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Myocardial infarction with nonobstructive coronary arteries (MINOCA) has several possible underlying
causes, including coronary microvascular dysfunction (CMD). Early cardiovascular magnetic resonance
imaging (CMR) is recommended, however cannot provide a diagnosis in 25% of cases. Quantitative
stress CMR perfusion mapping can identify CMD, however it is unknown if CMD is present during
long-term follow-up of MINOCA patients. Therefore, this study aimed to evaluate presence of CMD
during long-term follow-up in MINOCA patients with an initial normal CMR scan. MINOCA patients
from the second Stockholm myocardial infarction with normal coronaries study (SMINC-2), with
anormal CMR scan at median 3 days after hospitalization were investigated with comprehensive

CMR including stress perfusion mapping a median of 5 years after the index event, together with

age- and sex-matched volunteers without symptomatic ischemic heart disease. Cardiovascular

risk factors, medication and symptoms of myocardial ischemia measured by the Seattle Angina
Questionnaire 7 (SAQ-7), were registered. In total, 15 patients with MINOCA and an initial normal
CMR scan (59 + 7 years old, 60% female), and 15 age- and sex-matched volunteers, underwent CMR.
Patients with MINOCA and an initial normal CMR scan had lower global stress perfusion compared

to volunteers (2.83+1.8 vs 3.53+0.7 ml/min/g, p=0.02). There were no differences in other CMR
parameters, hemodynamic parameters, or cardiovascular risk factors, except for more frequent use
of statins in the MINOCA patient group compared to volunteers. In conclusion, global stress perfusion
is lower in MINOCA patients during follow-up, compared to age- and sex-matched volunteers,
suggesting that CMD may be a possible pathophysiological mechanism in MINOCA.

Clinical Trial Registration: Clinicaltrials.gov identifier NCT02318498. Registered 2014-12-17.

Abbreviations

CAD Coronary artery disease

CMD Coronary microvascular dysfunction

CMR Cardiovascular magnetic resonance imaging

ECV Extracellular volume

IHD Ischemic heart disease

MI Myocardial infarction

MINOCA  Myocardial infarction with nonobstructive coronary arteries
MPR Myocardial perfusion reserve

Myocardial infarction with nonobstructive coronary arteries (MINOCA) is a myocardial infarction (MI) without
coronary artery stenosis = 50% on coronary angiography (CAG)' and without a known specific diagnosis causing
the acute presentation®’. MINOCA has several possible underlying causes, including coronary microvascular
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dysfunction (CMD)**. CMD encompasses functional and structural abnormalities in the coronary microvas-
culature, leading to insufficient increase in myocardial perfusion in response to increasing oxygen demands,
causing myocardial ischemia®. Early cardiovascular magnetic resonance imaging (CMR) is recommended for
differential diagnosis following MINOCA presentation®’~'°, and provides prognostic information'!. However,
standard clinical CMR is normal in 25% of MINOCA cases and thus fails to provide a diagnosis enabling specific
treatment'>!"®. New fully quantitative stress CMR perfusion mapping adds the possibility to assess regional and
global myocardial perfusion (ml/min/g)'*'°. Quantitative stress perfusion mapping can detect CMD as reduced
global stress perfusion and/or myocardial perfusion reserve (MPR)'¢ and can differentiate CMD from obstructive
coronary artery disease (CAD)!”. CMD has been shown in acute MINOCA and is associated with poor outcome
both in the acute stage and long-term'®. However, long-term presence of CMD following acute MINOCA presen-
tation has to the best of our knowledge not been examined previously. Moreover, multiparametric CMR including
quantitative stress perfusion has not been utilized in the evaluation of MINOCA patients, despite its ability to
non-invasively and without radiation assess cardiac function, structure and tissue properties. Therefore, we aimed
to evaluate presence of CMD in MINOCA patients with an initial normal CMR scan in long-term follow-up,
using comprehensive multiparametric CMR, including quantitative stress perfusion mapping. The hypothesis was
that MINOCA patients would have lower global stress perfusion compared to sex- and age-matched volunteers
with similar comorbidities but without symptomatic ischemic heart disease (IHD), indicating CMD.

