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Background-—The contribution of functionally disturbed coronary autoregulation and structurally impaired microvascular
vasodilatory function to reduced coronary flow velocity reserve, reflecting impaired coronary microcirculation in diabetes mellitus
(DM), has not been clearly elucidated. The objective of this study was to identify the mechanism of coronary microvascular
impairment in DM in relation to duration of disease.

Methods and Results-—Coronary flow velocities in the anterior descending coronary artery were assessed by transthoracic
echocardiography following angiography revealing normal epicardial coronary arteries in 55 diabetic and 47 nondiabetic patients.
Average peak flow velocities, coronary flow velocity reserve, and microvascular resistance in baseline and hyperemic conditions
(baseline and hyperemic microvascular resistance, respectively) were assessed. Reduced coronary flow velocity reserve in patients
with short duration (<10 years) of DM compared with nondiabetic patients was primarily driven by increased baseline average peak
flow velocity (26.50�5.6 versus 22.08�4.31, P=0.008) in the presence of decreased baseline microvascular resistance (3.69�0.86
versus 4.34�0.76, P=0.003). In contrast, decreased coronary flow velocity reserve in patients with long-standing (≥10 years) DM
comparedwith nondiabetic patientswas predominantly driven by reduced hyperemic average peak flow velocity (41.57�10.01 versus
53.47�11.8, P<0.001) due to increased hyperemic microvascular resistance (2.13�0.42 versus 1.69�0.39, P<0.001).

Conclusions-—Both altered coronary autoregulation and impaired microvascular vasodilatory function contribute to DM-related
coronary microvascular impairment in a time-dependent manner. DM-induced early functional microvascular autoregulatory
impairment seems to evolve into structural microvascular impairment in the initially overperfused microvascular territory at the
later stage of disease. ( J Am Heart Assoc. 2016;5:e003995 doi: 10.1161/JAHA.116.003995)
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Impaired coronary flow velocity reserve (CFVR) suggesting
microvascular structural and/or functional impairment has

been demonstrated repeatedly in patients with diabetes
mellitus (DM) and normal epicardial coronary arteries, using
intracoronary Doppler and thermodilution-derived tech-
niques,1–4 positron emission tomography,5–7 echocardiogra-
phy,8 and chromatographic methods.9 In this patient subset,
impaired CFVR, which is mostly attributed to diabetic

microangiopathy5, 6,10 and altered myocardial metabolism,11,12

was shown to be strongly associated with development of
impaired left ventricular (LV) systolic13 and diastolic function14

and adverse long-term patient outcome including cardiac
mortality.15,16

In the presence of angiographically normal epicardial
arteries, diminished CFVR reflecting coronary microvascular
impairment in patients with DM can be mainly driven by 2
mechanisms. The first is presumably a result of increased
baseline coronary flow in the presence of reduced coronary
microvascular resistance at rest (baseline microvascular resis-
tance [BMR]). In this situation, BMR can decrease to compen-
sate for either increased myocardial oxygen requirements due
to diabetes-induced altered myocardial metabolic demand or
inappropriately reduced coronary microvascular tonus due to
autonomous dysfunction. The second mechanism is the
reduction of hyperemic coronary flow due to highmicrovascular
resistance undermaximal hyperemia (hyperemicmicrovascular
resistance [HMR]) andmay be ascribed to impaired vasodilatory
function of the coronary microcirculation due to structural
remodeling. Moreover, studies to date reported inconsistent
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findings in terms of the relative contributions of these 2
mechanisms to impaired CFVR and myocardial flow reserve in
diabetic patients with normal epicardial coronary arteries.
Although most of the studies performed in patients with DM
reported reduced hyperemic flow, representing impaired
microvascular vasodilator reserve as the predominant mecha-
nism behind disturbed myocardial or coronary flow reserve,4–9

only a few studies reported increased baseline flow as the
primary contributor.3,17 None of these studies, however, used
baseline and hyperemic coronary flow and microvascular
resistance as integrative only, which would have allowed
identification of individual contributions of disturbed autoreg-
ulatory mechanisms and vasodilatory impairment to impaired
CFVR. Furthermore, a possible role has not yet been elucidated
for the duration of DM in the evolution of these functional
(increased baseline flow, decreased BMR) and structural
(decreased hyperemic flow, increased HMR) coronary
microvascular abnormalities.

The aim of this study was to elucidate the mechanism
underlying impaired CFVR in diabetic patients and to deter-
mine the influence of disease duration on the pattern of
microvascular involvement in DM.

