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Abstract

Purpose
Microvascular dysfunction (MVD)—de�ned as impaired augmentation of the microcirculation in response
to stress—is present in various cardiovascular diseases and portends worse outcomes. We aimed to
evaluate the relationship between MVD and non-ischemic cardiomyopathy (NICM) utilizing stress
cardiovascular magnetic resonance (CMR) as compared to a cohort of control patients.

Methods
We retrospectively studied 41 consecutive patients with NICM (mean age 51 ± 14, 59% male) and 58
controls with preserved systolic function (mean age 51 ± 13, 31% male) who underwent adenosine stress
CMR exams between 2011–2016. Microvascular function was assessed visually and with myocardial
perfusion reserve index (MPRI), quanti�ed using �rst pass perfusion imaging by comparing perfusion
slopes of myocardium and blood pool at rest/stress. MVD was de�ned visually as presence of
subendocardial stress perfusion defect and quantitatively by MPRI < 1.51. MPRI was compared between
NICM and controls using univariate analysis and multivariable linear regression.

Results
Impaired MPRI was noted in 37 patients (23 in NICM and 14 in control cohorts). In patients with NICM, 23
(56%) had MVD by quantitative assessment, while 11 (27%) by visual evaluation. No differences in
comorbidities were noted between cohorts. Compared with controls, NICM patients had lower rest
perfusion slope (3.9 vs 4.9, p = 0.05), stress perfusion slope (8.8 vs 11.7, p < 0.001), and MPRI (1.41 vs
1.74, p = 0.02). MPRI remained associated with NICM after controlling for age, gender, hypertension,
diabetes, and late gadolinium enhancement (log MPR, β coe�cient = -0.17, p = 0.009).

Conclusions
MVD assessed with stress CMR is highly prevalent in NICM as compared to control patients with
preserved systolic function. Quantitative MPRI assessment identities more NICM patients with MVD as
compared to visual evaluation. NICM remains independently associated with an impaired MPRI after
controlling for covariates. Further studies are needed to determine whether targeted therapies to treat
MVD are bene�cial in NICM.

Introduction
Coronary microvascular disease (MVD)—de�ned as impaired augmentation of coronary circulation with
ischemia in response to stress in the absence of epicardial coronary artery disease (CAD)—a�icts a
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signi�cant proportion of patients across a range of cardiovascular disorders and is associated with
adverse outcomes1, 2. In a healthy individual, vasodilation of small vessel arterioles in response to stress
allows for augmentation of the coronary microcirculation by as much as 4-5 times its original value3.
This process is adaptive and allows for the delivery of increased coronary blood �ow to meet increased
demand in response to physiologic stress. However, stress-induced microcirculatory response may be
reduced by more than half in the presence of MVD. The pathophysiology of MVD is thought to be
multifactorial and related to small vessel atherosclerosis, vascular rarefaction, and endothelial
dysfunction4.

                MVD can be assessed using invasive and non-invasive techniques. Microvascular reactivity can
be evaluated with invasive coronary angiography (ICA) using coronary �ow reserve (CFR) or the index of
myocardial resistance (IMR) in response to a stress agent5. However, these invasive methods harbor
procedural risks. Non-invasively, microvascular perfusion reserve can be assessed with positron emission
tomography (PET) or cardiovascular magnetic resonance (CMR). CMR takes advantage of �rst pass
gadolinium perfusion imaging in order to quantify semi-quantitative or fully quantitative changes in
perfusion in response to a stress agent—typically adenosine. CMR-derived myocardial perfusion reserve
index (MPRI) has been shown to correlate with CFR on ICA6.

                MVD is increasingly recognized as a cause of angina and chest pain syndromes in the absence
of obstructive CAD. In a 189 female subset of the Women’s Ischemia Syndrome Evaluation (WISE) study,
MVD was present in 39% of patients on invasive adenosine provocation and portended increased rates of
major adverse cardiovascular events (MACE)7. Based on this and other studies, MVD is theorized as a
mechanism to explain increased rates of MACE in patients with angina in the absence of epicardial CAD
in comparison to the general population7, 8. MVD has also been demonstrated in association with other
conditions including hypertension, dyslipidemia, and diabetes9-12.

