
 

 

 

Cardiovascular magnetic resonance : a key to imaging
cardiac function
Citation for published version (APA):

Schalla, S. M. (2015). Cardiovascular magnetic resonance : a key to imaging cardiac function. [Doctoral
Thesis, Maastricht University]. Datawyse / Universitaire Pers Maastricht.
https://doi.org/10.26481/dis.20150706ss

Document status and date:
Published: 01/01/2015

DOI:
10.26481/dis.20150706ss

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20150706ss
https://doi.org/10.26481/dis.20150706ss
https://cris.maastrichtuniversity.nl/en/publications/504a7578-219e-41ea-b96c-77ed8cca4056


CARDIOVASCULAR
MAGNETIC RESONANCE 
A key to imaging cardiac function

Simon Schalla



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© S. Schalla, Maastricht 2015 
ISBN 978 94 6159 433 4 
 
Cover illustration by S. Schalla 
Printed by Datawyse / Universitaire Pers Maastricht 

  



 

Cardiovascular magnetic resonance 
A key to imaging cardiac function 

 
 
 

PROEFSCHRIFT 
 

ter verkrijging van de graad van doctor 
aan de Universiteit Maastricht, 

op gezag van de Rector Magnificus, Prof. dr. L.L.G. Soete, 
volgens het besluit van het College van Decanen, 

in het openbaar te verdedigen 
op maandag 6 juli 2015 om 10:00 uur 

 
 

door 
 
 

Simon Michael Schalla 
geboren op 24 mei 1967 te Kiel 

 
 
 
  

UNIVERSITAIRE
PERS MAASTRICHT

U P

M

http://www.datawyse.nl/


Promotores 
Prof. dr. H.J.G.M. Crijns 
Prof. dr. J.E. Wildberger 
 
Beoordelingscommissie 
Prof. dr. F.W. Prinzen (Chair) 
Prof. dr. A. Bücker 
Prof. dr. T. Delhaas 
Dr. E. Kooi 
Prof. dr. F. Rademakers 
Prof. dr. A.C. van Rossum 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



5 

Contents 

Chapter 1 Introduction 7

Part I – Real-time imaging- interventional MR 13

Chapter 2 Magnetic resonance-guided cardiac catheterization in a swine model 
of atrial septal defect 

15

Chapter 3 Balloon sizing and transcatheter closure of acute atrial septal defects 
guided by magnetic resonance fluoroscopy: assessment and 
validation in a large animal model 

29

Chapter 4 Magnetic resonance flow measurements in real-time: comparison 
with a standard gradient-echo technique 

45

Chapter 5 Real-time MR image acquisition during high-dose dobutamine 
hydrochloride stress for detecting left ventricular wall-motion 
abnormalities in patients with coronary arterial disease 

57

Part II - Ischemic heart disease 73

Chapter 6 Accentuation of high susceptibility of hypertrophied myocardium to 
ischemia: complementary assessment of Gadophrin-enhancement 
and left ventricular function with MRI 

75

Chapter 7 Effect of potassium-channel opener therapy on reperfused infarction 
in hypertrophied hearts: demonstration of preconditioning by using 
functional and contrast-enhanced magnetic resonance imaging 

91

Chapter 8 Long-term oral treatment with nicorandil prevents the progression of 
left ventricular hypertrophy and preserves viability 

107

Chapter 9 Incremental value of cardiovascular magnetic resonance over 
echocardiography in the detection of acute and chronic myocardial 
infarction 

123

Chapter 10 Non-invasive assessment of microvascular dysfunction in patients 
with cardiac syndrome X 

141

Part III - Nonischemic heart disease 159

Chapter 11 Replacement and reactive myocardial fibrosis in idiopathic dilated 
cardiomyopathy: comparison of magnetic resonance imaging with 
right ventricular biopsy 

161



6 

Chapter 12 Right ventricular function in dilated cardiomyopathy and ischemic 
heart disease: assessment with non-invasive imaging 

175

Chapter 13 Structural and functional cardiac changes in myotonic dystrophy type 
1: a cardiovascular magnetic resonance study 

191

Part IV  205

Chapter 14 Summary, discussion and future perspectives 207

 Nederlandse samenvatting 221

 Valorization 229

 Dankwoord 231

 Curriculum vitae 235

 List of publications 239

  



7 

 

1 
Introduction 

 
 
  



  



9 

Introduction 

“Sooner or later all interesting cardiac patients will get an MR scan.” This often quoted 
statement is no longer true because of two reasons. First, all patients are interesting. 
Even most common diseases are associated with a huge variety of different complaints, 
signs and symptoms. This is one of the main reasons why cardiac imaging needs to be 
performed so frequently in addition to taking the medical history and carrying out the 
physical examination. Second, cardiovascular magnetic resonance imaging (CMR) is 
currently used on a routine basis for many patients with heart disease and not only for 
niche indications. Since the first publication of a cross sectional magnetic resonance 
image of a human chest in 1977,1 CMR has emerged as a reliable imaging technique and 
serves as a reference standard for regional wall motion, global and regional systolic 
function, myocardial mass and hypertrophy, fibrosis and infarct imaging, viability as well 
as anatomic imaging of e.g. the pericardium, aorta and congenital heart disease.2-6 In 
addition, the non-invasive detection of ischemia with CMR has a high diagnostic accura-
cy.7-14 CMR is less well established for imaging of the coronary arteries, diastolic func-
tion and valvular disease except for aortic and pulmonary valve regurgitation. Several 
unique techniques such as 3D flow measurement, T1 and T2 mapping, feature tracking 
and perfusion imaging without the use of contrast media have recently been added to 
scan protocols or will be introduced into clinical routine in the future.15-18 
 Current CMR scan techniques include ECG-gated cine balanced steady state free 
precession for imaging function, black blood and also balanced steady state free preces-
sion sequences for anatomy, late gadolinium enhancement inversion recovery se-
quences for infarct or fibrosis, and saturation recovery sequences for contrast agent 
first-pass myocardial perfusion. There are many more clinical and experimental se-
quences and imaging techniques available for imaging of edema, T1 and T2-mapping, 
T2* analysis, angiography with and without the use of contrast material, tagging and 
spectroscopy. Cardiac magnetic resonance imaging started in the 1970ties with spectros-
copy for assessing myocardial phosphate metabolism in isolated rat hearts.19 The first 
publication of a cross section of the human chest came from Damadian et al.1 It is not 
known when the first MR scans to specifically image the heart were performed since 
the heart could be recognized on those early cross section chest images.20 Hawkes et al. 
probably published the first study specifically directed at cardiac MR imaging in 1981.21 
At least the authors were excited about the quality of the images, but recognized cardi-
ac and respiratory motion as limiting factors and proposed the use of ECG-triggering to 
improve image quality. In 1984, Higgins et al. were the first to publish cardiac images 
with good anatomical details using ECG-gating.22 ECG-synchronization resulted in supe-
rior image quality compared to the other cardiac gating signal methods from peripheral 
pulse and Doppler flow signals. Since then, many more improvements have been 
achieved. Sometimes it was the reinvention of the already known. Steady state free 



10 

precession sequences were known for many years, but only after advances in gradient 
hardware had been made they could be introduced into daily practice.20,23 
 Data from the United States show that more than 21 million Americans suffered in 
2010 from cardiac disease. There were more than 700 000 deaths due to cardiovascular 
disease including stroke and hypertension.24 The burden of cardiac disease in the Neth-
erlands in 2012 was 20 555 cardiac deaths and 202 945 hospital admissions.25 The hos-
pital admissions consisted of 8 3941 patients with myocardial ischemia, 3 009 congeni-
tal heart disease, 9 612 valve disease, 2 948 cardiac infections, and 103 435 other cardi-
ac causes including heart failure. In total more than 1 million patients suffer from cardi-
ovascular disease in the Netherlands. In a conservative estimation approximately at 
least half of the patients admitted will undergo cardiac imaging during or shortly after 
admission during the following outpatient visit. Thus, at least more than 100 000 cardi-
ac imaging studies might annually be performed for hospital admissions. The number of 
cardiac imaging studies for outpatient clinic visits is not known. 
 This thesis describes the different aspects of MR imaging of ventricular dysfunction. 
CMR is currently the only comprehensive cardiac imaging method to assess cardiac 
morphology, global and regional LV and RV-function, mass, perfusion and viability, fi-
brosis and scar characteristics, coronary artery anatomy and the thoracic vasculature. It 
is considered reliable and highly reproducible4, 26 and it does not use ionizing radiation. 
Intravenous MR contrast material is generally safe if not used in patients with end stage 
kidney disease. Thus, the aim of this thesis was to demonstrate the value of CMR in 
assessing cardiac dysfunction. Therefore, the thesis is divided in  three parts. 
 The ffirst part of the thesis focusses on fast, real-time MR imaging which is im-
portant for scan planning, rapid interpretation already during scanning, and catheter 
guidance for interventional MR. In cchapters 2 and 3, left and right heart catheterization 
with real-time MR catheter guidance (MR fluoroscopy) in atrial septal defect (ASD) is 
presented, small shunt volumes detected, balloon sizing and closure of ASDs per-
formed. A real-time flow measurement technique is presented in  Chapter 4. hhapter 5 is 
a transition to the second part of the thesis. In this chapter a real-time imaging tech-
nique is described and evaluated during dobutamine stress in patients with coronary 
artery disease. 
 In the ssecond part of the thesis MR imaging of ischemic heart disease is described. 
Chapters 6 to 8 are focussed on measuring infarct size in acute myocardial infarction of 
the hypertrophied heart with pre- and postconditioning. CChapter 9 compares CMR with 
echocardiography to detect acute and chronic myocardial infarct. In cchapter 10 re-
search on myocardial ischemia due to small vessel disease is presented. 
 In the tthird part an overview of different aspects of MR imaging of non-ischemic 
heart disease is given. CChapter 11 assesses focal and interstitial myocardial fibrosis in 
dilated cardiomyopathy and CChapter 12 the right ventricular function in dilated cardio-
myopathy and ischemic heart disease. CChapter 13 is about cardiac findings in patients 
with myotonic dystrophy. 

to

C
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Abstract 

Background: Radiation exposure during cardiac catheterization, limited image planes, 
and poor soft tissue definition are disadvantages of x-ray fluoroscopy that could be 
overcome with the use of MRI. This study evaluates the feasibility of real-time MRI (MR 
fluoroscopy) to guide left and right heart catheterization. 
 
Methods and results: Anesthetized pigs (n=7) with defects of the atrial septum were 
catheterized using venous and arterial access. A prototype active tracking catheter was 
used to obtain blood pressures and samples from cardiac chambers and great vessels 
using antegrade, transseptal, and retrograde approaches. MR fluoroscopy was used for 
catheter steering. Velocity-encoded cine MRI was used to measure pulmonary and 
aortic blood flow to calculate vascular resistances. Image planes used during catheter 
manipulation used rapid sequencing to planes directed by the operator to include the 
tip of the catheter and the chamber to be entered. All areas of interest were effectively 
entered, and samples were obtained. In the presence of an acute atrial septal defect, a 
Qp/Qs ratio of 1.3±0.2 was measured, and no significant differences in pressure be-
tween inferior vena cava, right atrium, and left atrium were found. Pulmonary and aor-
tic flow were 4.9±0.6 and 3.7±0.4 L/min, and pulmonary and systemic vascular re-
sistance were 312±134 and 2006±336 dyne · s · cm-5. 
 
Conclusions: Left and right heart catheterization using MR guidance is feasible. The 
combination of hemodynamic catheterization data with anatomic and functional MRI 
may significantly improve the evaluation of patients with congenital heart disease while 
avoiding radiation exposure. 
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Introduction 

Cardiac catheterization procedures are used to precisely define anatomic and physio-
logical abnormalities caused by various diseases. Cardiac catheterization comprises 
procedures that require introduction of catheters into the central arterial and/or ve-
nous system that are steered to specific cardiac chambers or vessels to obtain regional 
information or for delivering local therapies. In pediatric and adult patients, these pro-
cedures are routinely guided by x-ray fluoroscopy. Patients with congenital heart dis-
ease often undergo multiple cardiac catheterizations that can lead to accumulation of 
high radiation doses.1–3 Diagnostic ionizing radiation is a definite risk factors for cancer 
development, especially in children.4 
 Despite their routine use, x-ray fluoroscopy and angiography do not provide 3D 
anatomic information, which can be crucial in patients with complex congenital heart 
disease. In contrast, MRI is characterized by 3D anatomic information in various imaging 
planes without the exposure to ionizing radiation for either the patient or the operator. 
In addition, functional information such as quantitative blood flow and ejection fraction 
is provided. The introduction of fast MRI5 has made visualization of moving structures 
possible, including anatomic details in the rapidly beating heart. More recently, real-
time imaging has been used for deployment of atrial septal defect closure devices,6 
coronary and pulmonary stenting,7,8 and balloon angioplasty of peripheral9 or renal 
arteries.10 MR catheter guidance, if effective, would eliminate ionizing radiation expo-
sure associated with catheterization. Thus, the purposes of this study were to (1) guide 
left and right heart catheterization with real-time MRI using venous, venous-
transseptal, and arteriovascular access in a swine model of acute atrial septal defect; (2) 
simultaneously measure intracardiac and great artery pressures and oxygen saturations; 
and (3) determine pulmonary blood flow, cardiac output, and pulmonary and systemic 
resistance. 

Methods 

Experiments were performed with a hybrid XMR system (Philips Medical Systems) in-
corporating a digital x-ray Integris V5000 angiography-catheterization laboratory with 
an adjoining 1.5-T Intera MR scanner. The suites were connected by a moving tabletop 
for rapid transport of the animals from x-ray to MR system. X-ray fluoroscopy was needed 
for the preparation of the animal model before initiation of cardiac catheterization. 
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Female domestic farm pigs (n=7, 37 to 43 kg; age, 3 months) were studied in accord-
ance with the National Institutes of Health 

and with approval of the Committee of Animal Research of the University. After 
medication with intramuscular injection of 0.04 mg/kg atropine, 2 mg/kg xylazine, and 
20 mg/kg ketamine, general anesthesia was initiated with 2% inhalation isoflurane. 
Animals were intubated and mechanically ventilated. Local anesthesia with 2% lidocaine 
was injected subcutaneously before placement of 9F femoral arterial and 12F femoral 
venous introducer sheaths. After vascular access had been established, a needle fol-
lowed by a balloon catheter (18-mm diameter) was used to puncture the atrial septum 
and subsequently dilate the defect under x-ray fluoroscopic guidance to allow later 
transseptal catheter steering. Once the septostomy had been performed, x-ray fluoros-
copy was no longer used in the study. 

After transfer to the MR system, an active tracking catheter (Philips Medical Sys-
tems/Cordis Corp; Figure 1) was introduced via femoral vein. A copper microcoil 
mounted on the catheter tip was projected continuously as a small cross on MR images 
(Figures 2 to 6). The microcoil was connected to an external preamplifier box by copper 
leads. An external plastic sheath was added over the catheter to isolate the compo-
nents. Because the catheter shaft was seen only occasionally on MR images, steering of 
the catheter would not be possible without active imaging of the tip. The catheter was 
guided to the inferior vena cava (IVC), right atrium (RA), right ventricle (RV), and main 
pulmonary artery (PA). After withdrawal to the RA, the catheter was steered across the 
septal defect from RA to left atrium (LA) and to the left ventricle (LV). In addition, the 
catheter introduced into the femoral artery was also advanced retrogradely into the 
aorta and LV. A pulmonary vein and superior vena cava were also catheterized in 2 
animals and the brachiocephalic artery in 1. In all areas of interest, pressure curves and 
blood samples to determine oxygen saturation and hemoglobin levels were obtained. 

Real-time image acquisition was performed to image simultaneously catheter tip posi-
tion and background anatomy by use of a real-time steady-state free precession se-
quence (SSFP with radial k-space filling: TR, 3 ms; TE, 1.5 ms; flip angle, 60°; slice thick-
ness, 10 mm; field of view, 200 mm; scan matrix, 128x128; 300 ms per image, recon-
structed at 10 frames/s using sliding-window reconstruction [view sharing]11,12). A 2-
element phased array of surface coils (2 circular 20-cm-diameter coils) was used. The 
number of trajectories for an image set was 102. However, image reconstruction was 
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performed every 34 radial profiles by use of the sliding-window technique. Latency 
associated with reconstruction and image display was <50 ms. The interactive scan 
plane adjustment was performed on the fly, with the time to realize a new plane being 
just more than the full data acquisition time (300 ms). Planes could be adjusted manual-
ly or tracked automatically to include the tip of the active tracking catheter. Catheter tip 
movements within an imaging plane (in-plane motion) were tracked continuously in 
real-time, whereas through-plane tip tracking was updated on an “on-demand” basis. 
Neither respiratory navigator techniques nor cardiac triggering was necessary. 

 

Figure 1: Active tracking catheter prototype. 6F tracking catheter was 90 cm long and contained a
tracking microcoil near its tip (enlargement). A transmission line exits proximal end of catheter and 
was used to connect microcoil to MR scanner so that its position could be tracked automatically. 

 
To calculate pulmonary and systemic vascular resistance, blood flows in the main PA 
and aorta were measured by use of a retrospectively gated velocity-encoding phase-
contrast gradientecho sequence (TR, 15 ms; TE, 4 ms; flip angle, 20°; scan matrix, 
192x192; slice thickness, 8 mm; field of view, 200 mm). Velocity-encoded range was 
±150 cm/s for PA and ±200 cm/s for aorta. Pulmonary and systemic vascular resistance 
in dyne · s · cm-5 were calculated from flow and pressure measurements by use of the 
formula PVR=80(PA mean-LA mean)/Qp and SVR=80(Aorta mean-RA mean)/Qs, where 
Qp is pulmonary flow per minute and Qs is aortic flow per minute. Left-to-right shunt 
calculations are given as the Qp/Qs ratio calculated from MR flow measurements. In 
addition, the Qp/Qs ratio was also calculated from oxygen saturation measurements by 
use of the following equation:  
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At the conclusion of the study, animals were euthanized with 150 mg/kg pentobarbital 
IV. After removal of the heart and adjacent great vessels, visual inspection was per-
formed to assess for pericardial effusion, perforation, and mural hematoma. 

All data are expressed as mean_SD. The paired Student’s test was used to compare 
between pressures or oxygen saturations obtained at different regions of interest. Line-
ar regression was calculated to determine the correlation between Qp/Qs ratios ob-
tained from flow and oxygen saturation measurements. 

Results 

The catheter tip was placed in the areas of interest to obtain pressure curves and blood 
samples in all animals. During the procedure, there were no significant arrhythmias, 
perforations, hemorrhages, or other complications. Correct catheter placement was 
proved by MR images and the corresponding pressure curves. Time for introducing the 
catheter and steering to IVC, RA, superior vena cava, RV, PA, LA, pulmonary vein, and LV 
ranged from 10 to 30 minutes, with a decrease with increasing experience. 
 The image planes used to guide the catheter tip into each of the cardiac chambers 
and great vessels are shown in Figures 2 to 6. With MR, an infinite array of imaging 
planes can be acquired. For passage of the catheter from one site to the next chamber 
or vessel, 1 or more planes were selected that showed the catheter tip and the cham-
ber or vessel into which the tip was to be passed. The resulting multiple imaging planes 
were named by the 2 structures of interest shown in each plane (IVC-RA, RV-PA, RA-LA) 
unless standard planes such as cardiac 4-chamber or short-axis views were used. After 
the catheter had been advanced along the IVC, an IVC-RA plane (Figure 2a) was used for 
steering the catheter from the IVC into the RA. The image plane was then switched to a 
4-chamber view of the heart (Figure 2b) to steer the catheter across the tricuspid valve 
into the RV. To advance the catheter into the PA (Figure 3), both a cardiac short-axis 
view (Figure 2c) and a 4-chamber view were used for positioning of the catheter near 
the RV outflow tract. After switching to the RV-PA planes (Figure 2, d and e), the cathe-
ter was advanced across the pulmonary valve into the main PA. 
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Figure 2: Menu of different image planes obtained with real-time SSFP imaging. Images a–f 
are image planes used for catheter steering to regions of interest. IVC-RA image plane (a) 
shows IVC, RA, and LA and was used for advancing catheter along IVC into RA junction and 
RA. Image plane was then switched to a cardiac 4-chamber (long-axis) view (b) to steer 
catheter across tricuspid valve into RV. To advance catheter into PA, cardiac short-axis (c) 
and 4-chamber (b) views were acquired sequentially for positioning of catheter near RV 
outflow tract. Subsequently, catheter was advanced across pulmonary valve into main PA 
using RV-PA image planes (d and e). For antegrade left heart catheterization, a, RA-LA 
image plane (f) was deployed in addition to a cardiac 4-chamber view (b). 

 
For antegrade catheterization of the left heart, the catheter was advanced from the 
IVC-RA junction to the RA and transseptal to the LA by use of an RA-LA view plane (Fig-
ure 2f). A 4-chamber imaging plane (Figures 2b and 4) was used to steer the catheter 
across the mitral valve into the LV. For retrograde left heart catheterization, an image 
plane showing the aortic arch and LV (Figure 5) was used to advance the catheter along 
the aortic arch across the aortic valve into the LV. Imaging planes for catheter guidance 
into the pulmonary veins are shown in Figure 6. 
 At postmortem, visual inspection of animal hearts and great vessels revealed no 
evidence of pericardial effusion, perforation, hematoma, or injuries. The presence of 
atrial septal defect was confirmed in all animals. 
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Figure 3: Catheterization of main PA with real-time SSFP MRI guidance. Image planes (4-
chamber [a], right ventricular outflow tract [b], and 3 outflow-tract–PA planes [c– e]) 
used for catheter steering and a PA pressure curve in mm Hg are shown. 

 

Figure 4: Antegrade catheterization of LV (femoral venous/transseptal access) with real-
time SSFP MRI guidance. MR images in top row show advancement of tracking catheter
from IVC into RA (a– c), transseptal into LA (d, e), and LV (f). Catheter tip is detected as
an overlaid cross on real-time SSFP images. During catheter pullback, pressure curves in
mm Hg were recorded from LV, LA, and RA. Oxygen saturation in percent for LV, LA, and 
RA is given in parentheses. 
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Figure 5: Retrograde catheterization of LV (femoral arterial access) with real-time SSFP imaging 
guidance. Top row (a– c), MR images show tracking catheter advanced from descending aorta to
transverse aortic arch. Bottom row (d–f), catheter moving across aortic valve to apex of LV. 
Catheter tip is visualized as a cross superimposed on real-time MR images, whereas catheter 
shaft is seen only in parts. During catheter pullback, pressure curves in mm Hg were recorded 
from LV and ascending aorta (Aorta). Oxygen saturation in percent for LV and Aorta is given in
parentheses. 

 

 
Figure 6: Catheterization of a pulmonary vein with real-time SSFP MRI guidance. Three different 
image planes were used for guidance of catheter into right upper pulmonary vein. Catheter tip is 
superimposed as a blinking cross on real-time images. A pressure recording is shown on right. 

Pressures, oxygen saturation, and hemoglobin levels are shown in the Table. Mean 
heart rate was 87±11 bpm. There were no significant differences in pressure between 
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RA and IVC ( =0.23) or LA ( =0.22). No significant differences in oxygen saturation were 
found between IVC and RA ( =0.34) or RV ( =0.21). 
 PA and aortic flows determined by MR phase-contrast technique were 4.9±0.6 and 
3.7±0.4 L/min, indicating a left-to-right shunt of 1.2±0.6 L/min and a Qp/Qs ratio of 
1.3±0.2. Calculation of Qp/Qs from the oxygen saturation measurements was 1.4±0.4, 
similar to MR flow measurements ( =0.68, SEM=0.32, regression line equation =1.39 x 
-0.45). Pulmonary and systemic vascular resistance values derived from MR flow data 
and pressure measurements were 312±134 and 2006±336 dyne · s · cm-5. 

Discussion 

The major finding of the present study was that left and right heart catheterization is 
feasible under MR real-time guidance. This study represents an early step toward MR-
guided diagnostic cardiac catheterization. Active catheter tip tracking was highly useful 
in steering and in selecting regions of interest by use of venous, venoustransseptal, and 
arterial approaches. To the best of our knowledge, this is the first study to show the 
feasibility of MR fluoroscopy for left and right heart catheterization with assessment of 
hemodynamic parameters. MR flow data in combination with blood pressure and oxy-
gen saturation measurements can provide additional insight into systemic and pulmo-
nary flows and intracardiac shunts and can be applied to calculation of pulmonary and 
systemic vascular resistances. The study results were similar to those of previously re-
ported results based on the standard method of thermodilution and pressure meas-
urements.13 
 The flow volume through the shunt in our atrial septal defect model was small, as 
was expected for an acutely created defect. Kong et al14 also observed an increase of 
the Qp/Qs ratio from 1.03±0.12 to only 1.28±0.23 after creating an acute atrial septal 
defect in pigs. Calculations of Qp/Qs on the basis of oxygen saturation measurements 
were consistent with the MR flow data in the present study. 

 
TTable 1: Measurement data from different regions of interest 

 RRegion of interest  

Parameter  IVC RA RV PA LA LV Aorta 

O2, % 61±11 67±12 69±13 68±10 94±11 94±11 96±3 

Hb, mg/dl 10.5±1.1 10.8±0.6 11.2±2.0 10.6±1.1 10.5±1.0 10.8±1.1 10.8±1.2 

P, mmHg 9±1 11±1 43±7/1±1/8±2 43±8/24±6 12±2 131±16/3±3/11±3 132±17/104±22 

Values are mean ± standard deviation. O2 indicates oxygen saturation; Hb, hemoglobin level. P indicates 
pressure: mean pressure for inferior vena cava (IVC), right (RA) and left atrium (LA); systolic and diastolic 
pressure for pulmonary artery (PA) and ascending aorta (Aorta); systolic, early and end-diastolic pressure for 
right (RV) and left ventricle (LV). 
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Indications for diagnostic cardiac catheterization in pediatric cardiology are to evaluate 
congenital heart disease with complex anatomy that cannot be assessed well with 
echocardiography, such as abnormalities of the pulmonary arteries and the aortic arch. 
Both regions can be assessed with MRI or MR angiography.15–18 Further indications for 
cardiac catheterization in children are pressure, oxygen saturation, and flow measure-
ments to define the severity of valvular or vascular stenosis and to define ventricular 
diastolic and systolic function and pulmonary vascular resistance. In the present study, 
these values were obtained from MR flow measurements and blood pressure and oxy-
gen saturation data. Cine MRI can be used to obtain additional functional indices during 
MR-guided cardiac catheterizations, including wall motion analysis19 and LV and RV 
volumes.20,21 
 The success of cardiac catheterization depends in part on the ability to visualize 
catheter and central cardiovascular anatomy simultaneously and in real-time. A hypoth-
esis explored in this study was whether real-time MRI could provide this ability without 
radiation exposure. Indeed, MR fluoroscopy in a variety of different imaging planes 
displayed both cardiovascular anatomy and the catheter tip position in real-time. Rapid 
switching among various imaging planes during the procedure was successful, allowing 
precise catheter manipulation to the target region of interest. 
 MR catheter guidance totally eliminates radiation exposure. With x-ray fluoroscopy, 
cardiac catheterization and long interventional procedures could result in relatively high 
radiation exposure for patient and staff. It has been estimated that per hour of fluoros-
copy, there is a 0.07% to 0.1% lifetime risk of developing a fatal malignancy and 1 to 20 
genetic defects per 1 million births,2,3 risks especially important for pediatric pa-
tients.1,22 
 High temporal (300 ms) and spatial (1.6 mm) resolution steady-state free preces-
sion images were acquired in real-time to monitor catheter steering and visualize back-
ground anatomy. The imaging speed of 3 frames/s (reconstructed at 10 frames/s) was 
sufficient for catheter guidance. Blood appeared bright, resulting in a good contrast 
between vessel lumen and surrounding tissue. Catheter artifacts from the shaft were 
small and did not superimpose on vascular or chamber walls. However, despite the 
visualization of the catheter tip during the entire procedure, adjacent parts of the cath-
eter were not reliably visualized. The poor visualization of the catheter shaft can be 
attributed to out-of-plane movements resulting from cardiac contraction and respirato-
ry motion and the fact that optimal contrast between blood and catheter was not al-
ways achieved. Because the slice thickness was 10 mm, distal bending or angulation of 
the catheter shaft also resulted in a loss of visualization. Imaging large parts of a cathe-
ter would be preferable to merely tracking the tip. To keep the catheter in plane, a 
larger slice thickness may be needed in some locations. In addition, for steering purpos-
es, not only the accurate position of the catheter tip but also visualization of the direc-
tion of angulation of the catheter tip are important. As suggested by Zhang et al,23 mul-
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tiple-element coils at different positions near the catheter tip should provide this visual-
ization. 
 The introduction of MR-guided catheterization into clinical practice depends criti-
cally on the development and availability of MR-safe catheters. Radiofrequency-induced 
heating might occur even in nonferromagnetic metals when used in catheters or 
guidewires. No guidewires were used in this study, but the catheter prototype con-
tained electrical conductors. No sparking was observed, and no perceptible heating or 
other adverse effects on the animals were recognized. However, further studies are 
needed to systematically assess MR safety and optimize catheter prototypes, because 
heating of guidewires was observed in vitro.24,25 A preliminary animal study about MR 
safety of guidewires showed no thermal damage or blood coagulation,26 but the safety 
of active tracking catheters with long electrical conductor cables is not known. Using 
fiberoptic instead of electrical conductors in active tracking catheters might be a strate-
gy to avoid heating.27,28 The concept of passive tracking with susceptibility markers on a 
catheter,29,30 contrast media–filled catheters, or contrast media–filled balloons at the 
catheter tip31 is considered a safer approach, but imaging at fast speed with good ana-
tomic information and optimal visualization of the marker’s susceptibility artifacts is at 
present difficult.32 
 In conclusion, left and right heart catheterization using real-time MR guidance is 
feasible. It has the potential to change the current x-ray– based diagnostic approach for 
children with congenital heart disease to avoid radiation exposure. Hemodynamic cath-
eterization data can be combined with anatomic and functional MRI. This may signifi-
cantly improve the evaluation of patients with complex congenital heart disease. Intro-
duction of MR-guided catheterization into clinical practice depends on the development 
and availability of MR-compatible catheters. 
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Abstract 

Purpose: To quantitatively assess atrial septal defects (ASDs) with small shunts using MR 
imaging followed by transcatheter closure monitored by MR fluoroscopy. 
 
Materials and methods: Acute ASDs were created in 14 pigs under x-ray fluoroscopy. Six 
animals were studied in order to select MR-compatible delivery systems and imaging 
strategies. ASDs in 8 animals were examined with balloon sizing under MR fluoroscopy, 
flow measurements and contrast media injections, after which transcatheter closure 
was performed under MR fluoroscopy. The delivery system was assembled from com-
mercially available materials. 
 
Results: The ratio of pulmonary to systemic flow (Qp/Qs) was reduced from 1.23±0.15 
before to 1.07±0.11 after ASD closure (p<0.001). In 2 out of 8 animals Qp/Qs was close 
to 1.0 before closure despite the presence of defects >15mm. The ASDs were measura-
ble with MR balloon sizing in all of the animals. Balloon sizing was identical with MR 
(16.9±2.3mm) and x-ray fluoroscopy (17.1±1.3mm). The in-house-assembled delivery 
system allowed successful placement of closure devices under MR guidance. 
 