Methods
The study was performed at the Istanbul Faculty of Medicine
Department of Cardiology between March 2014 and July
2015. We prospectively enrolled patients with normal coro-
nary arteries who underwent coronary angiography during
evaluation of their chest pain syndrome. Patients with DM
(type 2) and controls in same age range with chest pain and
normal epicardial arteries on coronary angiogram were
included prospectively. Patients with previous myocardial
infarction, prior coronary revascularization, or other signifi-
cant myocardial or valvular heart diseases were excluded. The
study was approved by the local ethics committee. All
patients gave fully informed written consent. Smoking history,
noninvasive blood pressure values, lipid profile, and drug
history were recorded in line with current American Diabetes
Association guidelines. DM was defined as a fasting glucose
level ≥7 mmol/L, hemoglobin A1c ≥6.5%, or a past history of
diabetes. Patients who did not meet this definition were
defined as nondiabetic. Duration of DM was reported by the
patients and reviewed in the patients’ records at our
institution’s diabetes clinic (Istanbul Faculty of Medicine,
Department of Diabetes).

Echocardiographic Protocol
All participants underwent standard 2-dimensional imaging
assessing LV volumes and function, standard and tissue

Doppler imaging, and coronary flow evaluation using a digital
ultrasound system (Vivid 7; GE Medical Systems Inc).

Assessment of coronary flow velocity pattern

Coronary flow velocity pattern was assessed in the distal left
anterior descending coronary artery using transthoracic
echocardiography (M.S. and B.U.). Doppler spectral tracings
of coronary flow velocity were obtained by positioning a sample
volume (1.5 mm wide) on the color signal in the descending
anterior coronary artery and trying to align the ultrasound beam
as close to parallel to the flow as possible using a modified
foreshortened apical 2-chamber view. After recording of
coronary flow, without changing the transducer’s position or
the Doppler sample volume, a dose of 0.56 mg/kg of
dipyridamole (up to 0.84 mg/kg) was infused in 6 minutes
under continuous 12-lead ECG monitoring. Blood pressure and
heart rate were recorded every 3 minutes until the end of the
test. Coronary flow velocity envelopes taken throughout the
infusion period were recorded and analyzed offline (Figure 1A).

A

B

Figure 1. Assessment of average peak coronary velocity and
deceleration time of diastolic coronary flow velocity using
transthoracic echocardiography. A, Measurement of average peak
coronary velocity (Vmean=0.61 m/s). B, Measurement of deceler-
ation time of diastolic coronary flow velocity (DDT 616 ms).
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Calculations
Average peak velocities (APVs) and average peak diastolic
velocities were measured from spectral Doppler signal
recordings obtained by transthoracic echocardiography. CFVR
was calculated by dividing transthoracic Doppler-derived
mean hyperemic APV (APVh) by mean baseline APV (APVb):

CFVR ¼ APVh=APVb

Because mean pressure in coronary arteries without
epicardial stenosis should be equal to the mean aortic
pressure, coronary driving pressure can be obtained by
measuring mean arterial pressure with the use of a sphyg-
momanometer. Consequently, microvascular resistance (in
mm Hg.s/cm) was calculated from mean blood pressure
measured in the arm by sphygmomanometer (mean pres-
sure=[29diastolic+systolic]/3) divided by APV. Microvascular
resistance was calculated in both baseline (BMR) and
hyperemic (HMR) states. The arteriolar resistance index
(ARI), which represents autoregulatory function, was
expressed as BMR minus HMR.18

The difference between BMR and HMR indicates vasodila-
tory capacity or potential (to dilate under maximal hyperemia)
of the arteriolar resistance vessels:

BMR ¼ Mean systemic pressurebaseline=

Average peak velocitybaseline

HMR ¼ Mean systemic pressurehyperemic=

Average peak velocityhyperemic

ARI ¼ BMR� HMR

From the diastolic coronary flow velocity spectrum,
diastolic deceleration time (in ms) was measured as the time
from the peak diastolic velocity to the point at which the
extrapolated APV line intersected the baseline from 3 cardiac
cycles and then averaged (Figure 1B).

