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Abstract 

Background:  Coronary microvascular dysfunction (CMD) is an important underlying cause of angina pectoris. Cur‑
rently, no diagnostic tool is available to directly visualize the coronary microvasculature. Invasive microvascular reactiv‑
ity testing is the diagnostic standard for CMD, but several non-invasive imaging techniques are being evaluated. 
However, evidence on reported non-invasive parameters and cut-off values is limited. Thus, we aimed to provide an 
overview of reported non-invasive parameters and corresponding cut-off values for CMD.

Methods:  Pubmed and EMBASE databases were systematically searched for studies enrolling patients with angina 
pectoris without obstructed coronary arteries, investigating at least one non-invasive imaging technique to quantify 
CMD. Methodological quality assessment of included studies was performed using QUADAS-2.

Results:  Thirty-seven studies were included. Ten cardiac magnetic resonance  studies reported MPRI and nine posi‑
tron emission tomography (PET) and transthoracic echocardiography (TTE) studies reported CFR. Mean MPRI ranged 
from 1.47 ± 0.36 to 2.01 ± 0.41 in patients and from 1.50 ± 0.47 to 2.68 ± 0.49 in controls without CMD. Reported 
mean CFR in PET and TTE ranged from 1.39 ± 0.31 to 2.85 ± 1.35 and 1.69 ± 0.40 to 2.40 ± 0.40 for patients, and 
2.68 ± 0.83 to 4.32 ± 1.78 and 2.65 ± 0.65 to 3.31 ± 1.10 for controls, respectively.

Conclusions:  This systematic review summarized current evidence on reported parameters and cut-off values to 
diagnose CMD for various non-invasive imaging modalities. In current clinical practice, CMD is generally diagnosed 
with a CFR less than 2.0. However, due to heterogeneity in methodology and reporting of outcome measures, out‑
comes could not be compared and no definite reference values could be provided.

Keywords:  Coronary microvascular dysfunction, Non-invasive imaging, Reference values, Coronary flow reserve, 
Myocardial perfusion reserve
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Background
Patients with angina pectoris (AP) often do not show 
significant obstructive coronary artery disease (CAD) 
on coronary angiography (CAG) [1, 2]. Consequently, 
a cardiac cause of AP complaints is frequently deemed 
unlikely. Yet, a significant fraction of these patients suf-
fer from cardiac ischemia due to coronary microvas-
cular dysfunction (CMD) [2–6], a condition associated 
with increased risk of adverse cardiovascular events. 
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This emphasizes the importance of accurate diagnosis of 
CMD [2, 7–11].

The Coronary Vasomotion Disorders International 
Study Group (COVADIS) determined the following cri-
teria to diagnose CMD: presence of symptoms and objec-
tive documentation of myocardial ischemia, absence 
of obstructive CAD (< 50% stenosis and/or fractional 
flow reserve < 0.8) and confirmed reduced coronary flow 
reserve (CFR) (and/or inducible microvascular spasm). 
However, assessment of CMD remains challenging, as 
no tools are available to directly visualize the coronary 
microvasculature. In fact, the current golden standard to 
diagnose CMD is invasive measurement of CFR in epi-
cardial arteries without functionally relevant stenosis 
[12]. The CFR depicts the increase in coronary blood flow 
in response to vasoactive agents [2, 4, 9] and provides 
indirect quantification of coronary microvascular blood 
flow [5, 13].

The invasive nature and high costs of coronary reactiv-
ity testing (CRT) initiated the search for a non-invasive 
alternative to diagnose CMD, including myocardial per-
fusion reserve index (MPRI) measured using cardiac 
magnetic resonance imaging (CMR), and CFR using posi-
tron emission tomography (PET) and transthoracic echo-
cardiography (TTE) [13–16]. Yet, the cut-off value for 
CFR to diagnose CMD differs between these modalities, 
is not well validated and, even though sex-differences in 
coronary physiology are known, the need for a sex-spe-
cific cut-off value remains under debate [17]. To date, a 
CFR below 2.0 to 2.5 is deemed diagnostic for CMD [9, 
16, 18–20].

The (dis)advantages of these non-invasive imaging 
techniques in the diagnosis of CMD have been discussed 
extensively before [21]. However, it is unclear which 
outcome parameters and corresponding cut-off values 
should be used to diagnose CMD. As such, this system-
atic review aims to provide an overview of currently 
reported reference and cut-off values for diagnosing 
CMD in a non-invasive manner.

Methods
Search strategy
On October 15, 2018 the PubMed and EMBASE data-
bases were systematically searched for non-invasive 
imaging studies on CMD. The search was updated on 
November 1, 2020. Studies were considered for eligibility 
without date restriction. The search terms and synonyms 
of ‘coronary microvascular dysfunction’, ‘nonobstruc-
tive coronary disease’ and ‘imaging’, including the imag-
ing modalities CMR, PET and TTE were used. A broad 
search strategy was performed as studies on CMD are 
limited and nomenclature of CMD is not standardized. 
Therefore, search terms were searched for in ‘All Fields’. 

The detailed search strategy is provided in Additional 
file 1: Search Strategy.

Study selection
To assess eligibility, the results from the literature search 
were initially screened by title and abstract and subse-
quently for full text. Article selection and data extraction 
were performed independently by two reviewers (RGMK 
and FG). Observational studies and randomized con-
trolled trials providing baseline outcome measurements 
were considered for inclusion.

Studies were included if they enrolled participants with 
AP (i.e. effort angina or anginal equivalents) and CAG or 
coronary computed tomography angiography confirmed 
absent or nonobstructive CAD (based on the definition 
described in the study protocol of the included studies), 
or healthy participants without prior history of cardio-
vascular disease or AP as a control group and reported 
the results of a non-invasive imaging method with use of 
pharmacological stress (i.e. flow parameters measured 
with either CMR, PET or TTE) to diagnose CMD.

Studies written in languages other than English or 
Dutch, exclusively consisting of participants with comor-
bidities, i.e. CAD, diabetes mellitus, aortic stenosis or 
cardiomyopathies, were excluded. Studies were excluded 
if outcomes were not reported as flow parameters, if 
patients were stratified according to the outcome of 
interest or if patient or control groups contained fewer 
than 10 participants.

Quality assessment
A methodological quality assessment was performed 
with the QUADAS-2 (Tool for the Quality Assessment of 
Diagnostic Accuracy Studies [22]). Studies were assessed 
for concerns of applicability (‘low’, ‘high’ or ‘unclear’) 
and for risk of bias (‘low’, ‘high’ or ‘unclear’) on four key 
domains (patient selection, index test, reference stand-
ard and flow and timing). The assessments per domain 
were combined into an overall risk of bias and concern of 
applicability.

Data extraction and analysis
The variables of interest were extracted using a standard-
ized data collection form. Post-hoc evaluations within 
one clinical trial assessing the same imaging modality 
were considered as one study. Due to heterogeneity of the 
included studies, a meta-analysis of the results was not 
possible.

Results
Search results
The search yielded a total of 6976 results, 2568 stud-
ies in Pubmed and 4408 studies in Embase. Removal of 
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duplicates resulted in 5238 unique entries. After title and 
abstract screening, 443 possibly relevant studies were 
obtained. The full texts of these studies were screened to 
select those that met the inclusion criteria as provided in 
the methods section. One relevant study was obtained 
through cross-reference checking. Thirty-seven studies 
met the inclusion criteria and were included in the final 
analysis. The search and inclusion and exclusion of rel-
evant studies are summarized in Fig. 1. The characteris-
tics of the included studies are summarized in Table  1. 
Quality assessment of included studies showed a clear 
description of the reference standard was not part of the 

study protocol in most of the included studies. The full 
assessment is provided in Additional file 2: Table S1 [22].

Demographic information
The number of patients included in each study was gener-
ally small, with a median study population of 22 patients 
(range 11 to 963, 89% women) and median of 18 controls 
(range 10 to 268, 33% women). The mean age in patient 
groups ranged from 50.0 ± 7.0 to 66.0 ± 10.0 years of age 
and 35.3 ± 3.9 to 62.6 ± 9.1 years of age in control groups. 
The specific demographic information per study is sum-
marized in Table 1.