Conclusions: Assessment and closure of small shunts with MR fluoroscopy is feasible. A 
barrier to the rapid implementation of transcatheter closure in patients is uncertainty 
about the MR safety of guidewires and device delivery systems. 
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Introduction 

Atrial septum defects (ASDs) are common congenital heart defects, occurring in >3 out 
of 10000 births.1 While these defects may be asymptomatic for years, resulting heart 
failure and pulmonary hypertension sometimes occur beyond the age of 30.2 Defect 
closure is therefore routinely performed to improve cardiac function and prevent heart 
failure. X-ray fluoroscopy-guided transcatheter closure of ASDs has been successfully 
used in children and adults to avoid open-heart surgery3,4 and is rapidly becoming the 
treatment of choice. However, ionizing radiation is a risk factor for cancer development, 
especially in children.5 Some patients with congenital heart disease accumulate large 
doses of radiation during evaluation, interventional treatment, and follow-up studies.6,7 
Magnetic resonance imaging (MRI) for the assessment of cardiac function and catheter 
guidance offers several advantages, including the elimination of radiation exposure for 
both the patient and the physician. It provides 3-dimensional anatomic information in 
variable imaging planes, which can be crucial for patients with complex congenital heart 
disease. Furthermore, functional information including quantitative measurements of 
blood flow and ventricular function can be obtained in a single imaging session. 
 The need for ASD closure in asymptomatic patients with small pulmonary to sys-
temic flow (Qp/Qs) ratios is controversial.8 However, it remains difficult to detect and 
visualize ASDs with Qp/Qs ratios <1.5 using MRI.9-11 Two recent papers demonstrated 
the potential of MRI for the deployment of ASD closure devices using specially designed 
prototype systems to prevent large susceptibility artifacts.12,13 The aims of the present 
study were to explore the potential of MRI to 1) depict acute ASDs with small shunts, 2) 
guide endovascular closure systems using active and passive MR catheter tracking, and 
3) use commercially available materials that are not susceptible to MR artifacts for de-
vice delivery. 

Material and methods 

Fourteen domestic farm pigs were studied in accordance with the Guide for the Care 
and Use of Laboratory Animals (National Institutes of Health) and with the approval of 
the committee of animal research at our institution. We used 6 animals (20-41kg) in the 
first phase in order to select MR compatible delivery systems, and improve catheter 
handling and imaging strategies. Subsequently, we examined 8 animals (38-44kg) in the 
second phase to assess flow and balloon sizes, and guidance of transcatheter ASD clo-
sure. 
 A premedication of 0.04mg/kg atropine, 2mg/kg xylazine, and 20mg/kg ketamine 
was injected intramuscularly. Inhalation isoflurane was used for general anaesthesia. 
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The animals were intubated and mechanically ventilated with room air. A 12F short 
sheath was placed in the right femoral vein, a 6F short sheath was placed in the right or 
left jugular vein and in the left femoral artery. Blood pressure was measured in the left 
femoral artery. Oxygen saturations were obtained in the inferior vena cava (IVC), aorta, 
left atrium (LA) and main pulmonary artery (PA) after the ASD was created, and the 
ratio of pulmonary flow (Qp in liters/minute) versus systemic flow (Qs in liters/minute) 
was calculated (SaturationAorta – SaturationIVC) / (SaturationLA – SaturationPA) to compare 
with the ratio of pulmonary systemic flow (Qp/Qs) obtained from MR flow measure-
ments. 

Experiments were performed with a hybrid XMR system (Philips Medical Systems, Best, 
The Netherlands). The system consisted of a 1.5 T Intera MR scanner connected by a 
tabletop to an adjoining digital x-ray Integris V5000 angiography-catheterization labora-
tory. A sliding door between the 2 systems shielded against x-ray radiation and radio-
frequency leakage, and thus permitted combined or independent use of the suites. The 
sliding tabletop allowed rapid transport of the animals between x-ray and MR systems. 

X-ray fluoroscopy was only employed to create acute ASDs in the swine model and to 
compare initial balloon sizing and oxygen saturation with MR data. A needle catheter 
was used to establish an acute ASD. The defect was subsequently dilated with a balloon 
catheter (18mm diameter) filled with iodine contrast media (20% stock solution, Om-
nipaque, Amersham Inc., Princeton, NJ) to allow visualization on x-ray fluoroscopy. We 
then assessed the defect using a sizing balloon catheter. We measured the size of the 
balloon on a screen using a standard analyzing software program (Easy Vision, Philips 
Medical Systems), after we calibrated for catheter diameter. 

After the animals were transferred to the MR suite, a 2-element phased array of surface 
coils (2 circular 20cm-diameter coils) was placed around the thorax of the animals, 
which lay in the decubitus position. ECG was used to monitor heart rate and to perform 
retrospective gating of blood flow measurements. Velocity encoded cine MR flow 
measurements (retrospectively gated, velocity encoded, phase contrast, gradient echo 
sequence with TR/TE=15/4ms, flip angle 20°, scan matrix 192x192, slice thickness 8mm, 
FOV 200mm) of the main PA and ascending aorta were performed before and after the 
ASD was closed. The imaging planes for flow measurements were perpendicular to the 
long axis of PA and aorta, respectively. Velocity-encoding range was set at ±200 cm/s 
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for the aorta and ±150 cm/s for the PA. The pulmonary and aortic flow measurements 
were used to calculate the intracardiac shunt Qp/Qs ratio. 

In animals without a detectable shunt by flow measurements, Gd-DTPA-BMA (10 ml of 
20% of stock solution, Omniscan, Amersham Inc., Princeton, NJ) was injected in the 
main PA to confirm the absence of left-to-right shunting through the ASD. A T1-
weighted gradient echo sequence (TR/TE=3.8/1.4ms, flip angle 30°, scan matrix 
192x192, slice thickness 8mm, FOV 200mm) was used to monitor shunting of the con-
trast agent. We chose to use central contrast media injection in order to achieve a 
compact bolus of contrast media. Therefore, these animals were transferred to the x-
ray part so that a catheter could be placed in the right PA under x-ray fluoroscopy. 

The ASDs were assessed with balloon sizing under real-time MRI. The sizing balloon was 
advanced across the defect under MR fluoroscopy and inflated with Gd-DTPA-BMA 
(10% of stock solution). Maximal distal and waist diameters were measured and com-
pared with values obtained from x-ray images and defect size postmortem. The same 
real-time MRI sequence was used for balloon sizing as described below. 

The device delivery system was assembled from commercially available materials con-
sisting of an Amplatzer delivery sheath with a dilator (tip cut off) (AGA Medical Corp., 
Golden Valley, MN), size 18 Amplatzer septal occluder (Nitinol wires woven into 2 flat 
discs with a connecting waist and a polyester filling), a nitinol snare wire and a snare 
catheter (Microvena, White Bear Lake, MN) (Figure 1). The snare wire holding the de-
vice button was retracted against the snare catheter and dilator. The snare wire was 
secured in place by a plastic clamp in front of the dilator hub. Thus, the folded device 
could be advanced or withdrawn inside and out of the sheath by pushing or pulling the 
dilator-snare wire system. 
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Figure 1: ASD closure device delivery system consisting of an Amplatzer delivery
sheath (a) with dilator (tip cut off) (b), Amplatzer septal occluder (e), a nitinol 
snare wire (d) and a snare catheter (c). The snare wire holding the device button
was retracted against the snare catheter and dilator. The snare wire was secured
in place by a plastic clamp in front of the dilator hub. Thus, the folded device 
could be advanced or withdrawn inside and out of the sheath by pushing or 
pulling the dilator-snare wire system. 

 

Two different methods were tested to position the delivery sheath across the ASD: 
active and passive catheter tracking. In 4 animals, a prototype active tracking catheter 
(Philips Medical Systems/Cordis Corp., Miami, Fl) was used. The catheter tip was seen as 
a white cross superimposed on real-time MR images. Catheter tip movements within an 
imaging plane (in plane motion) were continuously tracked in real-time, while through-
plane tip tracking was updated “on-demand”. The catheter was steered from the IVC to 
the right atrium (RA), and then transseptally across the defect into the LA for the 
placement of a guidewire (0.6mm diameter, Terumo Corp., Tokyo, Japan) over which 
the delivery sheath was subsequently advanced into the LA. The sheath was advanced 
into the vessel the same distance as the tracking catheter. A real-time, steady state free 
precession imaging sequence was used for image acquisition (radial k-space filling; 
TR/TE=3/1.5ms; flip angle 60°; slice thickness 10mm; FOV 200mm; scan matrix 128x128; 
300ms per image, reconstructed at 10 frames/s using the sliding window reconstruction 
(view sharing). 
 In 4 animals, passive tracking was employed. The delivery sheath with a dilator was 
steered directly transseptally across the defect under real-time MR guidance. The 
sheath was visualized as a low intensity structure within the high intensity of the blood 
pool. All components of the delivery device also produced low intensity signal (suscep-
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tibility artifact). After the dilator was withdrawn, the folded closure device was intro-
duced into the sheath and advanced to the tip. The first disk was then unfolded into a 
balloon shape by pushing the snare catheter-dilator further in. The sheath was then 
pulled backwards until the disk reached the septum. The second disk was unfolded by 
further retracting the sheath over the snare wire / device. The device was then released 
by loosening the clamp and subsequently the snare wire. Finally. The snare wire, snare 
catheter, and dilator were removed from the delivery sheath. 

After the closure device was placed, and the final MR flow measurements were taken, 
the animals were euthanized with 200mg/kg pentobarbital administered intravenously. 
The heart and adjacent great vessels were excised. Visual inspection was performed to 
assess for correct position of the device, as well as to detect procedure related vascular 
or cardiac injuries, mural hematoma, perforation or pericardial effusion. In addition, 
balloon sizing was performed postmortem. 

Data were expressed as the mean value ±standard deviation. Qp/Qs results before and 
after ASD closure were compared with the use of a paired Student’s -test. Linear re-
gression was calculated to determine the correlation between balloon sizing with MRI 
and x-ray fluoroscopy, and postmortem, as well as the Qp/Qs ratios from the MR flow 
and oxygen saturation data. Absolute differences between different techniques were 
calculated according to Bland-Altman.14 

Results 

The aortic flow before and after ASD closure was 3.75±0.76 l/min and 3.13±1.01 l/min 
while pulmonary flow was 4.57±0.89 l/min and 3.29±0.98 l/min. An example of phasic 
flow in the PA and aorta before and after defect closure is given in figure 2. 
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Figure 2: Example of phasic flow in the aorta and PA determined with velocity-encoded cine MRI before and 
after ASD closure. The pulmonary flow (PA) is greater than the aortic flow (AO) before (pre) defect closure 
(left), and the PA and AO become similar after (post) defect closure (right). 

 
The Qp/Qs ratio was significantly reduced from 1.22±0.15 before ASD closure to 
1.07±0.11 after ASD closure (p<0.001). The range of the Qp/Qs ratio was 1.05 to 1.4 
(median 1.24) before ASD closure and 0.92 to 1.27 (median 1.06) after closure. Oxygen 
saturation measurements revealed a Qp/Qs ratio before ASD closure of 1.29±0.31 (r = 
0.76; standard error of the estimate = 0.22, regression line equation: y=1.59x-0.66 for 
oxygen saturation versus MR flow measurements; absolute differences: 0.06±0.22) 
(table 1). 

Table 1: Measurements in 8 animals with acute ASDs. 

Animal HR 
[/min] 

BP Syst. 
/Diast. 

[mmHg] 

Aortic Flow 
[ml/min] 

Pulm. Flow
[ml/min] 

MR 
Qp/Qs 
Before 
Closure 

Oximetry 
Qp/Qs 
Before 
Closure 

MR 
Qp/Qs 
After 

Closure 

Balloon 
Stretch 

Diameter 
MR [mm] 

Balloon 
Stretch 

Diameter 
X-Ray 
[mm] 

Balloon 
Stretch 

Diameter
Postmorte

m [mm] 
1 88 90 / 50 2386 3110 1.3 1.32 1.27 19 19 20 
2 91 136 / 99 3171 3780 1.19 1.18 0.99 16.6 16.7 14.9 
3 82 168 / 100 4922 5217 1.05 1.05 0.92 15.6 16.7 16.9 
4 99 125 / 82 4189 4389 1.05 0.99 1.14 15.3 15.7 14.9 
5 87 130 / 80 4176 5933 1.42 1.26 1.04 20.2 17.9 21.1 
6 74 155 / 115 3726 4140 1.11 1 1.03 17.2 17.4 17.1 
7 82 140 / 100 3867 5010 1.3 1.7 1.11 18.3 18.1 17.3 
8 82 110 / 72 3565 4949 1.39 1.79 1.07 12.9 15.1 15.5 
           

Mean 86 132 / 87 3750 4566 1.23 1.29 1.07 16.9 17.1 17.2 
St Dev. ±8 ±25 / ±21 ±755 ±893 ±0.15 ±0.31 ±0.11 ±2.3 ±1.3 ±2.3 

HR=heart rate; BP Syst./Diast.=systolic and diastolic femoral artery pressure; Aortic (Pulm.) Flow=flow 
determined by magnetic resonance flow measurements in the ascending aorta (pulmonary artery); MR 
Qp/Qs=ratio of pulmonary versus systemic blood flow determined by magnetic resonance flow 
measurements before and after closure of the atrial septal defect; Oximetry Qp/Qs=ratio of pulmonary versus 
systemic blood flow determined by oxygen saturation measurements; Balloon Stretch Diameter MR (X-Ray) 
[Postmortem]=diameter of waist of sizing balloon determined on magnetic resonance images (on x-ray 
images) [at postmortem]; Mean=mean values; St. Dev.= standard deviation 
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In 2 animals, the baseline MR flow measurements of Qp/Qs ratios were 1.05, and they 
were therefore considered to have non-detectable shunts. Both animals had sizable 
ASDs by MR balloon sizing (15.6 and 15.3 mm). Central injection of contrast media 
showed a tiny shunt of contrast media from the LA to the RA in one animal (Figure 3) 
and no shunting in the other. 
 

Figure 3: T1-weighted gradient echo images after injection of diluted Gd-DTPA-BMA 
into the main PA (cardiac 4-chamber view). Immediately after injection, contrast 
media enhancement of pulmonary veins is detected (a, arrow). Images b-e are con-
secutive images acquired 1 to 2.7s after image a. Contrast media is seen in the pul-
monary vein and LA (b, arrows) and subsequently in the left ventricle (c-e). As a sign 
of an intracardiac left-to-right shunt, enhancement of the right ventricle is detected 
simultaneously with enhancement of left ventricle (c-e, arrows). Image f shows en-
hancement of the right ventricle during recirculation (12s after image a). 

 
With MR balloon sizing, presence of ASD was demonstrated successfully in all animals 
(Figure 4). The stretched ASD diameter was similar on MR and x-ray measurements 
(16.9±2.3 mm versus 17.1±1.3 mm; r=0.91; SEE = 1.05, y=1.64x-11.04). A Bland-Altman 
analysis revealed a value of 0.2±1.3 mm for absolute differences of waist diameter 
measurements. The postmortem balloon sizing was slightly larger at 17.2±2.3 mm, but 
still had a good correlation with MR measurements (r = 0.82; SEE = 1.42, y=0.81x+3.58; 
absolute differences: 0.3±1.4 mm). 
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Figure 4: Balloon sizing of ASD with real-time MRI, x-ray fluoroscopy and postmortem: Note the waist diame-
ter (arrows), representing the stretched ASD diameter, on images obtained with real-time MR fluoroscopy 
(left, inflated with Gd-DTPA-BMA), x-ray fluoroscopy (middle left, inflated with iodine contrast media) and 
postmortem (middle right, inflated with water). 

MR fluoroscopy in real-time was successfully used to guide transcatheter closure of 
ASDs in all of the animals. Both active and passive catheter tracking allowed correct 
sheath placement, although it was easier to monitor tip position with active tracking 
(Figure 5). Occasionally the delivery sheath and dilator were not seen well on MR imag-
es during passive tracking. Thus, contrast media was required in the lumen to enhance 
visibility. High resolution anatomical images and T1-weighted gradient echo images 
sensitive to Gd-DTPA-BMA enhancement were superimposed on real-time images to 
steer the catheter and sheath across the defect into LA. Time for transcatheter closure 
was 15-50 min, which decreased with increasing operator experience. 
 The use of commercially available to assemble a device delivery system enabled us 
to achieve device placement, recapture, and release similar to those obtained with 
factory-designed delivery systems. Due to the susceptibility effect, the loaded device 
inside the sheath was easily detected when it was advanced in the lumen towards the 
tip of the delivery sheath; however, because of the delivery system used, the effect was 
limited and did not obscure anatomical detail. Unfolding of the first disk in a balloon 
shape and subsequent umbrella shape outside the sheath was clearly visible (Figure 6), 
as was confirmation of its position against the septum. Release of the proximal disk was 
also clearly visible. Confirmation of septum in between the discs required the device to 
be advanced against the septum towards the LA until a slight resistance was felt, fol-
lowed by retraction. This was necessary because the septum was not continuously visi-
ble, whereas it was always possible to watch the corresponding heart movement on 
real-time MRI during the “wiggle” procedure. Artifacts from the device were small 
enough to allow assessment of anatomy after placement, but large enough to allow 
imaging of the disks itself. An IVC-LA-RA image plane (Figure 6, lower right) and an RV-
RA-LA view (Figure 6, lower left) were considered the most important image planes for 
guiding the closure procedure, but rapid switching between different imaging planes 
was easy and allowed a comprehensive understanding of the current device position 
and its relationship to the surrounding anatomical structures. 
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Figure 5: Transseptal sheath placement with active (a-f) and passive (g-i) catheter tracking using real-time 
steady state free precession MRI. Active tracking: The tip of a prototype active tracking catheter is detected
as a blinking cross superimposed on real-time MR images. Employing an IVC-RA image plane, the catheter is 
steered from the IVC into the RA, and transseptally into the LA (a-c). Evaluation with additional image planes 
(RA-LA view, d; cardiac 4-chamber view, e, f) was important to confirm tip position. After the catheter tip
had been steered into the LA, a guidewire was placed, over which the delivery sheath was subsequently 
advanced. Passive tracking: Using real-time MRI, the delivery sheath with dilator was steered directly across 
the septum without the help of an intravascular coil. Due to a small image void on MR images, the sheath 
lumen was filled with Gd-DTPA-BMA, and the tip position (arrows) was confirmed by both real-time (i) and 
T1-weighted gradient-echo imaging (g, h). The contrast media filled sheath is seen in the IVC on an IVC-RA
image plane (g), and transseptally on an RA-LA image plane (h, i). 

 

 
Figure 6: Simulation of the deployment of septal occluder device in vitro (upper row), and corresponding real-
time MR images in vivo (bottom row): The device was easily detected as a signal void on MR fluoroscopic 
images. The closure device was advanced along the inside of the delivery sheath until the folded first disk
appeared at the tip of the sheath in the left atrium (left image). The disk was then further advanced until it 
developed a balloon-like shape (second image from left). After it was further advanced, the first disk devel-
oped an umbrella-like shape in the LA while the second disk was about to be released at the level of the RA
(second image from right). Finally, both disks were unfolded (right image). 
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Visualization of the device in the septum at postmortem examination showed correct 
placement in all animals. No signs of hematoma, pericardial effusion, unintended perfo-
ration or other catheter-related injuries were observed. 

Discussion 

Assessment of the size and shunt across an ASD before and after transcatheter closure 
using commercially available materials was accomplished with MRI alone. Additionally, 
it was demonstrated that MR can accurately detect small intracardiac shunts (Qp/Qs 
<1.5) under well defined physiologic conditions, with excellent correlation with satura-
tion flow calculations. Since defect size correlated poorly with shunt size, the balloon 
stretch diameter was the most reliable measurement for documenting ASD size, and 
this was equally accurate for MR and x-ray fluoroscopy. 
 Oximetry, indicator dilution, and radionuclide scintigraphy have been evaluated for 
the detection of left-to-right shunts. Oximetry is considered insensitive for detecting 
small shunts, and its estimate of shunt magnitude may be imprecise for large 
shunts.15,16 The sensitivity of the indocyanine green injection technique is only modestly 
better than oximetry for detecting shunts with smaller volumes,17 and is no longer used 
clinically. Radionuclide techniques allow the detection of shunts with a Qp/Qs ratio of as 
small as 1.2,16 but require the injection of a radioactive substance. Previous studies have 
employed MRI to quantify shunts in ASDs, with mixed success. Holmvang et al. meas-
ured the region of signal enhancement on phase contrast cine MR images to determine 
the ASD size in patients.10 Good correlation among x-ray balloon sizing, surgical tem-
plates, and MR imaging was found. However, that study involved defects with large 
shunts. Hundley et al. used MR flow measurements in the aorta and main PA to deter-
mine the Qp/Qs ratio for left to right shunting in patients with intracardiac shunts.9 
However, patients with small shunt (Qp/Qs <1.5) could not be discriminated from pa-
tients without ASDs. Beerbaum et al. found that direct shunt assessment using phase 
contrast MRI was not accurate in children with ASDs.11 Qp/Qs ratios obtained from flow 
measurements were more accurate. However, all of the patients in that study had a 
ratio of >1.5. Rickers et al measured right atrial and ventricular volumes and reported a 
significant volume reduction after defect closure.13 However, the reported Qp/Qs ratio 
of 1.7 before closure obtained from blood gas measurements was considerably higher 
than in our model. The Qp/Qs findings of a small shunt volume (<1.5) prior to closure in 
the current study are in agreement with oximetric findings and previous results from 
swine subjected to acute ASDs.18 The significant reduction, but not absence, of the 
shunt after device closure due to a small residual shunt through the device fabric is in 
keeping with what has been reported in humans.19 Our study shows that in an acute 
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model of ASD, accurate measurement of small left-to-right atrial shunts can be obtained 
with the use of velocity-encoded cine MR flow measurements. The difference between 
repeated MR flow measurements is approximately 5%, which is equal to or better than 
that obtained with invasive oximetry.11,20 
 It may be difficult to measure the size of the ASD by MRI because of poor visualiza-
tion of the defect edge if the atrial wall is thin (< 3mm). Similar to the current experi-
ence with angiographic ASD evaluation, this limitation was easily overcome with MR 
visualization of the defect during the Gd-DTPA-BMA filled balloon stretch diameter 
measurement. In the current study, ASDs were created with an 18mm dilating balloon. 
This corresponded well with the measured stretched ASD diameter of approximately 
17mm with MR and x-ray fluoroscopy, as well as postmortem stretch diameter meas-
urements. We found that Gd-DTPA-BMA balloon sizing was optimal for detecting and 
sizing the ASDs in all of the animals, and can be reliably used to determine the proper 
closure device size for each individual. MRI appears to be equal to x-ray fluoroscopy in 
its ability to detect ASD size and shape, and to have a significant advantage in its ability 
to show surrounding anatomical details. 
 Transesophageal echocardiography is an established method to assess ASD size. 
The correlation coefficient range for ASD dimensions determined by transesophageal 
echocardiography in comparison with surgical or balloon measurements was r=0.73 to 
r=0.92.21,22 Like MRI, transesophageal echocardiography can be used to guide 
transcatheter ASD closure.23 Even small or intermittent shunts can be detected by color-
flow mapping or contrast media leakage. Until now, transesophageal echocardiography 
has been superior to MRI for defining the atrial septum. Thus, the value of MRI for ASD 
assessment and closure guidance in comparison with echocardiography remains to be 
assessed. 
 The time required for transcatheter closure of ASDs with MR guidance was 15-50 
minutes. This represented a learning curve of the personnel involved, and became 
shorter with increasing operator experience. The time required for a closure procedure 
is related to the size and complexity of the defect. Due to technical improvements in 
closure systems and their handling optimized for x-ray guidance, the time required for 
ASD closures under x-ray fluoroscopy at our institution is less than 10min. However, 
closing large defects may require more time, in part because of the lack of good visuali-
zation of surrounding soft tissue and atrial walls, even with additional echocardiograph-
ic guidance. 
 Two recent studies have demonstrated the potential of real-time MRI for guiding 
transcatheter ASD closure; however, both studies required special experimental equip-
ment to minimize artifacts during device deployment to allow adequate visualization. 
Instead of developing a custom-made prototype of a closure device or delivery sys-
tem,12,13 we used a delivery system that consisted of commercially available materials 
and devices approved for cardiac catherization under x-ray fluoroscopy. In addition, a 
standard sizing balloon catheter was employed to size the ASDs. We were able to suc-
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cessfully perform ASD sizing and closure solely under MR guidance using commercially 
available materials, with no significant MR artifact. Catheter manipulation and sheath 
placement were effectively guided by both active and passive tracking under MR visuali-
zation. All aspects of device delivery, release, and post release assessment were accu-
rately monitored with MR fluoroscopy, with the added benefit of excellent visualization 
of surrounding structures and their relationship to the implant. Under real-time MR 
guidance, a poorly positioned device could be easily retracted back into the delivery 
sheath as long as it was still connected to the snare wire. The design of the in-house-
made delivery system would not allow us to recapture the device once it was released 
from the snare wire, due to small and inconsistent imaging artifacts with the snare out 
of the sheath. The employment of commercially available materials and closure devices 
indicates that small modifications of existing materials are sufficient to provide an MR 
compatible ASD closure system for animal studies. However, radiofrequency-induced 
heating and electrical conductors are important safety issues during MR-guided cathe-
terization, and the safety of our system (which contains a snare wire) is not known. No 
perceptible heating was recognized, and no sparking was observed. However, no sys-
tematic assessment of safety was performed, and further studies are needed to address 
this issue. A major barrier to implementation of transcatheter closure in patients is 
currently the uncertainty about the safety of guidewires and device delivery systems in 
the MR scanner. 
 In conclusion, morphological and functional assessments and transcatheter closure 
of ASDs with small shunts using MRI as a single imaging tool were successfully per-
formed. Gd-DTPA-BMA enhanced balloon sizing accurately detected and sized defects. 
MR flow measurement of small ASD shunt volumes was accurate and reliable. Both 
active and passive catheter tracking were employed to guide the catheter. Commercial-
ly available materials were used effectively in the MR scanner to close ASDs in animals. 
Additional safety studies are needed before MR-guided ASD closure can be introduced 
into clinical practice. Diagnostic evaluation and closure of ASDs with MRI could satisfy 
the imperative to avoid x-ray exposure of children with congenital heart disease, with 
the added advantage that improved functional and anatomic information could be 
obtained. 
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Abstract 

Background: Ultrafast gradient systems and hybrid imaging sequences offer the oppor-
tunity to acquire phase contrast flow data in real-time. 
 
Methods: In a 1.5-Tesla magnetic resonance (MR)-tomograph, peak velocity and volume 
flow were assessed in 36 large vessels (aorta) and 33 medium-sized vessels (carotid and 
iliac artery) using a real-time (segmented k-space turbo gradient-echo planar imaging 
sequence) in comparison with a gradient-echo technique. 
 
Results: With the real-time technique, the matrix was reduced from 116 to 64, and 
temporal resolution changed from 30 msec to 124 msec. Measurements of peak veloci-
ty correlated in large (r = 0.88) and medium-sized vessels (r = 0.81). Volume flow meas-
urements correlated in large vessels (r = 0.87), however, a poor correlation (r = 0.64) 
was found in medium-sized vessels. 
 
Conclusions: Scan time can be significantly reduced and images acquired without ECG-
triggering. Flow volume can only be determined in large vessels with sufficient accuracy, 
mainly due to reduced spatial resolution in smaller vessels. 
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Introduction 

Magnetic resonance (MR) phase contrast velocity mapping offers a direct quantitative 
determination of flow dynamics.1 Several in vivo and in vitro studies have shown that 
MR flow measurements are highly accurate and reproducible for the evaluation of flow 
velocity and volume.2-8 The technique of phase contrast imaging has been described in 
detail in previous publications.1-3 In contrast to anatomical imaging, flow measurements 
require the acquisition of two data sets that are subtracted from each other. The re-
maining signal is proportional to flow velocity. With gradient-echo techniques, flow 
measurements covering the entire cardiac cycle (cine loop) can be acquired. However, 
these techniques are very time consuming and require several minutes for data acquisi-
tion. In addition, the results are averaged over several heart beats, which prohibits the 
assessment of short-term changes in flow patterns that occur, e.g., under pharmacolog-
ical stress or during physiological maneuvers.9 Furthermore, long acquisition times 
make these sequences sensitive to motion, such as respiration, which may significantly 
reduce image quality and influence the results.10 To compensate for cardiac motion, 
standard gradient-echo flow measurements need to be electrocardiogram (ECG)-
triggered, causing a significant decay of image quality in patients with cardiac arrhyth-
mias, such as atrial flutter or fibrillation, or multiple ventricular premature beats, be-
cause of large beat to beat variations. Faster gradients and new sequences allow for 
extremely fast data acquisition, for example, by the use of echo planar imaging, which 
has been successfully used for phase-contrast flow measurements.9-15 The combination 
of turbo gradient-echo and echo planar imaging (16) allows one to acquire high quality 
images of the heart in real-time, which has been shown to allow an adequate assess-
ment of end-diastolic and end-systolic volume.17 This sequence has now been modified 
for the determination of flow. 
 The aim of this study was to determine the accuracy of real-time flow measure-
ments for the assessment of vessel size, flow velocity, and volume in large and medium-
sized vessels in comparison to a standard gradient-echo technique. 

Materials and methods 

In 69 vessel segments (large vessels: ascending aorta = 10 and descending aorta = 26, 
medium-sized vessels: common carotid artery = 20 and common iliac artery = 13) from 
47 patients (40 males, 7 females; age 58 ± 11), flow measurements were performed. 
Patients were included if they had an indication for MR angiography (e.g., aortic aneu-
rysm, peripheral stenotic lesions), gave informed consent, had no contraindication for 
MR examination, and were in stable sinus rhythm. Patients with cardiac arrhythmias 
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(atrial fibrillation, frequent premature beats) were excluded to ensure reliable flow 
measurements with the reference method (gradient-echo technique). 

All patients were examined in the supine position with a 1.5-Tesla whole body MR scan-
ner (ACS NT, Philips, the Netherlands, CPR 5) equipped with ultrafast gradients (23 
mT/m amplitude, 105 mT/m/msec slew rate). For the common carotid artery, a com-
mercially available neck coil was used; for all other vessels, a body coil was used. After a 
rapid survey with transverse, sagittal, and coronal views to localize the arteries, flow 
measurements perpendicular to the vessel were performed. 
 The field of view (FOV) of the flow sequences was adjusted for each patient individ-
ually, ranging from 200 mm to 350 mm, to reduce foldover artifacts. The gradient-echo 
sequence was performed during free breathing using retrospective ECG gating. Twenty-
four heart phases were acquired for each cardiac cycle, thus, temporal resolution varied 
depending on heart rate (e.g., 27.8 msec with a heart rate of 90/minute and 35.8 msec 
with a heart rate of 70/minute). The flow-compensated and flow-encoded measure-
ments were performed at the same time after the R-wave in two consecutive heart 
beats. In contrast, in the real-time technique, the two measurements were performed 
consecutively during the same heart beat and 50 images were acquired during 6 sec-
onds to ensure a data set of at least five or more cardiac cycles. FOV, slice thickness and 
encoded velocity were identical for both scans. To improve temporal resolution of the 
real-time sequence, the scan matrix was reduced, resulting in a lower spatial resolution. 
The details of the sequence are summarized in Table 1. 