                Non-ischemic cardiomyopathy (NICM) is responsible for up to 40% of cases of systolic heart
failure and carries a poor prognosis not dissimilar to its ischemic counterpart13-16. MVD represents one
potential driver of MACE in this population.  In a retrospective analysis by Majmudar et al, MVD as
assessed with positron emission tomography (PET) was highly prevalent in NICM and was associated
with increased MACE2. Little is known whether CMR is useful for assessing MVD in NICM. A study of 28
patient by Bell et al demonstrated that MPR was more prevalent in NICM as compared with healthy
controls17. Stress CMR is commonly obtained in the evaluation of newly diagnosed NICM due to its
ability to exclude alternative etiologies of cardiomyopathy such as ischemia, in�ltrative heart disease,
storage disorders, and myocarditis. Expansion of CMR to include the non-invasive assessment of MVD in
NICM would increase its diagnostic and prognostic capabilities.

                We aimed to evaluate the relationship between MVD and NICM utilizing adenosine stress CMR
as compared to a cohort of control patients with preserved systolic function.
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Materials And Methods
Study Participants

We retrospectively identi�ed 41 patients with NICM and 58 control patients with preserved systolic
function and without clinical heart failure who had undergone comprehensive adenosine stress CMR
perfusion between 2011 and 2016 at a single academic institution. NICM was de�ned by left ventricular
ejection fraction (LVEF) 50% without signi�cant CAD. Coronary artery disease was de�ned as the
presence of 50% coronary artery stenosis on invasive or CT coronary angiography, prior coronary artery
revascularization, the presence of a segmental perfusion defect on CMR, or the presence of infarct scar
on late gadolinium enhancement (LGE) imaging. A control cohort was identi�ed by selecting patients with
LVEF 50% who were referred for clinical stress CMR exam. Control patients were excluded if they had
any prior history of obstructive CAD on coronary angiography, prior coronary artery revascularization,
prior myocardial infarction, or a history of heart failure. Control patients were selected to match risk
factors for microvascular dysfunction. Additionally, patients with infarct scar by LGE or focal perfusion
defects on �rst pass stress perfusion were excluded. In the control cohort patients, the indication for
stress CMR was chest pain in 38 (66%), ventricular ectopy or ventricular tachycardia in 7 (12%), dyspnea
in 3 (5%), syncope in 2 (3%), and other in 8 (14%) patients.

Clinical patient characteristics and comorbidities were established through a review of the electronic
medical record. The following baseline clinical characteristics were collected: age, gender, ethnicity, body
mass index, New York Heart Association Class, NICM etiology, serum creatinine, hematocrit, BNP, and
troponin. The Ohio State University Institutional Review Board approved this retrospective study and
agreed to waive informed consent. All investigators have full access to the data and take responsibility
for its integrity and the data analysis.

 

CMR Imaging and Analysis:

Patients underwent clinical CMR exams using a 1.5 Tesla scanner (Magnetom Avanto or Espree, Siemens
Medical Solutions, Erlangen, Germany). LV volumes, mass, and EF were assessed using steady state free
precession (SSFP) sequences. Ventricular volumes and function were quanti�ed from endocardial and
epicardial tracing of serial short axis slices at end diastole and end systole. LV mass was calculated by
multiplying the total myocardial volume at end diastole by the speci�c gravity of the myocardium (1.05
g/ml)18.

