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Abstract

Purpose We assessed the impact of type 2 diabetes, in the
presence of other major cardiovascular risk factors, on cor-
onary microvascular function and myocardial perfusion in
patients without obstructive coronary artery disease (CAD).
Methods In this prospective study, 23 patients with type 2
diabetes and 26 nondiabetic patients matched for age, sex
and other cardiovascular risk factors underwent a cold
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pressure test (CPT) and dipyridamole transthoracic echocar-
diography to determine their coronary flow (CF) ratio.
Within 2 weeks, all diabetic patients also underwent
dipyridamole-rest myocardial perfusion single-photon emis-
sion (MPS) CT. None of the patients with or without diabe-
tes had significant CAD on invasive coronary angiography.
Results The CPT-CF ratio was significantly lower in diabetic
patients than in nondiabetic patients (1.46+0.26 vs. 1.71+
0.32, p=0.006) and was correlated significantly with fasting
glycaemia (r=—0.35, p=0.01), but not with glycated haemo-
globin. The dipyridamole-CF ratio was also lower in diabetic
patients than in nondiabetic patients (2.38+0.74 vs. 2.75+
0.49, p=0.04). On MPS imaging, 5 diabetic patients (22%)
had stress-induced ischaemia and the remaining 18 (78%) had
normal myocardial perfusion. The dipyridamole-CF ratio was
not different in patients with and without reversible defects
(2.3£1.1 vs. 2.4+0.6, p=0.97).

Conclusion Coronary microvascular function is impaired in
type 2 diabetic patients without significant CAD, compared
to nondiabetic patients with similar other cardiovascular risk
factors. In the majority of diabetic patients, microvascular
dysfunction is associated with normal myocardial perfusion.

Keywords Type 2 diabetes mellitus - Microvascular
dysfunction - Myocardial perfusion imaging

Introduction

Diabetes mellitus is associated with increased cardiovascu-
lar risk that has been attributed mainly to its detrimental
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effects on vascular function [1]. In fact, in diabetic patients
without additional cardiac risk factors, endothelial dysfunc-
tion has been demonstrated and explained by associated
causes, including autonomic dysfunction, chronic hypergly-
caemia and insulin resistance [2]. However, the increased
cardiac risk in diabetic patients compared to nondiabetic
patients becomes more evident only after the age of 50 years,
when additional risk factors, mostly hypertension, dyslipi-
daemia, and obesity, often coexist with diabetes, and sub-
stantially contribute to the increase in risk [1]. All major
cardiac risk factors, including diabetes, impair endothelial
function that represents the earliest step to atherosclerosis,
leading to microvascular dysfunction before the develop-
ment of structural vascular changes or significant coronary
artery stenosis [3]. Yet, although endothelial and microvas-
cular dysfunction have been found in diabetic patients in
studies comparing them to healthy nondiabetic subjects, in
the previous studies diabetic patients were not matched for
other major risk factors to their control groups, so that how
much diabetes contributes to microvascular dysfunction is
not completely clear [4, 5]. Additionally, no studies have
evaluated coronary microvascular function and myocardial
perfusion in the same patients. The aim of the present study
was to assess the impact of type 2 diabetes mellitus, in the
presence of other major cardiac risk factors, on coronary
microvascular function and myocardial perfusion, compar-
ing two groups of patients with angiographically normal
coronary arteries, with and without diabetes, but with com-
parable additional major risk factors.

Materials and methods
Study population

This was a prospective study enrolling 23 patients with type
2 diabetes and 26 nondiabetic patients, matched for age, sex
and other cardiovascular risk factors (Table 1). For enrol-
ment, patients had to fulfil the following criteria: (1) being a
candidate for coronary angiography for cardiac symptoms;
(2) without significant epicardial vessel stenosis on coronary
angiography; (3) without previous myocardial infarction;
and (4) with normal regional left ventricular (LV) wall
motion, LV ejection fraction (=55 %), and LV mass index
(49-115 g/m” in men and 43-95 g/m” in women) [6] on
echocardiography. Exclusion criteria included: (1) conges-
tive heart failure; (2) angiographically significant coronary
artery disease (CAD), according to the guidelines of the
European Society of Cardiology [7]; (3) valvular heart dis-
ease; (4) atrial fibrillation; (5) inadequate echocardiographic
quality; (6) presence of a cardiac implantable device; and (7)
significant endocrine, hepatic, renal, pulmonary, or inflam-
matory disease. Within the same week, all patients
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Table 1 Characteristics of the study groups

Diabetic patients Nondiabetic p value
(n=23) patients (n=26)

Age (years) 62+10 61+10 0.75

Male gender, n (%) 12 (52) 18 (69) 0.25

Family history of 12 (52) 16 (61) 0.57
CAD, n (%)

Body mass index 27+4 27+3 0.74
(kg/m?)