Statistical Analysis
Statistical tests were performed with SPSS version 21.0
software (IBM Corp). Continuous variables were expressed as
mean�SD. Group proportions and categorical variables were
compared by chi-square or Fisher exact tests. The Levene test
was used to determine whether the standard deviations of the
group means were the same. Group means for coronary
physiology indices with normal and nonnormal distributions
were compared between diabetic and nondiabetic groups with
the use of the Student t test and the Mann–Whitney U test for
independent groups, respectively. Comparisons of mean

values of physiology indices among multiple groups (short
and long-term DM and control groups) were performed with
the use of a 1-way ANOVA test with Bonferroni correction.
Group means in diabetic and nondiabetic groups were also
adjusted for potential confounders using ANCOVA. In this
multivariate adjustment, age, LV mass, presence and absence
of hypertension, and angiotensin-converting enzyme inhibitor
and statin usage were included in the model while comparing
coronary flow–based parameters and microvascular resis-
tance values between diabetic and nondiabetic groups.
Pearson correlation and linear regression analysis were used
as appropriate. In the UK Prospective Diabetes Study, the
prevalence of microvascular complications in patients with
DM was shown to be significantly increased after 10 years.19

Consequently, we empirically chose 10 years as the cutoff for
DM duration, and diabetic patients were divided into 2 groups
based on this cutoff value (<10 or ≥10 years) with the
assumption that diabetic patients with disease duration ≥10
years may have developed microvascular complications
significantly more frequently than those with disease duration
<10 years. To delineate the independent effect of DM and its
duration on microvascular resistance and coronary flow
parameters, in addition to statistical adjustment made for
controlling potential confounders, analyses were repeated in
the presence or absence of hypertension and of LV hypertro-
phy (LVH). Statistical significance was assigned at P<0.05.

Results

Study Population and Patient Characteristics
We studied 102 consecutive patients (55 with DM and 47
controls). It was not possible to obtain interpretable Doppler
envelopes in 10 patients; therefore, 92 patients (50 diabetic)
constituted the final study population. There were no
significant differences between diabetic and nondiabetic
patients in terms of baseline clinical and laboratory charac-
teristics; however, diabetic patients more frequently received
angiotensin receptor antagonist and statin therapy compared
with controls (Table 1).

In standard echocardiographic evaluation, there were no
significant differences between diabetic patients and controls
with respect to LV volume indexes, ejection fraction, and LV
mass index; however, diastolic indexes tended to be worse in
those with DM (Table 2).

Impact of DM on Coronary Microvascular
Functional and Structural Integrity
Patients with DM, compared with nondiabetic patients, had
significantly lower CFVR (1.80�0.34 versus 2.49�0.42,
P<0.001), lower BMR (3.77�0.83 versus 4.32�0.72 mm
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Hg/cm�1 per s�1, P=0.002), higher HMR (2.02�0.51 versus
1.68�0.39 mm Hg.s/cm, P=0.002), lower ARI, and
steeper deceleration of diastolic coronary flow. In addition,
compared with nondiabetic patients, APVb was significantly
higher and APVh was significantly lower in diabetic patients
(Table 3).

After multivariate adjustment made for potential con-
founders (age, LV mass, presence or absence of hypertension,
angiotensin-converting enzyme inhibitor and statin usage),
compared with nondiabetic controls, diabetic patients had
significantly lower CFVR (1.86 versus 2.46, adjusted P=0.001)
(Figure 2A), which was mainly driven by significantly reduced
APVh in diabetic compared with nondiabetic patients (45.44
versus 54.51, adjusted P=0.006) (Figure 2B). In accordance
with these findings, HMR was significantly higher (1.98 versus
1.70 mm Hg.s/cm, adjusted P=0.019) and ARI was signifi-
cantly lower (1.82 versus 2.51, adjusted P=0.0001) in

diabetic patients compared with nondiabetic patients after
multivariable adjustment (Figure 2A); however, APVb value did
not differ between diabetic and nondiabetic patients (24.61
versus 22.61, adjusted P=0.11) (Figure 2B). Accordingly,
values for BMR (3.98 versus 4.27 mm Hg.s/cm, adjusted
P=0.16) and baseline diastolic deceleration time (1004 versus
1061, adjusted P=0.363) also did not differ between diabetic
and nondiabetic patients.