Regions of interest (ROIs) were drawn manually on the anatomical image, then copied 
to the flow-encoded image. Care was taken to include the whole vessel lumen but to 
exclude the extravascular tissue. This process was repeated for each cardiac phase of 
the standard and for all images of the real-time technique. The vessel diameter was 
determined in the end-diastolic images. The first image after the R-wave in the standard 
technique, and the last image before flow acceleration in the real-time technique were 
defined as end-diastolic. Peak velocity (cm/second) was determined from the fastest 
pixel in the ROI during systole. Volume flow per heart beat (mL/heart beat) was calcu-
lated as the sum of the mean flow velocity multiplied by the area of the ROI of each 
phase. The mean value of four representative heart beats was calculated for the real-
time scan. 
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The mean and one standard deviation are given for all continuous data. Comparisons 
between different techniques were made using a linear regressions analysis. The paired 
t-test was used and a value of P < 0.05 was considered significant. The mean relative 
difference of the two different methods was calculated by dividing the absolute differ-
ence by the mean of the two measurements.18 

Results 

In all vessels, adequate flow images could be obtained. The mean heart rate of the pa-
tients was 74 ± 15 bpm, resulting in a mean scan duration of 138 ± 29 seconds for the 
gradient-echo sequence and 6.8 ± 1.3 phases per heart beat for the real-time technique 
(Fig. 1). An example of an anatomical and a flow-encoded image for the gradient-echo 
and the real-time technique of the aorta is shown in Figure 2. A typical flow curve 
achieved with the real-time technique can be seen on the left side of Figure 4. On the 
ride side of Figure 4, a flow curve of the same patient performing a valsalva maneuver 
can be appreciated. 
 

Table 1: Scan Parameters 

 GGRE RT 

TR (msec) 14 15.5 

TE (msec) 3.5 6.8 

Flip angle 15° 20° 

Field of view (mm) 200–350 200–350 

Matrixa 115 × 128 64 × 128 

Slice thickness (mm) 8 8 

NSA 2 1 

Temporal resolution (msec) Heart rate dependent 124 

Encoded velocity (cm/second) 200 200 

Echo planar imaging factor — 9 

GRE, gradient echo; RT, real-time. 
a) All raw data were filtered and zero-filled to 256. 
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Figure 1: Example of a typical flow profile of large vessels (descending aorta) and medium-sized 
vessels (carotid artery) acquired with the real-time (open circles) and the standard gradient-
echo technique (closed rhombi). Note the similarity between the different acquisition tech-
niques despite the better temporal resolution of the conventional technique. 

 

 
Figure 2a:. Midsystolic magnitude (top) and flow-encoded image (bottom) of a transverse slice 
through the thorax at the bifurcation of the pulmonary artery (PA) in conventional cine phase-
contrast technique. The bright signal in the ascending aorta (AA) represents cranial flow and the
dark signal in the descending aorta (DA) represents caudal flow. 22b: Identical view as in Fig. a 
using the real-time technique. Even though spatial resolution is decreased and blurring is in-
creased with the real-time technique, the flow signal can be clearly seen. 
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Figure 3: Linear regression analysis for peak velocity (a and c) and volume flow (b and d) measure-
ments with the new real-time and a standard gradient-echo technique in large (a and b) and medi-
um-sized vessels (c and d). FFE = gradient-echo technique; RT = real-time technique; r = correlation 
coefficient; MRD = mean relative difference. 

 
 

Figure 4: Typical real-time flow measurements in the ascending aorta. On the left of the figure is a 
patient holding his breath. On the right of the figure is the same patient performing a valsalva ma-
neuver. Note the decrease in volume flow (arrows = begin and end of the valsalva maneuver). 
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With the standard sequence, the average diameter of the large vessels was 30.8 ± 6.41 
mm with a minimum of 22.0 mm and a maximum of 54.3 mm; with the real-time se-
quence, the results were 30.9 ± 6.4 mm with a minimum of 21.5 mm and maximum of 
54.3 mm (P = 0.32). There was a very good correlation (r = 0.97), with a slope of 0.97 
and a point of interception at 1.1. The relative difference between the diameter meas-
urements of the two techniques was 4%. Thus, the number of cross sectional pixels was 
130 ± 60 for the gradient-echo and 72 ± 34 for the real-time technique. In the medium-
sized vessels, the diameter was 9.3 ± 1.8 mm with a minimum of 6.5 mm and a maxi-
mum of 11.6 mm for the gradient-echo sequence and 9.4 ± 1.4 mm with a minimum of 
6.3 mm and a maximum of 12.8 mm for the real-time sequence (P = 0.67). There was a 
good correlation (r = 0.71), with a slope of 0.89 and a point of interception at 1.1. The 
relative difference between the two measurements was 16%. Therefore, the number of 
cross sectional pixels was 11 ± 3 for the gradient-echo and 6 ± 2 for the real-time tech-
nique. 
 Real-time peak flow velocity measurements correlated well with the conventional 
cine phase-contrast data in large and medium-sized vessels with a correlation coeffi-
cient of 0.88 and 0.81 (P = 0.13 and 0.09), a slope of 0.96 and 0.86, and a point of inter-
ception at 0.96 and 9.77, respectively. In large vessels, a mean relative difference of 
10% was found; in medium-sized vessels, a mean relative difference of 14% was found. 
For volume flow, a correlation of 0.87 (P = 0.44) with a slope of 1.00, a point of inter-
ception at 0.40, and mean rela ve di erence between the standard and the real-time 
technique of 16% was found in large vessels. In contrast, in medium-sized vessels, only a 
weak correlation of 0.64 (P = 0.03) with a slope of 1.08, a point of interception at 0.39, 
and a mean relative difference of 31%, was found (Fig. 3). No systematic over- or underes-
timation could be observed. Mean values for flow volume and peak velocity with the 
standard deviation and range in large and medium-sized vessels are shown in Table 2. 
 
Table 2: Results of the Flow Measurements 

 GRE RT r P Mean relative difference 

Large vessels      
VOL 67.8 ± 24.0 67.5 ± 27.5 0.87 0.44 16% 
(Range) (22.7–132.7) (21.5–139.5)    
VEL 82.2 ± 23.2 80.0 ± 25.2 0.88 0.13 10% 
(Range) (47.0–150.9) (39.2–174.6)    
Medium sized vessels      
VOL 5.2 ± 1.7 6.0 ± 2.9 0.64 0.02 31% 
(Range) (1.8–9.1) (1.44–13.0)    
VEL 52.2 ± 16.0 49.9 ± 15.1 0.81 0.09 14% 
(Range) (31.3–97.1) (27.6–78.5)    

Mean, standard deviation, range correlation, significance and mean relative difference of flow volume (VOL) 
in mL/heartbeat and peak velocity (VEL) in cm/second for the gradient echo (GRE) and the real-time 
technique (RT) in large and medium sized vessels 
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Discussion 

With the new ultrafast real-time technique, it is possible to acquire high quality modu-
lus and phase contrast images without ECG-triggering in the thoracic aorta and the 
common carotid and iliac arteries. Image quality of the modulus images is sufficient to 
evaluate size and shape throughout the cardiac cycle in normal and pathologically al-
tered vessels. In large vessels, the determination of peak flow velocity and volume flow 
is possible in real-time. In medium-sized vessels, only peak flow velocity can be deter-
mined with sufficient accuracy, whereas a relative error of 31% for the determination of 
volume flow was found between the two techniques. Thus, real-time imaging is a valid 
alternative to conventional MR imaging and flow measurement techniques for the de-
termination of flow velocity in large and medium-sized vessels and flow volume in large 
vessels. This new approach has several advantages in comparison to conventional MR 
flow measurements. Scan time can be reduced from more than 2 minutes to 6 seconds, 
and ECG-triggering is not required for these measurements, which improves patient 
comfort and reduces costs. In addition, patients can be rapidly screened for pathologi-
cal flow patterns, which then allows several other examinations, such as perfusion or 
visualization of anatomy, to be performed at the same time. In contrast to conventional 
MR techniques, real-time imaging can be used in patients with atrial fibrillation or fre-
quent premature ventricular beats, as image quality is independent of the underlying 
cardiac rhythm. Another potential advantage is the evaluation of flow during physiologic 
maneuvers, such as valsalva (Fig. 4) or during physical or pharmacological stress. In 
combination with interactive planning tools, this technique allows for an adaptation of 
the imaging plane during scanning.19 
 However, several limitations currently have to be accepted for the real-time tech-
nique. Temporal and spatial resolution are reduced in comparison to the standard tech-
niques, which may introduce significant errors into phase-contrast flow measure-
ments.10,20-22 Spatial resolution is especially important for the determination of flow 
volume because of the strong influence of partial volume effects from pixels that are 
partially placed within and partially placed outside the vessel or on the vessel wall. The 
smaller the vessel, the larger the relative number of pixels influenced by partial volume 
effects compared to the number of pixels fully in the vessel and, thus, the larger this 
influence on the result.20,22 To minimize partial volume effects, zero filling of the raw 
data by a factor of two was used in both techniques.23,24 This allows the utilization of 
the information contained in the raw data set to a greater extent. In large vessels with a 
mean diameter of 31 mm, the number of cross sectional pixels is approximately 130 
with the standard and 72 with the real-time technique. In medium-sized vessels with a 
mean diameter of 9.3 mm, the number of cross sectional pixels is approximately 11 with 
the standard and 6 with the real-time technique, using the spatial resolution applied in 
the current study. This small number of pixels may explain the significant error of the 
volume flow measurements in medium-sized vessels. In contrast, in the aorta, the spa-
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tial resolution of the real-time sequence was sufficient and yielded results that differed 
only minimally from the reference standard. Interestingly, the correlation of the mean 
diameter between the standard and the real-time technique was lower for the medium-
sized than for the large vessels (0.71 versus 0.97). Thus, errors in the determination of 
the vessel border in the real-time technique are an additional source of error for the 
measurement of flow volume. For the determination of the vessel diameter, the first 
image after the R-wave (standard technique) and the last before flow acceleration (real-
time) was taken for the measurement. Both time points do not exactly represent the 
end-diastolic phase and may influence vessel diameter. For the determination of peak 
velocity, the fastest pixel within the vessel is used for the measurements and partial 
volume effects from stationary tissue play only a minor role. As spatial resolution was 
sufficient to ensure numerous pixels to be completely within the vessel, even in medi-
um-sized vessels, only a small error was found for peak flow measurements in both 
large and medium-sized vessels. Possible improvements may be achieved by employing 
newly introduced techniques designed to reduce acquisition time by using the spatial 
sensitivity profiles of multiple coil elements (SMASH/SENSE)25,26 and can also be used to 
acquire a higher spatial resolution within the same measurement time. A different fu-
ture approach may be the determination of flow by spiral scans, which has recently 
been shown to be possible without the subtraction of two data sets.27 
 To reduce measurement time, the combination of turbo gradient-echo with echo 
planar imaging, as used for the current study, has several advantages in comparison to 
pure echo planar imaging sequences. As data is collected over a free induction decay, 
and large echo planar imaging factors result in a long echo train, data lines collected 
beyond the tissue T2* decay will contain little signal. This makes the images prone to 
artifacts, especially around vessels, as T2* is short because of magnetic field inhomog-
enities of surrounding tissues. This limitation can be overcome by shortening the echo 
train and, thus, reducing the data lines acquired after each radiofrequency pulse. This is 
accomplished by the combination of a turbo gradient-echo technique and echo planar 
imaging. A shorter gradient-echo train reduces motion28,29 and field inhomogenity-
induced spatial distortion, resulting in a more homogenous intravascular signal11 that 
enables easier delineation of the vascular border. A multishot ECG-triggered technique 
using a similar echo planar imaging factor and TE achieved excellent results compared 
to a standard gradient-echo technique in a flow phantom and the aorta.15 Nevertheless, 
with a temporal resolution of 124 msec in the real-time compared with approximately 
30 msec in the standard technique, the point of maximal flow velocity during systole 
may not have been caught. Due to the averaging of velocities during data acquisition, 
one would suspect a systematic underestimation of peak velocity. This, however, was 
not the case in our experiment. 
 A limitation for the validation of the new real-time technique is the lack of an opti-
mal reference standard. Quantitative MR flow measurements with a gradient-echo 
technique have been shown to be highly accurate30-32 and were, thus, used for compari-
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son. Other noninvasive techniques have their known limitations, e.g., the Doppler flow 
technique is limited by influences of angulation and acquisition window and was there-
fore not used for comparison in this study. Although the real-time sequence does not 
average the data over several heart cycles and provides real-time acquisition of the 
data, temporal resolution has to be improved for actual real-time determination of 
flow. 

Conclusions 

Real-time flow measurements allow a reliable determination of peak flow velocity in 
large and medium-sized vessels and the determination of flow volume in large vessels. 
With the new technique, scan time can be significantly reduced, which is a further step 
towards the integrative examination of patients with MR imaging. The accurate assess-
ment of volume flow in large vessels allows one to determine cardiac output continu-
ously during various hemodynamic aspects. Further studies must evaluate the value of 
this technique in patients with cardiac arrhythmias and accuracy of flow measurements 
through cardiac valves. 
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Abstract 

Purpose: To compare the accuracy of real-time magnetic resonance (MR) imaging with 
that of standard echo-planar MR imaging for detecting myocardial wall-motion abnor-
malities at rest and during dobutamine hydrochloride–induced stress in patients with 
coronary arterial disease. 
 
Materials and methods: In 22 patients with coronary arterial disease, left ventricular 
wall motion was examined at rest and during dobutamine hydrochloride stress, by using 
echo-planar MR imaging and a new technique with real-time segmented k-space turbo 
gradient-echo echo-planar MR imaging (repetition time, 16.5 msec; echo time, 6.8 
msec). Wall-motion abnormalities were determined visually for each perfusion territory, 
and Cohen  coefficients were calculated for real-time imaging in comparison with 
echo-planar imaging. Coronary angiography was performed in all patients. Sensitivity 
and specificity for real-time and echo-planar imaging were calculated for detecting 
significant coronary arterial stenosis. 
 
Results:  values for detecting wall-motion abnormalities at real-time imaging, in com-
parison with echo-planar MR imaging, were 0.97 at rest and 0.94 at maximum dobuta-
mine hydrochloride stress. At comparison with those of angiography, the sensitivity and 
specificity for detecting significant coronary arterial stenosis were 88% (14 of 16 pa-
tients) and 83% (five of six patients), respectively, for echo-planar imaging and 81% (13 
of 16 patients) and 83% (five of six patients), respectively, for real-time imaging. 
 
Conclusions: Real-time MR imaging is possible under stress conditions and allows accu-
rate detection of wall-motion abnormalities. 
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Introduction 

Noninvasive detection of coronary arterial disease (CAD) is a major challenge. With 
exercise echocardiography (ECG), only limited information about the localization and 
extent of CAD can be obtained, and sensitivity and specificity are low.1 At the time this 
article was written, dobutamine hydrochloride–induced stress ECG was one of the most 
widely used methods for detecting myocardial ischemia on the basis of visualization of 
wall-motion abnormalities (WMAs). However, this technique is limited by moderate 
image quality in 10%–15% of all examinations,2,3 although recent improvements in ECG 
techniques, such as harmonic imaging, might improve image quality,4,5 and the need for 
acoustic windows, which are defined by the anatomy of the patient. 
 Magnetic resonance (MR) imaging of the heart is highly accurate and reproducible 
for determining left ventricular volumes, function, and muscle mass with use of spin-
echo,6-9 gradient-echo, or echo-planar breath-hold MR imaging, with low interstudy 
variability.10-16 It has been shown that dobutamine hydrochloride stress MR imaging is 
superior to dobutamine hydrochloride stress ECG for noninvasive detection of CAD, 
especially in patients with moderate ECG image quality (ie, myocardial motion detecta-
ble in 13 segments, but no clear endocardial border).17-19 However, even with turbo 
techniques, several limitations of MR imaging when compared with ECG remain be-
cause of image acquisition during several heartbeats. Image acquisition requires ap-
proximately 10–16 seconds and an additional 3–4 seconds for image reconstruction, 
which prohibits display and analysis or adaption of image planes in real-time. This limi-
tation has been regarded as a potential safety problem of MR imaging during stress 
testing.20 In addition, image quality is reduced by cardiac arrhythmias or breathing mo-
tion and is thus performed during breath holding. 
 The development of high-performance gradient systems and optimized hybrid 
sequences that combine turbo gradient-echo and echo-planar MR imaging makes ac-
quisition of complete cardiac images in real-time possible.21,22 This technique has sever-
al advantages when compared with conventional acquisition techniques because the 
complete data set is acquired during a single measurement interval and not during 
several heartbeats. Breath holding is not necessary to preserve image quality and, alt-
hough ECG monitoring is important for the patient’s safety, it is no longer required to 
trigger imaging. 
 In combination with interactive planning tools, real-time planning and adaption of 
imaging planes can be performed.23 However, in contrast with conventional MR imaging 
techniques, spatial resolution is reduced and a high number of echo-planar imaging 
readouts are used to reach adequate temporal resolution, which may lead to image 
distortion and reduce accuracy. 
 It has been reported that real-time image quality is sufficient for assessment of left 
ventricular function and may be superior to that obtained at ECG.23 Close correlation of 
real-time and conventional MR imaging for determining left ventricular volumes has 
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been found.22 If real-time imaging were sufficiently accurate to depict new WMAs, it 
could be used to monitor or even to examine patients during stress examinations. 
 The aim of the current study was to determine the accuracy of real-time MR imag-
ing when compared with conventional echo-planar MR imaging for detecting WMAs at 
rest and during dobutamine hydrochloride stress. 

Materials and methods 

The study was approved by the institutional review committee of Humboldt University 
in Berlin. Patients who were scheduled to undergo coronary angiography, were known 
to have CAD, and had previously undergone percutaneous transluminal coronary angio-
plasty (with or without stent implantation) or bypass surgery consecutively underwent 
screening for study inclusion. For safety reasons, patients were excluded from the study 
if one or more of the following criteria were met: myocardial infarction in the past 4 
weeks, unstable angina pectoris, known left main coronary arterial stenosis, New York 
Heart Association class III heart failure, class II valvular disease, dilated or obstructive 
cardiomyopathy, ejection fraction of less than 20%, blood pressure higher than 220/110 
mm Hg, or claustrophobia. Twenty-five consecutive patients were included after written 
informed consent was obtained, depending on the availability of the MR imager. At the 
time of imaging, two patients were excluded from the study because of previously un-
known claustrophobia. In an additional patient, technical problems prohibited MR imag-
ing, which resulted in a study population of 22 patients. The characteristics of the study 
group are listed in table 1. 
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Dobutamine hydrochloride (Dobutamine 280 mg/50 mL; Fresenius Deutschland, Bad 
Homburg, Germany) was infused intravenously over 3 minutes per dose at doses of 10, 
20, 30, and 40 g per kilogram of body weight per minute and was stopped at whatever 
dose was being administered when 85% of the age-predicted heart rate was reached. 
The highest dose, however, was continued and supplemented with 0.25-mg fractions of 
atropinsulfate (Atropine 0.5 mg/mL; Braun Melsungen, Melsungen, Germany) (maximal 
dose, 1 mg), administered intravenously as a slow bolus, if less than 85% of the age-
predicted heart rate was achieved with the maximum dose of dobutamine hydrochlo-
ride and if stress test findings were negative. Esmolol hydrochloride ([5 mg/kg intrave-
nously as a slow bolus] Brevibloc 100 mg/10 mL; Baxter Deutschland, Unterschleiss-
heim, Germany) and glyceroltrinitrat (0.4 mg Nitrolingual spray; G. Pohl-Boskamp, Ho-
henlockstedt, Germany) were administered after the test when clinically indicated. 
Stress testing was discontinued at patient request or when the following occurred: new 
WMAs (detected by means of echo-planar images displayed later at the next stress 
level), chest discomfort indicative of progressive or severe angina, dyspnea, systolic 

Table 1: Patient characteristics 

Parameter Finding 

Number of patients 22 (19 men, 3 women)
Mean age [years] 60.4 ± 5.5 
Mean height [cm] 172 ± 8.4 
Mean weight [kg] 79.3 ± 12.3 
Medical history  
 Myocardial infarction 18 

 Angioplasty (± stent) 20 

 Bypass surgery 8 
Coronary artery disease  
 One vessel 2 
 Two vessels 9 
 Three vessels 11 
Mean heart rate [beats per minute]  
 Resting 70 ± 8 
 Age predicted 136 ± 5 
 Maximum 145 ± 8 
Mean blood pressure [mmHg]  
 Resting systolic 132 ± 18 
 Resting diastolic 81 ± 12 
 Maximum systolic 153 ± 28 
 Maximum diastolic 76 ± 13 
Mean maximum dobutamine dose [μg/kg per minute] 39 ± 4.3 
Mean atropine dose [mg] 0.31 ± 0.27 
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blood pressure decrease of more than 40 mm Hg, arterial hypertension (blood pressure 
 240/120 mm Hg), severe arrhythmia, or other serious adverse effects. ECG rhythm, 

blood pressure, and symptoms were monitored continuously. 

Patients were examined in the supine position by using a 1.5-T whole-body MR imager 
(Gyroscan ACS-NT; Philips Medical Systems, Best, the Netherlands) with research soft-
ware (Cardiac Patch CPR6) and rapid-gradient systems (21 mT/m amplitude, 100 
mT/m/sec slew rate). A dedicated five-element phased-array cardiac coil placed around 
the thorax of the patient was used for image acquisition. A small field of view was used 
to decrease acquisition time. Only the two anterior segments of the coil were applied 
for data acquisition to avoid aliasing with the small fields of view. 
 After two rapid surveys to determine the axis of the left ventricle, three short-axis 
sections were obtained by using as a reference standard a segmented k-space echo-
planar imaging sequence routinely used at our institution for stress MR imaging. Images 
were acquired during end-expiratory breath holds of approximately 12–16 heartbeats 
for each section.24 The details of the sequence are shown in table 2. Image acquisition 
was then repeated with use of a real-time technique, with identical section positions. 

 
The real-time sequence consists of a hybrid segmented k-space turbo gradient-echo 
echo-planar imaging sequence,21-23 with a repetition time msec/echo time msec of 
16.5/6.8, a temporal resolution of 62 msec (16 images per second) and a spatial resolu-
tion of 2.2 × 4.4 mm (Table 2). Thirty consecutive images were acquired to cover at least 
two complete cardiac cycles. Zero filling was applied to better use the information con-
tained in the raw data (k space) and to reduce partial volume effects and edge-
detection artifacts. To ensure similar conditions and geometry when compared with the 

Table 2: Magnetic resonance imaging scan parameters. All measurements were performed with flow 
compensation. 

 MMR imaging technique 

Imaging parameter Echo-planar Real-time 

Echo time [ms] 5.6 6.8 
Repetition time 1 heartbeat 16.5 ms 
Flip angle 30 20 
K-lines per shot — 36 
Echo-planar imaging-factor 7 9 
Matrix* 102 × 128 64 × 128 
Temporal resolution [ms] 30 62 
Spatial resolution [mm] 1.3 × 2.6 2.2 × 4.4 
Slice thickness [mm] 8 8 

*Raw data were filtered and zero-filled to 256 points. 
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reference technique, real-time imaging was also performed during end expiration and 
with R-wave ECG triggering of acquisition of the first image at end-diastole, even though 
this was not required to preserve image quality. The imaging time for real-time multi-
section acquisition of short-axis views was a maximum of 6 seconds. To keep the dura-
tion of dobutamine hydrochloride infusion as short as possible, real-time images of 
identical geometry were obtained with the patient at rest, at a dose of 20 g, and at the 
maximum dobutamine hydrochloride and atropine sulfate doses. Image acquisition 
started approximately 1 minute after the beginning of administration of a stress level 
dose. During an examination, echo-planar images of the middle short-axis section were 
displayed at the next dobutamine hydrochloride stress level for rapid review of new 
onsets of WMAs. Because of hardware restrictions, real-time images were reconstruct-
ed later. Echo-planar images were acquired at every stress level. The total time for an 
examination with use of both MR imaging techniques was 30–40 minutes. No postpro-
cessing was performed; images were, however, analyzed later. 

All images were displayed as continuous cine loops and assessed visually. Image quality, 
endocardial movement, and systolic wall thickening, which were used to compare im-
ages obtained at rest and at medium and peak stress, were evaluated independently off 
line by two experienced cardiologists (S.S., E.N.) (with 3 years of experience each) who 
were blinded to results obtained with any other technique. In cases of discrepancy, 
consensus was reached by means of joint image review. Image quality was assessed as 
diagnostic or nondiagnostic. It was considered diagnostic if all 16 segments could be 
visualized and interpreted with regard to wall motion. 
 Similar to the procedure used at routine stress ECG, the left ventricular myocardi-
um was divided into 16 segments. Each of the 16 segments was individually assessed for 
wall motion at rest, during increasing dobutamine hydrochloride stress levels (for real-
time imaging only at 20 g) and at maximum stress. Segmental wall motion was graded 
as normal or abnormal. Similar to the procedure for stress ECG, segmental wall motion 
was subjectively considered abnormal if hypokinesia (reduction of endocardial motion 
and systolic wall thickening), akinesia (absence of endocardial motion and systolic wall 
thickening), or dyskinesia (paradoxic wall motion) was observed. Every segment was 
assigned to the perfusion territory of a specific coronary artery, as suggested by the 
American Society of Echocardiography (Figure 1).25 Results were determined for perfu-
sion territories. Results of ischemia detection were determined for each patient. Results 
for each patient were considered positive and indicative of myocardial ischemia in a 
perfusion territory if new or worsening WMAs in one or more segments developed 
during dobutamine hydrochloride stress or if WMAs observed at rest that improved 
during low-dose stress deteriorated during peak stress. 
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Figure 1: Diagram shows a segment model of the left ventricle: Short-axis view of the basal, 
middle, and apical left ventricular myocardium. The myocardium is divided into 16 segments
that are assigned to perfusion territories of the coronary arteries.25,26  = left anterior 
descending coronary artery,  = left circumflex coronary artery, and  = right coronary 
artery. 

 

Biplanar coronary angiography was performed after dobutamine hydrochloride stress 
MR imaging in all patients. Coronary arterial stenoses were imaged in multiple projec-
tions, minimizing overlapping of side branches and foreshortening of relevant coronary 
arterial stenoses. 
 Coronary angiograms were interpreted by the examiner and reviewed by the clini-
cal conference chairman and, in cases of discrepancy, reviewed with a third reviewer 
(E.F.). Quantitative coronary angiography was performed in cases of doubt, when visual 
results could not clearly be assigned to a stenosis of 25%, 50%, or 75% or greater 
(Quansad Quantitative Coronary Angiography postprocessing equipment; Arri, Munich, 
Germany). All three reviewers were experienced cardiologists (5–20 years experience) 
blinded to the results of noninvasive testing. Significant CAD was defined as an area 
reduction greater than 75% with respect to prestenotic segment areas in at least one 
major epicardial coronary artery or a major branch of one of these vessel distributions 
or coronary arterial bypass graft. 
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Sensitivity was calculated by using the following formula: Sensitivity = true-positive 
finding/(true-positive finding + false-negative finding); specificity = true-negative find-
ing/(false-positive finding + true-negative finding). 
 As a measurement of agreement, Cohen  coefficients were calculated. The  coef-
ficient equals 1 when there is complete agreement of two methods. When the ob-
served agreement exceeds chance agreement,  is positive, with its magnitude reflect-
ing strength of agreement. A value greater than 0.7 was considered satisfactory. 

Results 

In all patients, the age-predicted heart rate was reached during dobutamine hydrochlo-
ride stress, with a mean dose of 39.00 ± 4.30 g/kg/m plus 0.31 mg ± 0.27 atropine 
(Table 1). No major adverse effects of dobutamine hydrochloride were observed. Image 
quality was diagnostic for echo-planar and real-time imaging: Image quality was suffi-
cient for qualitative analysis of wall motion with use of both techniques in all patients. 
 The numbers of perfusion territories with WMAs detected with echo-planar and 
real-time imaging at rest and maximum dobutamine hydrochloride stress are shown in 
table 3. With performance of the Cohen  test, values of 0.97 for the diagnosis of WMAs 
at rest and of 0.94 at maximum dobutamine hydrochloride stress were obtained for 
real-time imaging, when compared with echo-planar imaging. 
 

 
With real-time imaging, new or worsening WMAs or a biphasic response to dobutamine 
hydrochloride, either of which was indicative of ischemia, was found in 96% (22 of 23) 
of all positive results with use of the standard technique (Cohen  test, 0.97). No perfu-
sion territory without WMAs imaged with use of the conventional technique was con-

 
Table 3: Perfusion territories with WMAs detected with echo-planar and real-time imaging at rest and 
maximum dobutamine stress 

 EEPI findings 

Variable and finding Positive Negative 

Rest   
RTI findings positive 25 1 
RTI findings negative 0 40 
Stress   
RTI findings positive 29 1 
RTI findings neagtive 1 35 

Note.—There were 66 perfusion territories. EPI = echo-planar imaging, RTI = real-time imaging. 
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sidered abnormal at real-time imaging (Table 4). An example of new-onset hypokinesia 
during stress detected with use of both imaging techniques is shown in figure 2. 
 

 
In 16 patients, significant coronary arterial stenosis was detected with angiography. A 
sensitivity of 88%% (14 of 16 patients) and a specificity of 83% (five of six patients) for 
diagnosing ischemia with echo-planar imaging and of 81% (13 of 16 patients) and 83% 
(five of six patients), respectively, with real-time MR imaging, when compared with 
coronary angiography, was found (Figure 3. Table 5). 
 

Figure 2: End-diastolic  and end-systolic  short-axis views obtained at 
the basal level by using echo-planar  and real-time MR imaging at rest 
and dobutamine hydrochloride stress (40 g/kg with 0.5 mg atropinsulfate):
At rest, wall motion is normal, whereas during dobutamine hydrochloride
stress, a new onset of hypokinesia (arrows) in the basal-septal segment is 
detected with both imaging techniques. 

 
 

 
Table 4: Real-time versus echo-planar imaging. Perfusion territories indicative of ischemia 

 EEPI findings 

RTI findings Positive Negative 

Positive 22 0 
Negative 1 43 

Note.—There were 66 perfusion territories. EPI = echo-planar imaging, RTI = real-time imaging. 
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Figure 3: Graph shows the sensitivity and specificity of real-time and echo-planar imaging 
 for the diagnosis of ischemia, when compared with angiography. Detection of ischemia

with real-time MR imaging is similar to that with standard echo-planar MR imaging. 

