminuric patients (p=0.026). In multivariate regression analysis, a higher
urinary albumin excretion rate (UAER) tended to predict reduced CFR in the total population (p=0.045). When the CAC
score was added, there was also a trend (p=0.032) towards an
inverse association with reduced CFR.
Conclusions/interpretation Type 2 diabetic patients who were
free of overt cardiovascular disease had a high prevalence of
coronary microvascular dysfunction, especially with
concomitant albuminuria, suggesting a common microvascular impairment occurring in multiple microvascular beds.
Prospective studies are needed to show the prognostic
significance of this finding.
Keywords Cardiovascular disease . Coronary artery calcium
score . Coronary flow reserve . Coronary microcirculation .
Microalbuminuria . Microvascular disease . PET/CT . Type 2
diabetes
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Introduction
Type 2 diabetes is commonly associated with the early development of coronary artery disease (CAD) [1]. For diabetic
patients with concomitant albuminuria, the risk of cardiovascular disease is further pronounced [2]. More research is needed to define potential subsets of patients with diabetes who
might benefit from additional testing for asymptomatic CAD.
Abnormalities of the coronary circulatory function are well
documented to occur before and to accelerate during the development of CAD in patients with diabetes [3]. However,
these changes in coronary circulatory function, as well as mild
structural variations in the arterial wall, might begin early as
subclinical forms, while it presumably takes substantially
more time for the clinical appearance of advanced stages of
CAD [4].
Definitions of clinically significant CAD vary substantially,
based on whether anatomical or functional criteria are used. It is
important to note that the agreement between anatomical (e.g.
degree of coronary stenosis) and functional (e.g. myocardial
perfusion) criteria is often poor [5].
Quantitative cardiac positron emission tomography (PET) is
a new and innovative method with which to detect patients with
subclinical CAD. One of the major advantages of cardiac PET
is that, uniquely, it can measure absolute myocardial blood flow
(in ml/min/g of tissue) at rest and during pharmacologically
induced hyperaemic conditions, from which a ratio can be calculated (termed the coronary flow reserve [CFR]) as an adjunct
to the visual interpretation of myocardial perfusion [6].
CFR is an important physiological variable in the coronary
circulation that reflects the function of large epicardial arteries
and the microcirculation. Thus, reduced CFR can be caused
by both stenosis in the epicardial coronary arteries and coronary microvascular dysfunction. In individuals without epicardial coronary stenosis, cardiac PET can assess the function of
the microcirculation, including the combined function of cells
in the vascular smooth muscle and the endothelial cells.
Among individuals without indications of CAD, microvascular dysfunction is associated with cardiovascular risk factors,
including hypercholesterolaemia, diabetes, hypertension and
smoking [7]. Moreover, it is a predictor of cardiac mortality
[8]. Most patients with type 2 diabetes have associated hypertension, dyslipidaemia and obesity, all of which can contribute
to coronary microvascular damage.
In addition, a computed tomography (CT) scan can be used
to estimate coronary artery calcium (CAC), and this imaging
modality can be usefully combined with quantitative cardiac
PET in a hybrid scanner. CAC is known to be highly correlated
with the extent of coronary atherosclerosis, and can identify
asymptomatic patients who are at higher risk for inducible
ischaemia and mortality [9, 10]. The presence of calcium in
the coronary arteries is a specific marker of atherosclerosis,
independent of its aetiology.
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We undertook a cross-sectional study of type 2 diabetic patients with or without albuminuria and age- and sex-matched
healthy controls without known manifest cardiovascular disease. The aims were twofold. First, to examine the prevalence
of impaired CFR and elevated CAC in the three predefined
groups of participants without known cardiovascular disease:
(1) patients with type 2 diabetes and albuminuria; (2) patients
with type 2 diabetes and normoalbuminuria; and (3) healthy
controls. And second, to determine predictors of impaired
CFR and elevated CAC in the total population.
The prespecified study hypotheses were that: (1) patients
with type 2 diabetes and albuminuria have an impaired coronary microcirculation (assessed using the CFR) and increased
coronary calcification (assessed using CAC) when compared
with normoalbuminuric patients; and (2) patients with type 2
diabetes and normoalbuminuria have impaired CFR and increased CAC when compared with healthy controls.