Methods

Study group

MINOCA patients were identified from the second Stockholm Myocardial Infarction with Normal Coronaries
(SMINC-2) study, which was a prospective, non-randomized study of MINOCA patients performed during
2014-2018 in five hospitals in Stockholm, Sweden. SMINC-2 utilized early CMR including cine imaging, native
T1 and extracellular volume (ECV) mapping and late gadolinium enhancement (LGE) imaging for differential
diagnosis of MINOCA'". Inclusion criteria included fulfillment of the diagnostic criteria of MI' and nonob-
structive coronary arteries (stenosis <50%) on CAG, determined visually. Exclusion criteria included lack of
sinus rhythm on admission electrocardiogram (ECG), pulmonary embolism, previous MI, known cardiomyo-
pathy, severe asthma or chronic obstructive pulmonary disease, decreased kidney function (serum creatinine
of>150 pmol/l), pacemaker, or claustrophobia. All patients were invited to follow-up CMR 6 months after index
event'?, the last follow-up scan was performed in September 2019.

Patients were invited to participate in the present study if their initial CMR scan and 6 months follow-up scan
were read as normal by two independent level 3 CMR physicians. Furthermore, sex- and age-matched volunteers
without THD history were recruited by advertising at Karolinska Institutet (Fig. 1). Stress perfusion CMR was
performed between March 2020 and February 2022. Clinical data including biochemical cardiac markers at
index event, as well as presence of cardiovascular risk factors and medications at follow-up, were obtained by
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Figure 1. Flow chart of study cohort. The figure shows inclusion and exclusion of MINOCA patients and
volunteers into the study. SMINC-2 Stockholm myocardial infarction with normal coronaries-2, MINOCA
myocardial infarction with nonobstructive coronary arteries, CMR cardiovascular magnetic resonance imaging,
IHD ischemic heart disease.
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interviews or from medical records. The Seattle Angina Questionnaire 7 (SAQ-7) was used to quantify symp-
toms of myocardial ischemia, and results were summarized as the SAQ-7 summary score®. Ethical approval
has been granted for all procedures in the study by the Swedish Ethical Review Authority (Dnr 2014/131-31/1,
2017/2415-32/1, 2021-06837-02), all study procedures were carried out in accordance with relevant guidelines
and regulations as per the Declaration of Helsinki for involving human participants, and all participants provided
written informed consent.

Image acquisition

CMR was performed supine with a Magnetom Aera® 1.5 Tesla (T) scanner (Siemens Healthcare, Erlangen, Ger-
many), with a phased-array 18-channel body matrix coil and a spine matrix coil. A venous blood sample was
drawn to determine hematocrit and blood creatinine prior to imaging. Full coverage retrospective electrocar-
diographic (ECG)-gated balanced steady state free precession (bSSFP) cine imaging was acquired in standard
three long-axis and short-axis slices. Typical imaging parameters were flip angle (FA) 68°, pixel size 1.4x 1.9
mm?, slice thickness 8.0 mm, echo time (TE)/repetition time (TR) 1.19/37.05 ms, matrix size 256 x 144 and field
of view (FOV) 360 x 270 mm?.

Using first pass perfusion imaging, quantitative perfusion maps (ml/min/g) were acquired in three short-axis
slices (basal, midventricular, apical) during administration of an intravenous contrast agent bolus (0.05 mmol/
kg, gadobutrol, Gadovist, Bayer AB, Solna, Sweden), during adenosine infusion (140 pg/kg/min or increased
according to clinical routine to 210 pg/kg/min in the absence of adequate response to adenosine (Adenosin, Life
Medical AB, Stockholm)) and in subsequent rest. Adenosine response was assessed clinically based on symptoms
and heart rate response and was evaluated by the rate pressure product (RPP) in rest and stress. Adenosine and
contrast agent were administered in two different cannulas. Subjects abstained from caffeine for 24 h and nicotine
for 12 h prior to CMR examination. A distributed tissue exchange model was used to compute the perfusion
maps®! and the Gadgetron inline perfusion mapping software was used to generate the perfusion maps'*. Typical
imaging parameters were bSSFP single shot readout, FA 50°, slice thickness 8.0 mm, TE/TR 1.04/2.5 ms, band-
width 1085 Hz/pixel, FOV 360 x 270 mm? and saturation delay/trigger delay (TD) 95/40 ms.