Four groups were constituted based on the presence or
absence of DM and hypertension. In the absence of accompa-
nying hypertension, compared with non-DM patients (n=26),
patients with DM (n=16) had significantly lower CFVR
(1.93�0.48 versus 2.49�0.34, P<0.001) that was primarily
driven by decreased APVh (41.75�14.49 versus 56.58�11.22,
P=0.001) due to increased HMR (2.20�0.69 versus
1.57�0.38 mm Hg.s/cm, P<0.001) (Figure 3A). No differ-
ences were observed in the values for APVb (22.88�4.11

Table 1. Baseline Demographic and Clinical Characteristics and Laboratory Findings of the Study Groups

Diabetic Patients

Nondiabetic
Patients (n=42)

P Values

All DM
patients (n=50)

DM <10 Years
(n=28)

DM ≥10 Years
(n=22)

All DM vs
Nondiabetic

DM <10 vs
≥10 Years

Demographics, history, findings

Sex, male 60% 60.7% 59% 63.8% 0.668 0.98

Age, y 55.4�8.3 56.37�7.13 59.04�9.3 55.0�8.3 0.268 0.25

Body mass index 30.9�4.4 30.69�4.66 31.19�4.36 29.6�4.8 0.163 0.62

Cigarettes 22% 21.4% 22.7% 25% 0.852 0.92

Hypertension 68% 67.8% 68.6% 62% 0.834 0.73

Systolic blood pressure 125.8�18.4 124.4�19.1 126.3�17.9 126.7�10.2 0.798 0.49

Diastolic blood pressure 72.3�8.5 72.8�7.5 74.4�8.1 74.7�10.2 0.231 0.67

Heart rate 73.2�8.4 74.4�8.2 73.5�7.9 73.1�7.5 0.973 0.87

DM duration, y 8.9�6.7 — —

Laboratory

Total cholesterol 194.4�42.2 194.25�41.62 194.62�43.98 200.5�30.2 0.481 0.97

LDL-C 124.1�33.9 122.14�35.41 127.16�32.22 126.4�25.8 0.725 0.58

HDL-C 45.8�11.7 46.00�12.30 45.62�11.00 46.5�13.3 0.798 0.90

Creatinine 0.92�0.45 0.83�0.16 1.03�0.67 0.84�0.16 0.325 0.16

HbA1c 7.7�1.7 7.64�1.60 7.68�1.67 5.2�0.3 <0.001 0.91

Treatment

Insulin 46% 44.4% 48.4% — — 0.84

Insulin plus OAD 98% 97% 100% — — 0.98

Calcium channel blocker 25.4% 25.7% 24.9% 22.9% 0.437 0.54

Beta blocker 25.4% 24.6% 25.6% 22.9% 0.437 0.86

ACEI/ARB 76.4% 78.5% 74.3% 52.8% 0.010 0.72

Statin 52.5% 51.5% 53.5% 22.4% 0.008 0.74

ACEI indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; DM, diabetes mellitus; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; OAD, oral antidiabetic medication.
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versus 21.50�5.39, P=0.353) and BMR (4.07�0.79 versus
4.34�1.06 mm Hg.s/cm, P=0.35) between the diabetic and
nondiabetic patient groups in the absence of hypertension.
Among the 4 groups, the mean value of CFVR was lowest
(1.77�0.33) in the group composed of patients who had both
DM and hypertension (Figure 3B).

Influence of DM Duration on Coronary Flow and
Microvascular Perfusion Parameters
In this prespecified analysis, duration of DM was found to be
inversely correlated with APVh (r=�0.371, P=0.008)

(Figure 4A), CFVR (r=�0.378, P=0.007), HMR (r=0.292,
P=0.04), and ARI (r=�0.298, P=0.034); however, there was
no correlation between DM duration and APVb (r=0.03)
(Figure 4B).

Diabetic patients were then divided into 2 groups based on
the duration of the disease (≥10 versus <10 years; duration of
DM ≥10 years indicated long-standing DM). In total, 22
patients were classified as having long-standing DM, and 28
had short duration of disease (<10 years).

Short-term DM (<10 years) versus nondiabetic patients

CFVR was significantly lower in patients with history of DM
<10 years compared with nondiabetic patients. This differ-
ence was observed to be primarily driven by increased
APVb (P=0.014) due to significantly decreased BMR in
short-term diabetic patients compared with nondiabetic
patients (3.69�0.86 versus 4.34�0.76 mm Hg.s/cm,
P=0.005) (Table 4 and Figure 5). APVh, HMR, and diastolic
deceleration time were not different between short-term
DM and nondiabetic patients (Table 4 and Figure 5).

Long-standing DM (≥10 years) versus nondiabetic
patients

In contrast, there were no significant differences between
patients with long-standing DM and nondiabetic patients with
respect to APVb and BMR; however, compared with nondia-
betic patients, HMR was found to be significantly elevated in
those with long-standing DM (2.13�0.42 versus 1.69�0.39,
P=0.002). Significantly decreased APVh (41.57�10.01 versus
53.47�11.8, P<0.001) was consistently observed in the long-
standing DM group compared with the nondiabetic group.
Diastolic deceleration time was also significantly faster in
those with long-term DM than in nondiabetic patients (Table 4
and Figure 5).