Vasodilator stress CMR was performed using a 140 mcg/kg/min adenosine infusion for 2 minutes prior
to �rst-pass perfusion imaging, and continued until completion of the perfusion imaging data acquisition.
First-pass perfusion imaging was performed using a 0.05 mmol/kg bolus of gadolinium based contrast
agent (GBCA). A rest perfusion study was performed using the same protocol. Myocardial perfusion
defects were assessed by both visual and quantitative analysis. Quanti�cation was performed by
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manually delineating endocardial and epicardial left ventricular borders in the mid-short axis slice during
both stress and rest �rst-pass perfusion with care to exclude blood pool activity (Cvi42, Circle
Cardiovascular Imaging, Calgary, Canada). Only mid-short axis slices were used out of concern for partial
volume effects related to thin distal segments in the NICM group. Signal intensity curves of segmental
myocardium were automatically generated. MPRI was de�ned as: MPRI = RUstress/RUrest. RU is de�ned
as the ratio between the maximum upslope of the �rst-pass myocardial perfusion time-intensity curve
divided by the maximum upslope of the �rst-pass LV cavity time-intensity curve (Figure 1). MVD was
de�ned quantitatively as MPRI <1.51 which was the lower interquartile range for the entire cohort and is
similar to that used in the WISE subanalysis19. Qualitative MVD was de�ned as the presence of a
circumferential subendocardial perfusion defect on �rst pass stress imaging20. Per guidelines, defects
which occurred prior to contrast arrival in the LV myocardium, persisted <10 heart beats, or were <2 pixels
wide were considered to be due to dark rim artifact and were not identi�ed as true perfusion defects21.

Late gadolinium enhancement imaging was performed using gradient-echo inversion recovery sequences
and phase sensitive inversion recovery (PSIR) reconstructions 10 minutes after administration of an
additional 0.1 mmol/kg of GBCA22. The presence of LGE was assessed by 2 expert level 3 trained
operators blinded to clinical data and had to be present in either two consecutive short axis slices or in
two orthogonal imaging planes. LGE was scored according to its presence and extent based on the
number of American Heart Association segments23.

Statistical analysis

Categorical data are presented as frequency with percentage, and comparisons between groups were
performed using the chi-square test or Fisher exact test. Skewness, kurtosis, and visual inspection of the
histogram and QQ plot were checked to assess the distribution of continuous variables. Continuous
variables are presented as mean ± standard deviation (SD) for normal distribution or expressed as
median (interquartile range) for non-normal distribution. Continuous variables were compared using
Student's t-test or the Wilcoxon rank-sum test, as appropriate. Univariate and multivariable linear
regression was performed to assess the relationship between the presence of NICM and MPRI after
controlling for signi�cant covariates. Because of non-normal distributed residual in multivariable
analysis, logarithmic transformation was performed. To test the robustness of association of non-
ischemic cardiomyopathy and RPP, the bootstrap method with 2,000 resampling technique was
performed to estimate 95% bias-corrected and accelerated con�dence intervals. Further, gamma
regression model with an identity link function was applied to assess the robustness of result. Regression
diagnostics were performed to test model assumptions. Statistical analyses were performed using R
software, version 4.03 (The R Foundation, Vienna, Austria).

Results
Demographics:
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In total, 41 patients with NICM (mean age 51 ± 14, 59% male) and 58 controls (mean age 51 ± 13, 31%
male) were identi�ed. Etiologies of NICM are displayed in Figure 2. Of the patients with NICM, 22 (54%)
were NYHA Class I, 12 (29%) were Class II, and 7 (17%) belonged to Class III. No patients endorsed NYHA
Class IV symptoms. Clinical characteristics of the NICM and control cohorts are presented in Table 1.
Compared with controls, patients with NICM were more likely to be male gender and of African American
ethnicity (Table 1). There were no signi�cant differences in rates of classic cardiovascular risk factors
(diabetes, hypertension, hyperlipidemia) or atrial arrhythmias between groups.

CMR Characteristics

A comparison of CMR parameters is presented in Table 1. Compared with controls, patients with NICM
had signi�cantly higher left atrial volumes, LV volumes and mass, and lower LVEF. Late gadolinium
enhancement was signi�cantly more prevalent in the NICM vs control cohorts (51% vs 16%, p<0.001).
LGE patterns included midwall and/or epicardial enhancement as patients with subendocardial or
transmural infarct scar were excluded.

First pass perfusion analysis revealed that patients with NICM has signi�cantly lower MPR slopes both at
rest (3.9 vs 4.9, p=0.045) and with stress (8.8 vs 11.7, p<0.001) when compared to the control group.
MPRI was signi�cantly lower in the NICM group as compared with controls (1.41vs 1.74, p=0.02) (Figure
3). A density plot showing the distribution of MPRI for NICM and control cohorts is displayed in Figure 4.
In the NICM cohort, 23 (56%) patients had MVD by quantitative analysis (MPRI<1.51) while only 11 (27%)
by visual analysis. In the control cohort, 14 (24%) patients had MVD by quantitative analysis while none
were noted to have MVD by visual criteria.