Using an ECG-gated Modified Look-Locker inversion recovery (MOLLI) 5s(3s)3s prototype sequence, native
T1 maps were acquired in three short-axis slices. Typical imaging parameters were single shot SSFP in end-
diastole, FA 35°, pixel size 1.4 x 1.9 mm?, slice thickness 8.0 mm, imaging duration 167 ms, TE/TR 1.12/2.7 ms,
matrix size 256 x 144 and FOV 360 x 270 mm?. Following a bolus of contrast (total 0.2 mmol/kg, gadobutrol),
post-contrast T1 maps were acquired with the same slice position as the native T1 maps. Extracellular volume
(ECV) maps in three short-axis slices were generated from native T1 and post-contrast T1 maps, calibrated by
the hematocrit**?*. Moreover, LGE images were acquired in three long-axis and short-axis slices post-contrast
using a free breathing phase-sensitive inversion recovery (PSIR) sequence with segmented fast low angle shot
(FLASH) read out. Imaging parameters were image matrix 256 x 156, voxel size 1.3 x 1.3 x 7 mm?, slice thickness
8 mm, FOV 340 x 276 mm, TR 8.25 ms, TE 3.4 ms and FA 50°.

Using a T2-prepared sequence (Siemens MyoMaps product sequence), native T2 maps were acquired in
three short-axis slices. Typical imaging parameters were FA 70°, pixel size 1.4 x 1.4 mm?, slice thickness 8.0 mm,
acquisition window 700 ms, TE/TR 1.06/2.49 ms, matrix size 144 x 256 mm?,

Image analysis

All images were anonymized and analyzed offline with the freely available software Segment (version 2.7 Med-
viso AB, Lund, Sweden)?**. Left ventricle (LV) mass and volumes were quantified by delineating the endo- and
epicardial borders in end-diastole and end-systole in the cine short-axis stack. Native T1, native T2, ECV and
perfusion maps were analyzed by careful manual delineation of the endo- and epicardial borders of the LV in
the respective short-axis stack and values were acquired in a 16-segment model of the LV?. To avoid blood pool
and adjacent tissues contaminating the analysis, a 10% erosion margin was set for both endo- and epicardial
borders. Inter-observer variability was assessed in all 30 study-participants by two independent observers and
intra-observer variability was assessed by one observer re-analyzing 10 subjects, with regards to native T1, native
T2, ECV and stress and rest myocardial perfusion maps.

Statistical analysis

Continuous data were presented as median [interquartile range] or mean + standard deviation (SD) and cat-
egorical data were presented as numbers (percentages). The Shapiro-Wilk test was used to assess normality. LV
mass and volumes were indexed to body surface area (BSA), which was calculated using the Mosteller formula?’.
Global native T1, native T2, ECV, and rest and stress perfusion were acquired by averaging segmental values per
subject. The RPP was calculated as heart rate multiplied by systolic blood pressure. The MPR was calculated as
stress perfusion divided by rest perfusion. CMR findings between baseline, 6 months follow-up and long-term
follow-up were compared using the paired t-test. Continuous variables were compared between the MINOCA
patients and the volunteers with the independent t-test in normally distributed data and the Mann-Whitney
U test in non-normally distributed data. Categorical data were compared between the MINOCA patients and
the volunteers with Fisher’s exact test. Subgroup analysis was performed using the independent t-test or the
Mann-Whitney U test. Perfusion and MPR were compared in MINOCA patients and volunteers without hyper-
tension, and pooled MINOCA patients and volunteers were compared based on sex, presence of hypertension
or statin treatment. Inter- and intra-observer agreement was calculated for global native T1, native T2, ECV and
perfusion in rest and stress as well as MPR, and presented as intra-class correlation coefficient (ICC). ICC was
0.92-1.00 (p <0.001 for all). Based on previously published data on healthy subjects, an a priori power calculation
showed that 16 subjects were needed to detect a 0.78 ml/min/g difference in stress perfusion®® with 80% power
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and alpha of 0.05. Statistical analysis was performed with Microsoft Excel (Microsoft, Redmond, Washington,
USA) and IBM SPSS Statistics (IBM SPSS Statistics version 28, IBM, New York, USA). In all statistical analyses,
the significance level was defined as p <0.05.

Ethics approval and consent to participate
The study has been approved by the Swedish Ethical Review Authority, DNR 2014/131-31/1, 2017/2415-32/1,
2021-06837-02, and all patients provided written informed consent.