Systolic blood 128+11 129+14 0.79
pressure (mmHg)

Diastolic blood 759 77+8 0.37
pressure (mmHg)

Total cholesterol 179+44 182450 0.78
(mg/dl)

Low-density lipoprotein  100+36 102+33 0.81
cholesterol (mg/dl)

High-density lipoprotein 49+15 48+18 0.94
cholesterol (mg/dl)

Triglycerides (mg/dl) 132+68 135+74 0.89

Glycaemia (mg/dl) 129+41 93422 <0.0001

Creatinine (mg/dl) 0.89+0.17 0.95+0.20 0.30

Glomerular filtration 85+28 87425 0.86
rate® (ml/min/1.73 m?)

Angiotensin-converting 9 (39) 7(27) 0.54
enzyme inhibitors,
n (%)

Angiotensin receptor 9 (39) 7 (27) 0.54
blockers, n (%)

Statins, n (%) 20 (87) 20 (77) 0.47

B blockers, n (%) 8 (35) 4 (15) 0.18

* Estimated using the Cockroft-Gault formula

underwent coronary angiography and transthoracic Doppler
echocardiography after a cold pressure test (CPT) and dipyr-
idamole infusion performed during the same period of the
day (between 9 am and 10 am). Venous plasma and serum
samples were taken after an overnight fast on the same day
as echocardiography. At the time of coronary angiography,
cardiovascular risk factors were recorded, including family
history of CAD, being overweight (defined as a body mass
index >25 kg/m?), arterial hypertension (systolic blood pres-
sure >140 mmHg, diastolic blood pressure >90 mmHg, or
taking antihypertensive medication), dyslipidaemia (total
serum cholesterol level >200 mg/dl, or taking lipid-
lowering medication), smoking (having smoked at least five
cigarettes per day within the last month), and cardiovascular
and antidiabetic medication. Type 2 diabetes mellitus was
defined according to the Standards of Medical Care in Diabetes
of the American Diabetes Association [8]. In diabetic patients
glycaemia control was assessed by measurement of glycated
haemoglobin (HbAlc). All patients with diabetes also under-
went dipyridamole-rest myocardial perfusion single-photon
emission (MPS) CT within 2 weeks of echocardiography.
The local Institutional Review Board approved the study and
informed consent was obtained from each participant.
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Doppler echocardiography

Standard Doppler echocardiography was performed using a
Vivid Seven machine (GE, Horten, Norway) in the morning
after an overnight fast of 12—14 h; subjects were instructed
to avoid all coffee-containing drinks and theophylline-
containing medications, and to abstain from smoking and
heavy exercise from 24 h before the study. The distal left
anterior descending artery was assessed by colour Doppler
recording using a 5-MHz shallow-focus phased-array trans-
ducer in a foreshortened apical two-chamber view. The
Doppler sample volume was placed on the colour signal of
the left anterior descending artery and the spectral pulsed
wave-Doppler signal was recorded so as to examine the
characteristic biphasic flow velocity pattern with a larger
diastolic and a smaller systolic component. The highest
three spectral Doppler signals were averaged to measure
coronary peak diastolic velocity. The coronary flow (CF)
velocity pattern was recorded in each patient at rest and
sequentially after CPT by placing the subject’s hand and
distal part of the forearm in an ice water slurry for 4 min [8,
9] and after dipyridamole infusion (0.84 mg/kg over 6 min)
[10]. The CF ratio was defined as the ratio of hyperaemic
(either after CPT or dipyridamole) to resting diastolic peak
velocities. Corrected CF values for the CPT studies were
also calculated using the following formula: uncorrected
value/rate x pressure product x 107* [11-13]. Heart rate,
arterial blood pressure, and electrocardiography (ECG) were
monitored during both the tests. In all patients, the dipyr-
idamole test was performed at least 1 h after CPT. The
methods and reproducibility in our laboratory for CF ratio
measurement have been previously reported [14, 15]. Two
investigators who were blinded to the patient characteristics
and the results of MPS imaging analysed the Doppler-
derived coronary images off-line.

