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Background: Decreased coronary flow reserve (CFR) is associated with increased risk of adverse cardiovascular
events. We sought to investigate how CFR from left anterior descending (LAD) coronary artery reflects clinical
markers of cardiac function.
Methods: We enrolled 400 patients referred for myocardium perfusion scintigraphy due to chest pain at
Sahlgrenska University Hospital in Gothenburg, Sweden. Transthoracic echocardiography including adenosine-
assisted CFR in LAD was performed at a separate occasion.
Results:Median age was 62 years (range 32–83) and 47% were female. Prior myocardial infarction had occurred
in 28% of the population. In adjustedmultivariate models, CFR in LAD was associatedwith echocardiography left
ventricle ejection fraction at rest (β=0.97, p= 0.033) as well as under stress (β=1.52, p= 0.0056) andmax-
imum exercise capacity (β= 6.27, p = 0.026). CFR in LAD outweighed left ventricle ejection fraction as the de-
terminant of maximum exercise capacity. Hyperaemic diastolicmitral annulus peak velocity measured by vector
velocity imaging was inversely associated with LAD CFR (β = −0.39, p = 0.0077). In subgroup analyses these
findings were associated with normal coronary perfusion in myocardium perfusion scintigraphy.
Conclusions: In patients with angina-like symptoms CFRmeasured in LAD reflects well both systolic and diastolic
cardiac function emphasizing the essential role of myocardial microvascular circulation in cardiac physiology.

© 2016 Published by Elsevier Ireland Ltd.
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1. Introduction

The cardiac arterial bed can be divided into three compartments
with distinct functions all complementing each other to ensure ade-
quate blood supply to the myocardium. The largest arteries, epicardial
coronaries (diameter N500 μm) function as capacitance vessels where
symptomatic atherosclerosis, i.e. obstructive coronary artery disease
(CAD), have traditionally been the focus of CAD treatment [1].
Prearterioles (diameter N100 μm) aim tomaintain pressure irrespective
of changes in coronary perfusion pressure and flow, whereas the third
type of vessels consists of arterioles (diameter b100 μm) responsible
for metabolic regulation of myocardial perfusion to match current de-
mand. This vessel bed is often referred to as microcirculation and is in-
fluenced by a number of vasoactive factors, such as nitric oxide and
adenosine [2]. Abnormalities in the circulation at the arteriolar level

correspond to coronary microvascular dysfunction which may also im-
pair myocardial perfusion and result in ischaemia [3]. In fact, this kind
of microvascular CAD appears to be relatively common, as up to 25%
of patients assigned to coronary angiography due to suspected acute
coronary syndrome do not have obstructive CAD [4]. Moreover, from
stable angina patients assessed by angiography, obstructive CAD
seems to be present in only 1/3 of patients [5]. Much like obstructive
CAD, this non-obstructive CAD, i.e. microvascular disease, is associated
with adverse cardiovascular outcomes [6] and offers a plausible expla-
nation why patients without obstructive CAD have a 2–4.5-fold greater
risk for myocardial infarction [7].

Microvascular disease in arterioles can't be visualized by angiogra-
phy due to their small size, but because of it's significance both invasive
and noninvasive modalities have been developed to detect microvascu-
lar CAD. An indication of microvascular disease is achieved with coro-
nary flow reserve (CFR; the ratio of induced hyperaemic blood flow to
baseline) which is an integrated measure of flow through both large
epicardial arteries and coronary microcirculation [8]. CFR of the left an-
terior descending (LAD) coronary artery during pharmacologic stress
echocardiography has been found to provide effective prognostic infor-
mation in patients with known or suspected CAD [9]. This seems evi-
dent across patient populations, such as those with diabetes [10],
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older age [11] or chronic kidney disease [12]. In particular, a CFR b2.0
has been associated with markedly increased cardiovascular (CV) risk
in an unselected patient population [9]. The prognostic capability of
CFR measured in LAD is concluded to reflect the extent of coronary mi-
crocirculatory dysfunction as CFR is not modulated by ongoing anti-
ischemic therapy [13].

The inverse association of CFR in LAD coronary artery with adverse
CV events is well documented. Two prior clinical studies suggest a pos-
sible link between CFR and diastolic function and exercise capacity in
patients with heart failure with reduced ejection fraction [14] and
prior CAD [15], but these studies have been small and haven't been
able to control for known risk factors and confounders. Given the central
role of microvascular function, also recently recognized in heart failure
with preserved ejection fraction [16], we hypothesized that CFR as a
composite marker for macro- and microvascular function could be a
link between systolic and diastolic cardiac function and be reflected in
maximum exercise capacity in patients with activity limiting angina
pectoris symptoms.

2. Methods

Froma consecutive series of 468 patients referred tomyocardial per-
fusion scintigram (MPS) due to chest pain at Sahlgrenska University
Hospital in Gothenburg, Sweden between 2006 and 2008were assessed
for participation to this trial. From these patients 400 were eligible for
adenosine-induced hyperaemia examination and underwent CFR mea-
surement in LAD coronary artery with transthoracic Doppler echocardi-
ography. Echocardiography including CFR measurement was evaluated
by predetermined protocols. Overnight fasting blood samples, demo-
graphic data including history of diabetes, CAD, hypertension, heart
failure, smoking status and current cardiovascular medication were all
collected while visiting hospital. All participants provided written
informed consent as acceptance to participate. The study complies
with the declaration of Helsinki and was approved by the Local Ethics
Committee in Gothenburg, Sweden.

