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 Abbreviations & Acronyms 

• BMI = body mass index  
• BP = blood pressure 
• CAD = coronary artery disease 
• CAG = coronary angiography 
• CFV = coronary flow velocity 
• CFVR = coronary flow velocity reserve 
• CMD = coronary microvascular function 
• CMR = cardiac magnetic resonance  
• ECG = electrocardiography  
• HR = heart rate  
• HDL = high-density lipoprotein 
• LAD = left anterior descending artery  
• LCX = left circumflex artery 
• LDL = low-density lipoprotein 
• LVEF = left ventricular ejection fraction  
• maxSI = maximal signal intensity  
• MBFR = myocardial blood flow reserve 
• MPI = myocardial perfusion index 
• MPR = myocardial perfusion reserve  
• MPRI = myocardial perfusion reserve index 
• PET = positron emission tomography  
• RPP = rate pressure product 
• RCA = right coronary artery 
• TTDE = transthoracic Doppler echocardiography 
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Abstract  

Background 

Coronary microvascular disease (CMD) is a possible explanation for angina pectoris in 

absence of obstructive coronary artery disease and is associated with a poor prognosis. CMD 

can be assessed as a myocardial blood flow reserve (MBFR) by positron emission 

tomography, which is considered to be the non-invasive gold standard test, and coronary flow 

velocity reserve (CFVR) by transthoracic Doppler echocardiography. Impaired myocardial 

first-pass perfusion reserve assessed by cardiac magnetic resonance (CMR) is an early sign of 

myocardial ischaemia. We investigated whether CFVR and MBFR were associated with the 

myocardial perfusion reserve assessed by CMR.  

Methods 

Women (n=66) were randomly selected from the iPOWER cohort with angina pectoris and an 

invasive coronary angiogram with <50% stenosis. CMD was assessed by measuring CFVR 

and in a subgroup (n=54) also MBFR. Semi-quantitative evaluation of myocardial first-pass 

perfusion at rest and during adenosine stress was assessed by gadolinium CMR. Four 

measures of CMR perfusion reserve were calculated using contrast upslope, maximal signal 

intensity and both indexed to arterial input. 

Results 

. Mean (SD) age was 62 (8) years. Median (IQR) CFVR was 2.3 (1.8-2.7) and MBFR was 2.7 

(2.2-3.1). Using a cut-off of 2.0 for CFVR and 2.5 for MBFR, 25 (38%) and 21 (39%) of 

patients had CMD, respectively. Myocardial perfusion reserve from contrast upslope 

(MPRupslope) showed moderate but significant correlation with MBFR (R=0.46 (p<0.001), and 

borderline correlation with CFVR  (R=0.22, p=0.08) while none of the other CMR-derived 
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perfusion variables were associated with CMD determined by eitherCFVR or MBFR (all 

p>0.20). A MPRupslope cut-off of 0.78 identified CMD assessed by impaired MBFR with an 

area under the curve of 0.73 (p=0.001).  

Conclusion 

The results indicate that MPRupslope can is useful for detection of CMD in women with angina 

pectoris and no obstructive CAD. Further research is needed to validate and implement the 

use of CMR first pass perfusion in this population.  

 

Key words: microvascular dysfunction, women, angina pectoris, stress perfusion, magnetic 

resonance, coronary artery disease, Doppler echocardiography, positron emission 

tomography, flow reserve 
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Introduction  

It is far more likely for women with angina pectoris referred for a clinical coronary 

angiography (CAG) to have non-obstructive coronary artery disease (CAD), than having 

significant obstruction (1). A significant proportion of these women have coronary 

microvascular dysfunction (CMD) which is increasingly recognized as a strong predictor of 

cardiovascular prognosis (2-4). The endothelial independent aspect of CMD can be assessed 

non-invasively by measuring coronary flow velocity reserve (CFVR) by transthoracic 

Doppler echocardiography (TTDE) (4, 5) or by positron emission tomography (PET) 

measuring the myocardial blood flow reserve (MBFR) (3, 6), the latter is considered the non-

invasive gold standard of myocardial perfusion (7). Both PET and TTDE assessed CMD have 

shown to be strong prognostic markers (2-4), but both methods have limitations in terms of 

availability, technical skill requirements and radiation exposure. Thus, more non-invasive 

methods to diagnose CMD are warranted. 

The assessment of myocardial perfusion by cardiac magnetic resonance (CMR) is based on 

changes in signal intensity of gadolinium which is an extracellular contrast agent (8). CMR 

perfusion assessed qualitatively has proven to be superior to single photon emission computed 

tomography (SPECT) in diagnosing CAD with a better diagnostic performance (9, 10) and 

high negative predictive value for cardiac events (11, 12). Besides a qualitative assessment, 

perfusion can be assessed semi-quantitatively and this measure, as well as qualitative 

perfusion, has not previously been compared to PET or TTDE assessed CMD. Quantitative 

CMR perfusion has shown to be comparable to microsphere (13) and to invasive assessed 

CFVR with adenosine during the CAG (14). 