MPS imaging

All diabetic patients also underwent same-day sestamibi
dipyridamole-rest MPS imaging, according to the recom-
mendations of the European Association of Nuclear Med-
icine and European Society of Cardiology [16] as
previously described in detail [17]. Dipyridamole was
infused at a dose of 0.56 mg/kg per min intravenously
over 4 min. A dose of 100 mg of aminophylline was
administered intravenously in the event of chest pain or
other symptoms, or after significant ST depression. Heart
rate, blood pressure and 12-lead ECG data were recorded
at rest, at the end of each stress stage, at peak stress and
in the delay phases at rest. Data were acquired using a
dual head rotating gamma camera (E.CAM; Siemens
Medical Systems, Hoffman Estates, IL) equipped with a
low-energy high-resolution collimator and connected to a

dedicated computer system. No attenuation or scatter
correction was used. A semiquantitative analysis of rela-
tive perfusion distribution was performed using standard-
ized segmentation of 17 myocardial segments. An
automated software program (Cedars-Sinai Medical Cen-
ter, Los Angeles, CA) was used to calculate the variables
incorporating both the extent and severity of perfusion
defects [17, 18]. A scan was considered normal if the
summed stress score (SSS) was <3, mildly to moderately
abnormal if the SSS was between 3 and 7, and severely
abnormal if the SSS was >7, as previously reported [18].
Operators unaware of the CF results analysed the MPS
studies.

Statistical analysis

Statistical analysis was performed using SPSS Statistical Soft-
ware 15.0 (SPSS, Chicago, IL). Continuous variables are
expressed as means£SD and categorical data as percentages.
Groups were compared using Student #-test for unpaired data
and the chi-squared test, as appropriate. Pearson’s correlation
was used to assess the relationships between parameters. A
p value <0.05 was considered statistically significant.

Results
Characteristics of the study population

A total of 49 patients were enrolled in the study: 23 patients
with type 2 diabetes and 26 nondiabetic patients with com-
parable cardiovascular risk factors (Table 1). In particular,
no differences between diabetic and nondiabetic patients
were observed in total and low-density lipoprotein choles-
terol, triglycerides, systolic and diastolic blood pressure,
creatinine, and glomerular filtration rate. No significant
differences were observed in the consumption of drugs
between diabetic and nondiabetic patients. In diabetic
patients, mean HbAlc was 6.7+£0.8% and mean duration
of diabetes was 7.746.9 years. Five of the diabetic patients
were in dietary therapy, 11 were taking oral antidiabetic
drugs, 2 oral antidiabetic drugs and insulin, and 5 insulin
only.

Endothelium-dependent and endothelium-independent
vasodilation

The CPT-CF ratio, which reflects endothelium-dependent
vasodilation, and the dipyridamole-CF ratio, which reflects
endothelium-independent vasodilation, were determined in
all 49 patients without major adverse effects or symptoms or
ECG changes. CF velocities, blood pressure, heart rate at
rest and after CPT or dipyridamole were not significantly
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Table 2 Coronary flow velocities and haemodynamic parameters at rest and during the CPT and dipyridamole tests

Rest

CPT

Dipyridamole

Diabetic patients Nondiabetic Diabetic patients Nondiabetic Diabetic patients Nondiabetic
(n=23) patients (n=26) (n=23) patients (n=26) (n=23) patients (n=26)
Coronary flow velocity (cm/s) 23.5+6.8 21.4+8.1 33.3+9.1 35.6+11.3 56.6+£19.9 56.4+22.1
Systolic blood pressure (mmHg)  127+13 132+£21 128+13 127+18 122416 124+17
Diastolic blood pressure (mmHg) 75+7 75+9 73+9 71+£9 68+10 69+11
Heart rate (beats/min) 71£13 69+12 73£17 7314 89+10 89+12

None of the p values was significant

different between diabetic and nondiabetic patients (Table 2).
The CPT-CF ratio was significantly lower in patients with
diabetes than in nondiabetic patients (1.46+0.26 vs. 1.71+
0.32, p=0.006; Fig. 1a). This difference between diabetic
and nondiabetic patients remained significant when using
CF ratio values corrected for rate-pressure product (1.44+
0.53 vs. 1.70+0.38, p<0.05). The dipyridamole-CF ratio
was also lower in diabetic patients than in nondiabetic
patients (2.38+0.74 vs. 2.75+£0.49, p=0.043; Fig. 1b). In
the whole study population, the CPT-CF ratio values were
significantly correlated with fasting glycaemia (r=—0.35,
p=0.01; Fig. 2a), but not with HbAlc (r=-0.13, p=0.54).
When fasting glycaemia was expressed as the natural loga-
rithm, the same results were obtained. The natural logarithm
of fasting glycaemia was significantly correlated with the
CPT-CF ratio (r=-0.40, p=0.004; Fig. 2b). However, no
significant correlation between fasting glycaemia and the
CPT-CF ratio was found when only diabetic patients were
considered.