Fig. 1  Flow chart study design. RCT​ randomized controlled trial



Page 4 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

C
ha

ra
ct

er
is

tic
s 

of
 th

e 
in

cl
ud

ed
 s

tu
di

es

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

M
ee

de
r (

19
97

)
Ca

se
–c

on
tr

ol
Pa

tie
nt

s 
w

ith
 

sy
nd

ro
m

e 
X 

w
ith

 
ty

pi
ca

l c
ar

di
ac

 
ch

es
t p

ai
n 

w
ith

 
ex

er
ci

se
-in

du
ce

d 
is

ch
em

ic
-a

pp
ea

r‑
in

g 
el

ec
tr

oc
ar

di
o‑

gr
ap

hi
c 

ch
an

ge
s 

(>
 1

 m
m

 h
or

iz
on

‑
ta

l S
T-

T 
se

gm
en

t 
de

pr
es

si
on

) 
an

d/
or

 re
ve

rs
‑

ib
le

 m
yo

ca
rd

ia
l 

pe
rf

us
io

n 
de

fe
ct

s 
at

 th
al

liu
m

-2
01

 
pe

rf
us

io
n 

sc
in

‑
tig

ra
ph

y 
an

d 
no

 
si

gn
ifi

ca
nt

 C
A

D
 

on
 C

A
G

. G
as

tr
o-

in
te

st
in

al
 c

au
se

s 
of

 c
he

st
 p

ai
n 

w
er

e 
ex

cl
ud

ed

25
51

 ±
 9

16
/9

H
ea

lth
y 

vo
lu

n‑
te

er
s

21
42

 ±
 1

3
8/

13
PE

T 
(M

PR
), 

N
-1

3 
am

m
on

ia
D

ip
yr

id
am

ol
e 

(0
.5

6 
m

g/
kg

 p
er

 
4 

m
in

)

Bo
tt

ch
er

 (1
99

9)
Ca

se
–c

on
tr

ol
A

ng
in

a 
pe

ct
or

is
 

an
d 

po
si

tiv
e 

st
re

ss
 

EC
G

, n
or

m
al

 C
A

G
 

w
ith

ou
t r

is
k 

fa
c‑

to
rs

 fo
r C

A
D

25
53

 ±
 7

25
/0

H
ea

lth
y 

ag
e 

an
d 

se
x 

m
at

ch
ed

 
vo

lu
nt

ee
rs

15
54

 ±
 1

0
15

/0
PE

T 
(C

FR
), 

N
-1

3 
am

m
on

ia
D

ip
yr

id
am

ol
e 

(0
.5

6 
m

g/
kg

 p
er

 
4 

m
in

)

Bu
us

 (1
99

9)
Ca

se
–c

on
tr

ol
Ty

pi
ca

l e
ffo

rt
 

an
gi

na
, p

os
i‑

tiv
e 

st
re

ss
 E

CG
, 

no
rm

al
 C

A
G

 a
nd

 
TT

E.
 N

o 
hi

st
or

y 
of

 
hy

pe
rt

en
si

on
 o

r 
di

ab
et

es
 m

el
lit

us

16
56

.6
 ±

 1
.2

13
/3

H
ea

lth
y 

su
bj

ec
ts

 
(re

cr
ui

te
d 

am
on

g 
bl

oo
d 

do
no

rs
 a

nd
 

ho
sp

ita
l s

ta
ff

)

15
53

.5
 ±

 1
.1

12
/3

PE
T 

(C
FR

), 
N

-1
3 

am
m

on
ia

D
ip

yr
id

am
ol

e 
(0

.5
6 

m
g/

kg
 p

er
 

4 
m

in
)

Pa
nt

in
g 

(2
00

2)
Ca

se
–c

on
tr

ol
Ty

pi
ca

l e
ffo

rt
 

an
gi

na
, a

bn
or

m
al

 
st

re
ss

 E
CG

, n
or

m
al

 
C

A
G

 re
cr

ui
te

d 
fro

m
 W

om
en

’s 
H

ea
rt

 D
is

ea
se

 
C

lin
ic

 a
t R

oy
al

 
Br

om
pt

on
 H

os
pi

‑
ta

l (
Lo

nd
on

)

20
55

.9
 ±

 1
0.

5
16

/4
H

ea
lth

y 
ag

e 
an

d 
se

x 
m

at
ch

ed
 s

ub
‑

je
ct

s, 
no

 h
is

to
ry

 
of

 c
he

st
 p

ai
n 

an
d 

lo
w

 c
ar

di
ov

as
cu

la
r 

ris
k 

pr
ofi

le
. N

o 
SP

EC
T 

or
 C

A
G

 w
as

 
pe

rf
or

m
ed

10
57

.9
 ±

 7
.4

8/
2

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 (1
40

 
m

cg
/k

g/
m

in
 fo

r 
6 

m
in

)



Page 5 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

M
ar

ro
qu

in
 (2

00
3)

Ca
se

–c
on

tr
ol

W
om

en
 w

ith
 

ch
es

t p
ai

n 
an

d 
ep

ic
ar

di
al

 c
or

on
ar

‑
ie

s 
th

at
 w

er
e 

an
gi

og
ra

ph
ic

al
ly

 
no

rm
al

 o
r w

ith
 

on
ly

 m
in

im
al

 
lu

m
in

al
 ir

re
gu

‑
la

rit
ie

s 
(<

 5
0%

 
st

en
os

es
) w

ho
 

w
er

e 
en

ro
lle

d 
in

 
th

e 
W

IS
E 

st
ud

y 
at

 
th

e 
U

ni
ve

rs
ity

 o
f 

Pi
tt

sb
ur

gh

34
52

.1
 ±

 1
0.

0
34

/0
H

ea
lth

y 
ag

e-
m

at
ch

ed
 w

om
en

9
50

.4
 ±

 1
2.

2
9/

0
PE

T 
(C

FR
), 

13
-N

 
am

m
on

ia
A

de
no

si
ne

 
(1

40
 m

cg
/k

g/
m

in
 

fo
r 4

 m
in

)

D
e 

Vr
ie

s 
(2

00
6)

Ca
se

–c
on

tr
ol

Ty
pi

ca
l c

he
st

 p
ai

n 
an

d 
no

rm
al

 C
A

G
. 

Ex
cl

us
io

n:
 L

BB
B 

on
 

EC
G

, fi
rs

t d
eg

re
e 

AV
 b

lo
ck

 a
nd

 d
ia

‑
be

te
s 

m
el

lit
us

42
58

 ±
 1

2
26

/1
6

H
ea

lth
y 

vo
lu

n‑
te

er
s 

w
ith

ou
t 

ch
es

t p
ai

n 
or

 C
A

D

21
N

/A
N

/A
PE

T 
(C

FR
), 

N
-1

3 
am

m
on

ia
D

ip
yr

id
am

ol
e 

(0
.5

6 
m

g/
kg

 p
er

 
6 

m
in

)

G
ra

f (
20

06
)

Ca
se

–c
on

tr
ol

Ty
pi

ca
l a

ng
in

a,
 

no
rm

al
 C

A
G

 a
nd

 
po

si
tiv

e 
st

re
ss

 E
CG

 
or

 S
PE

C
T,

 e
xc

lu
‑

si
on

 o
f m

yo
ca

rd
ia

l 
or

 v
al

vu
la

r d
is

ea
se

 
by

 T
TE

. E
xc

lu
si

on
: 

di
ab

et
es

 m
el

lit
us

58
58

 ±
 1

0
39

/1
9

N
/A

N
/A

N
/A

N
/A

PE
T 

(C
FR

), 
N

-1
3 

am
m

on
ia

D
ip

yr
id

am
ol

e 
(0

.5
6 

m
g/

kg
 p

er
 

4 
m

in
)

Pä
rk

kä
 (2

00
6)

C
ro

ss
-s

ec
tio

na
l/

de
sc

rip
tiv

e
N

/A
N

/A
N

/A
N

/A
M

al
e 

vo
lu

nt
ee

rs
, 

no
ns

m
ok

in
g.

 
O

ne
 p

at
ie

nt
 w

ith
 

hy
pe

rt
en

si
on

, 
ot

he
rs

 n
o 

hi
st

or
y 

of
 c

ar
di

ov
as

cu
la

r 
di

se
as

e

18
40

.0
 ±

 1
4.

4
0/

18
C

M
R 

(M
PR

), 
1.