Hypertension and hyperlipidemia variables were created where
each positive finding yielded one point. For hypertension (total score
0−2) assessed variables were antihypertensive medication and ob-
served blood pressure above 140/90 mm Hg. For hyperlipidemia (total
score 0−2) assessed variables were medication for hyperlipidemia
and observed hyperlipidemia. Heart failure diagnosis was dichotomized
(yes/no) based on previous heart failure diagnosis.

2.1. Myocardial perfusion scintigram and stress test

MPS was carried out by a standard clinical two-day protocol using
two different dual-head SPECT cameras (Infinia or Millennium VG, GE
Healthcare, Milwaukee, Wisconsin, USA) under 99mTc-sestamibi proto-
col. Stress tests were performed by symptom-limited maximal exercise
capacity tests on ergometric bicycle or as a pharmacological challenge
under adenosine infusion. Maximal exercise capacity level was
measured in maximal work load reached in Watts from 190 patients
who underwent symptom-limited exercise tests on ergometric bicycle.
Reversiblemyocardial ischemiawas observed automatically by the soft-
ware ECT-tool box. The extent (1 = small b10%, 2 = medium 10–19%,
3 = large N19%) and severity (1 = mild, 2 = moderate, 3 = severe)
of reversible myocardial perfusion abnormality were evaluated by ex-
perienced physicians. NormalMPS result was definedwhen both extent
and severity of ischemia were scored 0 (none).

2.2. Echocardiography

A transthoracic echocardiogram was performed on all participants
with a Sequoia C256 (Acuson Siemens Mountain View, CA) ultrasound
system equipped with a 4 MHz probe. Left ventricular ejection fraction

(EF) was determined by Simpson biplane method. The applied protocol
has previously been described with excellent reproducibility [17].

2.3. Measurement of coronary flow reserve

Themid- to distal part of the LADwas visualized with 3.5 MHz color
Doppler and pulsed Doppler was used to sample flow velocity signals at
rest and during adenosine infusion (140 μg/min/kg) over 5 min. The
measurement was performed under continuous blood pressure and
ECG monitoring. CFR was determined by the ratio of mean diastolic
flow velocity during peak hyperaemia and baseline from diastolic
Doppler flow signals, Fig. 1.

2.4. Measurement of diastolic function

Vector velocity imaging with frame rate over 70 fps was used to
assess diastolic mitral annulus peak velocity as a measure of diastolic
function during both rest and adenosine-induced hyperaemia, Fig. 2.
The measures were averaged from septal and lateral, as well as ante-
rior and posterior mitral annulus in 4- and 2-chamber apical views,
respectively. All obtained echocardiography data were digitally stored
for off-line reviewing and measurements were performed using the ul-
trasound software Image Arena (Tomtec, Unterschlissheim, Germany).

2.5. Laboratory measurements

Commercial kits for biochemical analyses were used. Triglycerides,
high density lipoprotein cholesterol and total cholesterol in serum
were measured using reagent systems from Roche (Triglycerides/GB
kit No; 12146029216, Cholesterol kit No; 2016630, Roche Diagnostics
GMBH, Mannheim Germany), direct high density lipoprotein cholester-
ol (Horiba ABX, France) andHbA1c byHPLC at the department of Clinical
Chemistry, Sahlgrenska University Hospital, Gothenburg.

2.6. Statistical analysis

Data are presented as mean values with standard deviation (SD) in
parentheses for continuous variables and as percent for categorical var-
iables. Chi-square test was used for comparison of patient characteris-
tics between the groups. Logistic regression was assessed with general
linear model. The models with left ventricle EF and diastolic function
were adjusted with age, sex, body mass index, hypertension, hyperlip-
idemia, LAD CFR and CAD in MPS. For the analyses of left ventricle EF,
the multivariate model was added with diagnosis of heart failure. In
the other models this was replaced with left ventricle EF. The final
model of maximum exercise capacity included the variables above
added with measure of diastolic function. To further assess associations
with LAD CFR as a marker of microvascular function a subgroup of pa-
tients with and without CAD in MPS imaging were analyzed. Due to
smaller number of individuals, in the subgroup analyses the models
were adjusted with age, body mass index, LAD CFR and heart failure/
left ventricle EF respectively as described above. In multivariate models
categorical variables (hypertension and hyperlipidemia)were analyzed
by using the positive diagnosis as point of reference. All analyses were
performed using SAS version 9.3 (SAS Institute Inc., Cary, North
Carolina).

3. Results

The mean age of the study participants was 62 years and 56% were
men. The general characteristics of the study population are described
in Table 1.

In multivariate models for systolic measures of left ventricle func-
tion, LAD CFR was associated with left ventricle EF at rest and under
stress test induced hyperaemia (Table 2). In the assessments of diastolic
function LAD CFR was associated with diastolic mitral annulus peak
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