Table 2. Standard Echocardiographic Findings

Diabetic
(n=50)

Nondiabetic
(n=42) P Value

Septal wall thickness 1.16�0.13 1.12�0.13 0.387

Posterior wall thickness,
cm

1.08�0.90 1.04�0.07 0.528

LV end-diastolic diameter,
cm

4.70�0.43 4.48�0.43 0.080

LV end-systolic diameter,
cm

2.84�0.28 2.75�0.36 0.190

LV end-diastolic volume
index

52.54�12.7 54.24�10.48 0. 245

LV end-systolic volume
index

16.07�5.52 17.17�5.83 0.359

LV ejection fraction, % 70.76�6.50 73.15�5.70 0.212

LV mass index 98.81�18.51 98.08�18.45 0.852

Mitral Ee0 10.92�2.70 9.90�2.64 0.085

Mitral E/A 0.86�0.23 1.061�0.28 0.001

LV indicates left ventricular.

Table 3. Effect of DM on Coronary Microcirculation

DM
(n=50)

No DM
(n=42) Mean Difference 95% CI P Value

CFVR 1.80�0.34 2.49�0.42 �0.687 �0.85 to �0.52 <0.001

APVbas 24 (15–38) 22 (16–40) 0.012

APVhyp 45.54�12.10 53.65�12.64 �8.11 �13.52 to 2.71 0.004

BMR 3.77�0.83 4.32�0.72 0.26 0.05–0.46 0.002

HMR 2.02�0.51 1.69�0.39 0.332 0.12–0.53 0.002

ARI 1.74�0.55 2.65�0.53 �0.906 �1.14 to �0.66 <0.001

DDTbas 979 (400/2506) 1018 (809–1498) 0.016

DDThyp 709.68�174.12 807.77�131.53 �98.09 167.38–28.80 0.006

Due to nonnormal distribution, median values and minimum and maximum values were provided for APVbas and DDTbas. APVbas indicates basal average peak velocity; APVhyp, hyperemic
average peak velocity; ARI, arteriole resistance index; BMR, baseline microvascular resistance; CFVR, coronary flow velocity reserve; DDTbas, baseline diastolic deceleration time; DDThyp,
hyperemic diastolic deceleration time; DM, diabetes mellitus; HMR, hyperemic microvascular resistance.
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Short-duration versus long-standing DM

Demographic and laboratory findings and treatment used did
not differ between patients with long-standing DM and those
with short duration of disease (Table 1). Patients with history
of DM <10 years had significantly higher CFVR (1.89�0.37
versus 1.71�0.25, P=0.045) than patients with long-standing
DM. This difference seemed to be driven by significantly
decreased APVh in the long-term DM group (Table 4 and
Figure 5). Although it did not reach statistical significance
(P=0.16), HMR was also higher in long-standing DM patients
than in those with short duration of disease. In contrast, there
were no differences between these 2 groups with respect to
APVb, BMR, and ARI (Table 4 and Figure 5).

In observing nondiabetic controls and long-standing DM
patients, a progressive increase in HMR was noted over time,
along with a corresponding progressive decrease in APVh
(Figure 5B).

Effect of DM duration on microvascular parameters in
the absence of LVH

In addition to statistical adjustment controlling for the
presence and absence of LVH, coronary flow, and microvas-
cular resistance, comparisons performed between diabetic
patients (n=37) and control participants (n=17) were repeated
selectively in the absence of LVH. In this analysis, again,
CFVR was found to be significantly lower in diabetic patients
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adjustment. A, Parameters used for assessing functional status of coronary microcirculation. B, Hyperemic and baseline coronary average peak
velocities. APVbas indicates baseline average peak velocity; APVhyp, hyperemic average peak velocity; ARI, arteriolar resistance index; BMR,
baseline microvascular resistance; CFVR, coronary flow velocity reserve; HMR, hyperemic microvascular resistance.
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than in nondiabetic controls (1.87�0.36 versus 2.43�0.30,
P<0.001).