5 
T

PE
T 

(M
PR

), 
15

O
-la

be
le

d 
w

at
er

D
ip

yr
id

am
ol

e 
(0

.5
6 

m
g/

kg
 p

er
 

4 
m

in
)

W
öh

rle
 (2

00
6)

Ca
se

 s
er

ie
s

Ty
pi

ca
l a

ng
in

a 
pe

ct
or

is
 a

nd
 

no
rm

al
 C

A
G

​

12
61

.8
 ±

 8
.2

7/
5

N
/A

N
/A

N
/A

N
/A

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 (1
40

 
m

cg
/m

in
/k

g 
fo

r 
3 

m
in

)



Page 6 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

G
al

iu
to

 (2
00

7)
Ca

se
–c

on
tr

ol
Ty

pi
ca

l e
ffo

rt
 

an
gi

na
, p

os
i‑

tiv
e 

st
re

ss
 E

CG
 

an
d 

no
rm

al
 

C
A

G
. E

xc
lu

si
on

: 
m

od
er

at
e 

to
 

se
ve

re
 h

yp
er

te
n‑

si
on

, d
ia

be
te

s 
m

el
lit

us
, o

th
er

 
he

ar
t d

is
ea

se
 o

r 
co

nt
ra

in
di

ca
tio

ns
 

to
 a

de
no

si
ne

 
in

fu
si

on

17
55

 ±
 1

0
9/

8
H

ea
lth

y 
su

bj
ec

ts
 

ag
e 

an
d 

se
x 

m
at

ch
ed

. E
xc

lu
‑

si
on

: m
od

er
at

e 
to

 
se

ve
re

 h
yp

er
te

n‑
si

on
, d

ia
be

te
s 

m
el

lit
us

, o
th

er
 

he
ar

t d
is

ea
se

 o
r 

co
nt

ra
in

di
ca

tio
ns

 
to

 a
de

no
si

ne
 

in
fu

si
on

17
55

 ±
 1

0
10

/7
TT

E 
(C

FR
), 

di
st

al
 

LA
D

 w
ith

 p
ul

se
-

w
av

e 
D

op
pl

er

A
de

no
si

ne
 

(1
40

 m
cg

/k
g 

in
 

90
 s

)

G
ra

f (
20

07
)

Ca
se

–c
on

tr
ol

Ty
pi

ca
l a

ng
in

a,
 

no
rm

al
 C

A
G

 a
nd

 
po

si
tiv

e 
st

re
ss

 E
CG

 
or

 S
PE

C
T.

 M
yo

‑
ca

rd
ia

l o
r v

al
ve

 
di

se
as

e 
ex

cl
ud

ed
 

by
 T

TE
. E

xc
lu

si
on

: 
di

ab
et

es
 m

el
lit

us
 

an
d 

ot
he

r m
aj

or
 

di
se

as
es

79
58

 ±
 1

0
52

/2
7

A
ty

pi
ca

l c
he

st
 

pa
in

, n
or

m
al

 C
A

G
 

an
d 

ne
ga

tiv
e 

st
re

ss
 te

st
. M

yo
‑

ca
rd

ia
l o

r v
al

ve
 

di
se

as
e 

ex
cl

ud
ed

 
by

 T
TE

. E
xc

lu
si

on
: 

di
ab

et
es

 m
el

lit
us

 
an

d 
ot

he
r m

aj
or

 
di

se
as

es

10
53

 ±
 1

1
6/

4
PE

T 
(C

FR
), 

N
-1

3 
am

m
on

ia
D

ip
yr

id
am

ol
e 

(0
.5

6 
m

g/
kg

 p
er

 
4 

m
in

)

Ve
rm

el
tfo

or
t 

(2
00

7)
Ca

se
 s

er
ie

s
Eff

or
t a

ng
in

a,
 p

os
i‑

tiv
e 

st
re

ss
 E

CG
 o

r 
SP

EC
T 

an
d 

no
rm

al
 

C
A

G
. E

xc
lu

si
on

: 
hi

st
or

y 
of

 h
ea

rt
 

di
se

as
e,

 h
yp

er
te

n‑
si

on
, d

ia
be

te
s 

m
el

lit
us

, a
bs

en
ce

 
of

 p
ai

n 
w

ith
ou

t 
m

ed
ic

at
io

n,
 

co
nt

ra
-in

di
ca

tio
n 

fo
r C

M
R

20
55

 ±
 1

1
15

/5
N

/A
N

/A
N

/A
N

/A
C

M
R 

(M
PR

I),
 1

.5
 T

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 3
 m

in
)

Ce
m

in
 (2

00
8)

Ca
se

–c
on

tr
ol

N
/A

N
/A

N
/A

N
/A

H
ea

lth
y 

vo
lu

n‑
te

er
s 

w
ith

 lo
w

 
pr

et
es

t l
ik

el
ih

oo
d 

of
 c

or
on

ar
y 

di
se

as
e 

w
ho

 w
er

e 
un

de
rg

oi
ng

 C
A

G
​

14
62

.6
 ±

 9
.1

8/
6

TT
E 

(C
FR

), 
di

st
al

 
LA

D
 w

ith
 p

ul
se

-
w

av
e 

D
op

pl
er

A
de

no
si

ne
 (1

40
 

m
cg

/k
g/

m
in

 fo
r 

5 
m

in
)



Page 7 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

La
nz

a 
(2

00
8)

Ca
se

–c
on

tr
ol

Eff
or

t a
ng

in
a,

 
po

si
tiv

e 
st

re
ss

 te
st

 
an

d 
no

rm
al

 C
A

G
. 

Ex
cl

us
io

n:
 h

is
to

ry
 

of
 h

ea
rt

 d
is

ea
se

 o
r 

sy
st

em
ic

 d
is

ea
se

s

18
58

 ±
 7

11
/7

H
ea

lth
y 

vo
lu

n‑
te

er
s, 

en
ro

lle
d 

fro
m

 th
e 

no
n-

m
ed

ic
al

 h
os

pi
ta

l 
st

aff
, c

om
pa

ra
bl

e 
in

 a
ge

 a
nd

 s
ex

10
54

 ±
 8

6/
4

TT
E 

(C
FR

), 
m

id
-

di
st

al
 L

A
D

 w
ith

 
D

op
pl

er
 s

pe
ct

ra
l 

tr
ac

in
g

A
de

no
si

ne
 (1

40
 

m
cg

/k
g/

m
in

 fo
r 

90
 s

)

D
i M

on
ac

o 
(2

00
9)

Ca
se

–c
on

tr
ol

Pa
tie

nt
s 

pr
es

en
t‑

in
g 

w
ith

 e
ffo

rt
 

an
gi

na
, p

os
iti

ve
 

st
re

ss
 te

st
 a

nd
 

no
rm

al
 C

A
G

 in
 a

 
un

iv
er

si
ty

 h
os

pi
ta

l. 
Ex

cl
us

io
n:

 p
re

vi
‑

ou
s 

en
ro

llm
en

t i
n 

SP
EC

T 
st

ud
y

29
59

 ±
 7

18
/1

1
H

ea
lth

y 
su

bj
ec

ts
, 

ag
e 

an
d 

se
x 

m
at

ch
ed

20
56

 ±
 6

12
/8

TT
E 

(C
FR

), 
m

id
-

di
st

al
 L

A
D

 w
ith

 
D

op
pl

er
 s

pe
ct

ra
l 

tr
ac

in
g

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 9
0 

s)

M
eh

ta
 (2

01
1)

RC
T​

W
om

en
 w

ith
 

ch
es

t p
ai

n 
an

d 
ab

no
rm

al
 s

tr
es

s 
te

st
in

g,
 n

o 
ob

st
ru

ct
iv

e 
C

A
D

 
(<

 5
0%

) o
n 

C
A

G
. 