Discussion 

Real-time MR image acquisition is similar to echo-planar imaging for detecting WMAs in 
patients known to have CAD. Real-time imaging is possible during high-dose dobuta-
mine hydrochloride MR imaging. Image quality and contrast between blood and myo-
cardium are sufficient to adequately assess wall motion and detect WMAs at rest or 
during pharmacologic stress. 
 In contrast with conventional MR imaging techniques, such as echo-planar or turbo 
gradient-echo imaging, ECG triggering is not necessary to preserve image quality, and 
high-quality images can be obtained even in patients with arrhythmia. Patients with 
atrial fibrillation, frequent premature heartbeats, or sinus arrhythmia27 may have mod-
erately reduced MR image quality. With real-time imaging, image quality is independent 

 
Table 5: MR imaging versus angiography: Demonstration of coronary arterial stenosis with ischemia 

MR imaging technique 
and results 

Angiographic 
stenosis 75% 

Stenosis 
not significant 

Echo-planar imaging   
Ischemia detetced 14 1 
Ischemia not detected 2 5 
Real-time imaging   
Ischemia detected 13 1 
Ischemia not detected 3 5 

Note.—Data are numbers of patients. 
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of these pitfalls, as the complete data set is acquired in real-time (65 msec). In addition, 
breath holding is not necessary to preserve image quality. 
 A potential advantage is the ability to image the entire heart in 12–16 seconds, 
which may further improve diagnostic accuracy when compared with conventional MR 
imaging techniques that allow acquisition of only a limited number of views (eg, five) 
per stress level at current imaging speeds. In addition, real-time image acquisition may 
allow stress during ergometric exercise, which is regarded as the more physiologic 
stress test, with a better safety profile.28 
 A limitation of the study protocol was acquisition of real-time images at only two 
stress levels (20 g/kg and maximum dobutamine hydrochloride dose). This was due to 
patient safety considerations, since pharmacologic stress had to be kept to a minimum. 
These two stress levels were chosen to visualize wall motion at rest, at maximum in-
otropy without ischemia, and at maximum stress. Increasing contraction of segments 
during low-dose dobutamine hydrochloride stress or decreasing contraction during 
high-dose dobutamine hydrochloride stress may have been missed in some cases. 
 The patient population included in the current study was small and inhomogene-
ous; almost all patients had previously had a myocardial infarction, and most had un-
dergone revascularization procedures, including coronary arterial bypass. Angiography 
was considered the reference standard for predicting ischemia, followed by impaired 
myocardial function in the current study, although coronary arterial patency or stenosis 
is not always accurately predictive of function. Patients with previous infarction who 
subsequently undergo angioplasty might have restoration of normal flow in the vessel 
but might still have impaired myocardial function in the perfusion territory as a result of 
scar tissue formation. In this specific patient population, results of real-time imaging 
were similar to those of echo-planar imaging, and a sensitivity of 81% and a specificity 
of 83% were found at comparison with angiography. Previous studies19 in which high-
dose dobutamine hydrochloride stress MR imaging was performed have been restricted 
to patients suspected of having CAD. Thus, the diagnostic accuracy of the current study 
cannot be compared with previous results and is expected to be lower. The value of 
real-time imaging as a screening test in patients suspected of having CAD remains to be 
determined in a future study. 
 Because of the high prevalence of patients who have multiple-vessel disease and 
have previously undergone coronary angioplasty or bypass surgery, defined assignment 
of segments to stenosed arteries was considered not useful for comparison of real-time 
and conventional MR imaging with coronary angiography. 
 Currently, some technical limitations need to be considered. The major limitation 
was the low spatial resolution (2.2 × 4.4 for the real-time technique vs 1.3 × 2.6 mm) 
with the echo-planar imaging technique. Zero filling was used to better apply the infor-
mation contained in the raw data (k space) and to reduce partial volume effects and 
edge-detection artifacts.29,30 With this method, voxel size improved to 1.1 × 2.2 mm. 
This spatial resolution is probably not sufficient for detecting viable myocardium, since a 



69 

dobutamine hydrochloride–induced increase in 2-mm or greater wall thickening is re-
garded as a diagnostic criterion for viability.31 However, for visual detection of WMAs, 
spatial resolution was sufficient, probably because of the eye’s ability to interpret mo-
tion patterns rather than thickness alone. 
 At rest, the temporal resolution of 62 msec used in the current study is just suffi-
cient to acquire end-diastolic and end-systolic images at isovolumetric phases, since 
end-systole lasts approximately 50–80 msec, with a longer isovolumetric phase at end-
diastole. During dobutamine hydrochloride stress, however, the isovolumetric phase is 
shortened and may be missed with the temporal resolution used in the current study. 
Acquiring several heartbeats for each section overcomes this problem, since different 
phases of the cardiac cycle are sampled in different heartbeats; thus, the chance of 
acquiring an image during maximum contraction is increased. These two limitations, low 
spatial and temporal resolution, may explain the small differences observed between 
echo-planar and real-time imaging. 
 The human eye is excellent at assessing abnormalities of complex motion patterns. 
However, limitations of visual interpretation of wall motion are well known. For exam-
ple, changes in short-duration myocardial motion may be missed visually, even when an 
imaging modality with sufficient temporal resolution is used for data acquisition.32 
Therefore, quantitative analysis of regional wall motion and WMAs would be helpful. 
Accurate determination of timing of regional motion events and regional myocardial 
wall thickening and thinning, as well as velocity and direction of myocardial motion in 
real-time, is a future goal.33 In the current setting, with suboptimal spatial and temporal 
resolution on the real-time MR images, quantitative analysis of WMAs was not consid-
ered useful. 
 A third technical limitation of the study was that, although images were acquired in 
real-time, reconstruction had to be performed offline because of hardware restrictions 
at the time of the study. Patients could not be monitored online for new onset of 
WMAs. Instead, monitoring was performed conventionally at imaging pauses, such as at 
the beginning of the next dobutamine hydrochloride stress level. However, at least in 
some patients, it was not possible to review the 16 segments without increasing the 
stress level duration to more than 3 minutes. Current patient monitoring is therefore 
suboptimal, since no sufficient image data is available during imaging. If this information 
were available, a stress test might be stopped earlier, since new WMAs are criteria for 
stopping the test. Thus, real-time imaging did not enable better monitoring of the pa-
tients in the current study, since only offline reconstruction was available and the value 
of real-time techniques was not known during the study. In the future, however, real-
time images could be acquired continuously because of the latest hardware solutions, 
which already allow real-time reconstruction and interactive imaging23 and could there-
fore increase patient safety. 
 Two strategies may be used with real-time imaging for stress MR imaging examina-
tions. The first strategy, which can be applied at present, is continuous visualization of 
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cardiac motion in real-time to monitor the patient and rapidly detect signs of ischemia. 
High-spatial-resolution breath-hold imaging would be performed at 3-minute intervals 
for diagnosis. The second strategy is real-time imaging for diagnosing ischemia with use 
of pharmacologic or ergometric stress. 
 In conclusion, real-time MR imaging allows accurate detection of WMAs; therefore, 
it can be used for online analysis of wall motion with pharmacologic stress to reduce 
imaging time and improve patient safety and may allow use of physical stress. Because 
no data averaging or ECG triggering of several heartbeats is needed to use the real-time 
technique, it may be possible to perform imaging in patients who have atrial fibrillation 
or frequent premature heartbeats without loss of image quality. Real-time imaging may 
be an important addition to breath-hold MR imaging when hardware and software 
improvements allowing real-time image reconstruction become widely available. 
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Abstract 

Background: The aim of the study was to compare infarction size and left ventricular 
(LV) function in normal and hypertrophied hearts after brief ischemia using Gadophrin-
enhancement and functional assessment by MRI. 
 
Methods: Rats (n = 20) were assigned to aortic banding to induce LV hypertrophy or 
control. Eight weeks later, rats were subjected to 25 min of regional myocardial ische-
mia followed by 3 hr of reperfusion. The necrosis-specific agent Gadophrin-3 was in-
jected to delineate infarcted myocardium on MRI. Effects of aortic banding and ische-
mia on LV mass and function were determined. At postmortem, areas at risk and infarc-
tion were measured. 
 
Results: A close correlation was found between LV mass measured with MRI and at 
postmortem (r = 0.98). LV mass measured with MRI was significantly greater (0.81 ± 
0.02 g) in animals with aortic banding compared to control (0.62 ± 0.02 g; P < 0.001). 
Infarction size was larger in hypertrophied hearts (19.0 ± 1.4% / 18.3 ± 1.5%) than in 
control (9.8 ± 1.7% / 9.2 ± 2.0%) on Gadophrin-enhanced MRI and at postmortem, re-
spectively. Similarly, greater impairment in ejection fraction was observed in hypertro-
phied hearts with MRI (39 ± 4% vs. 49 ± 2%; P = 0.02). 
 
Conclusions: Gadophrin-3 provides accurate estimation of infarct size in hypertrophied 
hearts. Hypertrophied hearts are more sensitive to ischemia than nonhypertrophied 
hearts. The complementary assessment of Gadophrin-enhancement and LV function 
with MRI provides unique information about myocardium sensitivity to ischemia. 
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Introduction 

Left ventricular (LV) hypertrophy is one of the major risk factors for myocardial infarc-
tion, congestive heart failure, sudden death, and other cardiovascular mortality and 
morbidity.1,2 Therefore, early detection of LV hypertrophy is important in patients with 
hypertension and vascular disease. MRI has the capability to noninvasively and sequen-
tially measure LV mass and function.3-5 
 Physiologic studies have shown that hypertrophied hearts are prone to greater 
susceptibility to ischemic injury than nonhypertrophied hearts.6,7 Imbalance between 
myocardial mass and oxygen supply is the possible mechanism leading to larger and 
more frequent infarctions in patients with hypertrophied hearts. Microscopic studies 
have shown that the increase in heart weight in hypertrophied hearts can be attributed 
to an increase in myocyte size, proliferation of nonmyocytes, and water accumulation.8 
Hypertrophied hearts are characterized by an increase in coronary vascular permeability 
and collagen accumulation paralleled with a decrease in capillary density.9 These mi-
cromorphologic changes in myocardium lead to an increase in oxygen diffusion distance 
and to vascular resistance and stiffness.10 It has also been suggested that alterations in 
myocardial energy metabolism, such as glucose metabolism, might increase the suscep-
tibility of hypertrophied hearts to ischemia.11 
 Determination of the infarction size in the acute phase is important for therapeutic 
decisions and patient prognosis. In acute myocardial infarction, the use of extracellular 
contrast agents for precise determination of the spatial extent of necrotic myocardium 
is controversial. Previous MR studies in nonhypertrophied and hypertrophied rat hearts 
have indicated that infarction size is overestimated after administration of extracellular 
contrast media.12-15 On the other hand, recent MR studies have demonstrated the high 
accuracy of necrosis-specific contrast media, Gadophrin-2 and 3, in delineating acute 
myocardial infarction of nonhypertrophied hearts,13,14,16,17 but not in hypertrophied 
hearts. Furthermore, Gadophrin-3 has not been used to correlate the infarction size 
with LV function in hypertrophied hearts using MRI. 
Thus, the purposes of this MR study were to: 
1. Determine and compare the effect of brief ischemic episodes on the infarction size 

in hypertrophied and nonhypertrophied hearts using Gadophrin-3. The true infarc-
tion size measured at postmortem with TTC was compared to the Gadophrin-3-
enhanced regions on MRI. 

2. Determine and compare the effect of ischemia on regional (wall thickness and 
thickening) and global LV function in hypertrophied and nonhypertrophied hearts. 
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Methods 

Sprague-Dawley rats (n = 20, female) were studied in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals and with the 
approval of the Committee of Animal Research of the university. Rats were anesthetized 
with a mixture of ketamine (50 mg/kg, Ketaset, Fort Dodge, Fort Dodge, IA) and xylazine 
(1.4 mg/kg, Xyla-ject, Phoenix, St. Joseph, MO) injected intraperitoneally. In 10 young 
rats (110–120 g), the aorta was isolated from the surrounding adipose tissue via right 
laparotomy. A sterile steel wire of 0.4 mm diameter was placed close to the surface of 
the aorta and a thread was passed around the aorta and the wire. The thread was tied 
firmly around the aorta and the wire. The wire was pulled back to restore the flow in 
the aorta. Successful aortic stenosis was assured by visual inspection of the pale color of 
the kidneys. Removal of the wire resulted in returning of the red color to the kidneys. 
The site of the incision was closed by multilayer suturing. The rats were kept for 8 
weeks under controlled food, light, and temperature conditions to develop LV hyper-
trophy. Another 10 rats with matched body weight (100–120 g) and environmental 
conditions were used as a control (no aortic stenosis). 
 Eight weeks later, MRI was performed. Prior to MRI the rats were anesthetized with 
an intraperitoneal injection of sodium pentobarbital (50 mg/kg, Nembutal Sodium Solu-
tion, Abbot Laboratories, North Chicago, IL) followed by intravenous (6 mg/kg/hr) doses 
to maintain the depth of anesthesia during coronary artery occlusion, reperfusion, MRI, 
and pressure measurements. After tracheostomy, a left thoracotomy was performed 
under mechanical ventilation with room air (Harvard Apparatus, South Natick, MA). The 
hearts were then subjected to regional ischemia by occluding the anterior branch of the 
left coronary artery for 25 min with a 5.0 prolene snare loop followed by a 3-hr reperfu-
sion. 

The necrosis-specific agent Gadophrin-3 ({mu-[{16,16 -[(7,12-Diethyl-3,8,13,17-tetra-
methyl-21H,23H-porphine-2,18-diyl-N21,N22,N23,N24)copper]bis[3,6,9-tris(carboxy-
methyl)11,14-dioxo-3,6,9,12,13-pentaazahexadecanoato]}(8-)]}digadolinate(2-), disodi-
um, Schering AG, Berlin, Germany) is a porphyrin-based T1-enhancing gadolinium 
agent. The physicochemical and pharmacological properties of Gadophrin-3 are compa-
rable to Gadophrin-2, with T1 and T2 relaxivities of 8.9 and 12 sec-1 mM-1.13,14,16,18 Due 
to the addition of a copper atom to the center of the porphyrin molecule, stability was 
improved. Gadophrin-3 was injected intravenously (0.05 mmol/kg) 5 min after reperfu-
sion (3 hr prior to imaging). During the reperfusion period the contrast agent accumu-
lates in infarcted myocardium and clears from the plasma. Since the plasma half-life of 
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this agent is 90 min, imaging at an earlier time after administration provides similar 
information as extracellular T1-enhancing contrast agents about infarction size. Unlike 
extracellular agents, Gadophrin-based agents bind to necrotic tissue or cellular debris.19 

MRI was performed 3 hr after Gadophrin-3 injection. Sodium pentobarbital-
anesthetized rats were placed supine in a custom-made birdcage RF coil of 5.6 cm inner 
diameter and 7.6 cm length. Multislice T1-weighted spin echo short axis images were 
acquired in end-systole and end-diastole to define the infarcted regions in the entire 
heart and to obtain LV volumes, mass, and wall thickness. A 2.0 T CSI-II-system (Bruker 
Instruments, Fremont, CA) was used for image acquisition with the following parame-
ters: 6–8 contiguous short axis slices to cover the entire heart with slice thickness = 2 
mm, field of view = 5 × 5 cm, TR = 300 ms, TE = 12 ms, image matrix = 256 × 128, num-
ber of excitations = 4, and acquisition time = 3–3.5 min, depending on the heart rate. 
ECG-gating was enabled by placing two copper needles in the forelimb and chest wall 
connected to an electrocardiographic monitor (Accusync 6L, AMR, Milford, CT). End-
diastolic images were acquired at the origin of R wave and end-systolic images at 45% of 
the RR interval.13 

Hemodynamic measurements were obtained in all animals in less than 10 min after 
MRI. The right carotid artery was catheterized and the catheter advanced into the aorta 
and LV in order to obtain arterial and cardiac pressures. Pressures were measured by 
means of a saline-filled catheter and pressure transducer. Monitoring the pressure-
wave signal ensured correct placement. A special pressure transducer for rodents was 
used to monitor the changes in pressure (Model P-10EZ Spectramed Stathan; Gould, 
Cleveland, OH). The pressure transducer was calibrated and standardized prior to each 
experiment. Positive and negative maximum rate of LV pressure development (differen-
tial quotient of pressure change against time, dP/dt) was electronically derived from the 
pressure wave signal of LV. 

After the hemodynamic measurements the coronary artery was reoccluded by the same 
snare occluder. Phthalocyanine blue dye (0.7 ml) was intravenously injected to deline-
ate the area at risk. The area at risk supplied by the occluded coronary artery remained 
unstained while perfused territories were stained blue. The heart was excised, the RV 
and atria removed, and the LV weighed to determine LV mass. The LV was then sliced in 
the short-axis view into 6–7 slices; each of 2 mm thickness corresponding to the MR 
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images. All slices were then incubated for 10 min in 2% triphenyltetrazolium chloride 
(TTC) solution (Sigma Chemical Co., St. Louis, MO) to discriminate infarcted myocardium 
(pale region) from noninfarcted myocardium (brick red region). Digital photography 
pictures were taken from both sides of the slices. Areas at risk for infarction and infarc-
tion size were determined in all animals. 

MR images and postmortem photos were analyzed with the NIH Image software tool 
(National Institutes of Health, Bethesda, MD). On MR images, endocardial and epicardial 
borders and enhanced areas of the LV were manually traced to determine LV volumes, 
mass, and infarction size (planimetry). The volume per slice was obtained by multiplying 
with the slice thickness. End-diastolic and end-systolic volumes were then calculated by 
adding together the volumes of all short-axis slices (Simpson method). Ejection fraction 
was calculated as: (end-diastolic volume – end-systolic volume)/end-diastolic volume. 
LV mass was calculated at end-diastole by subtracting the end-diastolic endocardial 
volume from the end-diastolic epicardial volume and then multiplying by the density of 
the myocardium (1.05 g/cm3). The borders between infarcted and normal myocardium 
were clearly visible and allowed measurement of infarction size on end-diastolic images 
by manual tracing. LV wall thickness (mm) was measured on end-systolic and end-
diastolic images in a remote region (septal wall) and in the center of infarction on two 
slices per animal. Percent systolic wall thickening was calculated as: [(systolic wall thick-
ness – diastolic wall thickness)/diastolic wall thickness] × 100. Signal intensity (SI) was 
determined in all short-axis slices with infarcted areas in both animal groups. The bor-
ders of the contrast-enhanced area of each slice was manually traced and the mean 
signal intensity determined. Results were divided by SI determined in a remote area 
(posterior wall) of the same slice. Stroke volume (SV) in ml was calculated from MR data 
as end-diastolic volume minus end-systolic volume. Cardiac output in ml/min was calcu-
lated as SV multiplied by heart rate. Systemic vascular resistance in mmHg/l/min was 
calculated from MR data and pressure measurements as mean aortic pressure divided 
by cardiac output. 

All parameters are expressed as mean values ± standard error of the mean. The un-
paired two-sample Student’s t-test was used to compare the differences in infarction 
size, LV mass and function, and body weight between control and hypertrophy groups 
when measured with the same method. The null hypothesis was rejected when the P 
value was less than 0.05. Bland-Altman analysis (mean ± 2 SDs) was used to determine 
the agreement between MR and postmortem measurements in both control and ani-
mals with myocardial hypertrophy. The linear regression line obtained from the data of 
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both animal groups was constructed to determine the correlation coefficient values 
between MR and postmortem measurements. Linear regression was also obtained to 
determine the correlation values between MRI measurements of EF and infarction size. 

Results 

The LV mass determined with MRI was significantly greater in rats subjected to aortic 
stenosis (0.805 ± 0.015 mg) than in control animals (0.618 ± 0.053 g; P < 0.0001) (Table 
1). LV mass measured at postmortem was also significantly greater in hypertrophied 
hearts (0.818 ± 0.014 g in hypertrophied and 0.614 ± 0.016 g in nonhypertrophied 
hearts at postmortem, P < 0.0001). Regression analysis indicated excellent correlation 
between MR mass and postmortem mass (r = 0.98; standard error of the estimate (SEE) 
= 0.02; y = 0.93x + 0.05). Bland-Altman analysis revealed an excellent agreement be-
tween the mass determined with MRI for hypertrophy (–0.013 ± 0.040 g (2 SD)) and for 
control group (0.004 ± 0.025 g (2 SD)) in comparison with postmortem (Fig. 1). The 
number of short axis slices required to cover the entire heart was 1–2 slices greater in 
hypertrophied hearts (Fig. 2). The body weight of the two groups was similar at the time 
of infarction (244.7 ± 4.1 g in animals with hypertrophied hearts and 243.4 ± 6.7 g in 
control animals, P = 0.87). 

MR images acquired 3 hr after the administration of Gadophrin-3 revealed that the 
infarcted regions appeared bright in hypertrophied and nonhypertrophied hearts. The 
SI ratios of infarcted and remote myocardium were 1.86 ± 0.07 in hypertrophied hearts 
and 1.82 ± 0.16 in nonhypertrophied hearts (P = 0.83). Therefore, the difference in size 
of infarction cannot be attributed to the magnitude of contrast enhancement of the 
injured regions. However, the size of the infarcted region was significantly larger in 
hypertrophied hearts (19.0 ± 1.4% of LV) than in nonhypertrophied hearts (9.8 ± 1.7% of 
LV, P < 0.001) on MR images (Fig. 3). 
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Table 1: MRI and postmortem data 

 Control Hypertrophy P 

Body weight [g] 243.4 ± 6.7 244.7 ± 4.1 0.87 
MR LV mass [g] 0.618 ± 0.053 0.805 ± 0.015 <0.0001 
Postmortem LV mass [g] 0.614 ± 0.016 0.818 ± 0.016 <0.0001 
MR infarction [% LV] 9.8 ± 1.7 19.0 ± 1.4 <0.001 
Postmortem infarction [%LV] 9.2 ± 2.0 18.3 ± 1.5 <0.01 
Postmortem area at risk [%LV] 37.0 ± 1.5 38.5 ± 1.5 0.50 
Wall thickness remote [mm] 2.39 ± 0.07 2.85 ± 0.11 <0.01 
Wall thickness infarct [mm] 2.49 ± 0.05 2.92 ± 0.11 <0.01 
%WT remote [%] 34.7 ± 2.0 27.5 ± 2.4 0.043 
%WT infarct [%] 3.7 ± 0.9 4.1 ± 2.3 0.88 

Mean ± standard error of the mean; MR LV mass, left ventricular mass determined on MR images; %LV, area 
in percent of left ventricle; wall thickness, diastolic wall thickness in remote and infarcted region; %WT, 
percent wall thickening. 

 

 
Figure 1: Bland-Altman scatterplots of left ventricular mass determined with MRI and at postmortem (PM) for
control nonhypertrophied (left) and hypertrophied (right) hearts. 

 

 
Figure 2: T1-weighted spin echo MR images: short axis slices of a control nonhypertrophied heart subjected to 
25 min ischemia and 3 hr reperfusion (top image row) and a hypertrophied heart subjected to the same
duration of ischemia/reperfusion (bottom image row) after administration of Gadophrin-3. The size of the 
hyperenhanced zone is larger in hypertrophied heart. 
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Figure 3: Comparison between the extent of Gadophrin-3 enhanced regions (left), true infarction size after 
triphenyl-tetrazolium-chloride (TTC) staining (middle) and area at risk after phthalocyanine blue-dye staining 
at postmortem (right) in control and hypertrophied rat hearts. Both contrast-enhanced region and true infarc-
tion size were larger in hypertrophied hearts, while the area at risk was similar in comparison with control
hearts. 

 
At postmortem (TTC staining), the location of the infarction was identical to that seen 
on MRI. The infarction size was 18.3 ± 1.5% LV in hypertrophied and 9.2 ± 2.0% LV in 
nonhypertrophied hearts (P = 0.002). Regression analysis showed excellent correlation 
between Gadophrin-3-enhanced regions and histochemical staining at postmortem (r = 
0.98; SEE = 1.132; y = 1.02x + 0.08). Bland-Altman test revealed excellent agreement 
between the size of infarction seen on Gadophrin-3-enhanced MR images and that on 
histochemical staining (hypertrophy: 0.72 ± 2.94%; normal: 0.10 ± 0.98%) (Fig. 4). Both 
animal groups had identical areas at risk (38.5 ± 1.5% LV in hypertrophied hearts and 
37.0 ± 1.5% in nonhypertrophied hearts, P = 0.50). 
 

Figure 4: Bland-Altman scatterplots of infarction size measured with MRI and postmortem histochemical 
staining (PM) for control nonhypertrophied (left) and hypertrophied (right) hearts. [% LV] = percentage of left
ventricle defined by enhancement or staining. 
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The impairment in LV function was more pronounced in hypertrophied hearts than 
nonhypertrophied hearts subjected to the same duration of ischemia/reperfusion. The 
ejection fraction was significantly lower in hypertrophied (38.6 ± 3.7%) than nonhyper-
trophied hearts (48.7 ± 1.7%; P = 0.02). LV dilation after coronary occlusion/reperfusion 
was greater in hypertrophied than nonhypertrophied hearts, as reflected by the end-
diastolic volume (EDV). The EDV was 0.21 ± 0.02 ml in hypertrophied and 0.16 ± 0.01 ml 
in nonhypertrophied hearts (P = 0.03). The results of linear regression between ejection 
fraction and infarction size were: r = 0.74; SEE = 4.66; y = –0.49x + 35.69 (Fig. 5). 
 Diastolic wall thickness in remote and infarcted myocardium was significantly dif-
ferent between the two groups. In this acute infarct state no differences were observed 
between the groups for %wall thickening in infarcted myocardium (Table 1). In remote 
myocardium, percentage wall thickening was higher in the control group (34.7 ± 2.0 vs. 
27.5 ± 2.4, P = 0.04). Hemodynamic parameters derived from MR and LV catheter 
measurements are given in Table 2. The mean heart rate did not differ between MRI 
and pressure measurements. 
 

Figure 5: Linear regression: left ventricular ejection fraction (EF) vs. infarc-
tion size determined with MRI (n = 22, control nonhypertrophied and
hypertrophied rat hearts). 

 

Infarction Size [% LV]

0 5 10 15 20 25 30

EF
 [%

]

0

10

20

30

40

50

60

70



85 

Table 2: Hemodynamic parameter from MRI and catheter measurements 

 CControl Hypertrophy P 

HR [/min] 386 ± 9 354 ± 13 0.06 

Mean BP [mmHg] 80 ± 5 109 ± 3 0.01 

LVEDP [mmHg] 5 ± 1 12 ± 2 0.03 

+dP/dt 9200 ± 962 4875 ± 1299 0.02 

dP/dt 8500 ± 1369 4125 ± 640 0.02 

EDV [ml] 0.16 ± 0.01 0.21 ± 0.02 0.03 

EF [%] 49 ± 2 39 ± 4 0.02 

SV [ml] 0.08 ± 0.01 0.08 ± 0.01 0.97 

CO [ml/min] 30.7 ± 1.7 28.2 ± 2.9 0.49 

SVR [mmHg/l/min] 2653 ± 110 3876 ± 52 <0.0001 

Values are mean ± standard error of the mean for control and animals with hypertrophied myocardium
(hypertrophy). HR, heart rate; Mean BP, mean aortic pressure. LVEDP, left ventricular end-diastolic pressure; 
+/  dP/dt, maximal rates of le  ventricular pressure rise and decline; EDV, end-diastolic left ventricular 
volume; EF, ejection fraction; SV, stroke volume; CO, cardiac output; SVR, systemic vascular resistance. 

Discussion 

The major findings of this study were that 1) the infarction size was almost doubled in 
hypertrophied hearts compared to nonhypertrophied hearts after a brief episode of 
ischemia, suggesting the high sensitivity of hypertrophied hearts to ischemia; and 2) the 
complementary assessment of Gadophrin-enhancement and LV function with MRI pro-
vides unique information about myocardium sensitivity to ischemia. 
 The model examined in the current study resembles a hypertrophied heart with 
reperfused acute infarction. Pressure overload from aortic banding induces cardiac 
hypertrophy as an adaptive physiologic response at early stages, but is in the later 
course associated with dysfunction or heart failure.20,21 Activation of the sympathetic 
nervous system and renin-angiotensin system are considered important factors in this 
process, but the exact underlying mechanisms are unknown.22 Although abdominal 
banding activates the renin-angiotensin system,23 pressure overload alone was able to 
induce cardiac hypertrophy in an angiotensin receptor knockout mouse model, suggest-
ing that high blood pressure with hemodynamic stress is one of the etiologic factors.24 
Other studies have shown that lowering blood pressure with amlodipine therapy or 
inhibition of nitric oxide synthesis did not attenuate the increase in heart weight associ-
ated with aortic banding.25,26 MRI and echocardiography are used as noninvasive meth-
ods to determine LV mass. MRI is considered more accurate due to a 3D technique 
compared with the m-mode and 2D area length formulas of echocardiography.27 In 
addition, MRI has also proven its value in patients with LV hypertrophy.28 The results of 
our study confirm the close correlation between MR and postmortem LV mass. 
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Myocardial infarction can be recognized noninvasively as a perfusion deficit with single 
photon emission computed tomography or MRI,29 as a wall motion abnormality with 
echocardiography or MRI,30 and as late enhancement of chronic infarction with MRI 
using extracellular MR contrast agents.31 However, it currently remains controversial 
whether extracellular contrast agents have the potential to precisely define the size of 
acute infarction and whether the time delay between application of extracellular con-
trast agents and MRI is critical.32 Saeed et al.13 and Jeong et al.33 found overestimation 
of infarction size using extracellular contrast agent. Oshinski et al.15 presented data 
suggesting that time delay is also critical for sizing of subacute infarction. Barkhausen et 
al.17 found no difference in infarction size after Gd-DTPA or Gadophrin-3-enhanced MRI. 
However, in that study Gadophrin-enhanced MRI was employed in six rabbits subjected 
to complete coronary artery occlusion for 48 hr without reperfusion. Because rabbit 
hearts show almost no collateral circulation,34 the entire area at risk was subjected to 
necrosis and a substantial peri-infarction zone will not be present after this long occlu-
sion period. The limiting factor in using extracellular MR contrast agents for sizing of 
acute infarction is the time delay between contrast agent injection and MRI: the wash-
out of these contrast agents varies from case to case. Solving this problem will make 
extracellular agents suitable for sizing of acute infarction. A major advantage of extra-
cellular contrast agents is that they are, unlike necrosis-specific agents, approved for 
clinical use. However, precise determination of necrotic areas was critical in the current 
study to allow comparison of infarction size between hypertrophied and nonhypertro-
phied hearts. Therefore, MRI with necrosis-specific contrast agents was employed in 
this study. This class of contrast agents provided a close correlation between myocardial 
necrosis after acute infarction measured on MR images and at postmortem.13,16,18 The 
time delay between administration of necrosis-specific contrast agents and MRI is not 
important for sizing of acutely infarcted myocardium because these agents bind to 
necrotic tissue for a prolonged period of time.18 
 The greater susceptibility to ischemia in pressure overload hypertrophied compared 
to normal hearts has been described.6,35 In nonhypertrophied hearts, ischemia induces 
multiple changes in myocardial metabolism, including a marked increase in glucose 
uptake because of translocation of insulin-sensitive glucose transporters from intracel-
lular membrane storage vesicles to the sarcolemma.36 This response promotes glycoly-
sis during ischemia and early reperfusion, thereby facilitating production of high-energy 
phosphates through anaerobic and aerobic glycolysis. Hypertrophied hearts exhibit an 
accelerated loss of high-energy phosphates during ischemia, earlier onset of ischemic 
contracture, and decreased recovery of contractile function after reperfusion compared 
with nonhypertrophied hearts.37,38 Using MRI of cardiac function, we found that the 
impairment in LV function was more pronounced in hypertrophied than normal hearts. 
A potential limitation of the study is that MRI prior to myocardial ischemia was not 
performed and, thus, the effect of aortic banding on LV function prior to infarction was 
not assessed. However, animals without cardiac hypertrophy already showed impaired 
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EF after infarction. Animals with hypertrophied hearts showed larger infarction size and, 
thus, are expected to have more severe impairment of EF due to ischemia alone. 
 The necrosis-specific agent Gadophrin-3 was used for the first time in sizing myo-
cardial infarction in hypertrophied myocardium. Lauerma et al.12 performed MRI in 
conjunction with the extracellular MR contrast medium Gadoteridol to measure the 
infarction size in hypertrophied rat hearts. They found that Gadoteridol overestimated 
the true infarction (TTC infarction) by 30%. Necrosis-specific MR contrast agents repre-
sented by Gadophrin-2 and 3 provide accurate estimation of acutely infarcted nonhy-
pertrophied myocardium.13,16,17 To our knowledge, this is also the first MRI study corre-
lating the infarction size with LV function in hypertrophied hearts. It was demonstrated 
that infarction size was almost doubled in animals with cardiac hypertrophy in compari-
son to normal hearts, indicating the high sensitivity of hypertrophied hearts to ischemia. 
The complementary assessment of contrast enhancement and LV function using MRI 
provides information about the functional and structural changes in hypertrophied 
hearts subjected to ischemia. 
 Aortic blood pressure, measured proximal to the stenosis, was higher in animals 
with aortic banding compared to control. This finding confirms other published data.20,39 
End-diastolic LV pressure was also higher in animals with aortic banding, which could be 
a sign of diastolic dysfunction resulting from cardiac hypertrophy and/or larger infarc-
tion size.40 These changes in hypertrophied hearts were associated with a decline in 
%wall thickening in remote myocardium and in positive and negative dP/dt. The larger 
infarction size, increased end-diastolic LV pressure, and EDV as well as decreased EF, 
positive and negative dP/dt, underscored the greater susceptibility of hypertrophied 
myocardium to ischemia. 
 In conclusion, hypertrophied hearts are more sensitive to ischemia than nonhyper-
trophied hearts, as shown in doubling of infarction size and malfunction of LV. The ne-
crosis-specific contrast agent Gadophrin-3 allows accurate determination of infarct size 
in hypertrophied hearts. Thus, MRI is a suitable noninvasive diagnostic technique for 
assessment of LV mass, infarction size, and function of hypertrophied hearts. 
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Abstract 

Background: Effects of therapy with the potassium-channel opener and vasodilator 
nicorandil were studied in reperfused infarction of hypertrophied hearts using magnetic 
resonance imaging (MRI), hemodynamic measurements and histochemical staining. 
 