Methods
Study population A cohort of 60 consecutive outpatients
with type 2 diabetes, defined according to the WHO criteria,
was identified at Steno Diabetes Center. Participants were
aged between 35 and 80 years, and had the ability to understand and give informed consent. Patients were stratified as
normoalbuminuric if the urinary albumin excretion rate
(UAER) was <30 mg/24 h in two of three consecutive urine
collections (two of the samples were collected over 24 h in
relation to the present study). A priori, we decided to include
30 patients with normoalbuminuria and 30 with persistent
elevated albuminuria (UAER ≥30 mg/24 h). In addition, 30
non-diabetic controls were recruited from a newspaper advertisement and matched for age and sex to the 30 patients with
normoalbuminuria. Participants were excluded if one of the
following characteristics were present: (1) history of CAD or
other cardiovascular disease (including stroke) or heart symptoms, assessed from patient files and thorough interviews and
questionnaires; (2) asthma or chronic obstructive pulmonary
disease requiring treatment; (3) kidney disease other than
diabetic nephropathy; (4) end-stage renal disease; (5) office
BP >200/110 mmHg; (6) second- or third-degree atrioventricular
block; or (7) pregnancy or lactating.
A power calculation was performed using the power statement implemented in the SAS software, version 9.3 (SAS
Institute, Cary, NC, USA). In the assumption of a mean difference in CFR of 0.6 and an SD of 0.8, at least 27 participants
in each group were needed to provide 80% power for a type I
error of 5%. To account for technical difficulties and incomplete investigations, we included a total of 30 participants in
each group.
The study was performed from April to December 2013
and was conducted in compliance with the Declaration of
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Helsinki. All participants gave informed written consent and
the study protocol was approved by the local ethics
committee.
Clinical measurements Three office BPs were measured in
the sitting position after 5–10 min rest, with an oscillometric
device (A&D Medical, San Jose, CA, USA) using an appropriate cuff size and averaged. HbA1c was measured by HPLC
and plasma creatinine by an enzymatic method (Hitachi 912,
Roche Diagnostics, Mannheim, Germany). Estimated (e)GFR
was calculated using the CKD-EPI equation [11].
Measurement of 24 h BP was conducted using BPro
(HealthStats, Singapore), a watch-like device that captures
radial pulse wave reflection with tonometry and calculates
brachial 24 h BP from the pulse wave after calibration to
brachial BP. The device meets standards from the European
Society of Hypertension and the Association for the Advancement of Medical Instrumentation [12]. The device was programmed to capture BP every 15 min for 24 h. Mean systolic
and diastolic BP were calculated using all readings over the
24 h.
UAER was measured in two 24 h urine collections by an
enzyme immunoassay and calculated as the geometric mean
of the two collections.
A detailed medical history was obtained along with demographic and anthropometric variables, including smoking status. Current smoking was defined as one or more cigarettes,
cigars or pipes per day. Information on medical treatment was
obtained from questionnaires and cross-checked against medical records at the Steno Diabetes Center. The weight and
height of each participant were measured, and BMI was calculated as body weight (kg) divided by height (m2). A standard 12-lead resting ECG was obtained.
Hybrid cardiac PET/CT imaging A dynamic, gated cardiac
PET study was performed using a hybrid PET/CT scanner in
3D mode (Siemens Biograph mCT 128, Siemens, Munich,
Germany) following the administration of 1,100 MBq 82Rb
(CardioGen-82, Bracco Diagnostics, Monroe Township, NJ,
USA). The myocardium was covered in a single bed position,
with ECG gating (8 frames/RR cycle; total acquisition time
7 min). Low-dose CT was acquired for attenuation correction.
Images were reconstructed into 16 images (12×10 s, 2×30 s,
1×60 s, 1×120 s) with attenuation, scatter and decay corrections using iterative 3D ordered subsets expectation–
maximisation (two iterations; 24 subsets) and Gaussian filtering with 10 mm full width at half maximum. Semiquantitative
data were processed using Cedars QPS/QGS software (version 2012, Cedars-Sinai, Los Angeles, CA, USA). Non-gated