Ex
cl

us
io

n:
 re

na
l 

fa
ilu

re
 o

r h
ep

at
ic

 
in

su
ffi

ci
en

cy
, 

co
nt

ra
in

di
ca

tio
n 

to
 w

ith
ho

ld
in

g 
ni

tr
at

es
, c

al
ci

um
 

ch
an

ne
l a

ge
nt

s 
an

d 
be

ta
-a

dr
en

‑
er

gi
c 

bl
oc

ke
rs

 fo
r 

24
 h

, c
on

tr
ai

n‑
di

ca
tio

n 
to

 C
M

R 
an

d 
us

e 
of

 d
ru

gs
 

in
hi

bi
tin

g 
C

YP
3A

20
57

 ±
 1

1
20

/0
N

/A
N

/A
N

/A
N

/A
C

M
R 

(M
PR

I),
 1

.5
 T

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 5
 m

in
)

Sc
ho

lte
ns

 (2
01

1)
Ca

se
–c

on
tr

ol
Pa

tie
nt

s 
su

bm
it‑

te
d 

fo
r P

ET
 a

na
ly

‑
si

s 
be

ca
us

e 
of

 
ty

pi
ca

l c
he

st
 p

ai
n,

 
po

si
tiv

e 
st

re
ss

 E
CG

 
an

d 
no

rm
al

 C
A

G
​

14
55

 (3
4–

76
) M

ed
ia

n 
(ra

ng
e)

10
/4

H
ea

lth
y 

su
bj

ec
ts

13
58

 (4
8–

73
) M

ed
ia

n 
(ra

ng
e)

11
/2

PE
T 

(M
PR

), 
N

-1
3 

am
m

on
ia

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 6
 m

in
)



Page 8 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

Se
st

ito
 (2

01
1)

Ca
se

–c
on

tr
ol

Pa
tie

nt
s 

w
ith

 a
 

hi
st

or
y 

of
 e

ffo
rt

 
an

gi
na

, p
os

iti
ve

 
st

re
ss

 te
st

 a
nd

 
no

rm
al

 C
A

G
 

un
de

rg
oi

ng
 

cl
in

ic
al

 fo
llo

w
-u

p.
 

Ex
cl

us
io

n:
 o

th
er

 
ca

rd
ia

c 
or

 s
ys

‑
te

m
ic

 d
is

ea
se

71
56

 ±
 9

48
/2

3
H

ea
lth

y 
vo

lu
n‑

te
er

s 
en

ro
lle

d 
fro

m
 th

e 
no

n‑
m

ed
ic

al
 h

os
pi

ta
l 

st
aff

, a
ge

 a
nd

 s
ex

 
m

at
ch

ed

20
52

 ±
 7

11
/9

TT
E 

(C
BF

), 
m

id
-

di
st

al
 L

A
D

 w
ith

 
D

op
pl

er
 s

pe
ct

ra
l 

tr
ac

in
g

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 9
0 

s)

Va
cc

ar
in

o 
(2

01
1)

Co
ho

rt
N

/A
N

/A
N

/A
N

/A
M

id
dl

e 
ag

ed
 

m
al

e-
m

al
e 

tw
in

 
pa

irs
 fr

om
 th

e 
Vi

et
na

m
 E

ra
 T

w
in

 
Re

gi
st

ry
 w

ith
ou

t 
pr

ev
io

us
 h

is
to

ry
 

of
 C

A
D

26
8

54
.0

 (5
3.

5–
54

.6
) 

M
ed

ia
n 

(ra
ng

e)
0/

26
8

PE
T 

(C
FR

), 
N

-1
3 

am
m

on
ia

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 4
 m

in
)

Ve
rm

el
tfo

or
t 

(2
01

1)
Ca

se
 s

er
ie

s
N

/A
N

/A
N

/A
N

/A
H

ea
lth

y 
su

bj
ec

ts
 

w
ith

ou
t c

ar
di

ov
as

‑
cu

la
r r

is
k 

fa
ct

or
s

27
41

 ±
 1

3
16

/1
1

PE
T 

(C
FR

), 
15

O
- 

la
be

le
d 

w
at

er
A

de
no

si
ne

 
(1

40
 m

cg
/k

g/
m

in
 

fo
r 3

 m
in

)

D
i F

ra
nc

o 
(2

01
2)

Ca
se

–c
on

tr
ol

Eff
or

t a
ng

in
a,

 
po

si
tiv

e 
st

re
ss

 te
st

 
an

d 
no

rm
al

 C
A

G
 

en
ro

lle
d 

at
 o

ut
pa

‑
tie

nt
 a

m
bu

la
to

ry
 

cl
in

ic

14
61

 ±
 5

9/
5

H
ea

lth
y 

su
bj

ec
ts

 
en

ro
lle

d 
fro

m
 

pa
tie

nt
s 

re
fe

rr
ed

 
to

 o
ut

pa
tie

nt
 

ca
rd

io
lo

gy
 c

lin
ic

 
fo

r p
al

pi
ta

tio
ns

 
or

 e
va

lu
at

io
n 

of
 

ca
rd

io
va

sc
ul

ar
 

ris
k,

 a
ge

 a
nd

 s
ex

 
m

at
ch

ed

14
61

 ±
 3

7/
7

TT
E 

(C
BF

), 
m

id
-

di
st

al
 L

A
D

 w
ith

 
D

op
pl

er
 s

pe
ct

ra
l 

tr
ac

in
g

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 9
0 

s)

Ka
ra

m
its

os
 (2

01
2)

Ca
se

–c
on

tr
ol

Ty
pi

ca
l e

ffo
rt

 
an

gi
na

, a
bn

or
‑

m
al

 s
tr

es
s 

EC
G

 
an

d 
no

rm
al

 
C

A
G

. E
xc

lu
si

on
: 

di
ab

et
es

 m
el

lit
us

, 
hy

pe
rt

en
si

on
 a

nd
 

ot
he

r c
ar

di
ac

 o
r 

sy
st

em
ic

 d
is

ea
se

18
62

 ±
 8

15
/3

H
ea

lth
y 

in
di

‑
vi

du
al

s 
w

ith
ou

t 
ca

rd
io

va
sc

ul
ar

 ri
sk

 
fa

ct
or

s

14
58

 ±
 6

11
/3

C
M

R 
(C

FR
), 

3 
T

A
de

no
si

ne
 

(1
40

 m
cg

/k
g/

m
in

 
fo

r 4
–5

 m
in

)



Page 9 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

U
us

ita
lo

 (2
01

3)
Co

ho
rt

N
/A

N
/A

N
/A

N
/A

H
ea

lth
y 

m
en

 ≤
 4

5 
ye

ar
s 

fro
m

 h
ea

lth
y 

co
nt

ro
l g

ro
up

s 
of

 tw
o 

ea
rli

es
 

re
po

rt
ed

 s
tu

di
es

. 
Ex

cl
us

io
n:

 h
yp

er
‑

te
ns

io
n,

 s
m

ok
in

g,
 

di
ab

et
es

 m
el

lit
us

, 
ob

es
ity

 o
r h

is
to

ry
 

of
 a

th
er

os
cl

er
ot

ic
 

di
se

as
e

77
35

.3
 ±

 3
.9

0/
77

PE
T 

(C
FR

), 
15

O
-la

be
le

d 
w

at
er

A
de

no
si

ne
 (d

os
e 

no
t r

ep
or

te
d)

 
or

 d
ip

yr
id

am
ol

e 
(0

.5
6 

m
g/

kg
 p

er
 

4 
m

in
)

N
el

so
n 

(2
01

4)
Ca

se
–c

on
tr

ol
N

/A
N

/A
N

/A
N

/A
H

ea
lth

y 
ag

e 
m

at
ch

ed
 w

om
en

 
w

ith
 n

o 
ca

rd
ia

c 
ris

k 
fa

ct
or

s

15
56

 (S
D

 n
ot

 a
va

il‑
ab

le
)

15
/0

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 
(1

40
 m

cg
/k

g 
3–

4 
m

in
)

Th
om

so
n 

(2
01

5)
Ca

se
–c

on
tr

ol
W

om
en

 w
ith

 s
ig

ns
 

an
d 

sy
m

pt
om

s 
of

 is
ch

em
ia

 w
ith

 
cl

in
ic

al
ly

 in
di

ca
te

d 
C

RT
; p

ar
t o

f 
N

H
LB

I-s
po

ns
or

ed
 

W
IS

E-
Co

ro
na

ry
 

Va
sc

ul
ar

 D
ys

‑
fu

nc
tio

n 
st

ud
y 

pe
rf

or
m

ed
 a

t 
Ce

da
rs

-S
in

ai
 

M
ed

ic
al

 C
en

te
r o

r 
th

e 
U

ni
ve

rs
ity

 o
f 

Fl
or

id
a.