Comparison of Normal versus Impaired MPR

In total there were 37 patients in the entire cohort with MVD by quantitative analysis. A comparison of
patients with impaired vs. normal MPRI is presented in Table 2. Patients with impaired MPRI were more
likely to be hypertensive as compared to those with normal MPI. There was a trend towards older age and
more diabetes in impaired MPRI cohort. With respect to CMR parameters, patients with impaired MPRI
had signi�cantly lower LVEF and higher indexed LV mass.

Multivariable Analysis

In unadjusted analysis, compared to control group, patients with non-ischemic cardiomyopathy had
signi�cantly lower MPRI (log MPR, β coe�cient = -0.14, p=0.03). After adjusting for age, gender, diabetes,
hypertension, and presence of LGE, non-ischemic cardiomyopathy remained independently associated
with lower MPRI (log MPR, β coe�cient = -0.17, p=0.009) (Table 3, Figure 4). Bootstrap method and
gamma regression con�rmed that there was a signi�cant association between non-ischemic
cardiomyopathy and lower MPRI (Table 3, Supplemental Table). Additionally, the presence of
hypertension was also independently associated with MVD.
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Discussion
We evaluated the relationship between MVD in patients with NICM as compared with control patients
with preserved LV function. Three key points can be inferred from our analysis: 1) MVD is more prevalent
in patients with NICM as compared to controls, 2) quantitative CMR evaluation of MVD remains more
robust than visual inspection, 3) NICM remains independently associated with an impaired MPRI after
controlling for covariates.

In our cohort of patients with NICM over half exhibited impaired myocardial perfusion reserve index. The
prevalence of MVD in NICM was doubled as compared to our control cohort. This parallels �ndings from
other studies which previously identi�ed a high prevalence of MVD in other disease entities including
hypertension, hyperlipidemia, diabetes, and in women with chest pain syndromes7, 9-12. In our cohort,
quantitative analysis was more sensitive for detecting MVD as compared with qualitative analysis. This
is consistent with prior CMR based studies which have identi�ed MVD even in the absence of visual
perfusion defects in patients with cardiac syndrome X24.

We demonstrate a robust relationship between the presence of NICM and CMR-derived MPRI even after
controlling for clinical and CMR covariates. Our study parallels previous �ndings by Majmudar and Bell et
al2, 17. We validate CMR �ndings from Bell et al who previously demonstrated impaired MPRI in a
prospective cohort of 13 patients with NICM as compared with 15 control subjects17. An important aspect
of our study is the ability to adjust for clinical and CMR covariates given the known link between MVD
and hypertension, diabetes, and gender9, 11. We also note this signi�cant relationship between
hypertension and MVD.

The presence of MVD may have important implications in patients with NICM. MVD may signi�cantly
contribute to exercise-related symptoms in patients with NICM. In comparison to controls, patients with
microvascular angina exhibit greater impairments in diastolic function in response to adenosine25.
Additionally, the presence of MVD is associated with impaired exercise tolerance in heart failure with
preserved EF (HFpEF) patients26. This may explain in part why some heart failure patients experience
symptoms with exercise in the absence of elevated �lling pressures27. The pathogenesis behind this
relationship is currently unclear, and whether MVD leads to NICM or vice versa is debated. One theory
proposed in the HFpEF population is that chronic in�ammation driven by comorbidities results in
endothelial dysfunction and depletion in nitric oxide (NO), ultimately resulting in MVD28. Further research
is needed to determine whether improved treatment of comorbidities or pharmacotherapies targeting the
microvasculature can be bene�cial in NICM patients.

 

Limitations
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Our study is limited by its retrospective nature and therefore may be in�uenced by unknown confounders.
The control group was identi�ed retrospectively amongst patients referred for clinical CMR exam. The
relatively high prevalence of diabetes, hypertension, hyperlipidemia, and atrial arrhythmias are re�ective
of a control group at high risk for MVD and matched comorbidities of the DCM group. The presence of
signi�cant MPRI differences despite matched MVD risk factors further underscores perfusion
abnormalities in DCM, beyond what could be expected by traditional MVD risk factors. As this is a
retrospective CMR-based study evaluating MPRI, invasive correlation was not obtained.