Having the ischemic cascade in mind where perfusion defects in CAD are visible even before 

angina symptoms (15, 16), it is likely that women with CMD in the absence of obstructive 
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CAD could have inducible perfusion abnormalities detectable by CMR perfusion. The aim of 

this study was to investigate whether women with CMD, assessed by TTDE and PET, have 

qualitatively visible perfusion defects on CMR. Furthermore to evaluate the association 

between CMD and semi-quantitative CMR first-pass myocardial perfusion, hypothesizing that 

the magnitude of CMD correlates with myocardial perfusion by CMR.  

 

Methods  

Women with angina-like chest pain and no significant obstructive CAD assessed by 

diagnostic invasive CAG with <50% stenosis of epicardial vessels, and with a successful, 

good quality TTDE CFVR examination were randomly selected for CMR and PET sub-

studies under iPOWER (17). The in- and exclusion criteria in the iPOWER study is 

previously published (18-20). Further exclusion criteria for the CMR sub-study were 

contraindication for CMR and diabetes due to the known potential microvascular dysfunction 

caused by impaired glycemic control (21). Baseline assessment included clinical and 

demographic data from interview, charts and the regional CAG database. ECG, blood 

pressure and heart rate were obtained at rest and abdominal circumference was measured. 

Blood samples were analyzed for cholesterol levels (total, low-density lipoprotein (LDL) and 

high-density lipoprotein (HDL) cholesterol) and triglycerides.  

Prior to the TTDE, PET and CMR examination participants were instructed to be abstinent for 

24 hours from caffeine or food containing significant amount of methylexanthine (coffee, tea, 

chocolate, cola and banana) which was confirmed by the study personnel prior to the 

examination. Medication containing dipyridamole was paused for 48 hours, long-lasting 

nitroglycerines, beta-blockers, ACE-inhibitors, angiotensin-II-antagonist, calcium antagonist, 

and diuretics for 24 hours and short-lasting nitroglycerines 1 hour before the examination. 

This was done in order to avoid an effect on the pharmacological induced hyperaemia. 
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Different vasodilators can be used to induce hyperaemia, but adenosine and dipyridamole are 

regarded as equal to achieve peak coronary vasodilation (22, 23) and used interchangeably in 

clinical practice.  

Echocardiographic CFVR measurement and analysis 

A TTDE of the LAD during rest and high-dose dipyridamole stress (0.84 mg/kg) over 6 

minutes to obtain coronary flow velocities (CFV) was performed at baseline. All 

examinations were performed using GE Healthcare Vivid E9 cardiovascular ultrasound 

system (GE Healthcare, Horten, Norway) with a 2.7 - 8 MHz transducer (GE Vivid 6S probe) 

by the same 3 experienced echocardiographers in the same settings. CFV was measured by 

pulsed-wave Doppler as a diastolic laminar flow towards the transducer. Blood pressure and 

heart rate were measured every 3 minutes during the examination and after the examination 

intravenous theophylline (maximum dose 220 mg) was administered to relieve potential side 

effects of dipyridamole. Diastolic peak flow velocities were analyzed at rest and at peak 

hyperaemia and CFVR was calculated as the ratio between the two (24). Repeatability of 

TTDE CFVR was assessed in healthy volunteers and in iPOWER women and found to be 

reproducible in both groups with a mean difference (CI) of 0.03 (-0.13;0.19) and 0.09 (-

0.37;0.44), respectively. Limits of agreement (CI) was 0.44 (0.21;0.68) and 0.48 (0.22;0.74), 

respectively and the correlation coefficient was 0.96 (p<0.01) and 0.90 (p<0.01), respectively.  

PET derived MBFR measurement and analysis  

PET scans were performed using a hybrid Siemens Biograph Computer Tomography/PET 

128-slice scanner (Siemens Healthcare, Knoxville, Tennessee, USA). Participants underwent 

serial image acquisition at rest and during adenosine infusion in a single session. For each 

acquisition, participants received 1,110 MBq (±10%) Rubidium-82 from a CardioGen-82 

strontium-82/Rubidium-82 generator (Bracco Diagnostics Inc., Princeton, New Jersey, USA). 
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Stress Rubidium-82 infusion was initiated 2.5 min after initiation of adenosine infusion. 

Maximum radiation exposure for the entire examination was 5.2 mSv (25).  