 E
xc

lu
si

on
: 

hi
st

or
y 

of
 o

bs
tr

uc
‑

tiv
e 

C
A

D
 (>

 5
0%

 
st

en
os

is
) o

r o
th

er
 

ca
rd

ia
c 

di
se

as
e,

 
co

nt
ra

in
di

ca
tio

ns
 

to
 C

M
R

11
8

53
.9

 ±
 1

1.
4

11
8/

0
H

ea
lth

y 
ag

e 
m

at
ch

ed
 w

om
en

 
w

ith
 n

o 
ca

rd
ia

c 
ris

k 
fa

ct
or

s

21
53

.6
 ±

 9
.1

21
/0

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 (1
40

 
m

cg
/k

g 
fro

m
 2

 m
in

 
pr

io
r u

nt
il 

co
m

pl
e‑

tio
n 

of
 fi

rs
t p

as
s 

pe
rf

us
io

n 
im

ag
in

g)



Page 10 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

Ta
gl

ia
m

on
te

 
(2

01
5)

RC
T​

Si
gn

s 
an

d 
sy

m
p‑

to
m

s 
of

 m
yo

ca
r‑

di
al

 is
ch

em
ia

, n
o 

C
A

D
 (<

 7
0%

 s
te

no
‑

si
s 

on
 C

A
G

). 
M

yo
‑

ca
rd

ia
l i

sc
he

m
ia

 
co

nfi
rm

ed
 b

y 
SP

EC
T,

 a
ss

ig
ne

d 
to

 p
la

ce
bo

. E
xc

lu
‑

si
on

: r
en

al
 fa

ilu
re

 
or

 h
ep

at
ic

 in
su

f‑
fic

ie
nc

y,
 L

BB
B 

on
 

EC
G

, u
se

 o
f d

ru
gs

 
in

hi
bi

tin
g 

C
YP

3A
, 

ot
he

r c
ar

di
ac

 
di

se
as

e
A

s 
ab

ov
e,

 
as

si
gn

ed
 to

 
ra

no
la

zi
ne

29 29
65

 ±
 1

1
66

 ±
 1

0
9/

20
10

/1
9

N
/A

N
/A

N
/A

N
/A

TT
E 

(C
FR

), 
di

st
al

 
LA

D
 w

ith
 D

op
pl

er
 

sp
ec

tr
al

 tr
ac

in
g

D
ip

yr
id

am
ol

e 
(u

p 
to

 0
.8

4 
m

g 
ov

er
 

6 
m

in
)

W
u 

(2
01

5)
RC

T​
D

ia
gn

os
is

 o
f 

C
M

D
 b

as
ed

 o
n 

th
e 

pr
es

en
ce

 
of

 ty
pi

ca
l e

ffo
rt

 
an

gi
na

, e
xe

rc
is

e-
in

du
ce

d 
ST

 s
eg

‑
m

en
t d

ep
re

ss
io

n 
(>

 1
 m

m
), 

no
rm

al
 

C
A

G
, a

bs
en

ce
 

of
 a

ny
 s

pe
ci

fic
 

ca
rd

ia
c 

di
se

as
e 

in
cl

ud
in

g 
va

so
s‑

pa
st

ic
 a

ng
in

a 
an

d 
re

du
ce

d 
C

FR
 

(<
 2

.0
) m

ea
su

re
d 

by
 T

TE
 w

ith
 

ad
en

os
in

e

20
60

 ±
 8

17
/3

N
/A

N
/A

N
/A

N
/A

TT
E 

(C
BF

VR
), 

m
id

-
di

st
al

 L
A

D
 w

ith
 

D
op

pl
er

 s
pe

ct
ra

l 
tr

ac
in

g

N
itr

og
ly

ce
rin

 (2
5 

m
cg

)



Page 11 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

Ba
ire

y 
M

er
z 

(2
01

6)
RC

T​
Sy

m
pt

om
s 

du
e 

to
 

is
ch

em
ia

 o
bj

ec
ti‑

fie
d 

by
 s

tr
es

s 
te

st
‑

in
g,

 n
o 

ob
st

ru
c‑

tiv
e 

C
A

D
 (<

 5
0%

 
st

en
os

is
 o

n 
C

A
G

) 
w

ith
 a

bn
or

m
al

 
C

RT
 (C

FR
 <

 2
.5

) o
r 

C
M

R 
(M

PR
I <

 2
.0

). 
Ex

cl
us

io
n:

 o
th

er
 

ca
rd

ia
c 

di
se

as
e 

or
 li

fe
 e

xp
ec

‑
ta

nc
y <

 4
 y

ea
rs

, 
co

nt
ra

in
di

ca
tio

n 
fo

r C
M

R 
or

 u
se

 o
f 

C
YP

3A
4 

in
hi

bi
to

rs

12
8

55
.2

 ±
 9

.8
12

3/
5

N
/A

N
/A

N
/A

N
/A

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 (n
ot

 
re

po
rt

ed
)

Ba
ki

r (
20

16
)

Ca
se

 s
er

ie
s

N
/A

N
/A

N
/A

N
/A

W
om

en
 w

ith
ou

t 
si

gn
s 

an
d 

sy
m

p‑
to

m
s 

of
 m

yo
‑

ca
rd

ia
l i

sc
he

m
ia

 
an

d 
ab

se
nc

e 
of

 
ca

rd
io

va
sc

ul
ar

 ri
sk

 
fa

ct
or

s 
re

cr
ui

te
d 

at
 C

ed
ar

s-
Si

na
i 

M
ed

ic
al

 C
en

te
r 

ba
se

d 
on

 th
ei

r a
ge

 
an

d 
ho

rm
on

e-
us

e 
st

at
us

 to
 m

at
ch

 
C

M
D

 s
ub

je
ct

s 
in

 th
e 

W
IS

E 
tr

ia
l. 

Ex
cl

us
io

n:
 c

on
‑

tr
ai

nd
ic

at
io

n 
to

 
C

M
R 

or
 a

de
no

si
ne

, 
re

na
l d

is
ea

se

20
54

 ±
 9

20
/0

C
M

R 
(M

PR
I),

 1
.5

 T
A

de
no

si
ne

 (1
40

 
m

cg
/k

g/
m

in
 fo

r 
3–

4 
m

in
)



Page 12 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

M
yg

in
d 

(2
01

6)
Ca

se
 s

er
ie

s
W

om
en

 re
fe

rr
ed

 
fo

r c
lin

ic
al

ly
 

in
di

ca
te

d 
C

A
G

 
du

e 
to

 a
ng

in
a-

lik
e 

ch
es

t p
ai

n 
fo

rm
 

th
e 

Pa
tie

nt
 A

na
ly

‑
si

s 
& 

Tr
ac

ki
ng

 
Sy

st
em

 in
 e

as
te

rn
 

D
en

m
ar

k.
 In

cl
u‑

si
on

: C
A

D
 <

 5
0%

 
st

en
os

is
. E

xc
lu

‑
si

on
: o

th
er

 c
au

se
 

of
 c

he
st

 p
ai

n 
m

or
e 

lik
el

y,
 n

o 
ca

rd
ia

c 
di

se
as

e,
 

lif
e-

ex
pe

c‑
ta

nc
y <

 1
 y

ea
r

96
3

62
.1

 ±
 9

.7
96

3/
0

N
/A

N
/A

N
/A

N
/A

TT
E 

(C
FV

R)
, L

A
D

 
w

ith
 p

ul
se

d-
w

av
e 

D
op

pl
er

 C
on

tr
as

t 
(S

on
oV

ue
) u

se
d 

in
 

ca
se

 o
f d

iffi
cu

lty
 

vi
su

al
iz

in
g 

LA
D

D
ip

yr
id

am
ol

e 
(0

.8
4 

m
g/

kg
 in

 
6 

m
in

)

A
nc

hi
si

 (2
01

7)
Ca

se
 s

er
ie

s
Re

cu
rr

en
t c

he
st

 
pa

in
, E

CG
 a

lte
ra

‑
tio

ns
 a

t e
rg

om
et

ry
 

an
d 

no
rm

al
 C

A
G

. 
Ex

cl
us

io
n:

 o
th

er
 

ca
rd

ia
c 

di
se

as
e 

an
d 

pr
ev

io
us

 
re

va
sc

ul
ar

iz
a‑

tio
n.