p=0.006
2.25 — [ |
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Myocardial perfusion

On stress MPS imaging, 5 of the 23 patients (22%) with
diabetes had mild-to-moderate reversible perfusion defects,
with a mean SSS of 4.0+0.7. The myocardial perfusion
defects were localized in the inferior region in three patients
and in the inferoseptal region in two patients. The remaining
18 diabetic patients (78%) had normal myocardial perfu-
sion. Individual values of dipyridamole-CF ratio in diabetic
patients with and without stress-induced ischaemia are
shown in Fig. 3. Dipyridamole-CF ratio was not different
between patients with reversible defects and those with
normal perfusion (2.3£1.1 vs. 2.4+0.6, p=0.97).

Discussion

The findings of the present study demonstrate that in diabetic
patients without obstructive CAD, coronary microvascular

b
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Fig. 1 Mean CPT-CF ratio (a) and dipyridamole-CF ratio (b) in patients with type 2 diabetes mellitus (DM) and nondiabetic patients
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Fig. 2 Pearson’s correlation between CPT-CF ratios and fasting glycaemia (a) and CPT-CF ratio values and the natural logarithm of fasting

glycaemia (Ln_fasting glycaemia) (b) in all patients

function is substantially more impaired than in nondiabetic
patients matched for cardiovascular risk factors. They also
suggest a relevant contribution of endothelium-dependent
mechanisms to abnormal microvascular function, as shown
by the 42% reduction in CPT-CF ratio compared to non-
diabetic subjects. In contrast, the impairment of the
dipyridamole-CF ratio, that mainly reflects endothelium-
independent vasodilatation, was less evident, supporting
the prominent role of endothelial dysfunction as a cause
of impaired microvascular function.

Comparison with previous studies

Impairment of coronary epicardial and microvascular func-
tion in patients with diabetes has been previously reported
[4, 5]. However, in previous studies diabetic patients were
usually compared to control groups that substantially differed
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Fig. 3 Individual values for dipyridamole-CF ratio in diabetic patients
with normal myocardial perfusion (SSS <3) and in those with mild-to-
moderate ischaemia (3<SSS <7) on MPS imaging

for the presence of additional cardiovascular risk factors
(mostly hypertension and dyslipidaemia) that also exert rele-
vant unfavourable effects on endothelial function. To the best
of our knowledge, this is the first study that evaluated
endothelium-dependent and independent coronary microvas-
cular function in adult patients with type 2 diabetes mellitus
compared to nondiabetic patients without obstructive CAD on
coronary angiography, who were matched for all other cardio-
vascular risk factors, including blood pressure, lipid profile,
renal function, and body mass index. Di Carli et al. [4]
reported impaired coronary microvascular function, evaluated
by PET, in patients with type 1 and 2 diabetes mellitus
compared to controls. At variance with our study, in that study
the diabetic patients did not undergo coronary angiography,
were substantially younger (mean age 39 years) and showed
about 1 mmol/dl higher levels of total cholesterol as well
higher creatinine and blood pressure values compared to con-
trols, making more uncertain the contribution of diabetes to
vascular impairment. More recently, Galderisi et al. [5] also
reported reduced CF reserve assessed by dipyridamole trans-
thoracic Doppler echocardiography in hypertensive diabetic
patients compared to normotensive nondiabetic subjects with
had significantly different blood pressure values. Furthermore,
in that study only nonendothelium-dependent vasodilatation
was tested [5]. Abnormal epicardial vascular reactivity has
also been reported in diabetic hypertensive patients without
obstructive CAD and correlated with adverse prognosis [19].
Impaired epicardial coronary reactivity strictly correlates with
PET-measured response of myocardial blood flow to CPT
[20], consistent with the adverse prognostic role that CF
abnormalities play in patients at high cardiac risk [21].
Notably, the CPT-CF ratios observed in the current study
were substantially higher than values derived from PET
measurements [11-13]. This discrepancy is probably a re-
sult of the differences between measurement of absolute CF
values with PET and echocardiographic measurement of CF
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velocity that has no linear correlation with laminar flow. In
fact, previous studies evaluating CF velocity by transthorac-
ic Doppler echocardiography [14, 22] or MRI [23] during
CPT have found velocity ratios very consistent with the
values observed in the present study.