images were presented in the horizontal and vertical long axis
and in the short axis, and displayed in a polar map format
divided into 17 segments, as suggested by the American Heart
Association [13], and normalised to peak myocardial activity
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(100%) [14]. Myocardial blood flow was calculated automatically using the Siemens Syngo MBF 2.3 (Siemens Medical
Solutions, Malvern, PA, USA) with one-compartment tracer
kinetic models for 82Rb, including regional uptake and clearance variables, blood to myocardium spill-over and partial
volume corrections [15], and the extraction curve from Lortie
et al [16]. Maximal hyperaemia was induced with adenosine
infused at 140 μg kg−1 min−1 for 6 min. For semiquantitative
assessment of myocardial perfusion abnormalities,
17-segment visual interpretation of gated myocardial perfusion images was performed by two experienced operators.
Participants abstained from all caffeine- or methylxanthinecontaining substances for at least 18 h prior to the cardiac
PET scan.
CAC content was quantified using the method described by
Agatston et al [17] and semiautomated commercially available software (Corridor4DM, INVIA, Ann Arbor, MI,
USA). Coronary artery specific scores were calculated in the
three main coronary arteries and then summed to provide a
total CAC score for each participant.
Coronary microvascular dysfunction was defined as CFR
<2.5, as suggested by Schindler et al [18]. Elevated CAC was
a value >300, according to a previous study by Detrano et al
[19].
Statistical analysis The distribution of CAC was skewed and
was therefore log-transformed (log2 [CAC +1]) in all analyses,
as was UAER and known duration of diabetes. These
variables are given as medians with interquartile range
(IQR). All other continuous variables are given as means±
SD and the categorical variables are given as total numbers
with corresponding percentages. When analysing differences
between two groups (controls vs normoalbuminuric patients,
and normoalbuminuric vs albuminuric patients) we used independent samples t test for continuous variables and χ2 for
categorical variables. ANCOVA was applied when comparing
levels of CFR and CAC between the three groups.
We ascertained that the four principal assumptions of linear
regression were fulfilled. The proportion of the variability in
the dependent variable explained by the model is presented as
R2. Because of the use of repeated independent t tests increasing the probability of a type I error, results were considered to
be significant at a two-tailed p<0.01, and p<0.05 to p=0.01
as trend. Statistical analyses were performed using SAS software (version 9.3; SAS Institute).
Rationale for selection of covariates Because there was a
modest number of participants in each group, only a limited
sum of covariates could be included due to the risk of
overfitting. Therefore, we included traditional cardiovascular
risk factors based on prior evidence in the multivariate
analysis. Owing to bias by indication, we did not include
variables for medical treatment. Moreover, total cholesterol
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was not included because patients had lower levels than
controls, likely due to lipid-lowering treatment. In the
analysis comparing levels of CFR and CAC between the
groups, HbA1c and UAER were not included, since the
groups were precategorised based on these variables.
Thus, the final adjustment for the group comparisons
consisted of sex, age, 24 h systolic BP, eGFR and
smoking.
For the multivariate linear regression models for predictors
of reduced CFR and increased CAC, we applied the enter
method. This approach was chosen because we did not know
which independent variables would be significantly correlated
to the outcome variables (i.e. CFR and CAC). The model
included sex, age, 24 h systolic BP, eGFR, smoking, HbA1c
and UAER.
To determine the robustness of the findings for the differences between groups, we additionally performed a multivariate analysis including variables showing statistically significant (p<0.05) correlations in the sample; again excluding total
cholesterol and medical treatment. This model included age,
BMI, eGFR and heart rate. This approach can, however, result
in biased estimates of effect [20].
Table 1