 S
et

tin
g:

 
Ca

rd
io

lo
gy

 
U

ni
t o

f A
zi

en
da

 
O

sp
ed

al
ie

ra
-

U
ni

ve
rs

ita
ria

 ‘M
ag

‑
gi

or
e 

de
lla

 C
ar

ità
’ 

in
 N

ov
ar

a

16
64

 ±
 1

1
10

/6
N

/A
N

/A
N

/A
N

/A
TT

E 
(C

FR
), 

co
lo

r 
D

op
pl

er
 fl

ow
 

m
ap

pi
ng

, m
id

-
di

st
al

 L
A

D

D
ip

yr
id

am
ol

e 
(0

.8
4 

m
g/

kg
 p

er
 

6 
m

in
)



Page 13 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

Ja
ar

sm
a 

(2
01

7)
Ca

se
–c

on
tr

ol
Ty

pi
ca

l e
ffo

rt
 

an
gi

na
, p

os
iti

ve
 

st
re

ss
 E

CG
 a

nd
 

no
rm

al
 C

A
G

 (s
te

‑
no

si
s <

 2
5%

), 
co

n‑
se

cu
tiv

el
y 

en
ro

lle
d 

at
 M

aa
st

ric
ht

 
U

ni
ve

rs
ity

 M
ed

ic
al

 
Ce

nt
er

. E
xc

lu
si

on
: 

co
nt

ra
in

di
ca

tio
ns

 
fo

r C
M

R 
or

 a
de

no
‑

si
ne

. O
ne

 p
at

ie
nt

 
ex

cl
ud

ed
 d

ue
 

to
 p

oo
r i

m
ag

e 
qu

al
ity

13
65

 ±
 9

7/
6

N
/A

N
/A

N
/A

N
/A

C
M

R 
(M

PR
), 

3 
T

A
de

no
si

ne
 (1

40
 

m
cg

/k
g/

m
in

 fo
r 

4 
m

in
)

M
ic

he
ls

en
 (2

01
7)

Ca
se

–c
on

tr
ol

W
om

en
 w

ith
 

an
gi

na
-li

ke
 c

he
st

 
pa

in
 a

nd
 n

o 
si

g‑
ni

fic
an

t o
bs

tr
uc

‑
tiv

e 
C

A
D

 (<
 5

0%
 

st
en

os
is

) a
nd

 
w

ith
 s

uc
ce

ss
fu

l 
TT

E 
ex

am
in

at
io

n,
 

ra
nd

om
ly

 s
el

ec
te

d 
fro

m
 th

e 
iP

O
W

ER
 

st
ud

y 
co

ho
rt

95 10
2

61
.8

 ±
 8

.8
 (i

n 
al

l 
10

7 
pa

rt
ic

pa
nt

s)
95

/0
10

2/
0

N
/A

N
/A

N
/A

N
/A

PE
T 

(M
BF

R)
, 

Ru
bi

di
um

-8
2;

 
TT

E 
(C

FV
R)

, L
A

D
 

w
ith

 p
ul

se
-w

av
ed

 
D

op
pl

er
; C

on
tr

as
t 

(S
on

oV
ue

) u
se

d 
in

 
ca

se
 o

f d
iffi

cu
lty

 
vi

su
al

iz
in

g 
LA

D

A
de

no
si

ne
 

(0
.8

4 
m

g/
kg

 p
er

 
6 

m
in

)
D

ip
yr

id
am

ol
e 

(0
.8

4 
m

g/
kg

 p
er

 
6 

m
in

)

Li
u 

(2
01

8)
Ca

se
–c

on
tr

ol
Pa

tie
nt

s 
w

ith
 

an
gi

na
 a

nd
 s

us
‑

pe
ct

ed
 o

r k
no

w
n 

C
A

D
 re

fe
rr

ed
 

fo
r o

ut
pa

tie
nt

 
di

ag
no

st
ic

 C
A

G
 

w
ith

ou
t o

bs
tr

uc
‑

tiv
e 

C
A

D
 o

n 
C

A
G

​

22
65

 ±
 8

8/
14

H
ea

lth
y 

ag
e-

m
at

ch
ed

 s
ub

je
ct

s
20

61
 ±

 7
7/

13
C

M
R 

(M
PR

I),
 1

.5
 T

 
or

 3
 T

A
de

no
si

ne
 (1

40
 

m
cg

/k
g/

m
in

 fo
r ≥

 3
 

to
 6

 m
in

)



Page 14 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
St

ud
y 

de
si

gn
Pa

tie
nt

 g
ro

up
N

M
ea

n 
ag

e 
(±

 S
D

)
Se

x 
(F

/M
)

Co
nt

ro
l g

ro
up

N
M

ea
n 

ag
e 

(±
 S

D
)

Se
x 

(F
/M

)
Im

ag
in

g 
m

od
al

it
y 

(o
ut

co
m

e 
pa

ra
m

et
er

)

Va
so

ac
tiv

e 
ag

en
t 

us
ed

 (d
os

e)

Li
u 

(2
01

8)
Ca

se
–c

on
tr

ol
Pa

tie
nt

s 
w

ith
 

st
ab

le
 a

ng
in

a 
an

d 
su

sp
ec

te
d 

C
A

D
 

re
fe

rr
ed

 fo
r o

ut
‑

pa
tie

nt
 d

ia
gn

os
tic

 
C

A
G

 in
 a

 te
rt

ia
ry

 
re

fe
rr

al
 h

os
pi

ta
l 

w
ith

 F
FR

 ≥
 0

.8
 a

nd
 

IM
R 
≥

 2
5 

U

13 11
N

/A
N

/A
N

/A
N

/A
H

ea
lth

y 
vo

lu
n‑

te
er

s
30

51
 ±

 1
5

9/
21

C
M

R,
 1

.5
 o

r 3
 T

A
de

no
si

ne
 (1

40
 

m
cg

/k
g/

m
in

, f
or

 ≥
 3

 
to

 6
 m

in
)

Zo
ra

ch
 (2

01
8)

Ca
se

–c
on

tr
ol

Pa
tie

nt
s 

w
ith

 ty
pi

‑
ca

l e
ffo

rt
 a

ng
in

a 
an

d 
no

 C
A

D
 

(<
 5

0%
 s

te
no

si
s)

 
on

 C
A

G
 a

nd
 w

ith
 

ris
k 

fa
ct

or
s 

fo
r 

C
M

D
 (d

ia
be

te
s 

m
el

lit
us

 o
r m

et
a‑

bo
lic

 s
yn

dr
om

e)
 

re
cr

ui
te

d 
fro

m
 

th
e 

U
ni

ve
rs

ity
 o

f 
Vi

rg
in

ia
 H

ea
lth

 
Sy

st
em

46
57

.5
 ±

 1
1.

2
34

/1
2

H
ea

lth
y 

co
nt

ro
ls

 
w

ith
ou

t r
is

k 
fa

c‑
to

rs
 fo

r C
M

D

20
53

.4
 ±

 1
1.

9
12

/8
C

M
R 

(M
PR

), 
1.

5 
T

Re
ga

de
no

so
n

Ra
hm

an
 (2

01
9)

Ca
se

–c
on

tr
ol

Pa
tie

nt
s 

un
de

r‑
go

in
g 

el
ec

tiv
e 

di
ag

no
st

ic
 

an
gi

og
ra

ph
y 

fo
r 

in
ve

st
ig

at
io

n 
of

 
ex

er
tio

na
l c

he
st

 
pa

in
 a

nd
 n

on
ob

‑
st

ru
ct

iv
e 

co
ro

na
ry

 
ar

te
ry

 d
is

ea
se

 
(<

 3
0%

 d
ia

m
et

er
 

st
en

os
is

 a
nd

/o
r 

fra
ct

io
na

l fl
ow

 
re

se
rv

e 
>

 0
.8

0)
 

w
ith

 C
FR

 <
 2

.5

38
2.

01
 ±

 0
.4

1
N

/A
Pa

tie
nt

s 
un

de
r‑

go
in

g 
el

ec
tiv

e 
di

ag
no

st
ic

 
an

gi
og

ra
ph

y 
fo

r 
in

ve
st

ig
at

io
n 

of
 

ex
er

tio
na

l c
he

st
 

pa
in

 a
nd

 n
on

ob
‑

st
ru

ct
iv

e 
co

ro
na

ry
 

ar
te

ry
 d

is
ea

se
 

(<
 3

0%
 d

ia
m

et
er

 
st

en
os

is
 a

nd
/o

r 
fra

ct
io

na
l fl

ow
 

re
se

rv
e 

>
 0

.8
0)

 
w

ith
 C

FR
 >

 2
.5

27
2.