Results

Clinical characteristics and CMR findings

Clinical characteristics and CMR findings of the MINOCA patients at baseline, 6 months follow-up and long-
term follow-up are presented in Table 1. There were no differences in LV volumes or mass, except for a slight
increase in LV end-systolic volume between index and 6 months follow-up. Subendocardial LGE was present
in one MINOCA patient that had an symptomatic MI during the initial 6 months follow-up period'?, and the
infarcted segments were excluded from analysis at long-term follow-up. The other MINOCA patients suffered
no major adverse cardiac event (MACE) during follow-up.

Clinical characteristics including comorbidities and medications of the MINOCA patients at long-term
follow-up and the age- and sex-matched volunteers without IHD are presented in Table 2. The MINOCA patients
were more frequently treated with statins than the volunteers, otherwise there were no differences in clinical
characteristics or SAQ-7 summary score between the groups. Table 3 summarizes the CMR findings of the two
groups. T2 maps could not be acquired in one MINOCA patient due to operator dependency. There were no
differences in hemodynamic parameters, LV volumes or mass, native T1, native T2 or ECV.

Perfusion in stress and rest

The MINOCA patients had lower global stress perfusion compared to volunteers (2.83+1.84 vs 3.53+0.73,
p=0.02), however there were no differences in rest perfusion or MPR, as shown in Table 3. Figure 2 shows
individual rest and stress perfusion values of the MINOCA patients and the volunteers without symptomatic
IHD with mean and standard deviation between the groups, illustrating that MINOCA patients have lower
stress perfusion. Rest perfusion maps were excluded in one volunteer due to residual hyperemia. Representative
examples of midventricular perfusion maps in stress and rest of a MINOCA patient with suspected CMD and
a healthy volunteer are shown in Fig. 3. Stress perfusion was lower in MINOCA patients without hypertension
compared to volunteers without hypertension (2.71 £0.96 vs 3.64 +0.75 ml/min/g, p=0.04), however there were
no differences in rest perfusion or MPR (p >0.05, data not shown). There were no differences in rest or stress

Clinical characteristics and CMR findings | Index 6 months follow-up* | p Long term follow-up | p
Imaging from event 3 [3-4] days 190 [186-208] days 5 [3-6] years

Age (years) 54+8 55+8 0.27 | 59+7 <0.001
Height (cm) 172+11 173+9 0.09 |173£10 0.37
Weight (kg) 74+14 77410 022 |75+15 0.51
BSA (m?) 1.9+0.2 1.9+0.2 0.17 |1.9%0.2 0.45
LVM (g) 119+£32 130£30 0.06 | 11929 0.12
LVMi (g/mz) 63+12 6713 023 |63+12 0.20
LVEDV (ml) 151+36 155+32 032 | 15135 0.40
LVEDVi (ml/m?) 80£13 81+14 093 |79%15 0.85
LVESV (ml) 65+18 67+18 0.04 | 66+20 0.85
LVESVi (ml/m?) 35+8 35+9 023 |35+10 0.78
LVSV (ml) 88+19 89+17 0.81 |85%x17 0.26
LVSVi (ml/m?) 47+7 46+7 039 |45+7 0.58
LVEF (%) 59+6 57+6 0.26 |57+6 0.36
TnT (ng/L) at CMR 28 [15-58]

Maximal TnT (ng/L) 82 [37-112]

Nt-proBNP (ng/L) 111 [60-186]

Table 1. Clinical characteristics and CMR findings of MINOCA patients. Days between index and CMR scans
as well as biochemistry at baseline are presented as median [interquartile range]. CMR findings are presented
as mean + standard deviation. P-values denotes the paired t-test. *Data missing for two MINOCA patients, i
signifies indexed to body surface area (BSA) according to the Mosteller formula. Significant values are in

bold. CMR cardiovascular magnetic resonance imaging, MINOCA myocardial infarction with nonobstructive
coronary arteries, NT-proBNP N-terminal pro-brain natriuretic peptide, LVM left ventricular mass, LVEDV
left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVSV left ventricular stroke
volume, LVEF left ventricular ejection fraction, TnT troponin T.
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Clinical characteristics MINOCA (n=15) Volunteers (n=15) P
Female sex, n (%) 9 (60%) 9 (60%) 1.00
Age (years) 59+7 59+7 0.85
Height (cm) 173+10 173+10 0.94
Weight (kg) 75+15 71414 0.40
BSA(m?) 1.9+0.2 1.8+0.2 0.47
Creatinine (mmol/l) 7117 74+12 0.40
EVF (%) 43+5 43+4 0.92
Hypertension, n (%) 8 (57%) 3(20%) 0.06
Diabetes mellitus, n (%) 2 (14%) 1 (7%) 0.60
Hyperlipidemia, n (%) 5 (36%) 2 (13%) 0.39
Smoking currently, n (%) 4 (29%) 1(7%) 0.17
Smoking previously, n (%) 9 (64%) 6 (40%) 0.14
Statins, n (%) 7 (50%) 1(7%) 0.04
Beta blockers, n (%) 3 (21%) 2 (13%) 0.65
ACE-I/ARB, n (%) 6 (43%) 2 (13%) 0.11
Calcium channel blockers, n (%) 2 (14%) 1 (7%) 0.60
SAQ-7 summary score 100 [97-100]* 100 [100-100] 0.16