Results
Clinical characteristics The total cohort (n=90) comprised
64.4% men and the mean±SD age was 62.1±9.2 years. The
characteristics of the participants in the three groups are shown
in Table 1. The normoalbuminuric patient group had a higher
mean BMI and heart rate than controls, a higher frequency of
antihypertensive or lipid-lowering treatment and lower total
cholesterol (p≤0.001). Patients with albuminuria had a lower
eGFR than normoalbuminuric patients (p<0.001). There were
no intergroup differences in the proportion of men, 24 h BP or
the prevalence of smoking (p ≥ 0.067). Patients with
microalbuminuria (UAER 30–299 mg/24 h; n = 23) and
macroalbuminuria (UAER >300 mg/24 h; n=7) did not differ
in any of the examined characteristics (p>0.40), except for a
trend towards lower eGFR in those with macroalbuminuria
(p=0.037).
All patients were treated with dietary modifications and
oral glucose-lowering medication, and 48% also received insulin. Moreover, most patients received lipid-lowering therapy
(93%), aspirin (88%) and renin–angiotensin–aldosterone system blocking treatment (90%).

Clinical characteristics of participants

Characteristic

Controls
(n=30)

Normoalbuminuria
(n=30)

Albuminuria
(n=30)

p controls vs
normoalbuminuria

p normoalbuminuria vs
albuminuria

Female
Age (years)

12 (40)
59.8±9.9

12 (40)
60.9±10.1

8 (27)
65.6±6.8

–
0.68

0.27
0.038

Known diabetes duration (years)
BMI (kg/m2)
Office systolic BP (mmHg)
Office diastolic BP (mmHg)

–
24.8±3.4
130±18
77±10

11.2 (4.1–14.7)
31.6±4.6
140±19
83±9

13.7 (8.2–23.0)
31.5±4.5
137±17
78±10

–
<0.001
0.027
0.030

0.092
0.93
0.51
0.069

24 h systolic BP (mmHg)
24 h diastolic BP (mmHg)
Heart rate (bpm)

126±14
79±8
60.7±8.9

133±17
82±12
71.9±13.7

135±20
79±11
72.0±10.9

0.11
0.23
<0.001

0.77
0.37
0.93

HbA1c (%)
HbA1c (mmol/mol)
Total cholesterol (mmol/l)
eGFR (ml min−1 1.73 m−2)
Urinary albumin excretion rate
(mg/24 h)
Smokers
Alcohol (beverages/week)
Antihypertensive treatment
RAAS inhibition treatment
Beta-blocker treatment
Aspirin treatment

5.4±0.2
35.8±1.9
5.5±0.7
82.8±13.1
6.0 (5.0–
10.5)
4 (13.3)
9.2±6.7
3 (10)
3 (10)
0 (0)
1 (3)

7.3±1.1
56.7±12.1
4.3±0.9
86.6±21.4
6.5 (5.5–13.5)

7.1±1.0
54.4±10.8
4.2±0.9
67.5±24.7
146 (51–298)

<0.001
<0.001
<0.001
0.68
0.57

0.44
0.44
0.58
0.005
<0.001

4 (13.3)
7.3±7.3
25 (83)
24 (80)
3 (10)
23 (77)

10 (33.3)
5.9±6.4
30 (100)
30 (100)
5 (17)
30 (100)

–
0.36
<0.001
<0.001
0.076
<0.001

0.067
0.50
0.020
0.010
0.45
0.005

Lipid-lowering treatment
Insulin treatment

0 (0)
–

27 (90)
13 (43)

29 (97)
16 (53)