Methods: Twenty-two Sprague Dawley rats were subjected to aortic banding to induce 
left ventricular hypertrophy (LVH); 11 served as control. Eight weeks later, the left coro-
nary artery was occluded (25min) in all 33 animals followed by 3h reperfusion. During 
occlusion 11 rats with LVH received nicorandil (0.1mg/kg bolus and 1.5mg/kg/h for 3h). 
The new necrosis-specific contrast agent Gadophrin-3 was administered to all animals 
to delineate infarction on multislice T1-weighted spin echo MR images. 
 
Results: Nicorandil increased ischemic tolerance of LVH as shown by the reduction of 
infarction size from 19.3±1.3% to 10.0±2.5% LV (p=0.005). Infarction size in treated 
animals was identical to control (9.3±1.6%). A close correlation was found between MRI 
and postmortem findings. Functional MRI revealed improvement in ejection fraction in 
nicorandil-treated hearts (48.5±3.4% vs. 38.1±3.2%, p=0.04). LV end-diastolic volume 
and pressure, aortic pressure and peripheral vascular resistance were highest in un-
treated hypertrophied hearts. 
 
Conclusions: Brief ischemia caused severe injury in hypertrophied hearts. Infusing 
nicorandil increased the tolerance of hypertrophied hearts to ischemia. MRI is a suitable 
technique for the evaluation of new therapies in LVH. 
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Introduction 

Left ventricular (LV) hypertrophy associated with chronic arterial hypertension is a 
strong predictor of myocardial infarction, congestive heart failure and sudden death.1 
Early studies have demonstrated the high sensitivity of the hypertrophied heart to is-
chemia.2,3 Therefore, therapeutic strategies to reduce infarction size in hypertrophied 
hearts are important. In ischemic non-hypertrophied hearts, the potassium-channel 
opener nicorandil preserves myocardial viability and microvascular integrity.4 Nicorandil 
is a cardioprotective agent with both nitrate-like and adenosine triphosphate-sensitive 
potassium-channel (KATP) activating properties.5,6 Activation of the KATP -channel leads to 
dilation of resistance arteries whereas nitrate moieties dilate capacitance veins. Howev-
er, the sensitivity of these target sites may change during cardiac hypertrophy. 
 Assessment of new therapies designed to reduce infarction size needs accurate and 
reproducible diagnostic methods. Furthermore, early and accurate measurements of 
left ventricular (LV) mass, function and infarction size are crucial in patients with LV 
hypertrophy. Magnetic resonance (MR) imaging with necrosis-specific contrast media 
provides an accurate estimation of acutely infarcted myocardium.7,8 In addition, ana-
tomic and functional parameters, such as LV mass, volumes and regional and global 
myocardial function, can be obtained with MR imaging.9-11 To our knowledge, the ef-
fects of nicorandil and Gadophrin-3 have not been studied in ischemically injured hyper-
trophied hearts. Thus, the aim of this study was to examine the effects of nicorandil on 
ischemically injured hypertrophied hearts using functional and contrast-enhanced MR 
imaging, hemodynamic parameters and postmortem histochemical staining. 

Methods 

The experimental protocol was approved by the Committee on Animal Research at this 
institution and confirms with the National Institutes of Health guidelines for care and 
use of laboratory animals. Sprague Dawley rats (n=33, female, 90-110g; Simonson La-
boratories, Modesto, CA) were assigned to 3 groups: Control, untreated myocardial 
hypertrophy and nicorandil-treated myocardial hypertrophy (n=11 rats per group). To 
induce myocardial hypertrophy in the last 2 groups, aortic banding was performed 8 
weeks prior to MR imaging. Rats were anesthetized by intraperitoneally injecting keta-
mine (50mg/kg, Ketaset, Fort Dodge Inc., Fort Dodge, Iowa) and xylazine (1.4mg/kg, 
Xyla-Ject, Phoenix Inc., St. Joseph, MO). After incision at the left flank, the aorta was 
isolated. A steel wire (0.5mm diameter) was placed close to the surface of the suprare-
nal aorta. A thread was passed around both the aorta and wire and tied to produce 
aortic stenosis. Temporary closure of the abdominal aorta was confirmed by a red to 
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pale color change of the kidneys. The wire was then removed and the color of the kid-
ney returned to red. The abdominal muscle wall and skin were subsequently closed. All 
rats were kept under the same controlled conditions and given food and water ad libi-
tum. 
 Eight weeks later, all animals were anesthetized (sodium pentobarbital, 50mg/kg; 
Nembutal Sodium Solution, Abbot Laboratories, North Chicago, IL). After tracheostomy, 
animals were mechanically ventilated and subjected to left thoracotomy. The proximal 
portion of the left coronary artery was occluded for 25min with a snare around the 
coronary artery to produce infarction, followed by 3 hrs reperfusion prior to imaging. 
 Nicorandil (Chugai Pharmaceutical Co, Ltd, Tokyo, Japan) was administered intrave-
nously (0.1mg/kg bolus followed by an infusion of 1.5mg/kg/hr for 3 hours) at 15min of 
coronary occlusion in the treatment group. Gadophrin-3 ({mu-[{16,16’-[(7,12-Diethyl-
3,8,13,17-tetramethyl-21H,23H-porphine-2,18-diyl-N21,N22,N23,N24)copper]bis[3,6,9-
tris(carboxymethyl)11,14-dioxo-3,6,9,12,13-pentaazahexadecanoato]}(8-)]}digadolinate 
(2-), disodium, Schering AG, Berlin, Germany), a porphyrin based T1-enhancing gadolin-
ium agent, was administered intravenously (0.05mmol/kg) in all animals 5 minutes after 
the start of reperfusion. Gadophrin-3 is a necrosis-specific metalloporphyrin that binds 
to necrotic tissue or cellular debris 12 and produces a sustained contrast between nor-
mal and necrotic tissue that may last for more than 24 hours. Physicochemical and 
pharmacological properties of Gadophrin-3 are comparable to those of Gadophrin-2 
with T1 and T2 relaxivities of 8.9 and 12 sec-1mM-1, but improved stability owing to the 
addition of a copper atom to the center of the porphyrin molecule.13 

Three hours after the Gadophrin-3 injection, MR imaging was performed. Animals were 
placed supine in a 5.0cm diameter birdcage receiver-transmitter coil. Each animal was 
connected to an ECG-monitor that allowed monitoring of heart rate and provided trig-
ger signals at the R waves for cardiac gating of the MR imaging sequence. MR images 
were acquired using a 2.0 Tesla system (Omega CSI, Bruker Instruments, Fremont, CA) 
equipped with self-shielded gradient coils (+20 gauss/cm, 15 cm bore size). 
 Multislice T1-weighted spin echo imaging was used to measure the size of infarc-
tion 3 hours after administration of contrast media. Acquisition parameters were repeti-
tion time, TR=300, echo time, TE=12ms, matrix=256x128 data points interpolated to 
256x256 during Fourier transformation, field of view=50x50mm, acquisition time=2.5 
min. The entire heart was covered at end-diastole and end-systole (repetition time, 
TR=45% of each R-R interval) in short axis views using 2mm slice thickness. 
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The MR images were analyzed with the NIH Image software version 1.59 (NIH, Bethes-
da, MD). By delineating LV boundaries on end-diastolic and end-systolic images and 
adding them together, LV volumes, mass and ejection fraction were determined. The 
region of the Gadophrin-enhanced zone was delineated on end-diastolic contrast-
enhanced images to determine infarction size. The extent of the infarcted region, de-
fined as a percentage of the total LV, was calculated as the sum of the Gadophrin-
enhanced regions for all slices divided by the sum of the LV cross-sectional areas from 
all slices. Wall thickness [mm] and systolic thickening [%] were measured on 2 contigu-
ous mid-ventricular slices in the center of the Gadophrin-enhanced zone (antero-lateral 
wall) and in remote myocardium. 

Aortic and LV pressures as well as maximum rate of rise and decline of ventricular pres-
sure (positive and negative dP/dt) were measured after MR imaging. A catheter was 
therefore introduced via the right carotid artery into the aortic arch and the LV. Stroke 
volume (SV) in ml was calculated from MR data as end-diastolic volume minus endsys-
tolic volume (EDV-ESV). Cardiac output in ml/min was calculated as SV multiplied by 
heart rate, and systemic vascular resistance in mmHg/l/min as mean aortic pressure 
divided by cardiac output. 

At the completion of the MR imaging and hemodynamic measurement protocol, the left 
coronary artery was re-occluded and 0.2ml of phthalocyanine blue dye injected into a 
tail vein. This dye imparts a blue color to normally perfused myocardium, while the 
territory of the occluded artery (area at risk) remains unstained. The heart was excised 
3 minutes post-injection. The atria and right ventricle were removed and the LV was 
weighed.  
 The LV was transversely sliced into 2mm thick slices to correspond to the location 
of MR images. The slices were incubated in 2% triphenyl-tetrazolium-chloride-solution 
(TTC) for 8 minutes at 38°C to delineate viable myocardium. Viable myocardium ap-
peared brick red while infarcted regions were not stained. Both upper and lower sur-
faces of the stained ventricular slices were digitally photographed and analyzed to de-
termine the size of area at risk and of the infarction. 
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Data were expressed as mean ±standard error of the mean. The unpaired Student t-test 
was used to compare control non-hypertrophied, untreated hypertrophied and 
nicorandil treated groups. A p<0.05 was considered statistically significant. Linear re-
gression analysis was employed to determine the correlation between postmortem and 
MR measurements. 

Results 

Figure 1 shows MR images acquired from the entire hearts of untreated hypertrophied 
and nicorandil-treated hypertrophied hearts. It clearly demonstrates the differences in 
the infarction size between the 2 groups. On Gadophrin-3 enhanced MR images, the 
size of infarction was significantly larger in untreated hypertrophied hearts (19.3±1.3% 
LV) than non-hypertrophied control (9.3±1.6% LV, p=0.01) and nicorandil-treated hyper-
trophied hearts (10.0±2.5% LV, p=0.005 vs. untreated hypertrophied hearts, p=0.8 vs. 
control) (Figure 2). However, there was no significant difference in infarction size between 
non-hypertrophied control and nicorandil-treated hypertrophied hearts (Table 1). 
 The infarction size determined after administration of Gadophrin-3 was similar to 
that measured at postmortem (Figure 3) (regression analysis for control: r=0.99, stand-
ard error of the estimate (SEE)=±0.45, regression line equation y=1.06x-0.36; hypertro-
phy: r=0.95, SEE=±1.40, y=0.89x+2.69; nicorandil-treated hypertrophy: r=0.99, 
SEE=±0.57, y=0.99x+0.24). Figure 4 shows the correlation between the Gadophrin-
enhanced regions on MR imaging and TTC-negative regions on histochemical staining in 
the three groups. No differences in areas at risk for infarction were present between 
the groups (control: 37.0±1.3%LV; non-treated hypertrophied hearts: 38.4±1.3%LV; 
nicorandil-treated hypertrophied hearts: 38.1±1.9%LV, p=0.66 versus control and 0.91 
versus non-treated hypertrophy). 

The determination of LV mass from MR images agreed closely with the mass deter-
mined at postmortem (regression analysis for control: r=0.97, SEE=±0.02, y=1.11x-0.07; 
hypertrophy: r=0.89, SEE=±0.02, y=0.95x+0.03; nicorandil-treated hypertrophy: r=0.98, 
SEE=±0.02, y=1.08x-0.08) (Figure 5). An increase in LV mass was found in rats subjected 
to aortic banding compared to control (Table 1). LV mass in the rats subjected to aortic 
banding was identical in the treated and non-treated group (p=0.40 for MR imaging, 
p=0.45 for postmortem). The increase in LV mass was not attributed to differences in 
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body weight, because no significant differences were present between the three groups 
(Table 1). 
 

 
Figure 1: Multislice Gadophrin-3-enhanced T1-weighted spin echo MR images of rat hearts (short axis view) 
subjected to 25min ischemia and 3h of reperfusion. 
Top row: Untreated animal with hypertrophied heart. 
Bottom row: Animal with hypertrophied heart treated with intravenous infusion of nicorandil initiated 15min
after coronary artery occlusion and continued for 3 hours during reperfusion. Infarction size is indicated by 
arrows. The extent of infarction in the untreated hypertrophied heart is larger, more transmural and involves
one more slice in comparison with the nicorandil-treated hypertrophied heart. 

 

Figure 2: Bar graph of infarction size as % of left ventricular area (% LV) in control, 
hypertrophied untreated and acutely nicorandil-treated hypertrophied myocardium 
determined with MR imaging (white column), postmortem TTC staining (gray) and area at
risk determined with postmortem blue dye staining (black). Infarction size was larger in 
hypertrophied myocardium while control and acutely treated hypertrophied hearts showed
similar infarction size. Areas at risk were not different between the groups. 
*p=0.80 versus control, p=0.005 versus hypertrophy 
†p=0.69 versus control, p=0.008 versus hypertrophy  
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Figure 3: Extent of Gadophrin-3-enhanced region on MR images (left), area at risk after phthalocyanine blue-
dye staining (middle) and true infarction size after triphenyl-tetrazolium-chloride (TTC) staining at postmor-
tem (right) in control (top row), hypertrophied rat heart without treatment (middle row) and hypertrophied
rat heart with acute nicorandil treatment (bottom row). Contrast-enhanced region and true infarction size 
were larger in hypertrophied hearts while these areas were similar in control and treated hypertrophied
hearts. Areas at risk (black arrows) were similar in all groups. 

 

Table 1: MR and postmortem data obtained from control (non-hypertrophied), untreated hypertrophied and 
nicorandil-treated hypertrophied heart groups subjected to 25min ischemia and 3h reperfusion. 

 CControl Untreated 
hypertrophied hearts 

Nicorandil-treated 
hypertrophied hearts 

Body weight, g 245±6 248±5 247±7 
MR LV mass, g 0.61±0.02 0.81±0.01* 0.77±0.04* 
Postmortem LV mass, g 0.61±0.02 0.82±0.01* 0.79±0.03* 
MRI infarction, %LV 9.3±1.6 19.3±1.3* 10.0±2.5† 
PM infarction, %LV 8.6±1.6 18.7±1.4* 9.9±2.5† 
Area at risk, %LV 37.0±1.3 38.4±1.3 38.1±1.9 
Wall thickness remote, mm 2.33±0.08 2.88±0.10* 3.34±0.07*, † 
Wall thickness infarction, mm 2.39±0.06 2.93±0.10* 3.12±0.10* 
WT remote, % 35.5±1.7 27.9±2.3* 30.2±0.8* 
WT infarction, % 3.7±0.8 4.1±2.2 4.0±0.7 

Mean ± standard error of the mean. MR LV mass denotes left ventricular mass determined on MR images; 
MRI infarction, Gadophrin-enhanced area on magnetic resonance images; PM infarction, infarction area 
defined at postmortem by triphenyl-tetrazolium-chloride stain; Area at risk, areas at risk for infarction defined 
by blue dye stain; Wall thickness, diastolic wall thickness in remote and infarcted region; %WT, percent 
systolic wall thickening.; *p<0.05 compared to control non-hypertrophied hearts.; †p<0.05 compared to 
untreated hypertrophied hearts. 
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Figure 4: Scatterplots and regression line 
of infarction size determined with 
magnetic resonance imaging (MRI) and 
postmortem histochemical staining 
(Postmortem) for control non-hyper-
trophied (top), hypertrophied untreated 
(middle) and acutely nicorandil-treated 
hypertrophied hearts (bottom). [% LV] 
denotes percentage of left ventricle in 
which enhancement or staining was 
observed. 
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Figure 5: Scatterplots and regression line 
of left ventricular mass determined with 
magnetic resonance imaging (MRI) and 
at postmortem (Postmortem) for con-
trol non-hypertrophied (top), hypertro-
phied untreated and (middle) and 
acutely nicorandil-treated hypertro-
phied hearts (bottom). 

Control: LV Mass

Postmortem [g]

0.2 0.4 0.6 0.8 1.0 1.2

M
R

I [
g]

0.2

0.4

0.6

0.8

1.0

1.2

Hypertrophy: LV Mass

Postmortem [g]

0.2 0.4 0.6 0.8 1.0 1.2

M
R

I [
g]

0.2

0.4

0.6

0.8

1.0

1.2

Acute Treatment: LV Mass

Postmortem [g]

0.2 0.4 0.6 0.8 1.0 1.2

M
R

I [
g]

0.2

0.4

0.6

0.8

1.0

1.2



101 

Nicorandil infusion prevented the dilatation of the hypertrophied hearts after coronary 
occlusion-reperfusion and the decline in ejection fraction (EF) (Table 2). Ischemically 
injured untreated hypertrophied hearts showed larger LV end-diastolic volumes than 
non-hypertrophied control (p=0.012) and nicorandil-treated hypertrophied hearts 
(p=0.025) (Table 2). Hypertrophied hearts showed a significant reduction in ejection 
fraction compared to non-hypertrophied control (p=0.007) and treated hypertrophied 
hearts (p=0.04). These changes can most likely be attributed to the larger infarction size 
seen in untreated hypertrophied hearts. 
 Representative MR images acquired during systole and diastole from control non-
hypertrophied, untreated hypertrophied, and nicorandil-treated hypertrophied hearts 
are shown in Figure 6. The diastolic LV wall thickness in remote and infarcted myocardi-
um of nicorandil-treated and untreated hypertrophied hearts was significantly larger 
than that of control non-hypertrophied hearts (Table 1). In addition, wall thickness in 
remote myocardium in nicorandil-treated hypertrophied hearts was significantly larger 
than in untreated hypertrophied hearts. The thinner LV wall in untreated hypertrophied 
hearts is in line with larger EDV and lower EF as a sign of LV dilation. 
 Myocardial wall thickening (% systolic wall thickening) in remote regions was less in 
both treated (p=0.014) and untreated hypertrophied hearts (p=0.020) compared to 
control (Table 1). No differences were seen in infarcted regions between the 3 groups. 
 
Table 2: Hemodynamic parameters obtained from control (non-hypertrophied), untreated hypertrophied and 
nicorandil-treated hypertrophied heart animal groups subjected to 25min ischemia and 3h reperfusion. 

 CControl UUntreated hypertrophied 
hearts 

Nicorandil-treated 
hypertrophied hearts 

HR, beats/min 382±9 358±12 361±11 

Mean BP, mmHg 79±3 108±2* 98±2*, † 

LVEDP, mmHg 4±1 13±1* 8±1*, † 

+ dP/dt 9300±652 4600±400* 7100±507*, † 

- dP/dt -8700±575 -4433±348* -6300±435*, † 

EDV, ml 0.16±0.01 0.21±0.02* 0.18±0.01† 

EF, % 49.2±1.6 38.1±3.2* 48.5±3.4† 

CO, ml/min 30.7±1.5 28.7±2.7 31.2±3.3 

PVR, mmHg/l/min 2647±182 3712±96* 3082±314 

Mean±standard error of the mean. HR=heart rate; Mean BP=mean aortic blood pressure. LVEDP=left 
ventricular end-diastolic pressure; +/- dP/dt, positive and negative dP/dt; EDV=end-diastolic volume; 
EF=ejection fraction; CO=cardiac output; PVR=peripheral vascular resistance.; *p<0.05 compared to control 
non-hypertrophied hearts.; †p<0.05 compared to untreated hypertrophied hearts. 
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Figure 6: Gadophrin-3-enhanced T1-weighted spin echo MR images of rat hearts in 
short axis view in end-diastole (top row) and end-systole (bottom row) subjected to 
25 minutes of ischemia and 3 hours of reperfusion. Left: control animal without 
cardiac hypertrophy; middle: untreated animal with cardiac hypertrophy; right: 
animal with cardiac hypertrophy that was acutely treated with an intravenous infu-
sion of nicorandil initiated 15 minutes after coronary artery occlusion and continued 
for 3 hours during reperfusion. 

 

Hemodynamic measurements and derived values are given in Table 2. Heart rate and 
cardiac output were similar in all 3 groups. Mean aortic blood pressure was different 
between non-hypertrophied control and untreated hypertrophied hearts (p=0.003). 
Infusion of nicorandil significantly lowered blood pressure (p=0.012) in the treatment 
group compared with the untreated hypertrophied hearts. LV end-diastolic pressure 
and values of +dP/dt and –dP/dt for treated hypertrophied hearts were between those 
of the control and untreated hypertrophied hearts. EDV and LV end-diastolic pressure 
were highest in untreated animals with aortic banding. 

Discussion 

The main findings of this study are that 1) brief coronary occlusion produces large in-
farction in hypertrophied hearts compared to non-hypertrophied hearts, 2) nicorandil 
treatment reduces infarction size in hypertrophied hearts to the size seen in control 
non-hypertrophied hearts and preserves left ventricular function, and 3) MR imaging 
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allows accurate measurements of LV mass, function and after administration of Gado-
phrin-3, of infarction size. Thus, it is a suitable diagnostic tool to monitor the acute 
changes in ischemic LV hypertrophy and the effects of new therapies designed to pro-
tect hypertrophied hearts from ischemia. 
 Nicorandil is a hybrid cardiovascular agent with KATP channel opener and nitrate 
properties.5 It is approved for clinical use as an antianginal drug in Europe and Japan.14 
Ischemic tolerance during coronary angioplasty was improved and major coronary 
events in patients with stable angina were reduced.4-6 
 Nicorandil can activate the sarcolemmal and mitochondrial KATP-channels and also 
release nitric oxide.15 The opening of the mitochondrial KATP-channels alters the redox 
state of cardiomyocytes and prevents mitochondial Ca2+ overload, whereas the opening 
of the sarcolemmal KATP-channels modulates cardiac Na+/K+ -ATPase activity, shortens 
the action potential duration, and also prevents intracellular Ca2+ overload.16,17 Sakai et 
al. reported a subcellular localization of nicorandil in cardiomyocyte mitochondria of 
rats, where nicorandil is partially transformed into denitrated nicorandil with the re-
lease of nitric oxide.18 Nitric oxide has been implicated as a mediator of ischemic pre-
conditioning, and mitochondrial KATP-channels are the likely effectors. It has also been 
postulated that intracellular calcium overloading in the mitochondria decreases ATP-
production, contributing to myocardial stunning and subsequent cellular damage.19 
 At the arteriolar level, nicorandil, via the release of nitric oxide, activates the en-
zyme guanylate cyclase which in turn induces an increase in intracellular cGMP and a 
decrease in intracellular calcium.20 Other potential effects of nicorandil are an increase 
in coronary blood flow, a reduction in mean arterial blood pressure, in pre- and after-
load, and several others, such as acting as a free radical scavenger and neutrophil mod-
ulating agent.6,21-23 
 In nonhypertrophied rat hearts subjected to reperfused infarction of 45 minutes, 
treatment with nicorandil suppressed microvascular permeability, reduced infarction 
size and improved left ventricular function.24 In rabbits subjected to 20 to 30 minutes of 
reperfused myocardial infarction, a decrease of infarction size and incidence of ar-
rhythmias, as well as an increase in the survival rate, was observed in the nicorandil 
treatment group.25 Treatment with nicorandil also reduced infarction size in dogs in 
which myocardial ischemia was induced.15,22 
 Matsuo et al. demonstrated a cardioprotective effect of intravenously administered 
nicorandil during angioplasty independent of collateral flow to the ischemic site in pa-
tients with proximal stenosis of the left anterior descending coronary artery.26 Ito et al. 
found an improved LV function in patients with anterior wall infarction treated with 
nicorandil before coronary angioplasty in comparison with the placebo group.4 The 
efficacy of nicorandil in addition to conventional antianginal drugs was evaluated in a 
large, randomised study.6 The primary endpoint of myocardial infarction, unplanned 
hospital admission for chest pain and cardiac death, occurred significantly less in the 
nicorandil than in the placebo group. Thus, preclinical and first clinical studies were 
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conducted to evaluate a possible preconditioning effect of nicorandil against ischemia in 
nonhypertrophied hearts. However, to our knowledge, no data exist about nicorandil 
treatment of hypertrophied hearts. 
 The current study demonstrates that the administration of nicorandil during coro-
nary occlusion preconditioned hypertrophied hearts to ischemia as indicated by the 
significant reduction of infarction size and preservation of EF. This reduction cannot be 
attributed to differences in the area at risk or heart rate, because there was no signifi-
cant difference in these parameters between the groups. 
 In this acute infarction model, the preservation of myocardial viability that was due 
to drug treatment was not associated with an improvement in regional wall thickening 
at the site of the ischemic injury. Myocardial stunning may be responsible for the lack of 
improvement. Twenty-four hours after myocardial infarction, Lund et al. observed an 
improvement in wall thickening at the site of injury in nicorandil-treated nonhypertro-
phied rat hearts in comparison with untreated animals.27 
 Cardiac hypertrophy was induced in this study by aortic banding that resulted in a 
pressure overload. It has been shown that peripheral vascular resistance is higher in 
animals with aortic banding or coarctation than in the control.28 The natural course 
after banding is a progression to LV hypertrophy, dysfunction and eventually failure 
within weeks.29 The possible mechanism of the pronounced sensitivity of hypertrophied 
hearts towards ischemia might be the mismatch of number and size of capillaries and 
the size of myocytes. Capillary density is decreased by 20% in hypertrophied hearts 
compared with normal hearts, and the distance between each capillary is large, result-
ing in a lower oxygen concentration.30,31 
 MR imaging is considered an accurate method to determine normal and increased 
LV mass.9,11 Similar to findings in nonhypertrophied hearts,32 the LV mass of hypertro-
phied hearts determined with MR imaging correlated well with the postmortem weight 
of the LV in this study. Furthermore, MR imaging was a suitable tool to monitor the 
efficacy of new therapies designed to preserve myocardial function. The extent of Gad-
ophrin-enhanced area correlated closely with that of postmortem histochemical stain-
ing. The specificity of Gadophrin in delineating necrotic tissue is explained by intracellu-
lar precipitation or binding to cellular debris.12 Thus, necrotic tissue that will not recover 
from the ischemic episode can be determined noninvasively with great precision by the 
use of Gadophrin-3 also in hypertrophied hearts. Gadophrin-3 is currently an experi-
mental contrast agent not approved for the use in humans. 

Conclusion 

A brief episode of ischemia caused severe injury in hypertrophied hearts. The effect of 
ischemia was significantly attenuated after the administration of nicorandil. MR imag-
ing, as a non-invasive diagnostic tool, revealed the changes in myocardial infarction size 
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and function in treated and untreated hypertrophied hearts as well as in nonhypertro-
phied hearts. It shows the therapeutic value of potassium-channel openers in preserv-
ing viability in hypertrophied hearts. The demonstration of a “window of opportunity” 
for myocardial preconditioning to ischemia by an ATP-sensitive potassium-channel 
opener suggests new directions in investigating mechanisms underlying cardiac hyper-
trophy. 
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prevents the progression of left ventricular 
hypertrophy and preserves viability 
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Abstract 

Background: Left ventricular (LV) hypertrophy and myocardial infarction play important 
roles in the progressive LV dysfunction. We hypothesized that the potassium-channel 
opener and nitrate-like vasodilator nicorandil prevents the development of LV hyper-
trophy and preserves myocardial viability. 
 
Methods: Twenty-four rats were subjected to aortic stenosis for 8 weeks to induce LV 
hypertrophy, and assigned to non-treated and nicorandil-treated (3 mg/kg/d) groups. A 
third group (n = 12) without stenosis or treatment served as control. All 36 animals 
were subjected to reperfused infarction by 25-minute occlusion of the left coronary 
artery followed by 3 hours of reperfusion. Spin-echo magnetic resonance (MR) images 
were acquired to measure infarction size, LV mass, volumes, ejection fraction, and wall 
thickness. A necrosis-specific contrast agent, Gadophrin-3, was used to delineate ne-
crotic myocardium. Aortic and LV pressures were measured invasively. At postmortem, 
LV mass and infarction size were determined and compared with MR findings. 
 
Results: Nicorandil prevented the development of LV hypertrophy. Infarction size of 
nicorandil-treated animals was similar to control animals. Non-treated animals with 
aortic banding had higher LV mass (P < 0.001), lower ejection fraction (P = 0.006), and 
larger infarction size (P < 0.001) than treated and control animals. MR and postmortem 
data showed close agreement. 
 