Table 2. Clinical characteristics of MINOCA patients and volunteers. Clinical characteristics are presented
as n (%) where p-values denotes the Fisher’s exact test or as median [interquartile range] or mean * standard
deviation where p-values denotes the independent t-test and 1 denotes the Mann Whitney U test. *Data
missing for one patient. Significant values are in bold. MINOCA myocardial infarction with nonobstructive
coronary arteries, BSA body surface area, EVF erythrocyte volume fraction, ACE-I angiotensin-converting-
enzyme inhibitors, ARB angiotensin receptor blockers, SAQ-7 Seattle Angina Questionnaire-7.

perfusion, or MPR, between pooled MINOCA patients and volunteers compared with regards to sex or presence
of hypertension or statin treatment (p>0.05, data not shown).

Discussion

To the best of our knowledge, this is the first study to assess presence of CMD during long-term follow-up of
MINOCA patients with an initial normal CMR scan, using fully quantitative stress CMR perfusion mapping.
The MINOCA patients had lower stress perfusion compared to age- and sex-matched volunteers with similar
cardiovascular risk factors but without IHD, suggesting presence of CMD. However, it is unknown if CMD was
present before and at hospitalization at index event or may have developed during follow-up due to increasing
age or burden of cardiovascular risk factors.

Coronary microvascular dysfunction in MINOCA

Early CMR is recommended for differential diagnosis in MINOCA and provides a diagnosis in most cases, which
carry prognostic importance with regards to future risk of MACE and potential specific treatment®. Specifically,
presence of LGE and abnormal T2 mapping values have been shown to be high-risk markers in follow-up of
MINOCA patients®. Despite early comprehensive CMR including examination of presence of myocardial edema
and injury using T1/T2 mapping, LGE and ECV mapping, more than 25% of MINOCA cases have normal CMR
scans”. However, further examinations of pathologies not detectable on traditional CMR is warranted. The role
of CMD in MINOCA is increasingly recognized but cannot be diagnosed using traditional CMR'®. Indeed, the
workup of CMD is complex due to the many pathophysiological forms of CMD that patients present with and
includes various modalities'®. Microvascular spasm has been shown in acute MINOCA using intracoronary
provocative testing immediately following diagnostic CAG®'~**, which was associated with increased risk of
MACE during 3 years follow-up®!. Increased microvascular constrictor reactivity and impaired microvascular
dilatation has been shown in MINOCA at index and 12-months follow-up by evaluating blood flow response to
ergonovine, adenosine and cold pressor test with transthoracic Doppler echocardiography?*. Moreover, increased
CAG-derived index of microcirculatory resistance (IMR) has been shown in acute MINOCA, which was asso-
ciated with increased risk of MACE during 2 years follow-up®. Interestingly, increased CAG-derived IMR has
recently been shown across different subtypes of MINOCA, indicating CMD to be a unifying pathophysiological
feature of several different clinical entities*. The only prior CMR study evaluating CMD in acute MINOCA,
using qualitative perfusion analysis, showed focal rest and stress perfusion abnormalities, which were often
co-localized with T2 +and/or ischemic or non-ischemic LGE*. MPR index (MPRI) was low in areas both with
and without LGE and T2 +*. Thus, it is unclear if ischemia caused LGE and T2+, or if acute edema caused LGE
and T2 +as well as hypoperfusion by compressing micro-vessels*. This contrasts with the present follow-up
study, where the only difference was reduced stress perfusion. Since native T1, native T2 and ECV did not differ
between MINOCA patients and volunteers, the reduced stress perfusion cannot be attributed to edema or fibrosis
from previous myocarditis or MI. One MINOCA patient in our study had LGE from a previous MI, occurring
during initial 6 months follow-up'® and affected segments were excluded from analysis. The MINOCA patients
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CMR findings MINOCA (n=15) Volunteers (n=15) P
Heart rate rest (bpm) 67+9 71+11 0.21
SBP rest (mmHg) 134+15 128+15 0.59
RPP rest 9014 +1672 9114+1781 0.52
Heart rate stress (bpm) 88+10 90+8 0.67
SBP stress (mmHg) 137+18 128+15 0.22
RPP stress 12083 +£2265 11506 +1699 0.52
CO (I/min) 51+0.8 57+1.3 0.30
LVM (ml) 114+27 102+25 0.29
LVM (g) 119429 107427 0.29
LVMi (g/m?) 63+12 58+10 0.39"
LVEDV (ml) 151+35 153+41 0.98
LVEDVi (ml/m?) 79+15 82+16 0.8"
LVESV (ml) 66+20 69+22 0.68
LVESVi (ml/m?) 35x10 37+9 0.49
LVSV (ml) 85+17 84+23 0.68
LVSVi (ml/m?) 45+7 45+9 0.877
LVEF (%) 57+6 556 0.26
T1 (ms) 976 +55 983+26 0.87°
T2 (ms) 49+3* 49+3 0.92
ECV (%) 27+3 27+2 0.69
Perfusion rest (ml/min/g) 0.96+0.19 1.12+0.33* 0.18
Perfusion stress (ml/min/g) 2.83+1.84 3.53+0.73 0.02
MPR 3+£0.9 32+1* 0.43