Conclusion
In conclusion, MVD as assessed quantitatively with CMR is highly prevalent amongst patients with NICM
as compared to control patients with preserved systolic function. Quantitative MPRI assessment
identities more patients with MVD as compared to visual evaluation. NICM remains independently
associated with an impaired MPRI after controlling for both clinical and CMR covariates. The expansion
of stress CMR to include the evaluation of MVD will allow for improved phenotyping of NICM patients
which may lead to better tailored therapies.
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Table 1: Clinical and CMR characteristics in patients with non-ischemic cardiomyopathy vs the control
cohort.
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  Control (N=58) NICM (N=41) P-value

Clinical Characteristics      

Age (years) 51 ± 13 51 ± 14 0.95

Gender, N (% male) 18 (31%) 24 (59%) 0.006

Ethnicity White, N (%) 52 (90%) 28 (68%) 0.02

  Black, N (%) 4 (7%) 12 (29%)  

  Hispanic, N (%) 1 (2%) 0 (0%)  

  Other, N (%) 1 (2%) 1 (3%)  

Diabetes, N (%) 7 (12%) 6 (15%) 0.77

Hypertension, N (%) 25 (43%) 24 (59%) 0.16

Hyperlipidemia, N (%) 21 (36%) 16 (39%) 0.83

Atrial Fibrillation/Flutter, N (%) 9 (16%) 3 (7%) 0.35

Creatinine (mg/dL) 0.90 ± 0.35 0.93 ± 0.23 0.32

Hematocrit (%) 39±6 38±6 0.68

B-type Natriuretic Peptide (ng/L) 63 (29-202) 78 (39-991) 0.39

Troponin-I (ng/mL) 0.01 (0.01-0.02) 0.01 (0.0-0.05) 0.17

 CMR Characteristics      

LVEDD (cm) 4.7 (4.4-5.1) 5.6 (5.3-6.3) <0.001

LVEDV (mL) 122 (106-142) 184 (154-217) <0.001

LVEDV Indexed (mL/m2) 66 ± 13 94 ± 29 <0.001

LVESV (mL) 45 (37-53) 107 (83-144) <0.001

LVESV Indexed (mL/m2) 22.8 (20.0-28.0) 55.2 (41.4-68.6) <0.001

LVEF (%) 64 ± 6 42 (32-45) <0.001

LA Volume Indexed (gm/m2) 39 (30-48) 45 (40-59) 0.001

LV mass (gm) 83 (64-102) 110 (86-130) <0.001

LV mass Indexed (gm/m2) 40.8 (35.3-48.9) 55.2 (46.3-63.7) <0.001

LGE presence (%) 9 (16) 21 (51) < 0.001

Number of segments 2 (1-3) 3 (2-4) 0.16

Myocardial Perfusion Slope (rest) 4.9 (4.1-7.0) 3.9 (3.2-5.3) 0.045
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y p ( ) ( ) ( )

Myocardial Perfusion Slope (stress) 11.7 (8.8-16.0) 8.8 (6.1-10.5) <0.001

Myocardial Perfusion Reserve Index 1.74 (1.51-2.09) 1.41 (1.19-1.93) 0.02

 *LV: left ventricle; EDD: end diastolic dimension; EDV: end diastolic volume; EF: ejection fraction; ESV:
end systolic volume; LA: left atrium; LGE: late gadolinium enhancement.