In the absence of LVH, compared with nondiabetic
controls, significantly increased APVb (25.69�4.88 versus
21.57�3.57, P=0.02) due to decreased BMR (3.72�0.56 ver-
sus 4.21�0.58 mm Hg.s/cm, P=0.04) was observed in
patients with short-duration DM (n=17). Nevertheless, there
were no differences in APVh (49.69�11.47 versus
52.50�11.85, P=0.49) and HMR (1.93�0.57 versus
1.69�0.42 mm Hg.s/cm, P=0.22) between patients with
short duration of DM and nondiabetic controls.

In contrast, APVh (37.12�5.13 versus 52.50�11.85,
P=0.002), due to increased HMR (2.21�0.37 versus
1.69�0.42 mm Hg.s/cm, P=0.009), was significantly lower

in patients with long-standing DM (n=20) compared with
nondiabetic controls in the absence of LVH. APVb, however,
did not differ between long-standing DM patients and
nondiabetic controls (21.00�2.13 versus 21.57�3.57,
P=0.65).

Discussion
The findings of this study revealed that reduced CFVR in DM,
implying coronary microvascular impairment, was predomi-
nantly driven by the combination of decreased hyperemic
coronary flow velocity and increased HMR. In addition, the
underlying mechanism of the impairment in coronary
microvascular function in DM was observed to change in a

A B

Figure 4. Relationship between duration of diabetes mellitus (DM) and coronary flow parameters. A, DM duration and hyperemic average peak
velocity (APVh). B, DM duration and baseline average peak velocity (APVb).

Table 4. Microvascular Perfusion Parameters in DM Patients Based on the Duration of Disease

DM <10 Years (n=28) DM ≥10 Years (n=22) Nondiabetic (n=42)

P Values for Differences

DM <10 vs ≥10 Years DM <10 Years vs Nondiabetic DM ≥10 Years vs Nondiabetic

APVbas 26.50�5.6 24.00�5.23 22.08�4.31 0.32 0.014 0.49

APVhyp 48.00�12.8 41.57�10.01 53.47�11.8 0.041 0.052 <0.001

CFVR 1.89�0.37 1.71�0.25 2.43�0.42 0.045 <0.001 <0.001

HMR 1.89�0.53 2.13�0.42 1.69�0.39 0.16 0.223 0.002

BMR 3.69�0.86 3.98�0.69 4.34�0.76 0.59 0.005 0.056

ARI 1.80�0.63 1.67�0.44 2.65�0.53 0.707 <0.001 <0.001

DDTbas 1037.64�354.27 924.86�172.02 1086.80�177.27 0.834 0.476 0.003

APVbas indicates basal average peak velocity; APVhyp, hyperemic average peak velocity; ARI, arteriole resistance index; BMR, baseline microvascular resistance; CFVR, coronary flow
velocity reserve; DDTbas, baseline diastolic deceleration time; DM, diabetes mellitus; HMR, hyperemic microvascular resistance.
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time-dependent manner. In patients with short duration of DM
(<10 years), impaired CFVR was primarily driven by increased
baseline coronary flow velocity accompanied by decreased
BMR, suggesting DM-induced autoregulatory dysfunction
and/or increased metabolic needs. Alternatively, significantly
reduced hyperemic coronary flow velocity accompanied by
increased HMR, implying disturbed microvascular vasodilatory
function, seemed to be the prevailing mechanism behind
impaired CFVR in patients with long-standing DM (≥10 years).
Importantly, these findings were shown to be independent of
the presence or absence of hypertension or LVH. Progres-
sively impaired arteriolar dilatory reserve, as measured by the
ARI, resulting from either decreased BMR or increased HMR
seemed to be the predominant mechanism underlying coro-
nary microvascular abnormalities in DM. Confirmation of the
result of this hypothesis-generating study will require a
longitudinal trial including a larger number of patients.

Our findings suggest that there may be a bimodal pattern
in involvement of coronary microcirculation in diabetic
patients. In patients with short-term DM, the combination of
increased baseline coronary flow velocity and decreased BMR
despite normal perfusion pressure distinguishes DM-induced
impaired autoregulation and/or adaptive response to altered
myocardial energy metabolism in the diabetic heart as the
initial functional insult in diabetic microcirculation. In the
relatively early phase of the disease, DM-induced defective
coronary autoregulation20 may fail to adapt distal vascular
tone to regulate coronary flow, and baseline coronary flow
may have increased disproportionately.11,17,21 In addition, in
the diabetic heart, altered myocardial energy metabolism due
to increased baseline oxygen requirement20–22 can also be
physiologically coupled with increased coronary flow at rest.
Consequently, in the first decade, DM-induced impaired
adaptive autoregulatory response of coronary resistance