Mechanisms of abnormal microvascular function in diabetes

The findings of the study support the pathogenetic role of
diabetes mellitus-mediated endothelial dysfunction. In fact,
since diabetic and nondiabetic patients were matched for
other major cardiovascular risk factors, the difference in
the degree of endothelium-mediated microvascular function
observed in our study cannot be explained by the concom-
itant presence of additional risk factors that is commonly
observed in diabetes, and represents, therefore, the contri-
bution of the disease to vascular dysfunction.
Hyperglycaemia-mediated formation of free radicals and
nitric oxide inactivation [24], together with protein kinase C
activation induced by hyperglycaemia [25] have been reported
as peculiar mechanisms of endothelial dysfunction in diabetic
patients. Autonomic neuropathy, frequently present in diabetic
patients, has also been shown to contribute to endothelial
dysfunction [26]. In the present study a significant inverse
correlation was found between fasting glycaemia and
endothelium-dependent vasodilatation (#=-0.34), but not be-
tween fasting glycaemia and endothelium-independent vaso-
dilatation in the whole population, which is similar to the
findings reported by Di Carli et al. (¥=—0.42) [4]. However,
this correlation was not confirmed when only diabetic patients
were considered, as also observed by Marini et al. [27],
suggesting that pathogenesis of microvascular dysfunction in
diabetic patients is multifactorial and also determined by the
coexistence of additional major cardiovascular risk factors.

Myocardial perfusion

In the present study, mild-to-moderate reversible perfusion
defects were observed on dipyridamole stress MPS imaging
in 22% of diabetic patients, whereas no perfusion abnormal-
ities at rest were documented. This is consistent with previous
findings using nuclear imaging techniques that demonstrate
the effects of endothelial dysfunction on myocardial perfusion
[27-31]. In particular, Djaberi et al. [28] reported regional
perfusion defects on adenosine-MPS in 32% of 95 diabetic
patients without obstructive CAD on multislice CT angiogra-
phy that were associated with abnormal brachial artery flow-
mediated dilation. Storto et al. [30] and Marini et al. [27] also
found, using dipyridamole MPS, homogeneously impaired
vascular function in diabetic patients, showing regional per-
fusion defects in about 30% of them. Therefore, endothelial
dysfunction might also account, in part, for the reversible
perfusion defects noted in 22% of the diabetic patients
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enrolled in our study. Among patients with cardiac risk factors
who do not have significant coronary artery stenosis on angi-
ography, those with reversible SPECT perfusion defects are
more likely to have endothelial dysfunction, as evidenced by
diminished brachial artery reactivity, than those without
stress-induced perfusion abnormalities [30, 31]. In the study
by Storto et al. [30], diabetic patients with reversible perfusion
defects tended to have lower flow reserve estimates than those
without defects (1.02+0.5 vs. 1.51+0.9). Although this dif-
ference did not achieve statistical significance, the relatively
modest number of subjects in each group limited the statistical
power of the study to identify differences in perfusion reserve
if any between the two groups.

Study limitations

This study had some limitations that should be considered.
First, we evaluated a relatively small number of patients and,
therefore, our results need to be confirmed in a larger popula-
tion. We also acknowledge that trans-thoracic Doppler echo-
cardiography, although widely available and repeatable,
provides an indirect estimate of coronary microvascular func-
tion compared to absolute flow quantification by PET. In
particular, changes in the section of epicardial vessels upon
dipyridamole and CPT stimulation may affect measurements
of flow velocity. In fact, it has been reported that CPT deter-
mines paradoxical vasoconstriction, assessed on invasive an-
giography, of epicardial atherosclerotic vessels without
obstructive stenosis in patients with cardiovascular risk factors
[32-34], which may contribute, in addition to reduced micro-
vascular function, to reducing the CPT-CF ratio. The coronary
cross-sectional area was not measured in the present study,
which may have led to underestimation of the vasodilatation
response to CPT and dipyridamole [35]. Thus, lack of simul-
taneous cross-sectional coronary area and flow velocity pre-
vents precise dissection of the independent contribution of
macrovascular and microvascular abnormal reactivity to im-
paired CF ratios [36]. In addition, lack of MPS data in nondi-
abetic patients may also represent a limitation of the study.
Finally, the absence of coronary artery stenosis on coronary
angiography does not necessarily exclude a significant ath-
erosclerotic burden of the vessel wall [37].

Conclusion

This study demonstrated that, in the absence of obstructive
CAD, coronary microvascular function is impaired in adult
patients with type 2 diabetes mellitus compared to nondia-
betic patients with matched cardiovascular risk factors, and
contributes to the clarification of the pathogenetic impact of
diabetes in fostering the atherosclerotic process and promot-
ing cardiac events. Yet, the relevance of coronary microvas-
cular dysfunction in adult diabetic patients as a prognostic
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marker or therapeutic target, and whether the occurrence of

perfusion abnormalities in some of these patients is associ-
ated with adverse prognosis, remain to be elucidated.
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