 

Table 2: Clinical and CMR characteristics in patients with vs. without impaired myocardial perfusion
reserve index.
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  MPRI <1.51

(N=37)

MPRI ≥1.51

(N=62)

P-value

Clinical Characteristics      

Age (years) 57 (49-63) 51 (38-58) 0.07

Gender, N (% male) 16 (43%) 26 (42%) 0.90

Ethnicity White, N (%) 29 (78) 51 (82) 0.40

  Black, N (%) 8 (22) 8 (13)  

  Hispanic, N (%) 0 (0) 1 (2)  

  Other, N (%) 0 (0) 2 (3)  

Diabetes, N (%) 8 (22) 5 (8) 0.07

Hypertension, N (%) 25 (68) 24 (39) 0.005

Hyperlipidemia, N (%) 17 (46) 20 (32) 0.17

Atrial Fibrillation/Flutter, N (%) 4 (11) 8 (13) 0.76

Creatinine (mg/dL) 0.84 (0.73-1.05) 0.82 (0.74-1.02) 0.66

Hematocrit (%) 37 ± 5 40 ± 7 0.06

B-type Natriuretic Peptide (ng/L) 69 (42-238) 76 (24-771) 0.83

Troponin-I (ng/mL) 0.01(0.00-0.05) 0.01 (0.008-0.01) 0.82

CMR Characteristics      

LVEDD (cm) 5.3 (4.6-5.8) 4.9 (4.5-5.4) 0.09

LVEDV (mL) 158 (122-194) 135 (117-182) 0.18

LVEDV Indexed (mL/m2) 78 (64-101) 71 (59-93) 0.17

LVESV (mL) 79 (44-119) 53 (42-90) 0.06

LVESV Indexed (mL/m2) 39 (23-60) 28 (21-39) 0.06

LVEF (%) 47 (35-62) 59 (49-65) 0.02

LA Volume Indexed (gm/m2) 45 (35-51) 39 (31-48) 0.14

LV mass (gm) 106 (80-118) 88 (64-109) 0.04

LV mass Indexed (gm/m2) 50 (42-62) 45 (36-51) 0.03

LGE presence (%) 14 (37.8) 16 (26.2) 0.23

Number of segments 2 (2-3) 3 (2-4) 0.47
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Myocardial Perfusion Slope (rest) 5.2 (3.4-7.8) 4.4 (3.4-6.1) 0.17

Myocardial Perfusion Slope (stress) 8.8 (5.5-13.6) 10.6 (8.8-15.1) 0.048

 *MPRI: myocardial perfusion reserve index; LV: left ventricle; EDD: end diastolic dimension; EDV: end
diastolic volume; EF: ejection fraction; ESV: end systolic volume; LA: left atrium; LGE: late gadolinium
enhancement.

 

Table 3: Multivariable linear regression for predicting myocardial perfusion reserve

  B coe�cient

(95% CI)

SE (B) P value 95% CI (bootstrap)*

NICM -0.17

(-0.30 to -0.04)

0.07 0.009 -0.27 to -0.03

Age -0.005

(-0.009 to -0.0002)

0.002 0.04 -0.008 to -0.0006

Male Gender 0.09

(-0.04 to 0.22)

0.06 0.16 -0.04 to 0.23

Diabetes -0.10

(-0.28 to 0.07)

0.09 0.25 -0.26 to 0.15

Hypertension -0.15

(-0.28 to -0.03)

0.06 0.01 -0.28 to -0.04

LGE 0.09

(-0.053 to 0.239)

0.07 0.21 -0.11 to 0.22

NICM: non-ischemic cardiomyopathy; LGE: late gadolinium enhancement

Log-transformation for myocardial perfusion reserve was performed

* 2000 bootstrap sample

Figures
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Figure 1

Determining Myocardial Perfusion Reserve Index. Panel A-B: First pass perfusion images with
endocardial, epicardial, and blood pool contours. Panel C-F: Time intensity curve graphs at rest (C-D) and
stress (E-F) �rst pass perfusion with maximal upslopes of blood pool (orange line) and myocardium (blue
line). MPRI is calculated as the ratio of RUstress/RUrest where RU is ratio of maximal upslope of
myocardium divided by blood pool.
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Figure 2

Etiologies of Non-Ischemic Cardiomyopathy
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Figure 3

Myocardial perfusion reserve index (MPRI) in the non-ischemic cardiomyopathy (NICM) vs the control
cohorts. Patients with NICM have signi�cantly more impaired MPRI.
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Figure 4

Density plot histogram displaying distributions of myocardial perfusion reserve index (MPRI) for non-
ischemic cardiomyopathy (pink) and control (blue) patients.
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