Conclusion: Nicorandil therapy prevented the development of cardiac hypertrophy and 
protected myocardium against ischemia. 
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Introduction 

Left ventricular (LV) hypertrophy following chronic pressure overload is an adaptive 
cardiac response at early stages, but is in the later course a major risk factor for cardio-
vascular morbidity and mortality.1 Regression of LV hypertrophy has been demonstrat-
ed in hypertensive patients treated with different classes of drugs.2,3 Nicorandil is a 
multi-action drug with selective potassium-channel opener and nitrate-like activity.4 To 
our knowledge, the long-term oral effect of nicorandil on the development of LV hyper-
trophy has not been previously investigated. The potassium channels have recently 
gained considerable interest in the context of myocardial ischemic preconditioning.5,6 
Preconditioning of hypertrophied myocardium against ischemia has been demonstrated 
with administration of drugs such as angiotensin receptor blocker and insulin-like 
growth factor.7,8 Several clinical and experimental studies in non-hypertrophied myo-
cardium have demonstrated a protection from ischemic injury by activation of the po-
tassium channel.9-12 
 Magnetic resonance (MR) imaging has been employed with great precision in the 
non-invasive measurements of LV mass and function in normal and hypertrophied 
hearts.13,14 In addition, contrast-enhanced MR imaging with standard extracellular and 
necrosis-specific contrast agents has been used for detecting and sizing ischemic myo-
cardial injury and is currently superior to other invasive and non-invasive imaging mo-
dalities.15,16 In this model of hypertrophy, a necrosis-specific MR contrast agent was 
used. 
 We hypothesized that chronic oral administration of nicorandil might prevent the 
development of LV hypertrophy and could result in a smaller infarction size compared 
with animals with myocardial hypertrophy subjected to myocardial ischemia. The specif-
ic aims of this study were as follows: 
1. To determine the long-term oral effect of nicorandil therapy on the development of 

LV hypertrophy in rats subjected to aortic stenosis using MR imaging, hemody-
namic measurements, and postmortem analysis. 

2. To compare the LV geometry and infarct size in nicorandil-treated, hypertrophied 
and non-hypertrophied hearts, using the necrosis-specific contrast agent Gado-
phrin-3, hemodynamic assessment, and postmortem histochemical staining. 

Materials and methods 

The experimental protocol was approved by the Committee on Animal Research at this 
institution and performed under the National Institutes of Health guidelines for the care 
and use of laboratory animals. Growing female Sprague Dawley rats (n = 36, 90-110 g) 
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were assigned to 3 groups (n = 12 each); namely untreated with aortic stenosis, 
nicorandil-treated with aortic stenosis, and control (no aortic stenosis). Animals were 
anesthetized with a mixture of ketamine (50 mg/kg) and xylazine (1.4 mg/kg). The ab-
dominal aorta was isolated and a steel wire of 0.4 mm diameter was placed close to the 
surface of suprarenal aorta. A thread was passed around both the aorta and the wire 
and tied to produce permanent aortic stenosis. Temporary closure of the abdominal 
aorta was confirmed by changing the color of the kidney from red to pale. Removal of 
the wire resulted in returning of the red color of the kidney. The abdominal muscle wall 
and skin was subsequently closed. Nicorandil treatment started 2 days after aortic ste-
nosis and continued for 8 weeks. Nicorandil was dissolved in tap water and water con-
sumption was measured biweekly to adjust the dose to 3 mg/kg/d. 
 Eight weeks later, all animals were re-anesthetized by intraperitoneal injection of 
sodium pentobarbital (50 mg/kg). Animals were mechanically ventilated with room air. 
After thoracotomy, the proximal portion of the first branch of left coronary artery was 
occluded for 25 minutes using a snare loop. Myocardial ischemia was documented by 
the changes in ST waves. During reperfusion 0.05 mmol/kg Gadophrin-3 was adminis-
tered intravenously to delineate necrotic myocardium. The reperfusion period lasted >3 
hours and was followed by MR imaging. 

Gadophrin-3 (Schering AG, Berlin, Germany) is a porphyrin-based T1-enhancing gadolin-
ium agent with T1 and T2 relaxivities of 8.9 and 12 seconds-1mM-1, respectively.17,18 
During the reperfusion period the contrast agent accumulates in infarcted myocardium 
and clears from the plasma. Unlike extracellular agents, such as Gd-DTPA, Gadophrin-3 
adheres to necrotic tissue or debris.19 

Magnetic resonance imaging was performed with a 2.0 Tesla scanner system (Chemical 
Shift Imager, Bruker Instruments, Fremont, CA). Animals were placed supine in a bird-
cage imaging coil and connected to an ECG monitor to monitor heart rate and enable 
ECG-gating for image acquisition. Multislice T1-weighted spin echo images (TR/TE = 
300/12 ms; matrix = 256 × 128 data points; FOV = 50 mm; slice thickness = 2 mm, no 
gap between slices; acquisition time = 2.5 min) were acquired to cover the entire heart 
in contiguous short axis views at end-diastolic (R-wave) and end-systolic phases (TR = 
45% of R-R interval). 
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A polyethylene catheter was placed in the aorta via the right carotid artery and then in 
the LV to measure phasic and mean pressures with a rodent pressure transducer. Posi-
tive and negative maximum rate of LV pressure development (differential quotient of 
pressure change against time, dP/dt) was electronically derived from the pressure wave 
signal of LV. At the completion of the imaging protocol the left coronary artery was re-
occluded with the same snare loop and 0.7 ml of phthalocyanine blue dye injected into 
a tail vein. This dye imparted a blue color to normally perfused myocardium while the 
territory of the occluded artery (area at risk) remained unstained. 

The heart was excised 3 minutes post-injection. The atria and right ventricle were re-
moved and the LV weighed to determine LV mass. The LV was transversely sliced into 2-
mm slices to correspond to the location of MR images. The slices were incubated in 2% 
triphenyltetrazolium chloride solution (TTC) for 10 minutes at 38°C. Viable myocardium 
appeared brick red while infarcted regions remained pale white. Upper and lower sur-
faces of the LV slices were digitally photographed to measure the area at risk and infarc-
tion size. 

Magnetic resonance images and postmortem tissue slices were analyzed by a standard 
imaging software (NIH image version 1.59, National Institutes of Health, Bethesda, MD). 
By delineating LV boundaries (planimetry) on end-diastolic and end-systolic MR images 
and adding them together, LV volumes, mass, and ejection fraction were determined. 
Ejection fraction was calculated as: (end-diastolic volume - end-systolic volume)/end-
diastolic volume. LV mass was calculated at end-diastole by subtracting the end-
diastolic endocardial volume from the end-diastolic epicardial volume and then multi-
plying by the density of the myocardium (1.05 g/cm3). The extent of the infarcted region 
as a percentage of the total LV was calculated as the sum of the Gadophrin-enhanced 
regions for all slices divided by the sum of the LV cross-sectional areas from all slices. 
The extent of the infarcted region determined with MR imaging as well as postmortem 
staining was also given as a percentage of the area at risk for infarction (infarction size 
in g multiplied by 100 and divided by the area at risk in g). LV wall thickness (mm) was 
measured on end-systolic and end-diastolic images in a remote region (septal wall) and 
in the center of infarction on 2 slices per animal. 
 Percent systolic wall thickening was calculated as: [(systolic wall thickness - diastolic 
wall thickness)/diastolic wall thickness] × 100. Stroke volume (SV) in ml was calculated 
from MR data as end-diastolic volume minus end-systolic volume. Cardiac output in 
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ml/min was calculated as SV multiplied by heart rate. Systemic vascular resistance in 
mm Hg/l/min was calculated from MR data and pressure measurements as mean aortic 
pressure divided by cardiac output. 
 Data are expressed as mean values ± SEM. To compare results between the three 
animal groups repeated-measures analysis of variance was employed to evaluate the 
significance of mean differences. If the F score from analysis of variance indicated a 
significant difference (  < 0.05), the comparison of individual mean differences was 
evaluated according to Bonferroni. Differences were considered significant if  was < 
0.05, per the number of individual comparisons. Bland-Altman analysis was used to 
determine the agreement between postmortem and MR measurements. Linear regres-
sion was also obtained to determine the correlation between MR imaging and postmor-
tem measurements. 

Results 

Magnetic resonance images of the entire hearts were obtained successfully in all 36 
rats. Animals with aortic banding treated orally for 8 weeks with nicorandil showed an 
LV mass (MRI: 0.66 ± 0.02 g; postmortem: 0.66 ± 0.02 g) similar to control (0.62 ± 0.02 
g; 0.62 ± 0.02 g) as determined by MR imaging and at postmortem (Figure 1). In con-
trast, untreated animals with aortic banding had a significantly higher LV mass deter-
mined with MR imaging and at postmortem (0.81 ± 0.01 g; 0.82 ± 0.01 g) compared 
with control and treated animals with aortic banding (  < 0.001). Bland-Altman analysis 
revealed a close agreement between the determination of LV mass in control (0.001 ± 
0.005 g), untreated (-0.009 ± 0.006 g), and treated animals with aortic banding (-0.026 ± 
0.004 g) for the two methods, postmortem weighing and MR imaging (Figure 2). Re-
gression analysis showed excellent correlation (treated animals: r = 0.98; untreated: r = 
0.89; control: r = 0.98). A comparison of the two methods is given in Figure 3. 
Nicorandil-treated animals had a tendency toward a higher body weight (treated: 278.0 
± 5.6 g; untreated: 247.9 ± 4.7 g; control: 247.0 ± 6.1 g). However, this trend was not 
significant. 
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Figure 1: Bar chart showing mean values and standard error of left ventricular mass (LV mass) for non-treated 
(white) and long-term nicorandil-treated (cross-hatched box) animals with aortic banding as well as control 
animals (black box) measured with MR imaging and postmortem weighing. Long-term oral treatment with 
nicorandil prevented the development of le  ventricular hypertrophy; * p<0.001; † p<0.001 

Three sets of MR images of cardiac short axis views representing the three animal 
groups are shown in Figure 4. All infarctions were located in the antero-lateral wall of 
the left ventricle. The figure shows the reperfused myocardial infarction as a bright 
region at 3 hours after the administration of the necrosis-specific contrast agent Gado-
phrin-3. It also demonstrates the difference in infarction size between the three groups. 
The infarction size was smaller in nicorandil-treated animals with aortic banding (8.7 ± 
1.0% of LV) compared with untreated animals (19.3 ± 1.2%,  < 0.001) and similar to 
control (9.6 ± 1.5%) on Gadophrin-enhanced MR images. Thus, nicorandil-treatment 
resulted in a reduction of infarction size compared with untreated animals with aortic 
banding. However, infarction size was not smaller than in control. A close agreement 
was found between postmortem and MR data regarding infarction size for control (0.5 
± 0.4%), untreated (0.6 ± 0.4%), and treated animals with aortic banding (0.3 ± 0.2%) by 
Bland-Altman analysis (Figure 2). Regression analysis indicated excellent correlation 
(treated animals: r = 0.98; untreated: r = 0.95; control: r = 0.97). The area at risk for 
infarction (area supplied by the occluded artery) was the same in all three groups:  = 
0.7 for nicorandil-treated (37.3 ± 0.9% LV) and untreated animals with aortic banding 
(38.3 ± 1.3%) and control (36.8 ± 1.2%) (Figure 5). 
 Expressed as % of area at risk for infarction (% of AaR), the infarction size deter-
mined with Gadophrin-enhanced MR imaging was 23.3 ± 2.6% of AaR in nicorandil-
treated animals with aortic banding, 50.4 ± 3.2% of AaR (  < 0.001) in untreated ani-
mals, and 25.3 ± 4.4% of AaR in control animals. A close agreement between postmor-
tem and MR data was determined for the infarction size as % of AaR for control (0.7 ± 
0.6%), untreated (0.7 ± 1%), and treated animals with aortic banding (0.9 ± 0.7%) by 
Bland-Altman analysis. Regression analysis showed excellent correlation (treated ani-
mals: r = 0.96; untreated: r = 0.96; control: r = 0.99). 
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Figure 2: Bland-Altman plots. 
Top row: Bland-Altman plots with standard deviation (2SD) of left ventricular mass (LV mass) determined with
magnetic resonance imaging (MR) and postmortem histochemical staining (postmortem) for control animals 
without aortic banding (control, left), untreated animals with aortic banding (hypertrophy, middle) and long-
term nicorandil-treated animals with aortic banding (nicorandil treatment, right). 
Bottom row: Bland-Altman plots with standard deviation (2SD) of myocardial infarction size determined with
magnetic resonance imaging (MR) and postmortem histochemical staining (postmortem) for control animals
without aortic banding (control, left), untreated animals with aortic banding (hypertrophy, middle) and long-
term nicorandil-treated animals with aortic banding (nicorandil treatment, right). [% LV] denotes percentage
of left ventricle in which contrast-enhancement or staining was observed. 

 

 
Figure 3: Comparison of MR imaging with postmortem analysis for the determination of left ventricular mass
(left) and infarction size (right) for control animals without aortic banding (black dots, n=12), longterm
nicorandil-treated animals with aortic banding (open dots, n=12) and untreated animals with aortic banding 
(triangles, n=12). A close agreement between the 2 methods was observed in all animal groups. 
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Figure 4: Short axis views of rat hearts subjected to 25min of ischemia and 3h of reperfusion, multislice Gado-
phrin-3-enhanced T1-weighted spin echo MR images. Top row: Control animal. Middle row: Longterm
nicorandil-treated animal six weeks after aortic banding. Bottom row: Untreated animal with hypertrophied
heart eight weeks after aortic banding. Infarction size is indicated by arrows. LV mass and infarction size of 
treated animals are comparable to control animals without aortic banding. The extend of the infarction is
greater and more transmural in non-treated animals with cardiac hypertrophy in comparison with control and
treated animals. 

 

Figure 5: Bar graph showing infarction size as % of left ventricular area in control, hypertrophied and oral
treatment group determined with MR imaging (white boxes), postmortem TTC staining (grey) and area at risk
determined with postmortem blue dye staining (black). The areas at risk are not different. Infarction size in
treated and control animals is similar while infarction size in animals with hypertrophied hearts is much larger. 
* p<0.001; † p<0.001; § p=0.6 
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Hemodynamic parameters from MR imaging and invasive measurement data are given 
in Table 1. Heart rate, stroke volume, and cardiac output were not different between 
the three groups. The highest mean aortic blood pressure was measured in untreated 
animals with aortic banding while nicorandil treatment did not entirely lower the blood 
pressure to the value of control animals. The ejection fraction in nicorandil-treated 
animals with aortic banding was preserved and showed a value similar to control. The 
most severe impairment of ejection fraction was detected in untreated animals. This 
study showed that end-diastolic volume and LVEDP after infarction were significantly 
higher in hypertrophied hearts and both values were significantly decreased with the 
treatment of nicorandil. %Wall thickening in infarcted regions was identical in all 
groups. %Wall thickening in remote regions was identical in hypertrophied and control 
hearts while hypertrophied hearts showed less %wall thickening. The wall thickness of 
untreated animals with aortic banding was higher than in control while treated animals 
had intermediate values. 
 
Table 1: Parameters obtained from nicorandil-treated and untreated rats with aortic banding as well as 
control rats without aortic banding using MR imaging and catheterisation data. 

 OOral Treatment Hypertrophy Control P 

HR [/min] 349±20 354±12 379±9 n.s. 

Mean BP [mmHg] 94±3 114±2 81±2 <0.001 

LVEDP [mmHg] 5±1 13±1 5±1 0.02 

+ dP/dt 8521±922 4840±1126 9416±900 0.005 

- dP/dt 7931±1101 4240±994 8833±1290 0.01 

EDV [ml] 0.166±0.010 0.213±0.015 0.164±0.006 0.003 

EF [%] 47.8±2.5 38.0±3.1 48.8±1.5 0.006 

SV [ml] 0.079±0.005 0.080±0.007 0.080±0.004 n.s. 

CO [ml/min] 28.4±2.7 28.5±2.6 30.3±1.5 n.s. 

SVR [mmHg/l/min] 4286±1110 4754±877 2754±126 n.s. 

Wall thickness remote [mm] 2.47±0.05 2.89±0.10 2.33±0.08 <0.001 

Wall thickness infarct [mm] 2.43±0.05 2.93±0.10 2.44±0.06 <0.001 

%WT remote [%] 38.1±0.85 27.2±2.0 35.0±1.6 <0.001 

%WT infarct [%] 4.1±0.6 4.1±2.1 3.7±0.7 n.s. 

Mean ± standard error for nicorandil-treated (oral treatment) and untreated animals (hypertrophy) with 
aortic banding and control (no aortic banding) (n=12 animals per group). HR indicates heart rate; mean BP, 
mean aortic pressure. LVEDP, left ventricular end-diastolic pressure; +/- dP/dt, maximal rates of left 
ventricular pressure rise and decline; EDV, end-diastolic left ventricular volume; EF, ejection fraction; SV, 
stroke volume; CO, cardiac output; SVR, systemic vascular resistance; Wall thickness, diastolic wall thickness in 
remote and infarcted region; %WT, percent systolic wall thickening; n.s., not significant. 
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Discussion 

Chronic treatment with nicorandil prevented the development of LV hypertrophy in rats 
subjected to aortic banding. It preserved myocardial viability and improved LV function. 
MR imaging is a non-invasive tool to monitor the effects of new therapies designed to 
protect myocardium from hypertrophy and infarction. 
 In this study, cardiac hypertrophy was induced by aortic banding resulting in pres-
sure overload. The natural course after aortic banding is a progression to LV hypertro-
phy, dysfunction, and eventually failure.20 Treatment with nicorandil prevented the 
induction of LV hypertrophy and reduced infarction size by more than 50% compared 
with untreated animals with LV hypertrophy. Nicorandil is a clinically approved anti-
anginal drug in Japan and several European countries with nitrate-like and adenosine 
triphosphate-sensitive potassium-channel (KATP) activating properties.21,22 Cardioprotec-
tive effects of nicorandil have been demonstrated in experimental and clinical studies 
by preconditioning myocardium to ischemia.5,23-26 Nicorandil acts on both vascular 
smooth muscles and cardiac myocytes. Activation of vascular KATP-channels leads to 
dilation of resistance arteries and capacitance veins, leading to reduction in pre- and 
after-load. Other studies have demonstrated that nicorandil increases coronary blood 
flow, reduces free radical activity, and prevents neutrophil adhesion.5,23,27,28 
 Nicorandil has not been used to investigate potential effects on the prevention of 
hypertrophy although previous work from our group indicated that chronic nicorandil 
therapy after myocardial infarction can influence the remodeling process by attenuating 
the increase of myocardial mass in non-infarcted areas.24 It has been shown that lower-
ing the blood pressure with drugs such as amlodipine or vasodilators such as hydrala-
zine did not attenuate the increase in heart weight in rats subjected to aortic banding.29 
In contrast, nicorandil prevented the formation of LV hypertrophy in rats subjected to 
aortic stenosis, suggesting that the drug has other effects than merely vasodilation. 
Thus, this study could imply that the potassium channel might play an important role in 
the evolution of LV hypertrophy. Among others, two basic concepts could theoretically 
explain the cardioprotective and anti-hypertrophic effects of nicorandil in hearts prone 
to hypertrophy. Opening of the mitochondrial KATP-channels in myocardium alters the 
cellular redox-state and prevents Ca2+ overload. It has also been shown that opening of 
the sarcolemmal KATP-channels modulates cardiac Na+/K+-ATPase activity, shortens the 
action potential duration as well as reduces Ca2+ overload.30,31 Sanada et al. proposed a 
common pathway for induction of preconditioning, prevention of hypertrophy, and 
remodeling. This pathway involves opening of KATP-channels and subsequent modula-
tion of the 70-kDa S6 kinase.32 In addition, it is possible that the nitrate-like effect of 
nicorandil also plays a role in preventing myocardial hypertrophy. Nitrate vasodilators 
are thought to act by releasing nitric oxide, which is known to mediate vasodilation, 
inhibit platelet aggregation, and prevent leukocyte adhesion to endothelial cells.33 
Chronic treatment with a nitric oxide synthesis inhibitor induces myocardial hypertro-



118 

phy, fibrosis and medial thickening and perivascular fibrosis of coronary arteries.34-36 
However, the potassium-channel opener activity of nicorandil is also involved in the 
nitric oxide pathway. In the study mentioned above, Sanada et al. observed that open-
ing of the adenosine triphosphate-sensitive potassium channel attenuated cardiac re-
modeling induced by long-term inhibition of nitric oxide synthesis.32 In addition, Horina-
ka et al.37 described that nicorandil enhanced cardiac endothelial nitric oxide synthase 
expression via the activation of KATP channel. 
 Similar to humans, coronary collateral circulation is minimal in the rat. A relatively 
short duration of coronary occlusion was chosen in this study to mimic a clinical situa-
tion in which a substantial volume of salvageable myocardium is present in the jeopardy 
zone. Infarction size in chronically nicorandil-treated animals with aortic banding was 
similar to control animals without aortic banding in the current study. The KATP-channels 
located on the sarcolemma and the inner membrane of mitochondria of cardiomyo-
cytes are important for the cardioprotection against ischemia and reperfusion injury.38-

40 O’Rourke 41 found that nicorandil decreases cytoplasmic calcium levels by activating 
the ATP-dependent sarcolemmal calcium pump. Oral nicorandil therapy produced less 
reduction in infarction size compared with intravenous therapy in non-hypertrophied 
hearts subjected to infarction.42,43 This smaller reduction in infarction size may be relat-
ed to the dose since a relatively low oral dose (3 mg/kg/24h) was used in the current 
study compared with an intravenous dose of 6.2 mg/kg/3.5h.42,43 However, the preven-
tion of cardiac hypertrophy might already explain the reduced infarction size compared 
with untreated animals with pressure overload. Thus, a future study is needed that 
includes long-term oral treatment of animals without aortic banding to study the influ-
ences of therapy on infarction size. In addition, different doses of nicorandil with differ-
ent starting points of therapy in the course after aortic banding should be studied. 
 This study showed that LV end-diastolic volume and pressure after infarction were 
significantly higher in hypertrophied hearts and both values were significantly de-
creased with nicorandil treatment. It was also shown that ± dP/dt was significantly in-
creased in treated compared with untreated animals, indicating that nicorandil im-
proved LV function. Nicorandil therapy resulted in a lower blood pressure comparable 
to the blood pressure in control animals. However, since a single MR imaging and pres-
sure measurement experiment was performed at the end of the 8-week period of aortic 
banding, the hemodynamic data are influenced by two parameters, namely myocardial 
infarction and presence or absence of pressure overload. 
 The underlying mechanism responsible for the prevention of LV hypertrophy, re-
duction of infarct size and preservation of LV function were not elucidated by this study. 
Nevertheless, the results of our descriptive study are the first to demonstrate an anti-
hypertrophic effect of long-term therapy with nicorandil. Thus, further studies are 
needed to investigate these molecular mechanisms. The present results may help to 
encourage the introduction of new therapeutic strategies in myocardial hypertrophy. 
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The present study demonstrated that MR imaging can serve as a precise and non-
invasive tool to assess the efficacy of drug therapies. In a recent report, Bello et al.44 
demonstrated the beneficial effect of beta-blockers in patients with heart failure using 
contrast-enhanced and functional MR imaging. Similar to results in non-hypertrophied 
myocardium,45 we found in the current study that LV mass determined with MR imaging 
was nearly identical to that obtained at postmortem. In addition, infarction size deter-
mined with Gadophrin-enhanced MR imaging were similar to those obtained with histo-
chemical staining in all animal groups. Thus, the accuracy and precision of a necrosis-
specific MR contrast agent in sizing ischemic injury in hypertrophied hearts was demon-
strated. Previous studies reported the potential of this class of MR contrast media in 
delineating acute infarction in non-hypertrophied hearts.18,42 Gadophrin-chelates specif-
ically delineate acute, but not chronic, infarcts by intracellular precipitation or binding 
to cellular debris.46,47 

Conclusion 

Long-term oral treatment with nicorandil prevents the development of LV hypertrophy 
and preserves myocardial viability. While direct translation of this experimental model 
of cardiac hypertrophy to clinical conditions of hypertrophy might not be possible, these 
first results may encourage further studies to identify the molecular mechanisms of 
nicorandil in preventing myocardial hypertrophy and estimate the value of chronic 
nicorandil therapy in patients with myocardial hypertrophy. 
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Abstract 

Background: Although echocardiography is used as a first line imaging modality, its ac-
curacy to detect acute and chronic myocardial infarction (MI) in relation to infarct char-
acteristics as assessed with late gadolinium enhancement cardiovascular magnetic res-
onance (LGE-CMR) is not well described. 
 
Methods: One-hundred-forty-one echocardiograms performed in 88 first acute ST-
elevation MI (STEMI) patients, 2 (IQR1-4) days (n = 61) and 102 (IQR92-112) days post-
MI (n = 80), were pooled with echocardiograms of 36 healthy controls. 61 acute and 80 
chronic echocardiograms were available for analysis (53 patients had both acute and 
chronic echocardiograms). Two experienced echocardiographers, blinded to clinical and 
CMR data, randomly evaluated all 177 echocardiograms for segmental wall motion 
abnormalities (SWMA). This was compared with LGE-CMR determined infarct character-
istics, performed 104 ± 11 days post-MI. Enhancement on LGE-CMR matched the in-
farct-related artery territory in all patients (LAD 31%, LCx 12% and RCA 57%). 
 
Results: The sensitivity of echocardiography to detect acute MI was 78.7% and 61.3% 
for chronic MI; specificity was 80.6%. Undetected MI were smaller, less transmural, and 
less extensive (6% [IQR3-12] vs. 15% [IQR9-24], 50 ± 14% vs. 61 ±15%, 7 ± 3 vs. 9 ± 3 
segments, p < 0.001 for all) and associated with higher left ventricular ejection fraction 
(LVEF) and non-anterior location as compared to detected MI (58 ± 5% vs. 46 ± 7%, p < 
0.001 and 82% vs. 63%, p = 0.03). After multivariate analysis, LVEF and infarct size were 
the strongest independent predictors of detecting chronic MI (OR 0.78 [95%CI 0.68-
0.88], p < 0.001 and OR 1.22 [95%CI0.99-1.51], p = 0.06, respectively). Increasing infarct 
transmurality was associated with increasing SWMA (p < 0.001). 
 
Conclusions: In patients presenting with STEMI, and thus a high likelihood of SWMA, the 
sensitivity of echocardiography to detect SWMA was higher in the acute than the chron-
ic phase. Undetected MI were smaller, less extensive and less transmural, and associat-
ed with non-anterior localization and higher LVEF. Further work is needed to assess the 
diagnostic accuracy in patients with non-STEMI. 
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Introduction 

Myocardial infarction (MI) is a major cause of death and disability worldwide.1 Accurate 
diagnosis is important, since it directs clinical management and affects prognosis. De-
spite the development of cardiac specific biomarkers (i.e. troponins) that increase sev-
eral hours after the onset of myocardial ischemia, early diagnosis can still be difficult 
and MI may remain undetected.2 Non-invasive imaging modalities can improve the 
diagnosis of MI, due to their ability to detect segmental wall motion abnormalities 
(SWMA) as a result of myocardial ischemia.3 
 Two-dimensional echocardiography has many advantages as a first line, bed-side, 
real-time imaging modality because it is inexpensive, and rapidly and widely available. 
Although echocardiography is subsidiary to the electrocardiogram (ECG) in hemody-
namically stable patients presenting with ST-segment elevation myocardial infarction 
(STEMI), its role may be more important in patients with a non-diagnostic ECG. Echo-
cardiography is generally agreed to be very accurate, but the sensitivity to detect acute 
MI varies widely.4 Sensitivities of up to 100% have been reported in small studies that 
investigated patients with previous MI, Q-wave MI and included patients with good 
image quality.5-8 However, the sensitivity ranged between 60-70% when predominantly 
non-Q-wave MI and patients with less optimal image quality echocardiograms were 
included.9,10 Most studies have focused on the echocardiographic detection of acute MI, 
and less is known about its usefulness in chronic MI.11,12 Chronic MI may remain unde-
tected more frequently, because of the disappearance of SWMA after several weeks.13 
 Animal studies have shown that the extent of echocardiographic SWMA is related 
to infarct size and transmurality.14 This is also suggested by early clinical studies, but less 
accurate measures of infarct size were used, such as peak enzyme release and the pres-
ence or absence of Q-waves.7,9,10 The purpose of this study was to investigate the diag-
nostic accuracy of echocardiography to detect SWMA in the acute and chronic phase in 
a well described homogeneous population initially presenting with STEMI and conse-
quently a high likelihood of SWMA. Additionally, we investigated the relation of SWMA 
with underlying infarct characteristics as assessed with late gadolinium enhancement 
cardiovascular magnetic resonance (LGE-CMR). 

Methods 

The current study is a retrospective subanalysis of patients admitted with a first ST-
elevation MI (STEMI). Patients were consecutively and prospectively enrolled between 
August 2006 and March 2008. The purpose of the main study was to investigate infarct 
characteristics at baseline and follow-up using LGE-CMR.15 For this subanalysis, only 
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patients were studied who had echocardiograms during admission (acute), follow-up 
(chronic), or both available and in whom LGE-CMR was performed. All patients were 
referred for urgent coronary angiography and primary percutaneous coronary interven-
tion (PCI) of the infarct related artery (IRA). The definition of STEMI was based on a 
consensus document that includes an appropriate rise and fall in cardiac biomarkers 
and electrocardiographic (ECG) changes indicative of new ischemia.16 Patients 18 
years, with regular contraindications for CMR, and those with left bundle branch block 
were excluded. To represent daily clinical practice, patients were not excluded because 
of poor echocardiographic image quality. In total, 88 patients with 141 echocardiograms 
were studied (27 acute and 8 chronic echocardiograms were not available). In 53 pa-
tients, both acute and chronic echocardiograms were available. During the study peri-
od, an arbitrary number of 36 consecutive subjects were extracted from a hospital da-
tabase to serve as a control group and determine specificity. These subjects were either 
healthy volunteers or analyzed for various reasons. All were finally diagnosed without 
cardiac disease and none had evidence of myocardial scar (on LGE-CMR) or significant 
coronary artery disease (normal invasive coronary angiography, coronary computed 
tomography, or exercise treadmill test). Maastricht University Medical Center is a high 
volume center for cardiac ultrasound (13.000 transthoracic and 1000 transoesophageal 
examinations per year). Informed consent was obtained in all patients and Review 
Board of Maastricht University Medical Center approved the study. 