Myocardial blood flow (MBF) quantification was performed using syngo MBF software 

(Siemens Healthcare, Knoxville, Tennessee, USA). MBFR was defined as MBF during 

maximal hyperaemia divided by MBF at rest. MBFR according to the coronary arteries 

(LAD; right coronary artery (RCA); left circumflex artery (LCX)) was analyzed according to 

the American Heart Association’s 17 segment model (26). Independent observers performed 

all analyses blinded for results of the TTDE and CMR examination. Reproducibility of PET 

MBFR was not evaluated, mainly due to ethical reasons as the method exposes participants to 

radiation. Other groups have evaluated reproducibility of Rubidium-82 PET as well as intra- 

and interobserver reliability with acceptable agreement (27-29). Inter-observer agreement of 

the MBFR analysis was assessed revealing a coefficient of variation (CI) of 6.31% (5.45;7.18) 

(18). 

CMR first pass perfusion examination and analysis 

CMR imaging was performed on a MAGNETOM Avanto 1.5-Tesla scanner (Siemens, 

Erlangen, Germany) in a head-first supine position. Two intravenous catheters were inserted 

in the left (18 G) and right (20 G) antecubital veins for administration of contrast and 

adenosine, respectively using separate power injectors. A 32 channel chest coil combined 

with back surface coils was used. Initially scout images were obtained followed by a short-

axis cine covering the heart using retrospective ECG gated steady-state free precession 

(SSFP) cine sequences; field of view 300x300 mm, matrix 192x192, slice thickness 8 mm 

with 25 number of phases. 

For rest myocardial perfusion, three short-axis slices (apical, mid-ventricular and basal) were 

obtained during a first-pass of gadolinium contrast (0.1 mmol/kg) (Gadovist; Bayer Schering 
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Pharma, Berlin, Germany), administered as a bolus at a rate of 5 mL/second followed by 15 

ml saline at the same rate. An ECG-gated end-expiratory breath-hold, single-shot hybrid 

gradient-echo saturation recovery Turboflash sequence was used with the settings: TE (echo-

time) 1.25 ms; TR (repetition time) 372.98 ms; TI 200 ms; flip angle 12°; field of view 

360*360 mm.; matrix 192*192; GRAPPA acceleration factor 2; slice thickness 8 mm. Fifty 

dynamic frame acquisitions of the three slices were acquired with a frame rate of one per 

heartbeat. Perfusion images are acquired immediately after the injection of gadolinium 

examining whether there are areas with a slower uptake of the contrast agent indicating a 

regional perfusion defect. 

Late gadolinium enhancement images were acquired as breath-hold ECG gated, inversion 

recovery fast gradient-echo images 12 minutes after contrast administration. Initially an 

inversion time (TI) scout was performed to find the best inversion time to null the 

myocardium. Images were acquired to cover the whole length of the left ventricle; slice 

thickness 8 mm, TE 3.38 ms; TR 848.00 ms; flip angle 25°; field of view 340x340, matrix 

192x192, GRAPPA acceleration factor 2. 

Minimum 25 minutes after the rest perfusion, stress perfusion images were obtained using the 

exact same settings and positions used for rest perfusion. To induce hyperaemia adenosine 

(140 µg/kg/min) was used and 2.5 minutes into the infusion a bolus of 0.1 mmol/kg 

gadolinium followed by 15 ml saline was administered and images acquired. Immediately 

after the image acquisition, the adenosine infusion was terminated and the examination ended.  

Reproducibility of perfusion CMR has been assessed by another group in healthy volunteers 

with a coefficient of variation of 13.7% for resting values and 12.9% for stress values (30). 

CMR analysis was performed using commercial available software CVI42 version 5.2 (Circle 

Cardiovascular Imaging Inc., Calgary, Canada) blinded to results of the TTDE and PET 
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examination. All analyses were performed by the same reader who was taught by an expert 

CMR physician beforehand. The reader and expert performed double readings until the reader 

could reproduce the expert with a satisfactory coefficient of variation (CI) of 6.04% (0.11; 

12.0) for LVEF, 3.34% (0.06;6.61) for resting maximal signal intensity, 9.41% (0.17;18.65) 

for resting upslope, 2.60% (0.05;5.15) for stress maximal signal intensity and 6.45% 

(0.12;12.78) for stress upslope. Intra-observer agreement was also assessed giving a 

coefficient of variation (CI) of 5.92% (0.12;11.74) for LVEF, 3.33% (0.06;6.59) for resting 

maximal signal intensity , 8.90% (0.16;17.64) for resting upslope, 1.54 (0.03;3.06) for stress 

maximal signal intensity and 6.45 (0.12;12.78) for stress upslope. Both resting and stress 

upslope and maximal signal intensity was used for calculation of CMR myocardial perfusion 

reserve. Left ventricle mass and volumes were assessed by manually tracing the epi- and 

endocardial borders of the short-axis cine images and stroke volume and left ventricular 

ejection fraction calculated (LVEF) (31). Late gadolinium enhancement was assessed visually 

and result confirmed by the expert CMR physician. 