68
 ±

 0
.4

9
N

/A
C

M
R 

(M
PR

), 
3 

T
A

de
no

si
ne

 (1
40

 
m

cg
/k

g/
m

in
 fo

r 
3 

m
in

)

CA
BG

 c
or

on
ar

y 
ar

te
ry

 b
yp

as
s 

gr
af

tin
g,

 C
AD

 c
or

on
ar

y 
ar

te
ry

 d
is

ea
se

, C
AG

​ c
or

on
ar

y 
an

gi
og

ra
ph

y,
 C

RT
​ c

or
on

ar
y 

re
ac

tiv
ity

 te
st

in
g,

 E
CG

 e
le

ct
ro

ca
rd

io
gr

am
, F

 fe
m

al
e,

 F
FR

 fr
ac

tio
na

l fl
ow

 re
se

rv
e,

 IM
R 

in
de

x 
of

 m
ic

ro
ci

rc
ul

at
or

y 
re

si
st

an
ce

, I
SM

N
 is

os
or

bi
de

-5
-m

on
on

itr
at

e,
 L

AD
 le

ft
 a

nt
er

io
r d

es
ce

nd
in

g 
co

ro
na

ry
 a

rt
er

y,
 L

BB
B 

le
ft

 b
un

dl
e 

br
an

ch
 b

lo
ck

, M
 m

al
e,

 N
H

LB
I-s

po
ns

or
ed

 W
IS

E 
N

at
io

na
l H

ea
rt

, L
un

g,
 a

nd
 B

lo
od

 In
st

itu
te

 s
po

ns
or

ed
 w

om
en

’s 
is

ch
em

ia
 s

yn
dr

om
e 

ev
al

ua
tio

n,
 R

CT
​ ra

nd
om

iz
ed

 c
on

tr
ol

le
d 

tr
ia

l



Page 15 of 22Groepenhoff et al. BMC Med Imaging            (2021) 21:5 	

Flow parameters
Different flow parameters were reported (Table  2). In 
CMR studies, the myocardial perfusion reserve index 
(MPRI) was most often reported. Other parameters 
reported were myocardial perfusion reserve (MPR) and 
CFR. MPR is defined as the ratio between the relative 
upslope of myocardial signal intensity (obtained with 
the use of gadolinium as contrast agent) during stress 
and rest. In contrast to MPR, the MPRI is corrected for 
left ventricular contrast signal intensity, allowing for 
a reduction in signal differences within the image and 
intra-individual level differences in signal intensity due to 
heart rate and blood pressure [6, 23, 24]. As such, MPRI 
is often the preferred outcome measure as it seems to be 
more accurate in quantifying coronary microvascular 
blood flow. In one study, CMR-derived CFR results were 
presented [25]. CFR was calculated and measured in the 
exact same way as the MPR and can therefore be consid-
ered as a synonym of MPR.

In PET studies microvascular function was usu-
ally quantified with CFR. Other outcome parameters 
were MPR or myocardial flow reserve (MFR). MPR 
and MFR were calculated based on the same methods 
and measurements as CFR and could therefore be used 
interchangeably. CFR was defined as the ratio between 
hyperemic and resting myocardial blood flow (MBF) 
[26, 27] which was expressed in ml/min/g [28]. CFR was 
often corrected for rate pressure product (RPP), defined 
as heart rate multiplied by systolic blood pressure and 
represents cardiac metabolic demand. This correction is 
recommended as it reduces variability in outcomes due 
to person-level differences in systolic blood pressure and 
heart rate [2, 27].

In TTE studies CFR was used. Similar to PET and 
CMR, a variety of equivalent terms were reported, 
namely CFR, coronary blood flow (CBF) and coronary 
flow velocity reserve (CFVR). CFR, CBF and CFVR were 
all defined as the ratio of peak stress and rest coronary 
blood flow velocities (CBFV), usually obtained by spec-
tral Doppler measurements.

CMR imaging
CMR was used to diagnose CMD in 15 of the 37 included 
studies (Additional file 3: Table S2) [6, 15, 23, 25, 29–39]. 
CMR results are mostly expressed as the MPRI (n = 11). 
The other outcome parameters mentioned were MPR 
and CFR (n = 5). One study assessed MPRI as well as 
MPR [29]. Patient groups were globally comparable as all 
studies included patients with AP without CAD on CAG. 
Absolute mean transmural mean MPRI values in patient 
groups ranged from 1.47 ± 0.36 to 2.01 ± 0.41. In con-
trols, mean MPRI ranged from 1.50 ± 0.47 to 2.68 ± 0.49. 
The results of CMR studies with MPRI as outcome 

parameter in patients and controls are summarized in 
Fig. 2a.

PET imaging
A total of 13 studies used PET to quantify coronary 
microvascular function (Additional file  4: Table  S3) [16, 
35, 40–50]. PET studies reporting mean CFR as out-
come measure, mean CFR ranged from 1.39 ± 0.31 to 
2.85 ± 1.35 in patient groups. In the control group, mean 
CFR ranged from 2.68 ± 0.83 to 4.32 ± 1.78. The results of 
PET studies with CFR as outcome parameter in patients 
and controls are summarized in Fig. 2b.

TTE imaging
In 11 studies CMD was assessed by TTE (Additional 
file 5: Table S4) [16, 51–60]. All studies calculated CFR 
as the ratio of basal and hyperemic diastolic flow veloc-
ity measured in the left anterior descending coronary 
artery (LAD). In the included TTE studies, patient 
groups were comparable with regard to inclusion of 
patients with AP and no or nonobstructive CAD on 
CAG (Table  1). Two RCTs were included, mention-
ing CFR at baseline. A mean CFR of 1.69 ± 0.40 to 
2.40 ± 0.40 was found in patients with angina and no 
CAD on CAG, whereas healthy control subjects show a 
higher mean CFR of 2.65 ± 0.65 to 3.31 ± 1.10. An over-
view of the CFR outcomes of TTE studies in patients 
and controls is presented in Fig. 2c.

Sex differences
Only one of the included studies compared outcomes 
between men and women. Sestito et al. [56] determined 
CBF (defined as the ratio of diastolic CBF velocity at 
peak stress and rest) using TTE in 71 patients diagnosed 
with CMD (48 women, 67.6%). No significant differ-
ence in CBF was found between men and women (CBF 
2.09 ± 0.60 and 2.03 ± 0.50, respectively). Furthermore, 
the proportion of women as compared to men in the 
patient groups was much larger (89%) as compared with 
the control population (33%).

Discussion
We provided an overview of currently used non-invasive 
imaging techniques and corresponding reference values 
for CMD in patients with AP and no or nonobstructive 
CAD as well as healthy subjects. We found quite some 
differences between reported non-invasive imaging 
parameters to assess CMD, which we have summarized 
in Fig.  2. These differences reflect the large heterogene-
ity between the studied population as well as the rapidly 
developing imaging techniques and protocols per imag-
ing technique, which result in a variety of different study 
protocols. Due to the heterogeneity between the included 
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studies we were unable to perform a formal meta-analysis 
and provide clear clinically applicable cut-off values to 
diagnose CMD.

MPRI was found to correlate well with invasive meas-
urements obtained with CRT, such as index of microcir-
culatory resistance and CFR [15, 23]. Therefore, MPRI 
could potentially serve as a non-invasive alternative to 
CRT. Current literature proposes two different cut-off 
values, namely 1.40 and 1.84 [6, 15], corresponding with 
the results found in this review. However, the results of 
this review suggest a grey area of MPRI values, as some 
overlap is seen between MPRI in patients and healthy 
controls. Stress MBF values can aid in differentiating 
CMD from normal coronary microvascular function. Liu 
et  al. [15] have shown that a decreased stress MBF (i.e. 
less than 2.30 ml/min/g) is suggestive of CMD in patients 
with inconclusive MPRI values. Furthermore, some CMR 
studies now investigate the clinical applicability of quan-
titative myocardial tissue characterization with rest and 
stress T1 mapping as an alternative [29, 33]. Ischemic 
myocardial tissue can be differentiated from healthy tis-
sue based on distinct properties at T1 mapping during 
rest and stress conditions, without the use of contrast 
agents. However, the diagnostic value of T1 mapping in 
diagnosing CMD still needs extensive validation [29].

Currently, PET is the most frequently applied and vali-
dated non-invasive imaging technique in quantifying 
microvascular blood flow. PET is considered the golden 
standard of non-invasive diagnosis of CMD, although 
discordance between invasive fractional flow reserve 
(FFR) and non-invasive CFR is reported in up to 30% of 
cases [16, 26, 27, 61]. CMD is generally diagnosed with 
a CFR less than 2.0 if corrected for RPP or less than 2.5 
if uncorrected [28, 35, 45, 47]. However, no evidence-
based cut-off values for CFR in PET are available yet. 
Similarly, no cut-off values for CFR in TTE have yet been 

determined and generally a cut-off value of less than 2.0 
for the diagnosis of CMD is applied [18, 58, 62–65]. The 
study of Hildick-Smith et  al. showed CFR with use of 
adenosine stress TTE to be well above this applied cut-off 
value, i.e. a mean CFR 3.7 in healthy controls and 5.9 in 
athletes [66]. However these study population comprised 
men of 27 years of age and could therefore not be directly 
used as reference value for the, mainly older and female, 
population of interest at risk for CMD. TTE assessment 
of CFR with Doppler echocardiography has been vali-
dated against intracoronary Doppler measurements and 
outcomes correlate well [2, 5, 60, 67].