<0.001
–

0.30
0.44

Data are n (%), mean±SD or geometric mean (IQR)
RAAS, renin–angiotensin–aldosterone system
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Cardiac PET/CT scanning Results from the cardiac PET/CT
scanning are summarised in Table 2. There was a trend towards
lower CFR and higher CAC in patients with normoalbuminuria
compared with controls (p≤0.045). CFR was significantly lower and CAC significantly higher in patients with albuminuria
compared with normoalbuminuric patients (p≤0.002). In trend
tests across the three groups, CFR significantly decreased and
CAC significantly increased (p<0.001). There was a trend towards a higher frequency of reduced CFR (<2.5) in
normoalbuminuric patients compared with controls
(p=0.045). The frequency of reduced CFR was significantly
(p<0.001) higher in patients with albuminuria compared with
normoalbuminuric patients, and there was a trend (p=0.035)
towards a higher frequency of elevated CAC (>300).
After adjustment for sex, age, 24 h systolic BP, eGFR
and smoking, the difference in CFR and CAC between
albuminuric patients and controls remained significant
(p ≤ 0.001). There was a trend towards lower CFR and
higher CAC in normoalbuminuric patients vs controls
(p≤ 0.023), and towards higher CAC in albuminuric vs
normoalbuminuric patients (p=0.026; Fig. 1).
Left ventricle ejection fraction (LVEF) was within the normal range (>50%) both during rest and stress conditions in all
groups, with no intergroup difference (p≥0.42; Table 2). The
LVEF increased (mean±SD: 6.0±4.7) during stress conditions in all except five participants.
Reversible ischaemia was observed in 12 participants
(13%; one control, seven normoalbuminuric patients and four
albuminuric patients), with a median (range) extent of 7.5%
(2–23%). Three patients had fixed perfusion defects, two of
whom had fixed defects with partial reversibility.
Variables correlated with CFR and CAC In the total population, CFR was significantly negatively correlated with CAC
(R2 =0.24; p<0.001) and UAER (R2 =0.20; p<0.001), and
positively correlated with eGFR (R 2 = 0.11; p = 0.001)
(Fig. 2). Moreover, there was a tendency towards a negative

correlation between CAC and eGFR (R2 =0.08; p=0.034) and
a significant positive correlation between CAC and UAER
(R2 =0.21; p<0.001).
Predictors of reduced CFR in adjusted analyses In multivariate linear regression (model R2 =0.32), higher UAER
tended to be a predictor of reduced CFR in the total population
(p=0.045). When CAC was added (model R2 =0.36), there
was also a trend (p=0.032) towards an inverse association
with reduced CFR.
Predictors of increased CAC in adjusted analyses In
multivariate linear regression (model R2 =0.47), the predictors
of an increased CAC in the total population were older age
(p<0.001) and higher HbA1c (p=0.004), and a tendency for
higher UAER (p=0.046) and male sex (p=0.015). When CFR
was added (model R2 =0.50), there was also a trend (p=0.032)
towards an inverse association with elevated CAC.
Additional analyses After adjustment for variables showing
statistically significant correlations in the sample (i.e. age,
BMI, eGFR and heart rate), the difference in CFR and CAC
remained significant between albuminuric patients and controls (p ≤ 0.008) and between albuminuric and
normoalbuminuric patients for CAC (p=0.004). There was a
trend towards a difference in CFR in normoalbuminuric patients vs controls (p=0.039).
To avoid the potential confounding effect of epicardial stenosis on CFR, we performed a sensitivity analysis including
only those participants without perfusion defects on semiquantitative analysis of the PET scan (n=75). The results were
confirmatory; CFR was 3.0±0.8, 2.7±0.7 and 2.1±0.5 in controls, normoalbuminuric and albuminuric patients, respectively, and all intergroup differences were significant (p≤0.024).
Moreover, CFR was significantly negatively correlated with
CAC (R2 =0.21; p<0.001) and UAER (R2 =0.25; p<0.001),
and positively correlated with eGFR (R2 =0.13; p=0.002).