Table 3. CMR findings of MINOCA patients and volunteers. CMR findings are presented as mean * standard
deviation. P-value denotes the independent t-test and p-values marked + denotes the Mann Whitney U test.
*T2 maps missing for one MINOCA patient, rest perfusion maps and MPR missing for one healthy volunteer, i
signifies indexed to body surface area (BSA) according to the Mosteller formula. Significant values are in

bold. CMR cardiovascular magnetic resonance imaging, MINOCA myocardial infarction with nonobstructive
coronary arteries, bpm beats per minute, SBP systolic blood pressure, RPP rate pressure product, CO cardiac
output, LVM left ventricular mass, LVEDYV left ventricular end-diastolic volume, LVESV left ventricular end-
systolic volume, LVSV left ventricular stroke volume, LVEF left ventricular ejection fraction, bpm beats per
minute, ECV extracellular volume, MPR myocardial perfusion reserve.

had a nonobstructive CAG at presentation, and no patient had focal perfusion defects on stress perfusion CMR.
Therefore, MI or obstructive CAD cannot explain reduced stress perfusion in the MINOCA patients. As the
MINOCA patients had no other pathophysiological explanation detectable at index and were compared to age-
and sex-matched volunteers with similar cardiovascular risk factors but without a history of IHD, we theorize
that their initial presentation may be attributable to CMD which remained at follow-up.

Coronary microvascular dysfunction and quantitative CMR perfusion mapping

Novel fully quantitative adenosine stress CMR perfusion mapping adds the possibility to identify CMD, pre-
senting as reduced global stress perfusion and/or MPR, which has been shown in patients with post-covid™,
heart failure with preserved ejection fraction (HFpEF)?, dilated cardiomyopathy (DCM)**, and microvascular
angina pectoris (without obstructive CAD)'7*-*!. Moreover, quantitative CMR perfusion mapping can detect
obstructive CAD*? and differentiate CMD from three-vessel CAD which causes more pronounced reduction in
myocardial perfusion without focal perfusion defects'’.