Causes of heterogeneity in measured outcome parameters
Patient groups
The heterogeneity in outcomes observed in this sys-
tematic review is most likely the result of differences in 
inclusion criteria applied across several studies and dif-
ferences in the use of imaging techniques. Although most 
studies investigated patients with typical AP and no or 
nonobstructive CAD during diagnostic CAG, the setting 
in which participants were recruited was not reported 
clearly. Furthermore, the definition of no or nonobstruc-
tive CAD and the control population was often unclear 
and, if documented, heterogeneous among the included 
studies (Additional file  6: Table  S5). Therefore, a more 
homogeneous definition could not be applied in the 
search method. Hence, we suggest the use and documen-
tation of standardized criteria as reported by COVADIS 
[12].

Methodological differences
Unclarity of the used reference standard, as reflected by 
the risk of bias assessment (Additional file  2: Table  S1), 
may have introduced significant bias. Moreover, it was 
often unclear whether researchers were blinded to the 

Table 2  Overview of outcome parameters considered in this systematic review

HR heart rate, LV left ventricular, MBFrest myocardial blood flow in resting conditions, MBFstress myocardial blood flow during hyperemic circumstances, SBP systolic 
blood pressure

Imaging method Parameters Definition

Cardiac magnetic resonance imaging (CMR) Myocardial perfusion reserve index (MPRI) MBFstress/MBFrest * LV contrast signal intensity

Myocardial perfusion reserve (MPR) MBFstress/MBFrest

Coronary flow reserve (corrected for rate pressure 
product) (CFR (corrected for RPP))

MBFstress/MBFrest * (HR * SBP/10.000)

Positron emmission tomography (PET) Coronary flow reserve (corrected for rate pressure 
product) (CFR (corrected for RPP))

MBFstress/MBFrest * (HR * SBP/10.000)

Myocardial perfusion reserve (MPR) MBFstress/MBFrest

Myocardial flow reserve (MFR) MBFstress/MBFrest

Transthoracic echocardiography (TTE) Coronary flow reserve (CFR) MBFstress/MBFrest

Coronary flow velocity reserve (CFVR) MBFstress/MBFrest

Coronary blood flow (CBF) MBFstress/MBFrest
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reference standard when interpreting results from the 
index test.

Furthermore, measurement of MPRI in CMR might 
contribute to the inconsistent results observed in this 
systematic review. MPRI can be measured transmural, 
but also subendo- or epicardial. Several studies show 
subendocardial MPRI to be decreased more often than 
epicardial MPRI in CMD patients [34, 39, 64, 68], which 
might indicate subendocardial MPRI to be more valu-
able in diagnosing CMD as compared with epicardial 

or transmural MPRI. Unfortunately, in this systematic 
review only transmural MPRI values were included.

Regarding PET, correction for RPP is not stand-
ard which results in decreased comparability of out-
comes. Moreover, the use of different radioactive tracers 
(15O-water, 13N-ammonia and Rubidium-82) could 
result in varying outcomes due to differences in charac-
teristics and processing of images [14, 27, 28]. The use 
of a specific radiotracer might require a specific cut-off 
value to diagnose CMD [14]. Similar concerns apply to 
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the use of various vasoactive agents to achieve hyper-
emia in stress perfusion imaging. Adenosine and dipy-
ridamole are most commonly administered to achieve 
hyperemia. However, adenosine seems to be superior to 
dipyridamole with regard to attaining maximal hyper-
emia and their effects are not identical. Therefore the use 
of the different types and doses of vasoactive agent could 
have contributed to the differences found in the outcome 
parameters [27, 69, 70].

Lastly, this systematic review highlights the discord-
ance in nomenclature and reporting of outcomes. 
Standardization of outcome parameters reported could 
increase comparability of studies assessing reference val-
ues for the diagnosis of CMD.

Sex differences
In the present analysis women were highly represented 
in the patient groups (89%) compared to control groups 
(33%). Therefore, sex differences could contribute to 
discrepancies between studies resulting in decreased 
comparability between CFR and MPRI measurements 
in patient and control groups. Kobayashi et  al. [17] 
measured coronary vascular diameter with quantita-
tive CAG and intravascular ultrasound in patients with 
AP and nonobstructive CAD and found a smaller vas-
cular diameter in women. Furthermore, they showed a 
significantly higher resting CBF in women. The latter is 
consistent with findings by Opstal et al. [71] and Chare-
onthaitawee et al. [72] who studied coronary blood flow 
in healthy subjects with 13N-ammonia PET (n = 206) 
and 15O-water PET (n = 169), respectively. These find-
ings suggest sex differences in flow parameters. High 
resting myocardial flow volumes could decrease CFR (in 
PET and TTE) or MPRI (in CMR) in women compared 
to men as flow parameters are determined as the ratio 
of stress and rest perfusion. Although sex differences in 
resting MBF and CFR have been observed in invasive 
CRT [3, 17, 73], only one of the included studies included 
assessed sex differences regarding CBF and reported no 
significant sex differences [56]. These findings are con-
sistent with another study comparing non-invasive CFR 
between men and women using PET [74]. Therefore, fur-
ther research is needed to establish whether or not sex-
specific cut-off values are required for the non-invasive 
diagnosis of CMD.

Recommendations for future research
The studies included in this review show heterogene-
ity in study methodology and outcome. This contributes 
to the discrepancies in outcomes between studies and 
to the lack of consensus regarding definition and cut-
off values for CMD in non-invasive imaging modalities. 
We emphasize the need for large validation studies and 

suggest standardization of outcome parameters to reduce 
heterogeneity and increase comparability of studies. This 
is needed to provide clinically applicable, possibly sex-
specific, reference values for the diagnosis of CMD in the 
future.

Furthermore, during this systematic review, we found 
several other imaging modalities that are studied for 
their potential to diagnose CMD, such as myocardial 
contrast echocardiography (MCE) [63, 75, 76], CT-per-
fusion [77] and absolute quantification of myocardial 
perfusion by CMR [78]. Even though, current evidence 
is still limited so the clinical significance and applicabil-
ity in regular care of these modalities in CMD diagno-
sis remains unclear, current research shows promising 
results. For example, Bechsgaard et  al. [77] studied CT 
myocardial perfusion in women with angina and no 
obstructive CAD, (defined as < 50% stenosis), in compari-
son with female controls. They showed CT-perfusion is 
able to identify decreased global myocardial perfusion 
and impaired increase of myocardial blood flow during 
adenosine provocation in women with angina and non 
obstructive CAD as compared with the control group. 
The use of CT-perfusion in addition to the commonly 
performed CCTA could in the future play an important 
role in the evaluation of CMD early in the evaluation of 
patients with angina.

Study limitations
The number of studies investigating non-invasive imag-
ing techniques to diagnose CMD is limited. As such, the 
results of this systematic review are based on limited 
data. Hence, only an indication of reference and cut-off 
values could be provided. Furthermore, a formal meta-
analysis could not be performed due to heterogeneity of 
included studies. In addition, the risk of selection bias in 
the included studies was high. Also, the heterogeneity in 
the definition of non obstructive CAD might also have 
impacted the results as the included studies comprise 
patients with both completely normal or non obstructed 
coronaries. Unfortunately, as the definition of nonob-
structive CAD was unclear or heterogeneous, it was 
not possible to separately analyse outcomes for patients 
with normal coronaries as compared to nonobstructive 
CAD. These analyses would have been of additive value 
as in patients with nonobstructive CAD there might 
still be epicardial stenosis that could impact myocardial 
blood flow. These limitations emphasize the importance 
of standardization of imaging protocols and analyses, 
patient selection and reporting of outcome measure-
ments to obtain reliable and clinically relevant cut-off 
values for CMD.
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Conclusions
This systematic review provided an overview of currently 
used parameters and cut-off values for CMD in patients 
with AP and no or nonobstructive CAD as well as healthy 
subjects. However, no definite cut-off values could be 
determined as no meta-analysis could be performed due 
to heterogeneity of studies investigating non-invasive 
imaging techniques in CMD.
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