A pitfall in myocardial perfusion is the potential of inadequate induced hyperaemia with the 

pharmacological stressor, usually adenosine. This increases the risk of false negative 

examinations but can be overcome by examining the splenic switch-off due to adenosine. In 

case of adequate stress during adenosine infusion, perfusion in the spleen switches off which 

can be visualized as gadolinium is given (32). In this study, splenic switch off was confirmed 

for all examinations to make sure adequate stress level was reached.  

Analysis of the CMR perfusion images was done both visually (qualitatively) and semi-

quantitatively. Qualitative assessment of myocardial perfusion was performed to localize 

ischaemic territories as well as dark rim artefacts. The visual assessment was confirmed by an 

expert CMR physician. Resting perfusion was compared to myocardial perfusion during 

induced hyperaemia to elucidate if there were perfusion abnormalities at rest indicating a 
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permanent defect or if there were inducible defects occurring during stress indicating a 

reversible defect. Semi-quantitative analysis of the perfusion images was performed by 

manually tracing endo- and epicardial borders of the myocardium on rest and stress images in 

the three slices for all frames (Figure 1). Care was taken to exclude blood pool activity. 

Arterial input function was obtained by placing a region of interest in the blood pool manually 

including the region with maximal blood pool signal intensity. Papillary muscles were 

excluded in the tracing of both myocardium and blood pool. Reference points were placed at 

the anterior and inferior insertion of the right ventricle.  

The myocardial first-pass perfusion reserve (MPR) by CMR was assessed from the baseline 

corrected myocardial signal intensity time curves using the equation: MPR=myocardial 

perfusion during stress/myocardial perfusion at rest. Myocardial perfusion index (MPI) was 

calculated as ratio between myocardial signal intensity and signal intensity in the bloodpool 

for rest and stress separately. An index of myocardial perfusion reserve (MPRI) was defined 

as MPI during stress divided by MPI at rest, thus correcting for differences in arterial input. 

All the equations were calculated for both maximum signal intensity (maxSI) and for upslope 

summarized for all slices, and further on in the manuscript this is given in a subscript after the 

mentioned method (Figure 1). All listed measures have been used to study abnormal perfusion 

previously in different populations, but the majority of studies have primarily used the 

indexed MPRI (33-36).  

 

Statistical analyses  

Continuous variables with a Gaussian distribution are expressed as mean ± standard deviation 

(SD). Median, interquartile range (IQR) is used for variables with a non-Gaussian 

distribution. Count in % is used for categorical variables. Distribution was assessedvisually. 

The coefficient of variation between CMR and PET readers was calculated by dividing SDdif 
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with the mean value and expressed as a percentage. The 95% CI for the estimated coefficient 

of variation was calculated according to the equation: (SDdif ± t·SE(SDdif)/mean)·100%. Rate 

pressure product (RPP), a measure of myocardial demand, was calculated as heart rate 

multiplied by systolic blood pressure. Differences in haemodyamic variables between rest and 

stress for the different examinations were tested with a paired student’s t-test. Correlations 

were assessed by Pearson’s correlation coefficient. Logarithm transformed values was used in 

case of non-Gaussian distribution of one variable. Due to the explorative nature of the study 

with regards to comparisons tested, Bonferroni correction was applied on the tested 

hypotheses regarding the association between perfusion measures by CMR and CMD 

assessed by PET and TTDE. 

Receiver operating curves (ROC) analysis was used to identify the optimal threshold of CMR 

perfusion measures to identify CMD assessed by PET. Youden’s J statistics as well as a 

clinical judgement on an acceptable tradeoff between sensitivity and specificity was used to 

identify the CMR perfusion cut-off that identified CMD. AUC and 95% confidence intervals 

(CI) were reported. 

The association between measures of CMD and CMR perfusion and cardiovascular risk 

factors was assessed by chi-square for the categorical variables and un-paired t-test for the 

continuous variables. For variables with a non-Gaussian distribution the Wilcoxon rank test 

was used. Furthermore, a multivariable regression analysis was applied to test predefined 

predictors of an outcome. In case of skewed distribution of the outcome variable this was 

logarithmically transformed prior to analysis.  

Statistical analysis was performed using SAS Enterprise Guide 7.1, windowed for SAS 

version 9.4 (SAS institute Inc., Cary, North Carolina; USA). A two-sided p-value below 0.05 

was considered statistically significant. 
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Ethics 

This study was performed in accordance with the Helsinki Declaration and was approved by 

the Danish Regional Committee on Biomedical Research Ethics (H-3-2012-005). All 

participants have given written informed consent upon oral and written information.  

 

Results  

Study population 

From the iPOWER population with a successful, good quality TTDE CFVR measurement 79 

participants were recruited for the CMR sub-study. Two participants could not complete the 

scan due to claustrophobia and 11 did not complete the adenosine stress due to side-effects. 