CMD is common in HFpEF, as shown by reduced MPR despite unaffected stress perfusion due to increased
rest perfusion, and ECV is increased®. Stress perfusion and MPR is reduced in DCM while rest perfusion is aug-
mented, with lower rest and stress perfusion in segments with LGE?®. The increased rest perfusion in both studies
may indicate functional CMD, as reduced resting tone and higher rest perfusion has been shown invasively in
functional CMD, causing reduced stress perfusion due to impaired vasodilatory reserve*’. However, presence of
fibrosis indicates structural CMD, possibly coexisting and contribution to each other. In microvascular angina,
stress perfusion and MPR is reduced while rest perfusion is unaffected'”*. Moreover, reduced stress perfusion
and MPR, without differences in T1, ECV or rest perfusion, has been shown in microvascular angina*. These
studies report lower stress perfusion and MPR than the current study, possibly reflecting more pronounced
CMD also contributing to clinical ischemic symptoms. Moreover, women have higher perfusion values, which
decreases with age?®*!. Two studies included more men of higher age!”*? and one included more females of
similar age compared to the current study*’. Furthermore, the results of these studies may reflect structural
CMD, as normal rest perfusion and impaired stress perfusion has been shown invasively in structural CMD,
due to impaired vasodilatation and/or increased microvascular resistance®’. Overall, the compared studies show
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Figure 2. Rest and stress perfusion in MINOCA patients and volunteers. The figure shows individual global
rest and stress perfusion (ml/min/g) in MINOCA patients (n=15) and volunteers (n=15, however rest
perfusion missing in one volunteer). Stress perfusion is reduced in the MINOCA group, while rest perfusion
does not differ between the groups. P-values denotes the independent t-test, error bars represent mean and
standard deviation. MINOCA myocardial infarction with nonobstructive coronary arteries.
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Figure 3. Stress and rest perfusion in a healthy volunteer and a MINOCA patient with CMD. The figure
shows a representative example of midventricular perfusion maps (ml/min/g) in stress and rest in a volunteer
without ischemic heart disease and a patient with MINOCA and CMD. Stress perfusion is globally reduced
in the MINOCA patient compared to the volunteer, while rest perfusion is comparable. MINOCA myocardial
infarction with nonobstructive coronary arteries, CMD coronary microvascular dysfunction.
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the complexity of CMD as common pathophysiological feature in many different clinical entities, with many
different mechanisms and presentations ultimately impairing myocardial perfusion.

Strengths and limitations

Fully quantitative stress CMR perfusion mapping avoids risks and limitations related to CAG and positron emis-
sion tomography (PET), the current gold-standard modalities for assessing CMD'>'”*°. The MINOCA patient
group was well-characterized, presenting with an MI with nonobstructive coronary arteries as determined visu-
ally on CAG and a normal CMR scan at index hospitalization and 6 months follow-up. One individual had an
MI during initial 6 months-follow-up'?, and the infarcted segments were excluded from analysis at long-term
follow-up. Optical coherence tomography or intravascular ultrasound was not performed at index hospitaliza-
tion and therefore, plaque erosion or rupture could have been overlooked. Moreover, it is unknown if CMD was
present before and at index hospitalization or developed during follow-up. However, the MINOCA patients were
compared to volunteers with no history of IHD despite matching age and sex, and similar cardiovascular risk
factors. The MINOCA patients were more frequently treated with statins and had a numerically higher prevalence
of hypertension. Hypertension and hyperlipidemia are known risk factors for CMD, decreasing stress perfusion
and/or MPRI****. The small sample size in the current study does indeed limit the utility of subgroup analysis.
However, also normotensive MINOCA patients had lower stress perfusion than normotensive volunteers and
there were no differences comparing pooled MINOCA patients and volunteers based on hypertension or statin
use, with regards to stress and rest perfusion as well as MPR. Intra- and interobserver agreement was excellent,
indicating that quantitative perfusion mapping is a robust method for evaluating myocardial perfusion. The
loss to follow-up during this long-term study with the resultant small sample size constitutes major limitations.
Sample sizes were larger in the compared studies'***%, however the sample size calculation prior to study start
established 16 patients as sufficient based on previous stress perfusion values. Unfortunately, T2 maps were
missing in one MINOCA patient and rest perfusion maps of one healthy volunteer were excluded due to residual
hyperemia. Neither T2 values nor rest perfusion were the primary scope of this study, thus the effect of these
missing values is small, as there is no missing data for stress perfusion which was the primary aim of this study.
Furthermore, perfusion values of the volunteers were similar to previously reported normal values'#**4*%, thus
possibly reflecting healthy perfusion values. Further multi-center studies in larger groups both at admission and
during long-term follow-up are needed to further elucidate the role of CMD in MINOCA, and the results of this
study may be considered as hypothesis generating for future studies to come.

Conclusions

Global stress perfusion is lower in MINOCA patients with a normal initial CMR scan, during long-term follow-
up, compared to age- and sex-matched volunteers with similar cardiovascular risk factors but without a history
of IHD. Therefore, it is possible that CMD may be a pathophysiological mechanism in MINOCA.
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