Table 2

Cardiac PET/CT scanning

Variable

Controls
(n=30)

Normoalbuminuria
(n=30)

Albuminuria
(n=30)

p controls vs
normoalbuminuria

p normoalbuminuria vs
albuminuria

CFR*
CFR <2.5*
CAC score*
CAC score >300*
LVEF at rest
LVEF at stress
Difference in LVEF
at stress vs rest

3.0±0.8
5 (17)
0 (0–81)
2 (7)
60±7.6
67±6.5
7.2±4.6

2.6±0.8
12 (40)
36 (1–325)
8 (27)
62±8.7
68±8.2
5.7±4.8

2.0±0.5
25 (83)
370 (152–1,025)
16 (53)
61±9.5
67±10.1
5.4±4.4

0.045
0.045
0.044
0.095
0.42
0.94
0.22

0.0023
<0.001
<0.001
0.035
0.87
0.77
0.80

Data are n (%), mean±SD or geometric mean (IQR)
*p<0.001 for trend across the three groups
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a

b
*

3.1
2.9
2.7
2.5
2.3
2.1
1.9

Normoalbuminuria Albuminuria

Discussion
In asymptomatic patients with type 2 diabetes, impaired
CFR and elevated CAC were demonstrable with 82Rb
PET/CT, a new, fast and non-invasive hybrid imaging
method for assessing these measures of vascular function
and structure. The findings were further pronounced in
patients with concomitant albuminuria. Our findings suggest that even in asymptomatic individuals, patients with
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256

1,024
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5
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Fig. 1 Adjusted CFR and CAC
score according to group.
Estimated marginal means with
95% CIs for (a) CFR; (b) CAC
score. Adjusted for sex, age, 24 h
systolic BP, eGFR and smoking.
*p<0.05, **p<0.01
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-2)
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Fig. 2 Correlations between CFR and (a) CAC score, (b) UAER and (c)
eGFR. All correlations were significant (p≤0.001)