Thus 66 had a complete CMR with first pass perfusion (rest and stress). Mean age (SD) was 

61.9 (8.1) years, 65% had stable angina pectoris as indication for the CAG, 39% had 

insignificant atherosclerosis (>0%, <50%) and 61% were without any detectable 

atherosclerosis on the clinical invasive CAG prior to inclusion. The overall burden of 

cardiovascular risk factors was relatively high (Table 1). Median time-interval (IQR) between 

the TTDE and the CMR was 121 (62;233) days.  

Of the 66 participants in the CMR study, 54 (82%) also had a PET scan performed measuring 

MBFR. Demographics and risk factor distribution was similar to the complete population 

(Table 1). Median time-interval between the PET and the CMR was 97 (37;226) days. There 

was a significant increase in heart rate and RPP between rest and stress for all three 

examinations (TTDE, PET and CMR) (data not shown), however heart rate and RPP 

increased most during the TTDE CFVR examination, and less during PET (Table 2). 



14 
 

The median CFVR from the TTDE examination was 2.3 (1.8;2.7) and the median MBFR 

from the PET examination was 2.7 (2.2;3.1); the two were correlated (p<0.001, R=0.44), 

though not closely. Median time (IQR) between the TTDE and PET examination was 18 (14-

30) days. Using a cut-off to define CMD of 2.0 by TTDE and 2.5 by PET, 25 (38%) and 21 

(39%), respectively, had CMD.  

CMR perfusion 

None of the participants had visible focal fibrosis on late gadolinium enhancement and none 

of the participants had qualitatively visible perfusion defects induced by adenosine stress on 

CMR. The semi-quantitative assessment of global perfusion revealed a mean MPRupslope of 

0.84 (0.26) and a mean MPRmaxSI of 0.73 (0.11). When indexing for differences in arterial 

input of contrast and calculating MPRI, mean MPRIupslope was 2.95 (0.8) and mean MPRImaxSI 

was 2.17 (0.3). The two measures MPRIupslope and MPRImaxSI were correlated (R=0.75, 

p<0.001), which was also the case for MPRupslope and MPRmaxSI (R=0.63, p<0.001). The 

indexed baseline MPIupslope and MPRIupslope were negatively correlated (R=-0.64, p<0.001) 

indicating that a higher resting perfusion yielded a smaller perfusion increase due to 

adenosine. The same was the case for MPImaxSI and MPRImaxSI (R=-63, p<0.0001) and for the 

non-indexed perfusion indices (R=-0.49, p<0.0001 and R=-0.45, p<0.0001 for MPRupslope and 

MPRmaxSI, respectively). 

Associations between CMR perfusion and CMD  

Correlations between CMR perfusion parameters and measures of CMD by TTDE and PET 

are all given in Table 3. Of the CMR derived measures of perfusion including both rest and 

stress signal intensities, only MPRupslope was borderline significantly correlated to TTDE 

derived CFVR (p=0.08). MPRmaxSI was not correlated to TTDE measures of CMD and neither 

was MPRIupslope or MPRImaxSI. When comparing CMR and PET derived measures of 
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perfusion, a significant correlation was found between MPRupslope and MBFR (R=0.46, 

p<0.001) (Figure 2, Table 3) and this withstood Bonferroni correction. MPRmaxSI was not 

correlated to MBFR from PET and there was no association between MBFR and either of the 

indexed ratios MPRIupslope or MPRImaxSI.  

Both PET and CMR provide a quantitative estimate of myocardial perfusion, however 

hyperaemic MBF parameters from the PET examination did not correlate to the hyperarmic 

perfusion variables from CMR, p>0.05 for all (data not shown). The same was the case for 

baseline PET MBF and baseline CMR perfusion from maximum signal intensity, whereas 

there was a significant though not strong correlation between resting PET MBF and resting 

upslope (R=0.26; p=0.04). As for CMR, PET MBFR was negatively correlated to resting 

myocardial blood flow from PET (R=-0.71, p<0.001) indicating that the higher resting 

perfusion the smaller the increase in perfusion during adenosine stress. 

In ROC analysis logistic regression to estimate the ability of MPRupslope to predict CMD 

defined by MBFR<2.5 gave an area under the curve of 0.73 (CI 0.59;0.87), p=0.001 (Figure 

3). The most optimal cut-off point for MPRupslope to define CMD was 0.78 which gave a 

sensitivity of 0.71 and a specificity of 0.70 according to Youden’s J statistics.  

Cardiovascular risk factors according to CMD and CMR perfusion 

Using the ROC analysis generated cut off point for MPRupslope of 0.78, the previously defined 

TTDE cut off of 2.0 and a MBFR of 2.5 to define CMD, differences in cardiovascular risk 

factors was tested. Impaired MBFR and CFVR were associated to presence of hypertension 

and lower MPRupslope to high non-HDL cholesterol (Table 4). In multivariable regression 

analysis predictors of impaired MBFR were hypertension and lower MPRupslope from the 

CMR. For TTDE CFVR predictors were hypertension and lower LVEF and predictors of 

impaired MPRupslope were increasing age and MBFR (data not shown). 
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Discussion 

This is the first study to compare myocardial first pass perfusion by CMR with CMD assessed 

by PET and TTDE in women with angina pectoris and no obstructive CAD. We found that 

the CMR measure MPRupslope, but no other CMR indices of perfusion, was correlated to PET 

measured MBFR. TTDE assessed CMD was only borderline significantly correlated to 

MPRupslope. A MPRupslope below 0.78 from CMR first pass perfusion was most optimal cut-off 

in the diagnosis of PET assessed CMD with a moderate sensitivity and specificity. 