Transthoracic echocardiography was performed at a median of 2 (interquartile range 
[IQR] 1–4) days (acute) and 102 (IQR 92–112) days (chronic) after admission. Echocardi-
ography was performed according to the American Society of Echocardiography guide-
lines using a commercially available ultrasound system (Sonos 5500 systems with S3 
transducers or iE33 systems with S5-1 transducers, Philips Medical Systems, Best, The 
Netherlands).17 All images were acquired in supine or left lateral decubitus position and 
recorded as ECG-gated digital loops and stored for off-line analysis. Standard paraster-
nal short and long axis views and apical two-, four-, and five-chamber views were ob-
tained. No myocardial contrast enhanced technique was used. 
 All 177 echocardiographic studies (patients and controls) were analyzed inde-
pendently and in random order by two board-certified cardiologists (S.S. and S.B.) with 
>10 years of experience in echocardiography, who were blinded to patient, clinical and 
CMR data. Discrepancies were resolved in consensus after review by a third expert 
(E.C.). Left ventricular ejection fraction (LVEF) was estimated visually. Regional wall 
motion was assessed visually according to the AHA 17-segment model on a four-point 
scale (0=normal, 1=hypokinesia, 2=akinesia, and 3=dyskinesia).18 Since segments could 
be visualized in more than one view, a final consensus score was assigned by combining 
all views. Finally, the presence or absence of MI was assessed (defined as SWMA-score 
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1 in 1 segment, with or without wall thinning). Image quality was scored on a three-
point scale based on the number of interpretable segments (i.e. 0=poor, if >1 segment 
was not interpretable in any view; 1=average, if all segments were interpretable but not 
in all views; and 2=excellent, if all views were interpretable in all views). MI localization 
was classified as anterior (left anterior descending [LAD] artery territory) or non-
anterior (left circumflex [LCx] or right coronary artery [RCA] territory). Only when the 
localization of SWMA on echocardiography and infarct on LGE-CMR matched, MI was 
defined as being correctly detected by echocardiography. 

Patients underwent CMR at a mean of 5±2 days (acute) and 104±11 days (chronic) after 
admission. CMR was performed for research purposes (i.e. not clinically ordered scans), 
and scan results were not used to guide clinical decision-making. Images were acquired 
with a 1.5 Tesla system (Philips Intera, Philips Medical Systems, Best, The Netherlands) 
equipped with a cardiac software package and five-element phased array surface coil. 
Although our CMR protocol included cine (steady-state free precession) and T2-
weighted (black-blood turbo spin echo with fat suppression) imaging, only the LGE-CMR 
images were used for the purpose of this study. LGE-CMR images were acquired 10 
minutes after administration of 0.2mmol/kg body weight Gadolinium diethylenetri-
aminepentaacetic acid (Gd-DTPA, Magnevist®, Bayer-Schering, Germany), using a 
breathhold three-dimensional inversion-recovery gradient echo technique (ac-
quired/reconstructed slice thickness 12/6mm, average TR/TE 3.9/2.4ms, multi-shot [50 
profiles/shot] segmented partial echo readout, flip angle 150, FOV 400mm, matrix 
256x256) in the short axis, two-chamber and four-chamber views.15 Inversion delay 
time was set to null signal from normal myocardium (typically 200–280ms). 
 CMR images were analyzed independently by two observers, experienced in read-
ing CMR and blinded to clinical and echocardiographic data, using commercially availa-
ble software (CAAS MRV 3.0, Pie Medical Imaging, Maastricht, The Netherlands). The 
endocardial and epicardial borders were manually traced on the LGE-CMR short axis 
images, excluding the papillary muscles, to determine infarct size and transmurality. 
Infarct size and transmurality were measured by manually tracing enhanced areas (in-
cluding areas of microvascular obstruction) and expressed as a percentage of LV mass 
and segmental LV wall thickness, respectively. CMR and echocardiographic images were 
analyzed on separate occasions. 

Continuous variables with normally distributed data are expressed as mean ± standard 
deviation (SD), otherwise as median with IQR. Categorical data are expressed as fre-
quencies with percentages. The inter- and intraobserver agreement between the two 
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readers was analyzed by using Cohen’s kappa ( ) coefficient. Differences in categorical 
data were evaluated using a Chi-square or Fisher’s exact test. For continuous data, the 
independent -test was used for normally distributed data and the Mann–Whitney U 
test when not normally distributed. 
 Validity of echocardiography for the diagnosis of acute and chronic MI was evaluat-
ed by calculation of sensitivity and specificity with corresponding 95% confidence inter-
vals (CI). LGE-CMR was used as reference standard. Differences in sensitivity between 
acute and chronic MI were tested using a test for paired proportions. 
 Univariate binary logistic regression was performed to explore the effect of differ-
ent infarct characteristics on accurate detection of MI by echocardiography. The de-
pendent variable in this analysis was whether or not MI was detected by echocardiog-
raphy (detected versus undetected). Independent variables associated with a -value 
<0.05 were selected for inclusion in a multivariate binary logistic regression model in 
order to evaluate the independent effects of specific infarct characteristics. One varia-
ble per every 7–10 events were considered acceptable to be included into the multivar-
iate model, where an event is defined as the outcome that is the least frequent.19 SPSS 
version 17.0 (SPSS Inc., Chicago, Illinois) was used for all statistical analyses. A two-tailed 
value of <0.05 was considered statistically significant. 

Results 

Patients with MI were older and more often active or ex-smokers than healthy controls 
(59±11 vs. 43±12 years and 86% vs. 11%, respectively, <0.001 for both, Table 1). In pa-
tients, post-PCI thrombolysis in myocardial infarction (TIMI 3) flow was established in 88%. 
The infarct-related artery (IRA) was the LAD in 31%, LCx in 12% and RCA in 57% of pa-
tients, and approximately half had single vessel disease (51%). In all patients, enhance-
ment was visible on LGE-CMR images matching the territory of the IRA. Infarct size and 
infarct transmurality were 11% (IQR5-19) and 57±16%, respectively. Infarct size was 
smaller and LVEF higher in patients with non-anterior MI than in patients with anterior MI 
(10% [IQR5-15] vs. 23% [IQR13-28] and 52±8% vs. 45±10%, respectively, <0.001 for 
both). 

Analysis of intraobserver variability of echocardiographic assessment showed an 
agreement of 80% ( =0.58) and 85% ( =0.63) for observer 1 and 2, respectively. Analy-
sis of the interobserver variability showed an agreement of 85% ( =0.70). The interob-
server agreement for measuring infarct size on LGE-CMR images was excellent ( =0.90). 
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Table 1: Baseline characteristics 

 PPatients (n=88) 
n= 

Controls (n=36) p-value 

Age (y) 59 ±11 43 ±12 <0.001 

Male (%) 65 (74) 20 (56) 0.06 

Diabetes mellitus (%) 6 (7) 1 (3) 0.68 

Smoking (%) 76 (86) 4 (11) <0.001 

Hypertension (%) 34 (39) 7 (19) 0.80 

Hypercholesterolemia (%) 25 (28) 4 (11) 0.18 

Positive family history (%) 41 (47) 14 (39) 0.84 

    

Infarct related artery (%)    

 LAD  27 (31) -  

 LCx  11 (12) -  

 RCA  50 (57) -  

Number of diseased vessels (%)    

 1 45 (51) -  

 2 43 (49) -  

TIMI 3 (%)    

 Pre-PCI 8 (9) -  

 Post-PCI 77 (88) -  

    

Days post MI     

 Acute  2 (1-4) -  

 Chronic  102 (92-112) -  

Image quality (%)   0.87 

 Excellent  42 (30) 9 (25)  

 Average  87 (62) 24 (67)  

 Poor  12 (8) 3 (8)  

    

Days post MI  -  

Acute 5 ± 2   

Chronic 104 ± 11   

Days between chronic echo and CMR 0 (0-4) 38 (13-76)  

Infarct size, % of LV 11 (5-19) -  

Infarct transmurality, % 57 ± 16 -  

Number of infarcted segments 8 ± 3  -  

Values are presented as mean ± standard deviation, median and interquartile range or proportions (%) when 
appropriate. LAD = left anterior descending artery; LCx = left circumflex artery; RCA = right coronary artery; 
TIMI = thrombolysis in myocardial infarction PCI = percutaneous coronary intervention; MI = myocardial 
infarction; CMR = cardiovascular magnetic resonance; LVEF = left ventricular ejection fraction. 
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The diagnostic performance of echocardiography to detect MI is shown in Table 2. 
Overall, MI was detected by echocardiography in 97 out of 141 studies, resulting in an 
overall sensitivity of 68.8%. Forty-eight out of the 61 patients with acute MI, and 49 out 
of the 80 patients with chronic MI were detected, resulting in a sensitivity of 78.7% and 
61.3%, respectively. In the 53 patients in whom both acute and chronic echocardio-
grams were available for analysis, sensitivity for acute and chronic MI were 75.4% 
(40/53) and 67.9% (36/53). This was not significantly different as compared to the total 
group ( 0.84 and =0.06, respectively). The sensitivity to detect LCx-related MI was 
somewhat higher than RCA-related MI, but this did not reach statistical significance 
(70.0% vs. 61.0%, respectively, =0.46) 
 Overall, the localization of observed SWMA did not match the localization of infarc-
tion on LGE-CMR in 4 out of 141 studies (2.8%) and more frequently so in chronic than 
in acute MI (3.8% vs. 1.6%). In healthy controls, 7 out of 36 studies were incorrectly 
classified as MI, resulting in a specificity of 80.6%. All false positive assessments con-
cerned the basal inferior or basal inferolateral segments. 
 

Echocardiographically undetected MI were more often non-anteriorly located in com-
parison to detected MI (82% vs. 63%, =0.03, Table 3). The prevalence of multivessel 
disease did not differ between patients with undetected and detected MI ( =0.85). 
Overall, undetected MI were smaller, less transmural, involved less segments, and were 
associated with higher LVEF as compared to detected MI (6% [IQR3-12] vs. 15% [IQR9-
24], 50±14% vs. 61±15%, 7±3 vs. 9±3 segments, and 58±5% vs. 46±7, respectively, 

<0.001 for all). Image quality was not different between patients with undetected and 
detected MI. Similar associations with infarct characteristics were found in the 53 pa-
tients who had both acute and chronic echocardiograms. 

 
Table 2: Diagnostic performance of echocardiography to detect myocardial infarction 

 NN 
 

Sensitivity 
95% CI 

Specificity 
95% CI 

PPV 
95% CI 

NPV 
95% CI 

Overall 141 
 

68.8% 
(64.9-71.4%) 

80.6% 
(65.3-90.9%) 

93.3% 
(88.0-96.8%) 

39.7% 
(32.2-44.8%) 

Acute MI 61 
 

78.7% 
(70.8-84.4%) 

80.6% 
(67.1-90.2%) 

87.3% 
(78.5-93.6%) 

69.0% 
(57.6-77.3%) 

Chronic MI 80 
 

61.3% 
(54.8-65.8%) 

80.6% 
(66.1-90.7%) 

87.5% 
(78.2-94.0%) 

48.3% 
(39.7-54.4%) 

CI = confidence interval; PPV = positive predictive value; NPV = negative predictive value; MI = myocardial 
infarction. 
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Table 3: Comparison of characteristics between detected and undetected myocardial infarctions 

 Detected 
(n=97) 

Undetected 
(n=44) 

p-value 

Age ( y) 60 ± 12 59 ± 10 0.81 

Male (%)  74 (76) 33 (75) 0.87 

Infarct localization (%)   <0.05 

 Anterior 36 (37) 8 (18)  

 Non-anterior 61 (63) 36 (82)  

Number of diseased vessels   0.85 

 1 49 (51) 23 (52)  

 2 48 (49) 21 (48)  

    

LVEF (%)    

 Acute 44 ± 7 58 ± 7 <0.001 

 Chronic 48 ± 7 59 ± 5 <0.001 

Days post MI    

 Acute 2.0 (1.0-3.0) 4.0 (3.0-6.5) 0.001 

 Chronic 101 (91-113) 104 (97-111) 0.50 

Image quality (%)   0.37 

 Excellent 26 (27) 16 (36)  

 Average 61 (63) 26 (59)  

 Poor 10 (10) 2 (5)  

    

Infarct size, % of LV    

 Acute 16 (10-25) 6 (3-13) 0.002 

 Chronic 15 (8-23) 6 (3-11) <0.001 

Infarct transmurality, %    

 Acute 62 ± 14 54 ± 17 0.07 

 Chronic 61 ± 16 48 ± 13 <0.001 

Number of infarcted segments    

 Acute 9 ± 3 7 ± 3 0.02 

 Chronic 9 ± 3 7 ± 3 0.005 

Values are presented as mean ± standard deviation, median and interquartile range or proportions (%) when 
appropriate; MI = myocardial infarction; CMR = cardiovascular magnetic resonance; LVEF = left ventricular 
ejection fraction. 

 

In both acute and chronic MI, LVEF was significantly higher in undetected than in de-
tected MI (58±7% vs. 44±7% and 59±5% vs. 48±7%, respectively, <0.001 for both, 



132 

Table 3) and the probability of detecting MI increased as LVEF decreased (b=-0.30 and 
b=-0.27, respectively, <0.001 for both, Table 4). 
 
Table 4: Univariate and multivariate logistic regression analysis for the prediction of the echocardiographic 
detection of myocardial infarction 

 Univariate Multivariate 

 Coefficient 
(B) 

OR 
(95% CI) 

p-value Coefficient 
(B) 

OR 
(95% CI) 

p-value 

Acute MI       

 Infarct localization       

   2.06 7.86 (0.94-65.5) 0.06    

 Image quality       

   0.49 1.64 (0.14-19.4) 0.70    

   -0.06 0.94 (0.22-4.11) 0.93    

 Time point echocardiography -0.32 0.72 (0.56-0.94) 00.014    

 LVEF -0.30 0.74 (0.63-0.87) <<0.001    

 Infarct size 0.16 1.17 (1.05-1.31) 00.006    

 Infarct transmurality 0.04 1.04 (1.00-1.09) 0.08    

 Number of infarcted segments 0.28 1.33 (1.04-1.71) 00.026    

Chronic MI       

 Infarct localization       

   0.60 1.82 (0.65-5.09) 0.25    

 Image quality       

   1.24 3.47 (0.34-35.1) 0.29    

   0.43 1.53 (0.59-3.96) 0.38    

 Time point echocardiography -0.02 0.98 (0.94-1.01) 0.18    

 LVEF -0.27 0.76 (0.68-0.86) <<0.001  -0.25 0.78 (0.68-0.88) <<0.001 

 Infarct size 0.16 1.17 (1.08-1.28) <<0.001   0.20 1.22 (0.99-1.51)  0.06 

 Infarct transmurality 0.06 1.06 (1.02-1.10) 00.001  -0.02 0.98 (0.92-1.04)   0.46 

 Number of infarcted segments 0.25 1.28 (1.07-1.53) 00.010  -0.11 0.89 (0.61-1.32)  0.58 

OR = odds ratio; CI = confidence interval; MI = myocardial infarction; LVEF = left ventricular ejection fraction. 

 
In patients with undetected acute MI, echocardiography was performed later after 
admission than in patients in whom acute MI was detected (4.0 [IQR3.0-6.5] vs. 2.0 
[IQR1.0-3.0] days, =0.001). Accordingly, the probability of detecting an acute MI was 
inversely related to the delay time between admission and performance of echocardi-
ography (b=-0.32, =0.014, Table 4). This association was not found in chronic MI. 
 The probability of accurately detecting acute and chronic MI increased with increas-
ing infarct size (b=0.16 for both, <0.001, respectively [Table 4, Figure 1A and 1B]), 
increasing infarct transmurality (b=0.04, =0.08 and b=0.06, =0.001, respectively, 
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[Table 4, Figure 2A and 2B]), and increasing number of infarcted segments (b=0.28, 
<0.05 and b=0.25, <0.01, respectively, [Table 4]). All >75% transmural chronic MI 

were detected (Figure 2B), while one >75% transmural, small acute MI (infarct size 3%) 
remained undetected (Figure 2A). 
 

 
Figure 1: Undetected myocardial infarction in relation to infarct size. 
The prevalence of undetected myocardial infarction decreased with increasing infarct size in acute (AA) and 
chronic (BB) myocardial infarction. 

 

 
Figure 2: UUndetected myocardial infarction in relation to infarct transmurality. 
The prevalence of undetected myocardial infarction decreased with increasing infarct transmurality in acute
(AA) and chronic myocardial infarction (BB), and was significant in chronic myocardial infarction only. 

 
Univariate regression analysis revealed that the detection of acute MI was significantly 
associated with the time point of echocardiography after admission, LVEF, infarct size 
and segmental extent of infarction (Table 4). Due to the limited number of undetected 
acute MI, a multivariate logistic regression analysis to evaluate the independent effects 
of specific infarct characteristics was considered feasible only with respect to chronic 
MI. The results of a multivariate model, where LVEF, infarct size, infarct transmurality 
and the number of infarcted segments were entered as independent variables, indicat-
ed that only LVEF and infarct size were strongly and independently associated with 
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undetected chronic MI (b=-0.25 and b=0.20, <0.001 and =0.06, respectively). Similar-
ly, multivariate regression analysis in the 53 patients with serial echocardiograms re-
sulted in similar associations for both LVEF and infarct size (b=-0.25 and b=0.08). 

A total of 2370 segments (91%) were evaluated for SWMA in relation to infarct trans-
murality by LGE-CMR. A significant positive relationship was found between the severity 
of SWMA and increasing infarct transmurality ( <0.001 for both acute and chronic MI, 
Figure 3A and B). XIn acute and chronic MI, median values of infarct transmurality were 
0% (IQR0-8%) and 0% (IQR0-7%) in normokinetic segments, 21% (IQR3-48) and 25% 
(IQR3-58) in hypokinetic segments and 47% (IQR20-77) and 48% (IQR10-75) in akinetic 
segments, respectively. 
 

 
Figure 3: Relationship of echocardiographic segmental wall motion abnormality and infarct transmurality. Box 
plots illustrating the positive relationship of echocardiographic segmental wall motion abnormality with
infarct transmurality in acute (AA) and chronic (BB) myocardial infarction ( < 0.001 for both). 

Discussion 

We found that the overall sensitivity of regular transthoracic 2D-echocardiography to 
detect MI is modest. For acute, several days-old MI (first STEMI), its sensitivity was 
moderate and even lower for chronic, 3 months-old MI. Undetected MI were smaller, 
less extensive and less transmural and associated with non-anterior localization and 
higher LVEF. 
 Accurate detection of MI is important but can be challenging, especially when 
symptoms are atypical and electrocardiographic changes are non-specific or absent 
(non-STEMI). Undetected MI account for at least one-fifth of all infarctions and carry a 
prognosis as poor as detected MI.20 Detecting new loss of myocardium or new SWMA is 
currently a key part of the universal definition of MI, and imaging modalities have been 
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added to cardiac biomarker testing,16 and given a class 1 recommendation in acute 
coronary syndrome guidelines.21 

Although a number of studies are being referred to as having shown a high diagnostic 
accuracy of echocardiography to detect acute MI, several of them were not designed as 
such or used suboptimal methods to determine infarct size and localization.4 Heger et 
al. investigated patients with Q-wave MI and found SWMA in the entire study popula-
tion. Q-wave MI are predominantly related to infarct size rather than infarct transmural-
ity.22 The high incidence of cardiogenic shock, heart failure and deaths, confirms that 
predominantly patients with large MI were studied, positively affecting sensitivity. Of 
note, 7 out of 44 echocardiograms could not be evaluated and the true sensitivity is 
therefore lower.5 In another study of 90 patients with a first acute MI, SWMA correlated 
well with the location of MI on the ECG. All patients had a Q-wave MI, and thus pre-
sumably larger MI. Again, only 73% of echocardiograms could be evaluated. The authors 
mention the moderate success in obtaining adequate images in the acute setting as an 
important limitation of echocardiography.6 Gibson et al. reported that SWMA were 
detected in all of 75 patients consecutively admitted with acute MI. However, one-third 
of patients had a previous MI of whom two-thirds showed SWMA outside the electro-
cardiographic infarct zone. In this setting, the sensitivity to detect acute MI was overes-
timated since echocardiography might detect a coexistent large chronic MI while miss-
ing a smaller acute MI. In addition, 16 (21%) patients developed cardiogenic shock of 
whom 14 (88%) died, again suggesting that mainly patients with large MI were studied.7 
In another study of 43 patients with chest pain and non-diagnostic electrocardiograms, 
13 developed a MI of which 12 (92%) were detected by echocardiography. However, 
only patients with good image quality were analyzed and no information was provided 
on the agreement between SWMA and electrocardiographic location of infarction.8 In 
contrast, two other studies investigating patients with acute non-Q-wave and no previ-
ous MI found sensitivities of 66% and 83%, comparable to our findings.9,10 
 The wide variation in sensitivity can be explained by the fact that many studies 
were small, used different in- and exclusion criteria, or used no or less appropriate ref-
erence standards to compare SWMA with. To our knowledge, our study is the largest 
thus far, specifically addressing the diagnostic accuracy of echocardiography to detect 
SWMA in comparison to LGE-CMR in a homogenous population of patients with STEMI. 
We used LGE-CMR as the clinical reference standard to correlate SWMA with. In our 
study, correct echocardiographic identification of MI was defined when the location of 
echocardiographic SWMA matched the infarct region on LGE-CMR images, thereby 
preventing false positives (i.e. classification of an infarct by echocardiography if SWMA 
were observed in a remote region [4 out of 141 echocardiograms (2.8%)]). 
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While most studies have focused on the diagnostic accuracy of echocardiography to 
detect acute MI, less is known about its usefulness in chronic MI. We found that the 
sensitivity of echocardiography to detect chronic MI was even lower than for acute MI. 
This was true in the population as a whole as well as in the cohort of 53 patients with 
serial echocardiograms. This lower sensitivity can be explained by improvement of con-
tractility of initially “stunned” myocardium several months after successful revasculari-
zation.23 It also has important clinical implications, because not infrequently, cardiolo-
gists are confronted with patients presenting with coincident pathological Q-waves and 
a normal echocardiogram. In these cases, either the ECG can be false-positive or the 
echocardiogram false-negative for the diagnosis of chronic MI. To prevent that appro-
priate therapy is withheld in these patients, LGE-CMR can be applied to definitively rule 
in or rule out chronic MI. Advanced echocardiographic techniques such as speckle track-
ing may also play a role to improve diagnostic accuracy. 

MI was more frequently undetected in patients with higher LVEF, smaller, less transmu-
ral and less extensive infarctions and when non-anteriorly located. For undetected 
acute MI the relationship with infarct transmurality was less strong than for chronic 
undetected MI, most likely as a result of “stunning” (Figure 2). The relationship between 
infarction and contractile function is complex. CMR studies have shown that contractili-
ty improves over time in dysfunctional myocardium with <25% transmural infarction,13 
and that the likelihood of functional recovery decreases with increasing infarct transmu-
rality.24 The relation of contractile function with infarct transmurality also applies for 
chronic MI. Blinded observers were unable to detect SWMA in 37% of infarcted seg-
ments, of which 84% were <50% transmurally infarcted.25 In our study, all >75% trans-
mural chronic MI were correctly identified. 
 We also found a significant relationship of the severity of echocardiographic SWMA 
with increasing infarct transmurality (Figure 3), confirming the results of a previous 
study in 15 autopsied patients in whom ante-mortem echocardiograms were compared 
with pathology. In that study, all transmurally infarcted segments were akinetic or dys-
kinetic, and 71% of subendocardially infarcted segments were either hypokinetic or 
normal.26 Regardless whether echocardiography or CMR was used, studies have repeat-
edly shown the relationship of contractility with infarct characteristics. Therefore, MI 
may remain undetected when the diagnosis is only based on the presence or absence of 
SWMA. 
 Echocardiography is a very useful imaging modality in patients with acute chest 
pain because it can also detect life threatening conditions other than acute MI, such as 
acute aortic dissection, cardiac tamponade, or pulmonary embolism. It is not our inten-
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tion to bring echocardiography into disrepute, but rather to call for a cautious approach 
when it is used as a final test to rule out MI. 

Although we did not use contrast echocardiography to improve endocardial border 
definition,27 we believe this would not have changed our results. First, image quality 
was not an important predictor for the detection of both acute and chronic MI in our 
study. Second, a small, subendocardial infarction would still appear normal and there-
fore remain undetected due to normal contracting neighboring segments (‘inverse 
tethering’).25 Echocardiographic strain imaging may have increased the sensitivity to 
detect MI, as this technique was previously shown to correlate well with the presence 
and extent of scar on LGE-CMR.28 However, accurate strain analysis necessitates addi-
tional software and off-line analysis that is less practical in an emergency setting. 
Whether it may improve the diagnostic accuracy to detect a chronic MI needs further 
investigation. We cannot exclude that misregistration between echocardiographic and 
LGE-CMR images affected our results, although segments were visualized in multiple 
views in the majority of patients. 
 We investigated a homogenous study population, albeit with a modest sample size. 
Echocardiograms were not available in all patients, and this may have affected our re-
sults. At the time of the first echocardiogram (median 2 days, IQR1-4), SWMA might 
have resolved in some patients, lowering sensitivity. However, the process of myocardi-
al stunning after acute MI generally lasts days to weeks.29 Although automatic quantifi-
cation of infarct size and transmurality might have improved accuracy, manual adjust-
ment of contours often remains necessary. Furthermore, no consensus exists on what 
signal intensity thresholds should be used. 

Conclusions 

The sensitivity of regular echocardiography to detect SWMA in patients initially present-
ing with STEMI is moderate in the acute phase and even lower in the chronic phase. 
Undetected MI were smaller, less extensive and less transmural, and associated with 
non-anterior localization and higher LVEF. Although echocardiography is recommended 
by current acute coronary syndrome guidelines, excluding MI solely based on wall mo-
tion should be done cautiously. When clinical suspicion remains high and all other diag-
nostic tests are inconclusive, LGE-CMR can be applied. 
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Abstract 

Objectives: We aimed to evaluate the microvascular function in cardiac syndrome X 
(CSX) patients by assessing 1) the endothelial glycocalyx barrier properties using sublin-
gual microscopy, and 2) the myocardial perfusion reserve using cardiovascular magnetic 
resonance (CMR) imaging. 
 
Background: It has been suggested that CSX may be related to coronary microvascular 
dysfunction. 
 
Methods and results: Sublingual microscopy was performed in 13 CSX patients (angina 
pectoris, ST-depression on treadmill testing, normal coronary angiogram) and com-
pared with 2 control groups of 13 volunteers and 14 patients with known obstructive 
coronary artery disease (CAD). To test the glycocalyx-mediated microvascular respon-
siveness, the erythrocyte perfused boundary region (PBR) was assessed at baseline and 
after nitroglycerin challenge. The baseline PBR of CSX patients was similar to controls 
with CAD ( =0.72), and larger than in volunteers ( =0.02). Only the volunteers demon-
strated a significant increase in PBR after nitroglycerin ( =0.03). In the 13 CSX patients, 
adenosine stress CMR perfusion imaging was performed. Although a significant increase 
in myocardial perfusion was observed in both the subendocardium and subepicardium 
during stress, the subendocardial perfusion reserve was significantly lower ( =0.02). The 
PBR responsiveness of the sublingual microvasculature showed a strong correlation 
with the transmural myocardial perfusion reserve ( =0.86, <0.001). 
 
Conclusions: CSX patients can be characterized by microvascular glycocalyx dysfunction 
using sublingual microscopy. The strong correlation between sublingual PBR respon-
siveness and myocardial perfusion reserve indicates that the glycocalyx plays an im-
portant role in the regulation of microvascular volume for myocardial perfusion and 
supports the concept of impaired glycocalyx barrier properties in CSX. 
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Introduction 

Patients with chest pain in the absence of obstructive coronary artery disease (CAD) 
remain a challenge for physicians, since the underlying pathophysiology and appropri-
ate treatment are currently not fully understood.1-3 Within this patient population, 
cardiac syndrome X (CSX) is a well defined entity that is characterized by symptoms of 
typical angina pectoris on exertion with corresponding ST-depression on electrocardiog-
raphy, despite normal coronary arteries on invasive coronary angiography.4 Although 
there is currently no consensus on the pathophysiologic basis of CSX, it has been pro-
posed that coronary microvascular dysfunction plays an important role.5,6 However, in 
contrast to the epicardial coronary vasculature, direct assessment of coronary micro-
vascular dysfunction is difficult. Cardiovascular magnetic resonance (CMR) perfusion 
imaging has the ability to detect myocardial ischemia non-invasively with a good spatial 
resolution.7 However, previous studies using CMR perfusion imaging to detect myocar-
dial ischemia as a marker for coronary microvascular dysfunction in patients with CSX 
have reported conflicting results.8-11 Alternatively, the microcirculation can be directly 
assessed in easily accessible regions such as the sublingual circulation by novel non-
invasive imaging techniques. Recent experimental and clinical studies using intravital 
microscopy of the sublingual microvasculature have indicated that evaluation of dam-
age to the endothelial glycocalyx may reflect microvascular dysfunction.12-16 The endo-
thelial glycocalyx is a cell-hindering layer on the luminal side of blood vessels that plays 
an important role in the protection of the vascular wall against atherogenic stimuli (Fig-
ure 1).17 Perturbation of this protective layer has been demonstrated in healthy volun-
teers during acute hyperglycemia and in patients with vascular disease, allowing deeper 
cell penetration towards the endothelium leading to an increase in the erythrocyte 
perfused boundary region (PBR).12-15,17,18 
 The current study aimed to investigate the microvascular function of patients with 
CSX using these non-invasive imaging techniques. Therefore, we assessed the baseline 
PBR and its responsiveness as a marker for glycocalyx-mediated microvascular function 
using sublingual microscopy in a well described homogeneous population of CSX pa-
tients, in comparison with 2 control groups (i.e. subjects with and without known ob-
structive coronary artery disease [CAD]). Additionally, we evaluated the myocardial 
perfusion reserve of the CSX patients with high spatial resolution adenosine stress CMR 
perfusion imaging at 3.0 Tesla. 
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Figure 1: Portrayal of the endothelial glycocalyx and its relation to the perfused boundary region (PBR) in a 
microvessel. 
A. : A healthy glycocalyx limits the accessibility of blood-borne lipids and proteins and forms a barrier for 
adhesion of platelets and inflammatory cells to the vascular wall. It is also involved in mechanosensing and
transduction of hemodynamic stimuli to the endothelium, thereby regulating the production of amongst
others nitric oxide. 
The cartoons in the  and  schematically illustrate the perfused boundary region (PBR) in relation to
the glycocalyx barrier properties in a blood vessel. The PBR is the cell-poor layer which results from the phase 
separation between the flowing erythrocytes and plasma. It covers the cell-permeable part of the glycocalyx, 
to which erythrocytes have limited access, while the cell-impermeable part cannot be accessed at all. In a 
healthy vessel, outward movement of the erythrocytes under baseline conditions is restricted by the relatively
thick cell-impermeable glycocalyx barrier, resulting in a small PBR. Nitroglycerin, however, is anticipated to 
robustly increase the PBR in this vessel by impairing this barrier. The PBR is the main readout parameter of the
sublingual imaging, and calculated from the median erythrocyte column width (P50) and outer diameter of
erythrocyte perfused lumen (Dperf); this is further explained in Figure 2. 

B. : Damage to the glycocalyx has been associated with all features of a malfunctioning microcirculation:
endothelial activation, vascular leakage and a diminished NO bioavailability. A damaged glycocalyx is associat-
ed with a reduction of the cell-impermeable glycocalyx part allowing the outer edge of the erythrocyte per-
fused lumen to move in sideward direction towards the endothelium, resulting in an increase in PBR at base-
line already and the absence of a PBR response to nitroglycerin (  and ). 