Controls

Normoalbuminuria Albuminuria

type 2 diabetes and albuminuria, known to be at high risk
of cardiovascular disease, have impaired coronary microcirculation when compared with normoalbuminuric patients. However, this was partly explained by other
cardiovascular risk factors. Furthermore, asymptomatic
normoalbuminuric type 2 diabetic patients showed a tendency towards impaired coronary microcirculation compared with age- and sex-matched controls, even after adjustment for cardiovascular risk factors.
Moreover, for CFR, we found a tendency towards a negative correlation with CAC and UAER. Older age and higher
HbA1c were correlated with elevated CAC, and there was a
tendency towards a correlation of higher UAER and male sex
with elevated CAC.
Impaired CFR has previously been described as a powerful, independent correlate of cardiac mortality among
patients with diabetes [8]. That study concluded that diabetic patients without known CAD and with impaired
CFR experienced a rate of cardiac death comparable with
that for non-diabetic patients with known CAD. Diabetic
patients without known CAD and preserved CFR had
very low annualised rate of cardiac mortality.
A CFR below 2.5 is considered reduced [18], and in our
study 83% of patients with type 2 diabetes and albuminuria
had impaired CFR according to this threshold, compared with
40% of normoalbuminuric patients. Previously, the degree of
CFR restriction in diabetes has been associated with the
magnitude of retinopathy [21] and with renal insufficiency
[22]; altogether, suggestive of a common microvascular impairment occurring in multiple microvascular beds, which
might be hypothesised to be part of the natural history of
diabetic patients.
CAC is usually measured in asymptomatic patients with
intermediate cardiovascular risk, and it has been consistently
shown that a CAC level of 0 in this patient group is associated
with a low risk of coronary events in 5–10 years [19]. A CAC
level above 300, on the other hand, has been associated with
an increased risk of cardiovascular events and mortality in
both non-diabetic individuals and diabetic patients in 3–5 years
of follow-up [9]. Furthermore, in a prospective study of 200
microalbuminuric patients with type 2 diabetes, we recently
showed CAC to be the strongest predictor of cardiovascular
events and mortality after 6 years of follow-up [23].
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In the current study, we found that asymptomatic diabetic
patients had higher CAC levels and a higher prevalence of increased CAC levels compared with healthy control participants.
More than 50% of the albuminuria group had a CAC level
above 300, indicative of a high risk of cardiovascular disease
and mortality. Furthermore, both higher UAER and lower eGFR
correlated with higher CAC. This could indicate that part of the
increased cardiovascular risk in patients with impaired kidney
function is mediated by metastatic calcification.
We found that CFR was negatively correlated with CAC.
Recent cross-sectional studies have revealed a similar correlation between coronary microcirculation dysfunction and coronary artery calcification. Wang et al reported that CFR was
negatively correlated with the presence and severity of CAC
in a population of 222 individuals without known cardiovascular disease enrolled in a multiethnic study of atherosclerosis
[24]. In contradiction to these findings, Pirich et al found no
relationship between CAC and CFR in 22 asymptomatic individuals with a family history of premature CAD [25].
Curillova et al, however, documented a significant association
between increasing CAC and declining CFR among patients
suspected to have CAD [26]. Thus, although microvascular
dysfunction is an important factor in the development of atherosclerosis, the association between functional and structural
alterations in atherosclerosis might not be straightforward and
might expose different pathophysiological processes and differences in time course.
This was also reflected in our population, where a CAC of
0 could not solely be used as a gatekeeper. In the 24 participants with a CAC of 0, the CFR range was 1.8–4.9, and three
participants (3%) had coronary microvascular dysfunction
(CFR <2.5).
Besides CFR and CAC, cardiac PET/CT imaging allows the
identification of individuals with regional perfusion defects in
the myocardium, induced by pharmacological stress. Interestingly, in our asymptomatic type 2 diabetic patients with a mean
age of 63.2±8.8 years, the prevalence of myocardial regional
perfusion defects was only 20%. This suggests that advanced
and flow-limiting damage to the vessels might require a longer
period to develop than previously estimated. However, the low
prevalence could be biased by the inclusion of only asymptomatic patients. It is likely that patients with a more rapid development of advanced lesions were excluded because of previous
cardiovascular disease or symptoms.
Clinical implications Cardiac PET imaging offers several advantages with regards to patient comfort, radiation safety and
duration of image acquisition (<1 h, as compared with up to
2 days for classic cardiac single-photon emission CT). PET
might be a promising imaging method to guide personalised
care. However, every new technique must find its place in the
clinical scenario through the demonstration of costeffectiveness and superiority over established methodologies.
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Because CFR provides a quantitative assessment of the
integrated effects of epicardial coronary stenosis, diffuse atherosclerosis and microvascular dysfunction [27], its role as an
early and sensitive marker of myocardial tissue perfusion impairment is promising. By adding the known prognostic value
of both CAC and LVEF to CFR, cardiac PET/CT imaging
might be a potential screening tool with which to identify
asymptomatic patients with type 2 diabetes who are at high
risk of cardiovascular disease and mortality. However, since
this technique is cumbersome and costly, the added predictive
value compared with other predictors should be proven in
larger, prospective studies.
Strengths and limitations The strength of this study is that, to
our knowledge, it is the first to evaluate CFR in asymptomatic
type 2 diabetic patients using the new, fast and non-invasive
cardiac 82Rb PET/CT technique, while comparing these patients with healthy controls. Limitations of the study include
the relatively small sample size and its cross-sectional nature.
However, the findings were robust when applying two different statistical approaches for the multivariate models.
Prospective studies are needed to assess the relative impact
on future cardiovascular events of the measures provided by
cardiac 82Rb PET/CT imaging. Moreover, information on
markers of inflammation and endothelial activation might
have reinforced the concept that measuring CFR and CAC
with the new technology works better than other approaches.
In addition, evaluation of other parts of the vascular system
(e.g. carotid arteries) would have strengthened our findings.
Conclusion In asymptomatic patients with type 2 diabetes, we
found a high prevalence of impaired CFR and elevated CAC,
especially in patients with concomitant albuminuria, suggesting a common microvascular impairment occurring in multiple microvascular beds.
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