 

One previous study has investigated CMR perfusion in women with angina and no obstructive 

CAD. In the WISE (Women’s Ischemia Syndrome Evaluation) study 118 women suspected 

of CMD and 21 controls underwent perfusion CMR with adenosine as well as invasive 

coronary reactivity testing with acetylcholine and invasive CFVR with intracoronary 

adenosine. In this study MPRIupslope was significantly (p<0.0001) lower in symptomatic 

women compared to controls. Correlation between MPRIupslope and invasive CFVR was of 

borderline significance with a correlation coefficient of 0.16 (p=0.084). A modest statistically 

significant correlation between measures from coronary reactivity testing with acetylcholine 

and CMR MPRI was found (R=0.22; p=0.03) (36). Another study of 20 subjects with angina 

and normal CAG and 10 controls  performed perfusion CMR with adenosine divided into the 

epi- and endocardial areas of the myocardium. They found that the indexed MPRIupslope for the 

symptomatic group did not increase in the sub-endocardial areas in response to stress, which 

was the case for the controls (37). 

There is currently no consensus on which CMR derived measures of perfusion are best. We 

studied several different measures, including the indexed MPRI taking arterial input into 

consideration, which most previous studies have used. However, we only found a correlation 
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between MPRupslope and CMD assessed by PET MBFR. The fact that MBFR by PET and 

CFVR by TTDE were notcorrected for arterial input, as was done in the calculation of MPRI 

might explain the lack of association in this study. MBFR from PET is an absolute ratio of 

MBF during stress to rest, which reflects the CMR calculated MPR. This is in agreement with 

our finding that MPRupslope and MBFR were correlated, though not strongly significant. The 

association was also borderline significant between MPR and CFVR measured by TTDE. 

Which measure from CMR perfusion is the best is thus not completely clear and prognostic 

information on the semi-quantitative and fully qualitative analysis of perfusion abnormalities 

in this population with potential CMD is currently lacking.  

 

Interestingly the observed correlation between MPRupslope and MBFR is close to and actually 

slightly better than the correlation between CFVR from TTDE and MBFR from PET (R=0.36, 

p<0.01) published in another iPOWER study. This is interesting since the two both assess 

CMD, and both have showed to be prognostic in populations with angina and no obstructive 

CAD (2-4). The reason for PET assessed CMD by MBFR in this study beeing closer 

correlated to CMR perfusion variables, could be due to greater methodological similarities. 

The TTDE CFVR method of CMD assessment estimates the ratio of peak diastolic flow 

velocities in the LAD during rest and hyperaemia while both PET and CMR estimates 

absolute flow from the entire myocardium. However, both TTDE and PET are used in clinical 

practice as a measure of coronary microvascular function and both carry prognostic 

information (2, 4, 38). A meta-analysis of outcome studies using qualitative assessed 

perfusion CMR to evaluate individuals with low risk chest pain found that the negative 

predictive value of a normal CMR for nonfatal myocardial infarction and cardiac death was 

98.12. (39). Furthermore, in the WISE study global CMR perfusion was assessed semi-

quantitatively in 100 women with no obstructive CAD and impaired perfusion assessed by 
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global MPI from upslope and MPRI from upslope, was found to be predictive of adverse 

events as well as LVEF (40). More studies are needed to determine which measures of CMR 

best reflect CMD and carry prognostic information.   

Strengths and limitations 

This study used multiple imaging modalities to examine the association between CMD and 

presence abnormal myocardial perfusion by CMR. The participants were consecutively 

included and examined systematically and all had a clinical invasive CAG ruling out 

obstructive CAD. Although limited, the study size is fair for an imaging study and the 

prevalence of cardiovascular risk factors was high, indicating that we have included 

symptomatic women at risk. Also, the duration of time between the different examinations 

was relatively large and needs to be addressed as a limitation. However, very few subjects had 

changes in their medication or reported cardiac symptoms between examinations. None of the 

participants went through further clinical evaluation during the study period. This was 

addressed by having all participants filling out a questionnaire regarding their cardiac 

symptoms and clinical evaluation, as well as checking the electronic medical chart for new 

prescriptions during the time interval.  The study population was restricted to patients with 

angina and it is possible that the limited variation in myocardial perfusion and CMD affects 

the ability to demonstrate an association. We did not have a matched control-group of 

asymptomatic women which is a weakness of the study as we then would be able to 

demonstrate a possible difference between symptomatic and asymptomatic women. 