Figure 5. Average baseline and hyperemic coronary flow and microvascular resistance parameters with standard error of the mean in patients
with short- and long-duration diabetes mellitus and in nondiabetic controls. A, Baseline coronary flow velocity and microvascular resistance
values. B, Hyperemic coronary flow velocity and microvascular resistance values. C, Comparison of the coronary flow velocity reserve and
arteriolar resistance index values in nondiabetic and diabetic patients stratified according to duration of disease (≥10 versus <10 years). APVbas
indicates baseline average peak velocity; APVhyp, hyperemic average peak velocity; BMR, baseline microvascular resistance; DM, diabetes
mellitus; HMR, hyperemic microvascular resistance.
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vessels20 may cause persistently increased myocardial blood
flow despite adequately perfused myocardium and may
expose coronary microcirculation to a constant high-flow
situation.

Decrease in CFVR due to decreased BMR and increased
coronary flow velocity at rest has also been shown in different
settings. First, impaired CFVR after angioplasty and stenting
was demonstrated to be related to increased baseline
coronary flow velocity and decreased BMR.23–25 Second, a
recently published study elegantly demonstrated that in
patients undergoing percutaneous intervention, primary deter-
minants of impaired CFVR measured in reference vessels
without flow-limiting stenosis were increased baseline flow in
combination with decreased BMR, implying preexisting dis-
turbance of coronary autoregulation in adequately perfused
myocardium.26

In the long term, it seems that DM leads to a significant
increase in HMR in combination with reduced hyperemic
coronary flow velocity. These findings suggest that disturbed
vasodilatory function of coronary microcirculation may be the
prevailing mechanism behind impaired microcirculation as
those with the disease age. Significantly faster deceleration of
the diastolic coronary flow velocity (diastolic deceleration
time), which reflects an impeding effect of increased
microvascular resistance on diastolic coronary flow due to
structural microvascular damage,27 was observed consis-
tently only in patients with long-standing DM compared with
nondiabetic patients. Consequently, initial functional impair-
ment in coronary autoregulatory function detected in patients
with short duration of disease seemed to evolve into
structural impairment of the coronary microcirculation in the
long term, as shown by increased HMR and decreased
hyperemic coronary flow velocity.

From a pathophysiological point of view, on the temporal
scale, initial functional impairment of the autoregulatory
mechanism leading to an inappropriately increased baseline
coronary and microvascular flow may induce structural
microvascular remodeling or rarefaction in the related
microvascular territory exposed by continuous insult of
increased blood flow. This structurally remodeled microcircu-
lation may subsequently pave the way for an increase in HMR
and consequent decrease in hyperemic flow in the long term.
In line with this evolution, duration of DM was found to be
inversely correlated with hyperemic, but not baseline, coro-
nary flow velocity. Similarly, capillary rarefaction in kid-
ney,28,29 which is the hallmark of diabetic nephropathy, is
known to be linked with glomerular hyperfiltration or hyper-
perfusion that occurs in early DM.30,31 These pathophysio-
logical processes may also share common pathways in
diabetic heart and kidney.

From a mechanistic point of view, our findings indicating
that increased baseline coronary flow in early DM would be

thought, contradictorily, to be associated with decreased risk
of coronary atherosclerosis in diabetic patients via increasing
baseline shear stress. It is well known, however, that diabetic
patients have a high and accelerated atherosclerosis risk
beginning from the early stages of the disease. In general, in
the coronary tree, distal narrower epicardial arteries are
relatively spared from atherosclerotic processes mainly
because of high shear stress in these segments. Neverthe-
less, a pattern of diabetic atherosclerosis is characterized by
widespread involvement of the coronary arteries without
sparing distal segments. This involvement pattern suggests
that shear stress–related vascular-protection mechanisms
may not be working properly or may be defective in DM.
Reports indicating impaired flow-mediated dilatation in dia-
betic patients also support this thought.32–34 To this end, the
protective effect of shear stress on the vessel wall may well
be stimulated predominantly by peak shear stress episodes
induced by peak hyperemic flow velocities rather than by
baseline shear stress. Accordingly, physical activity covering
only �2% of daily routine is known to be enough to generate
substantial functional and structural vascular improvements.
Consequently, in diabetic patients, increased baseline shear
stress at early stages induced by increased baseline flow
velocity may not protect patients from developing diffuse
epicardial atherosclerosis at later stages. In addition, pro-
gressive decrease in vasodilatory reserve, which can poten-
tially lead to a reduction in difference between hyperemic and
baseline peak shear stress, may also contribute to acceler-
ation of macrovascular complications. In diabetic patients,
rigorous physical activity—even more intense than for
nondiabetic patients—can be a pivotal measure to prevent
DM-specific micro- and macrovascular complications.