Furthermore, the CMR perfusion method has some general limitations. A contrast agent is 

needed making the method less desirable in subjects with renal failure. Furthermore, analysis 

of semi-quantitative and quantitative measures requires manual definition of the myocardium 

which is time-consuming and potentially associated with bias. Besides these limitations CMR 
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is still contra-indicated in subjects with certain implanted devices and difficult in case of 

claustrophobia.  

 

Conclusion 

The results indicate that MPRupslope from the non-invasive CMR perfusion may be comparable 

to PET derived measures of CMD in women with angina pectoris and no obstructive CAD 

and thus indicate an adverse cardiovascular risk in spite of a normal CAG. CMR, PET and 

TTDE cannot be used interchangeably and further research is needed to validate the use of 

CMR first pass perfusion in assessment of CMD. 
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Figure titles and legends 

Figure 1: Title: Semi-quantitative analysis of CMR perfusion. Legend: Rest images are 

displayed to the left and stress images to the right. Contours are drawn reflecting the 

epicardium and endocardium dividing the myocardium in 6 segments per slice. A contour in 

the bloodpool is also drawn as well as the anterior (blue) and posterior (pink) insertion of the 

right ventricle. Below are signal intensities given in relation to time for the 6 segments (dark 

green, light green, pink, yellow, dark blue, light blue) and the bloodpool (orange) illustrating 

the appearance and uptake of gadolinium. The grey lines reflect analysis variables for the 

myocardial segments: a. maximum signal intensity; b: upslope. 

 

Figure 2: Title: Correlation between MBFR assessed by PET and MPR. Legend: MPRupslope: 

upslope of the myocardium during stress divided by the myocardial upslope at 

rest=myocardial perfusion reserve. MBFR: myocardial blod flow reserve. PET: positron 

emission tomography. 

 

Figure 3: Title: ROC curve. Legend: Relationship between CMD by PET and MPRupslope. 

ROC curve for the presence of CMD (defined by MBFR<2.5) vs. MPRupslope from CMR 

perfusion. Area under the curve=0.73 (CI 0.59;0.87), p=0.001. CMD: coronary microvascular 

dysfunction. ROC: receiver operating curve. PET: positron emission tomography. MPR: 

myocardial perfusion reserve. 
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Tables 

Table 1: Demographics, Medical History, Biochemistry and CMR values for the CFVR and 
MBFR population. 

 CFVR population, n=66 MBFR population, n=54 

Age, mean (SD) 61.9 (8.1) 61.6 (7.2) 

Hypertension, n (%) 38 (57.6) 28 (51.9) 

Hyperlipidaemia, n (%) 40 (60.6) 32 (59.3) 

Family history of CAD, n (%) 35 (53.4) 28 (52.8) 

Smoking (current), n (%) 17 (25.8) 14 (25.9) 

Smoking (previous+current), n (%) 41 (62) 35 (65) 

Pack years (20 cig./day)·year)*, median (IQR) 30 (6.5;36) 30 (7;35) 

Stable angina pectoris, n (%) 43 (65.3) 37 (68.5) 

Postmenopausal status, n (%) 57 (87.7) 47 (87) 

Comorbidity, n (%) 41 (63.1) 32 (60.4) 

Biochemistry 

Total-cholesterol (mmol/l), mean (SD) 4.9 (1.1) 5.0 (1.2) 

LDL cholesterol (mmol/l), mean (SD) 2.8 (1.0) 2.9 (1.0) 

HDL cholesterol (mmol/l), mean (SD) 1.6 (0.7) 1.6 (0.5) 

Non-HDL cholesterol (mmol/l), mean (SD) 3.3 (1.1) 3.4 (1.0) 

Clinical Assessment 

Body mass index (kg/m2), median (IQR) 24 (22;28) 24 (22;28) 

Abdominal circumference (cm), mean (SD) 93.4 (12.4) 92.8 (12.5) 

Systolic blood pressure (mmHg), mean (SD) 148.7 (24.3) 146.8 (24.1) 

Diastolic blood pressure (mmHg), mean (SD) 85.6 (15.2) 85.1 (15.8) 

Heart rate at rest (bpm), mean (SD) 64.3 (10.0) 63.7 (10.8) 

Atherosclerosis at CAG, n (%) 26 (39.4) 21 (38.9) 

Cardiac Magnetic Resonance (global values) 

Left ventricular ejection fraction (%), mean (SD) 59.9 (6.2) 59.8 (6.2) 

End systolic volume (ml), mean (SD) 60.2 (18.0) 61.0 (18.5) 
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End diastolic volume (ml), mean (SD) 148.5 (27.8) 150.4 (29.3) 

Left ventricular mass index (g/m2), mean (SD) 49294 (8808) 50054 (9311) 

Cardiac output, mean (SD) 5.7 (1.0) 5.7 (1.1) 

Stroke volume, mean (SD) 88.3 (15.2) 89.4 (16) 

Myocardial mass (diastole), mean (SD) 88.3 (20.1) 89.2 (21.6) 

Myocardial mass (systole), mean (SD) 93.4 (22.0) 93.4 (23.3) 

Medication 

Beta Blockers, n (%) 22 (33.3) 18 (33.3) 

Acetylsalicylic acid, n (%) 35 (53) 28 (52) 

Statin, n (%) 35 (53) 27 (50) 

Calcium antagonists, n (%) 18 (27.7) 14 (26.4) 

Angiotensin conv. enzyme inhibitor, n (%) 9 (13.4) 7 (13.2) 

Angiotensin receptor blockers, n (%) 12 (18.5) 7 (13.2) 

*Only including previous and current smokers. 

IQR: interquartile range; SD: standard deviation; CAD: coronary artery disease; CAG: coronary angiography; 
LDL: low-density-lipoprotein; HDL: high-density-lipoprotein; non-HDL: non-high-density-lipoprotein 
cholesterol; ESC: European Society of Cardiology. 
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Table 2. Haemodynamic variables across the three examinations 

 TTDE PET CMR p-value 
Rest HR (bpm) 67 (10) 64 (10) 64 (10) 0.1701 
Rest RPP (bpm*mmHg) 8643 (1962) 8009 (1856) 9633 (2219) <0.0001 
Stress HR (bpm) 93 (12) 80 (13) 87 (12) <0.0001 
Stress RPP (bpm*mmHg) 12084 (2481) 10160 (2457) 12917 (2707) <0.0001 
TTDE: transthoracic Doppler echocardiography; RPP: rate pressure product; PET: positron 
emission tomography; CMR: cardiac magnetic resonance; bpm: beat per minute; mmHG: 
millimeter of mercury. *p-value obtained from one-way ANOVA. 
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Table 3. Correlations between CFVR and MBFR and variables from the CMR 

perfusion 

 TTDE CFVR PET MBFR 

R p-value* R p-value* 

MPRImaxSI 0.02 0.90 0.01 0.93 

MPRIupslope 0.01 0.96 0.08 0.56 

MPRmaxSI 0.03 0.80 0.16 0.24 

MPRupslope 0.22 0.08 0.46 <0.001 

CFVR: coronary flow velocity reserve; MBFR: myocardial blood flow reserve; MPRI: 
myocardial perfusion reserve index; MPR: myocardial perfusion reserve. *p-value obtained 
from Pearson’s correlation analysis, CFVR and MBFR were logarithmically transformed due 
to skewed distribution. Simple Bonferroni was applied due to multiple testing.  
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Table 4. Association between presence of CMD and cardiovascular risk factors 

 PET MBFR TTDE CFVR CMR MPRupslope 

<2.5, 

n=21 

>2.5, 

n=33 

p-

value* 

<2.0, n=25 >2.0, n=41 p-

value* 

<0.78, 

n=25 

<0.78, 

n=29 

p-

value* 

Age, mean (SD) 62.4 (7.8) 61.1 (6.9) 0.53 63.3 (10.4) 61.1 (6.3) 0,29 62 (6.9) 61 (8.9) 0.52 

Hypertension, n (%) 17 (81) 11 (33) <0.001 20 (80) 18 (44) 0.004 14 (56) 14 (48) 0.57 

Smoking (current), n (%) 8 (38) 6 (18) 0.10 8 (32) 16 (39) 0.84 5 (20) 9 (31) 0.42 

Body Mass Index, median (IQR) 24 (60;66) 25 (22;27) 0.50 23 (22;27) 25 (22;29) 0.30 25 (22;28) 25 (22;27) 0.97 

Atherosclerosis at CAG, n (%) 9 (43) 12 (46) 0.63 12 (48) 14 (34) 0.26 10 (40) 11 (38) 0.88 

Ejection Fraction (%), mean (SD) 58.5 (7.3) 60.7 (5.2) 0.21 58.3 (6.5) 60.9 (5.8) 0.11 60.9 (6.2) 58.9 (6.2) 0.25 

Non-HDL chol. (mmol/l), mean (SD) 3.4 (0.9) 3.4 (1.1) 0.83 3.2 (0.9) 3.3 (1.1) 0.64 3.7 (1.0) 3.1 (1.0) 0.03 

*Difference between groups was tested by chi-square for the categorical variables and un-
paired t-test for the continuous variables. For variables with a non-Gaussian distribution 
(BMI) the Wilcoxon rank test was used. MBFR: myocardial blood flow reserve; CFVR: 
coronary flow velocity reserve; SD: standard deviation; IQR: interquartile range; HDL: high 
density lipoprotein; chol.: cholesterol. 
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Figures 

Figure 1 
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Figure 2 
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Figure 3 
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