Without being stratified by duration of disease, our findings
indicating impaired CFVR based predominantly on the
disturbed vasodilatory reserve in diabetic patients were
consistent with most previous studies.4–7,9 Furthermore, this
finding remained consistent not only after statistical adjust-
ment to control potential confounders but also in compar-
isons made between purely diabetic patients without
hypertension and/or LVH and matched nondiabetic controls.
In the literature, only 2 studies reported a substantial
contribution of increased baseline coronary flow velocity to
impaired CFVR in DM.3,17 Moreover, most studies did not
control or exclude the possible substantial contribution of
concurrently presented hypertension and LVH to coronary
blood flow.3,17 Only in 1 study, which included diabetic but not
hypertensive patients, decreased hyperemic flow was shown
to be the prevailing mechanism behind reduced CFVR in DM.5

In the current study, in addition to statistical adjustment,
analyses comparing flow and resistance data between
diabetic and nondiabetic groups were also performed in the
absence of concurrent hypertension and LVH. In both
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comparisons, presence of DM was consistently associated
with decreased hyperemic coronary flow velocity and
increased HMR, implying disturbed vasodilatory reserve as
the prevailing mechanism behind microvascular dysfunction.

Limitations
Some limitations of this study deserve mention. First, the
population of this study can be thought to be relatively
limited; however, the new noninvasive method that we used in
assessing coronary microvascular resistance enabled us to
scrutinize coronary flow velocity patterns in combination with
microvascular resistance values in a reasonable number of
patients who would be quite difficult to reach using invasive
methods.

Second, in the present study, no intracoronary pressure
measurements were performed, and coronary microvascular
resistance was calculated using noninvasive parameters,
which are quite comparable to invasive indices in assessing
microvascular integrity.35 Nevertheless, we included only
patients with angiographically documented normal left ante-
rior descending artery, in whom mean systemic blood
pressure measured by sphygmomanometer is expected to
be almost equal to the mean intracoronary pressure. In
addition, echocardiographic coronary flow analyses were
performed on the day following coronary angiography demon-
strating normal conduit artery.

Third, measurement of dipyridamole-derived CFVR does
not provide satisfactory or sensitive information about overall
human coronary microvascular function. Assessment of
myocardial flow reserve using positron emission tomography,
which allows overall assessment of the coronary microcircu-
lation, would have provided more conclusive results; however,
its relatively limited availability, ionizing radiation exposure,
and cost might limit its widespread use for this purpose.

Finally, compared with invasive measurement of coronary
flow velocity by Doppler wire, noninvasive imaging of
coronary blood flow envelopes by transthoracic Doppler
echocardiography is less operator dependent and is a reliable
technique with a high success rate but is mostly limited to
interrogation of left anterior descending artery flow. Conse-
quently, our results were derived only from interrogation of
microvascular territory supplied by the left anterior descend-
ing artery.

Future Directions
Diffuse subclinical (occult) atherosclerosis is associated with
decreased coronary hyperemic flow,36 as we observed in our
diabetic population with normal epicardial arteries. Conse-
quently, microvascular changes—initially functional and sub-
sequently structural—may be a precursor of overt coronary

macrovascular pathologies that may develop at later stages of
DM. In patients with DM, therapeutic targeting of functional
coronary microvascular dysfunction at early stages may
prevent both structural microvascular impairment and poten-
tially interlinked macrovascular complications at later stages.
In diabetic patients with angiograms showing normal epicar-
dial coronary arteries, assessment of microvascular status
using noninvasive methods can easily identify the presence
and extent of microvascular dysfunction and may help identify
high-risk diabetic patients in timely manner.

Conclusions
As underlying mechanisms, either altered or disturbed
coronary autoregulation and impaired microvascular vasodila-
tory function contribute to DM-related coronary microvascular
impairment in a time-dependent manner. DM-induced early
functional microvascular autoregulatory impairment resulting
in increased coronary flow at rest seems to evolve into
structural microvascular impairment in the initially overper-
fused microvascular territory that is presented with reduced
hyperemic flow and increased microvascular resistance
(disturbed vasodilatory function) at later stages of the
disease.
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