Methods 

Consecutive patients with CSX were prospectively enrolled at our institution between 
2011 and 2012. The CSX patients had typical exercise-induced angina pectoris and cor-
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responding ischemic ST-changes on electrocardiography (defined as 0.1 mV horizontal 
or down sloping ST-segment depression 80 ms after the J point). They all had previously 
undergone invasive coronary angiography, showing normal coronary arteries (n = 8) or 
minimal vessel wall irregularities (i.e. <25% stenosis, n = 5). Patients younger than 18 
years and patients with contraindications for either CMR (e.g. metallic implants, pace-
maker) or adenosine (e.g. atrioventricular conduction abnormalities, severe asthma) 
were excluded. Of the 16 eligible CSX patients, 13 gave informed consent and complet-
ed the entire study protocol. 
 In addition to these 13 CSX patients, 13 volunteers without a history of chest pain 
or CAD and 14 patients with known obstructive CAD (examined approximately one hour 
before their scheduled percutaneous revascularization) of similar age and sex distribu-
tion were recruited during the study period to serve as control groups for the sublingual 
microscopy. Subjects (i.e. CSX patients, volunteers, or CAD patients) with a history of 
(medically) controlled mild hypertension or hypercholesterolemia were not excluded. 
Our local Institutional Review Board only approved adenosine stress CMR perfusion 
imaging in the patients with CSX, since there was no myocardial ischemia suspected in 
the volunteers, and already known obstructive CAD with ischemia in the patients with 
CAD. 

All 40 study subjects (i.e. 13 CSX patients, 13 volunteers, and 14 CAD patients) under-
went imaging of the sublingual microvasculature using a handheld sidestream darkfield 
microscan videomicroscope (MicroVision Medical Inc., Wallingford, PA). Analyses of 
glycocalyx barrier properties were performed by calculating the PBR using GlycoCheck 
Glycocalyx Measurement Software (GlycoCheck, Maastricht, the Netherlands). The 
measurements were performed after an overnight fast, during which the study subjects 
were also asked to refrain from smoking. Prescribed medication was continued. Each 
subject underwent 2 baseline measurements and 2 measurements performed starting 2 
minutes after sublingual administration of nitroglycerin (0.4mg spray dose). Under phys-
iological conditions, nitroglycerin is anticipated to rapidly increase the PBR by modulat-
ing the barrier properties of the glycocalyx, but this effect is diminished in case of gly-
cocalyx degradation in diseased states.16,19 Thus, an increased baseline PBR as well as an 
impaired PBR response to nitroglycerin were considered to reflect microvascular dys-
function as a result of perturbation of the endothelial glycocalyx. 
 The techniques and reproducibility of imaging and analysis of the glycocalyx barrier 
properties have been described previously.14-16 The parameters of interest for the anal-
ysis are schematically depicted in Figure 1, while a detailed description of both the sub-
lingual imaging technique and the calculation of the PBR are presented in Figure 2. For 
each measurement in a subject, the calculated PBR values were classified according to 
their P50 (range 5-25μm, interval 1μm), providing a median PBR per bin of median 
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erythrocyte column width, from which the average PBR was calculated to provide a 
single PBR value per subject per measurement. The baseline PBR was taken as the aver-
age of both baseline measurements, while for the nitroglycerin PBR the highest PBR 
value in either one of the two measurements after nitroglycerin challenge was taken. 
The PBR response was calculated by subtracting the baseline PBR from the nitroglycerin 
PBR. 
 

 
Figure 2: Imaging of sublingual microcirculation and calculation of the perfused boundary region (PBR) as 
reflection a of glycocalyx barrier properties. 
A: The sublingual microvasculature was imaged with the subject in a supine position using a handheld side-
stream darkfield microscan videomicroscope (MicroVision Medical Inc., Wallingford, PA). This microscope is 
equipped with a 5X magnifying objective lens system-containing probe (numerical aperture: 0.2), imaging the 



147 

erythrocytes in the tissue-embedded microcirculation using green pulsed LED ring illumination.(37) The region 
chosen for measurement was the central sublingual area; pressure on the tissue was avoided to ensure
normal flow. 
B: Automated image recording and analysis were performed using GlycoCheck Glycocalyx Measurement
Software (GlycoCheck, Maastricht, the Netherlands). By online monitoring of tissue motion, illumination
intensity, and focus level of the sublingual microvasculature, the recording of a sufficient number of high-
quality videos was guaranteed by the software. Sublingual images were acquired at a frame rate of 23 per 
second with a final on-screen magnification of 325x. Video acquisition automatically started when image
quality was within an acceptable range and automatically stopped when a sufficient number of videos had
been collected for analysis; per measurement approximately 10 movies of 40 consecutive frames were rec-
orded, giving a total recording time of ~2-5 min. Image analysis involved four steps which in the end resulted 
in the determination of the PBR at multiple sites along the microvasculature. Analysis automatically started 
during the recording stage ( ). The first frame was used to automatically identify all available mi-
crovessels with a diameter between 5 and 25 μm. Every 10 μm along the length of the detected vasculature 
marker lines were placed perpendicular to the vessel direction ( ). Each line represented a single vessel 
segment, for which 21 parallel intensity profiles (every ± 0.5 μm) were obtained; within each intensity profile
the erythrocyte column width was calculated from the full width half maximum. This was done for all 40
consecutive frames in a movie ( ; note that just 9 representative RBC column width tracings and not the
total number of 21 for a particular vessel segment are shown). In this way, a total of 840 erythrocyte column 
width measurements per vessel segment were generated, for which a cumulative distribution was calculated
( ). From this distribution, the median erythrocyte column width (P50) was taken while the outer edges
of the erythrocyte perfused lumen (Dperf) were derived using linear extrapolation between the 25th and 75th
percentile values ( ). Subsequently, the PBR was calculated from the distance of the median erythrocyte
column width to the outer edge of the erythrocyte perfused lumen; i.e. PBR = (Dperf - P50) / 2. 

 

Following the sublingual microvascular imaging, the 13 CSX patients subsequently un-
derwent CMR imaging on a 3.0 Tesla MR system (Achieva, Philips Healthcare, Best, the 
Netherlands) equipped with a cardiac software package and a SENSE 6 element cardiac 
array coil. These patients were asked to refrain from caffeine and beta-blockers the 
morning of the study. The median time from invasive coronary angiography to CMR 
imaging was 4 weeks (range 0-19 weeks). 
 All images were acquired with electrocardiographic triggering and during expiratory 
breath hold. The protocol included standard cine (steady-state free precession) and late 
gadolinium enhancement imaging. None of the patients had evidence of regional wall 
motion abnormalities on cine images or hyperenhancement on late gadolinium en-
hancement images. Stress perfusion imaging was performed during intravenous adeno-
sine at a dose of 140 μg/kg/min during heart rate and blood pressure monitoring. The 
pulse-sequence used for perfusion imaging has been described in detail previously.(20) 
Perfusion data were acquired in 3 slices in short-axis view using a saturation recovery 
gradient echo pulse sequence accelerated with SENSE (TR/TE 3.2/1.54ms, flip angle 
15 , saturation prepulse delay 110ms, acquisition window 140ms, slice thickness 8mm, 

 factor of 5 with 11 interleaved training profiles, effective acceleration 3.8). After 
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4 minutes of adenosine infusion, a bolus of 0.05mmol/kg body weight gadobutrol (Ga-
dovist, Bayer-Schering, Germany) was administered. Rest perfusion was performed 
after approximately 15 minutes, using the same bolus technique. 
 Two independent observers analyzed the CMR perfusion images qualitatively, using 
commercially available software (CAAS MRV 3.0, Pie Medical Imaging, Maastricht, the 
Netherlands). Any discrepancies were resolved in consensus. The image quality was 
scored as 0 = poor, 1 = average, and 2 = excellent. Perfusion defects were deemed pre-
sent if a subendocardial or transmural delay of contrast enhancement was seen relative 
to a remote region and persisted for more than 5 frames. Initial delay of subendocardial 
contrast enhancement, which disappeared after approximately 5 heartbeats, was con-
sidered an artifact.9,11 For semi-quantitative analysis, the endocardial and epicardial 
contours were traced manually and automatically divided into the 16 segments of the 
basal, mid, and apical slices according to the AHA 17-segment model.21 These segments 
were further subdivided into subendocardial and subepicardial segments (i.e. the inner 
and outer 50% of each segment, respectively). Additionally, a region of interest was 
drawn in the cavity of the left ventricle to record an arterial input function. Quantitative 
analysis of the tissue enhancement curves was performed using Matlab (The Math-
Works Inc., Natick, MA). Signal intensity was converted to signal enhancement by divid-
ing by the mean pre-contrast signal. Perfusion was quantified using Patlak Plot analysis, 
which assumes that there is no contrast efflux from the tissue into the vasculature.22 As 
such, it assumes a linear relationship between enhancement in the myocardium (Ctis) 
and the time integral of the enhancement in the blood pool (Cbl) (equation 1). The slope 
of the curve Ktr can be used as a measure for perfusion of the myocardium.23,24 

 

To improve the goodness of fit of Ktr, the enhancement curves were manually selected 
to include the start of the arrival of the contrast agent in the left ventricle up to the 
maximum enhancement in the myocardium before fitting the model. The myocardial 
perfusion reserve was calculated by dividing the Ktr of the stress perfusion by the Ktr of 
the perfusion in rest. 

Continuous variables with normally distributed data are expressed as mean ± standard 
deviation (SD), otherwise as median with the interquartile range (IQR). Categorical data 
are expressed as frequencies with percentages. Differences in baseline characteristics 
between the study groups were evaluated using one-way ANOVA (for continuous data) 
and the Chi-square or Fisher’s exact test (for categorical data). For comparisons within 
subjects (e.g. rest versus stress) the Wilcoxon test for paired samples was used. The 
Mann Whitney U test was used to compare data between study groups. No adjustment 
for multiple comparisons were made. The Spearman correlation coefficient was used to 
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evaluate the correlation between the sublingual PBR measurements and the CMR de-
rived MPRI ratio. SPSS version 17.0 (SPSS Inc., Chicago, IL) was used for all statistical 
analyses. A two-tailed value of <0.05 was considered statistically significant. 

Results 

Characteristics of the study subjects are presented in Table 1. The three study groups 
demonstrated similar distributions of age and sex. The CSX patients and the control 
subjects with CAD more often had cardiovascular risk factors, especially smoking or a 
family history of CAD, than the volunteers. 

The median baseline PBR of patients with CSX was similar to that in the controls with 
CAD (2.02μm [IQR 1.95μm-2.14μm] and 2.02μm [IQR 1.73μm-2.18μm], respectively,  = 
0.72), but significantly larger compared with the volunteers (1.90μm [IQR 1.77μm-
2.02μm], 0.02, Figure 3A). This suggests that, compared with volunteers, both CSX 
and CAD patients showed a deeper erythrocyte penetration into the glycocalyx because 
of a decrease in its integrity. Figure 3B shows that the maximum PBR after NTG chal-
lenge did not differ significantly between any of the groups (2.09μm [IQR 1.85μm-
2.16μm], 1.96μm [IQR 1.85μm-2.14μm], and 2.12μm [IQR 2.01μm-2.33μm] for CSX 
patients, volunteers, and controls with CAD, respectively). Hence, the nitroglycerin 

Table 1: Baseline characteristics of the study population. 

 CCSX Controls P 

   Volunteers CAD  

 N = 13 N = 13 N = 14  

Age, years 65 ± 9 63 ± 10 68 ± 8 0.38 

Male (%) 6 (46) 9 (69) 9 (64) 0.52 

BMI, kg/m2 26 ± 3 25 ± 3 28 ± 3 0.02 

Diabetes mellitus (%) 2 (15) 0 (0) 3 (21) 0.34 

History of smoking (%) 10 (77) 4 (31) 12 (86) <0.01 

Current (%) 0 (0) 1 (8) 2 (14) 1.00 

Hypertension (%) 5 (38) 5 (38) 7 (50) 0.78 

Hypercholesterolemia (%) 6 (46) 3 (23) 8 (57) 0.16 

Family history of CAD (%) 8 (62) 2 (15) 8 (57) 0.04 

Values are presented as mean ± standard deviation or proportions (%), when appropriate. 
BMI = body mass index; CAD = coronary artery disease; CSX = cardiac syndrome X. 
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challenge caused only a minimal increase in median PBR in CSX patients and control 
subjects with CAD (  = 0.70 and  = 0.18, respectively), whereas the volunteers demon-
strated a significant increase in their PBR upon nitroglycerin challenge. Comparisons 
between groups revealed that the median PBR response to nitroglycerin was significant-
ly smaller in CSX patients than in the volunteers (  0.03, Figure 3C). 
 

 
Figure 3: Measurements of perfused boundary region with sublingual microscopy. 
Results of sublingual perfused boundary region (PBR) measurements in patients with cardiac syndrome X
(CSX), volunteers, and controls with obstructive coronary artery disease (CAD). 
Baseline PBR measurements (panel A) in CSX patients were significantly higher than in volunteers. After
nitroglycerin challenge (panel B), all groups had a comparable PBR. Panel C represents the PBR response (i.e.
the difference between panel A and B). Only the volunteers demonstrated a significant increase in PBR after
nitroglycerin challenge ( = 0.03), which was a significantly larger PBR response than observed in the CSX
patients (Panel C). 

 

During adenosine vasodilator stress, the 13 CSX patients undergoing CMR perfusion 
imaging demonstrated an increase in mean heart rate from 69±12 to 97±16 beats per 
minute. At peak stress, both the mean systolic and diastolic blood pressure decreased 
slightly from 138±14 to 130±17mmHg and 78±9 to 73±7mmHg, respectively. No rele-
vant side effects were observed during adenosine infusion, although some patients 
reported transient chest pain (N = 5), flushing (N = 5), or dyspnea (N = 1). 
 None of the patients had evidence of perfusion defects on visual perfusion analysis. 
Semi-quantitative perfusion analysis showed that the myocardial perfusion index (MPI) 
for the entire transmural extent increased significantly during adenosine stress (0.054 
[IQR 0.040-0.068] to 0.064 [IQR 0.060-0.103],  <0.01), with an MPRI of 1.35 (IQR 1.10-
2.28). Similarly, the MPI increased in subendocardial segments from 0.055 (IQR 0.045-
0.077) to 0.063 (IQR 0.057-0.115), = 0.03, and in subepicardial segments from 0.046 
(IQR 0.037-0.058) to 0.070 (IQR 0.062-0.095),  = 0.001. However, the myocardial per-
fusion reserve of subendocardial segments was significantly lower than that of subepi-
cardial segments (i.e. an MPRI of 1.23 [IQR 0.99-2.12] vs. 1.53 [IQR 1.27-2.42],  = 0.02, 
Figure 4). 
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Figure 4: Cardiovascular magnetic resonance perfusion measurements in
patients with cardiac syndrome X. 
The myocardial perfusion reserve index (MPRI) in endocardial segments
was significantly lower in comparison to epicardial segments (  = 0.02). 

 
A value of <0.72 has been proposed in a previous publication (performed at 1.5 Tesla 
using gadopentate dimeglumine contrast medium) as a possible cut-off value for the 
ratio of subendocardial-to-subepicardial MPRI to distinguish between CSX patients and 
healthy controls.(8) In the current study, the median subendocardial-to-subepicardial 
MPRI ratio was 0.81 (IQR 0.71-0.90), and 3 patients demonstrated a ratio of <0.72 (i.e. 
0.64, 0.65, and 0.68). 

To explore the correlation between the sublingual assessment of glycocalyx-associated 
microvascular function and myocardial perfusion measurements by CMR, we performed 
a correlation analysis for the PBR-response and the transmural MPRI. An initial analysis 
demonstrated a correlation coefficient of 0.46 ( = 0.11). The exclusion of the only CSX 
patient with poor image quality on CMR perfusion imaging revealed a strong correlation 
between PBR-increase and MPRI ( = 0.86, <0.001, Figure 5). The results of the other 
analyses based on CMR perfusion measurements were not significantly altered by ex-
cluding this patient. (e.g. the comparison between endocardial and epicardial MPRI 
remained statistically significant with = 0.03). 
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Figure 5: Correlation between the perfused boundary region response
and transmural myocardial perfusion reserve index in patients with
cardiac syndrome X. 
Scatter plot illustrating a good correlation between the perfused
boundary region (PBR) response as evaluated by sublingual microsco-
py and the cardiovascular magnetic resonance (CMR) derived trans-
mural myocardial perfusion reserve index (MPRI) in patients with
cardiac syndrome X. 
* Outlier excluded from analysis due to poor image quality on CMR. 

Discussion 

It has been proposed that microvascular dysfunction plays an important role in CSX, but 
direct evidence is lacking. In the current study, sublingual microscopy demonstrated 
that patients with CSX can be characterized by glycocalyx-mediated microvascular dys-
function in comparison with volunteer control subjects. The CSX patients exhibit a larger 
PBR at baseline, reflecting deeper penetration of circulating erythrocytes towards the 
endothelium, indicating a decrease in glycocalyx integrity. Additionally, the physiological 
increase in PBR upon nitroglycerin challenge that was observed in the volunteers was 
absent in patients with CSX. The patients with obstructive CAD had a similar large medi-
an PBR at baseline as the CSX patients and also failed to show a significant increase 
upon nitroglycerin challenge. However, it should be noted that a considerably wider 
variation in PBR’s was observed in the CAD patients. This may indicate that there is 
heterogeneity in the contribution of microvascular disease in patients with obstructive 
CAD, and possibly even absence of microvascular dysfunction in a proportion of these 
patients. 
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Adenosine stress CMR perfusion imaging in our CSX patients showed no evidence of 
visual perfusion defects, but revealed that the perfusion reserve was significantly lower 
in the subendocardium as compared with the subepicardium. The strong correlation 
that was found between the sublingual PBR-response and the CMR-derived MPRI 
measurements in CSX patients supports the concept that the glycocalyx plays an im-
portant role in the regulation of microvascular volume for myocardial perfusion and 
indicates a glycocalyx loss in CSX patients.25 Sublingual PBR measurements may there-
fore be a useful tool for non-invasively characterizing microvascular dysfunction in CSX. 

A major problem in the assessment of coronary microvascular dysfunction and its role 
in occurrence of myocardial ischemia in CSX is that the direct evaluation of the structure 
and function of small coronary vessels is cumbersome.6 Intravital microscopy has 
emerged as a promising non-invasive tool to assess the microcirculation directly in easi-
ly accessible regions. To our knowledge, this is the first study to investigate the gly-
cocalyx-mediated microvascular responsiveness in patients with CSX and obstructive 
CAD. Our results are in line with previous clinical studies that have reported evidence of 
endothelial glycocalyx loss in patients with accelerated vascular disease (e.g. patients 
with type 1 diabetes,12 dialysis patients,14 and lacunar stroke patients with white matter 
lesions.15 The underlying mechanisms for endothelial glycocalyx perturbation during 
these conditions of increased cardiovascular risk are currently not fully understood.17 
Since the endothelial glycocalyx is anticipated to act as a protective layer which shields 
the vessel wall from atherogenic stimuli, impairment of this protective barrier is consid-
ered a primary step in microvascular dysfunction.17 Moreover, it has been demonstrat-
ed in animal studies that an intact endothelial glycocalyx exhibits an increase in blood-
perfused microvascular volume after nitroglycerin or adenosine challenge by increasing 
glycocalyx accessibility.19,25 These findings imply that the glycocalyx also plays an im-
portant role in the regulation of microvascular volume for perfusion.19,25 The strong 
correlation between the sublingual PBR-response and the CMR-derived MPRI meas-
urements seems to support this role, and indicates a generalized glycocalyx loss in pa-
tients with CSX. 

Over the last decade, several studies have explored the ability of CMR perfusion imag-
ing to detect myocardial ischemia in patients with CSX.8-11 However, these studies dif-
fered considerably in study design and reported conflicting results.8-11 Panting et al. 
used adenosine stress perfusion CMR at 1.5 Tesla and reported evidence of hypoperfu-
sion in the subendocardium in patients with CSX.8 In an attempt to reproduce these 
data Vermeltfoort et al., however, found that CSX patients have a similar increase in 
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myocardial perfusion during adenosine in both the subendocardium and subepicardi-
um.9 The fact that Panting et al. included only patients with ST-segment depression on 
exercise electrocardiography whereas Vermeltfoort et al. also included patients with an 
abnormal perfusion single-photon emission computed tomography (and only 25% with 
ST-depression), suggests that the study populations of these 2 studies are not directly 
comparable. A recent study by Karamitsos et al. investigated 18 CSX patients, all 
demonstrating ST-depression on exercise electrocardiography, using CMR imaging for 
absolute quantification of the myocardial blood flow at 3.0 Tesla.11 Although they found 
no evidence of transmural hypoperfusion in these CSX patients, no comparison was 
made between subendocardial and subepicardial myocardial blood flow. As a result, 
subendocardial hypoperfusion may not have been detected. 
 In the current study, the MPI increased significantly during adenosine stress in both 
subendocardial and subepicardial segments. However, we observed that the MPI re-
serve of the subendocardium (i.e. the subendocardial MPRI) was significantly lower as 
compared with the subepicardial MPRI. While glycocalyx-mediated microvascular dys-
function is expected to affect the myocardium diffusely, the subendocardium seems 
also in other forms of microvascular disease (e.g. cardiac transplant arteriopathy and 
systemic inflammation) to be more vulnerable to hypoperfusion than the subepicardi-
um.26-28 This subendocardial vulnerability could be due to a slightly higher metabolic 
demand and a lower blood supply.29-31 In addition, Algranati et al. found that this sub-
endocardial vulnerability to hypoperfusion stems from the combined effects of cardiac 
contraction, vascular pressure-dependent compliance, and potential transmural differ-
ences in vessel anatomy.31 Thus, diffuse microvascular glycocalyx perturbation which 
also can be considered an alteration of the vessel wall properties may therefore result 
in perfusion disturbances most prominent in subendocardial layers. 
 Although a difference in subendocardial and subepicardial MPRI is to some extent 
the result of normal physiological mechanisms, it has been suggested by Panting et al. 
that the more pronounced difference in this subendocardial-to-subepicardial MPRI ratio 
in CSX patients can be used to distinguish between CSX patients and healthy controls.8,32 
We used a higher magnetic field strength and imaging sequence and it should be noted 
that the homogenous group of CSX patients investigated in the current study demon-
strated a considerable range of subendocardial-to-subepicardial MPRI’s. 

The characteristics of patients included in previous CSX studies are highly variable.4 The 
current study therefore used a strict definition of CSX aimed at including a homogene-
ous group of patients, albeit with a modest sample size.4 Controversy remains on the 
inclusion of CSX patients with cardiovascular risk factors (e.g. hypertension or hypercho-
lesterolemia) as they may form underlying causes of microvascular dysfunction.6,11 In 
accordance with the current recommendations and guidelines, we did not exclude CSX 
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patients or control subjects that had a history of (medically) controlled mild hyperten-
sion or hypercholesterolemia. As a result, our study groups showed similar prevalence 
of these cardiovascular risk factors, implying that the observed differences in the gly-
cocalyx-mediated microvascular responsiveness between the 3 study groups cannot be 
attributed to these risk factors. 

Conclusions and future perspectives 

The prognostic consequences of CSX are not well described and the treatment of pa-
tients with CSX currently consists predominantly of risk factor modification and symp-
tom control. However, CSX patients frequently have persisting or even worsening symp-
toms over time, are often referred to further and repeated (non-)invasive testing and 
the quality of life is impaired.1 Although novel drugs may offer beneficial effects, the 
optimal therapeutic strategy in CSX patients currently remains unknown.6,33 The results 
of the current study show that sublingual microscopy is a promising diagnostic tool to 
characterize CSX patients by glycocalyx-mediated microvascular dysfunction. Since sub-
lingual PBR-responsiveness correlated strongly to the CMR-derived myocardial perfu-
sion reserve, the glycocalyx may play an important role in the regulation of microvascu-
lar volume for myocardial perfusion. Therefore, CSX patients might benefit from thera-
peutic interventions aimed at restoring the endothelial function by limiting the degrada-
tion of the endothelial glycocalyx as well as supplementation of a damaged gly-
cocalyx.34,35 
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Abstract 

Background: Focal (replacement) myocardial fibrosis detected with late gadolinium 
enhancement (LGE) magnetic resonance imaging (CMR) and interstitial (reactive) fibro-
sis measured on endomyocardial biopsy specimens are associated with an adverse 
prognosis in patients with idiopathic dilated cardiomyopathy (DCM). We described the 
patterns of focal fibrosis in a group of consecutive patients referred to our hospital with 
DCM and tested the hypothesis whether focal and interstitial fibrosis are linked to each 
other or to myocardial inflammation. 
 
Methods: Fifty-six patients with DCM underwent CMR and right ventricular (RV) biopsy 
to determine focal fibrosis, RV and left ventricular (LV) volumes, ejection fraction, mass 
as well as interstitial fibrosis, inflammatory cells and viral load. 
 
Results: Twenty-two patients (39%) showed LGE of the LV myocardium (mean extent 
4±8%), none of the RV: Eight patients showed midmyocardial, 3 mid- to epicardial, 5 
transmural and 6 more than one LGE pattern. No correlation was found between the 
presence (r=0.125, p=0.893, AUC=0.51, 95% CI 0.35-0.67) or amount (r<0.01) of LGE 
and interstitial fibrosis. The myocardial viral load was not correlated with focal or inter-
stitial fibrosis. No correlation was found between interstitial fibrosis and inflammatory 
cells. The distributions of CD3 (p=0.003) and CD4 (p=0.02) positive cells were significant-
ly different between patients with and without focal fibrosis. 
 
Conclusions: Focal LV myocardial fibrosis was not correlated to the amount of interstitial 
fibrosis and both forms were not related to the degree of LV or RV dilation and impair-
ment of systolic function. Focal fibrosis might be related to inflammation rather than 
interstitial fibrosis. 
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Introduction 

The presence of focal myocardial fibrosis, also called scar or replacement fibrosis, de-
tected with late Gadolinium enhancement (LGE) cardiovascular magnetic resonance 
imaging (CMR) is a predictor of adverse outcome in patients with idiopathic dilated 
cardiomyopathy (DCM).1, 2 Increased interstitial (reactive) fibrosis determined with 
histologic staining from endomyocardial biopsy (EMB) specimens has been described in 
DCM and associated with an adverse prognosis and impaired response to therapeutic 
interventions in selected groups of patients with DCM.3-6 
 We sought to describe the patterns of focal fibrosis in a group of patients with DCM 
and correlate focal fibrosis with interstitial fibrosis, myocardial viral load and inflamma-
tion. A pilot study in 10 autopsies was performed to compare interstitial fibrosis from 
right ventricular (RV) with left ventricular (LV) EMB. 

Methods 

Study subjects were 56 consecutive patients referred to our hospital with globally im-
paired left ventricular (LV) systolic function determined with echocardiography (LV 
ejection fraction (EF) <45%). Patients with a history of myocardial infarction, hyperten-
sion, valvular heart disease or other known causes for impaired systolic function such as 
a history of cardiotoxic agents were not enrolled in the study. CMR, endomyocardial 
biopsy and, to rule out significant coronary artery disease as the underlying cause of 
impaired systolic function, coronary angiography (n=53) or computed tomography an-
giography (n=3) were also performed. Patients with infarct-like subendocardial or 
transmural late enhancement patterns within the territory of a coronary artery and 
corresponding regional wall motion abnormalities only were not included to avoid the 
inclusion of patients with an embolic event. The study complied with the Declaration of 
Helsinki and was approved by the local ethics committee. 

Right ventricular (RV) endomyocardial biopsies were obtained using a transcatheter 
bioptome (Cordis, USA). Three biopsy specimens per patients were processed and ana-
lyzed to determine the collagen volume fraction. After fixation in formalin and embed-
ding in paraffin, 3 m thick histological sections were cut and stained with Sirius red. 
The total tissue area per histological slide was determined by morphometrical analysis 
(morphometrical software: Leica Qwin, version 3, Cambridge, UK). The amount of colla-
gen (collagen volume fraction, CVF) was quantified as percentage Sirius red stained area 



164 

per total myocardial tissue area, excluding perivascular fibrosis.7-9 The analysis was 
performed by one experienced investigator (R.S.) blinded to patient details. 
 In addition, inflammatory cells were quantified. Tissue sections were subjected to 
immunohistochemical stainings using CD3, CD4, CD8, CD20, CD45, and CD68 antibodies 
(DAKO, Denmark). The numbers of stained inflammatory cells were counted and ex-
pressed per square millimetre. 
 DNA to detect Parvovirus B19, Human Herpes virus 6 and Epstein-Barr virus was 
extracted from 2 pooled endomyocardial biopsies using a QIAamp DNA blood mini kit 
(Qiagen, Venlo, The Netherlands). DNA concentrations were determined using a 
nanodrop instrument (Thermo Fischer Scientific, Wilmington, DE, USA). Before extrac-
tion, all samples were spiked with murine CMV DNA or RNA, which was used as an ex-
traction and amplification control. Reverse transcription was performed using Taqman 
Reverse Transcriptase reagents (Applied Biosystems, Foster City, CA, USA). The PCR mix 
consisted of 20μl isolated DNA, final concentrations of 600nM of each primer and 
200nM of the probe and 1× Absolute QPCR mix (Abgene, Epsom, UK). All probes were 
labeled with FAM as a reporter dye and TAMRA as a quencher dye. All real-time PCR 
reactions were performed using a ABI prism 7000 (Applied Biosystems, Foster City, CA, 
USA) and quantified using a standard curve. The quality of the assays was assured by 
positive and negative controls as well as a test on amplification inhibition in each sam-
ple by an external amplification control. For quantification of viral loads, standard 
curves were included in each run. 

Patients were examined with a 1.5 Tesla MR scanner (Gyroscan Intera, Philips Medical 
Systems, Best, the Netherlands). ECG-gated cine images were acquired for functional 
analysis during multiple breath holds using a steady-state free precession sequence 
(slice thickness 6 mm, slice gap 4 mm, TR/TE 3.8/1.9 ms, flip angle 50°, FOV 350 mm, 
matrix 256 x 256, 22-25 phases per cardiac cycle) in 2-, 3- and 4-chamber long axis and 
contiguous short axis views. For the detection of myocardial edema or acute inflamma-
tion, multislice short axis images were acquired using a dual-inversion black-blood T2-
weighted sequence (T2 SPIR, slice thickness 8 mm, slice gap 2 mm, TR/TE 1600/100 ms, 
flip angle 90°, FOV 350 mm, matrix 512 x 512) with fat suppression. A breath hold mul-
tislice T1-weighted 3D inversion-recovery gradient-echo sequence (slice thickness 12 
mm, slice gap -6 mm, TR/TE 4.2/1.3 ms, flip angle 15°, FOV 400 mm, resolution 256 x 
256) to evaluate the presence of focal myocardial fibrosis was used to acquire images in 
2-, 4-chamber long axis and short axis orientation 10 minutes after intravenous admin-
istration of 0.2 mmol/kg Gadolinium-DTPA (Magnevist, Schering AG, Germany). Inver-
sion times were adjusted to null normal myocardium (200-300ms). 
 MR images were analyzed with the CAAS MRV 3.0 software (Pie Medical Imaging, 
Maastricht, the Netherlands). Endocardial and epicardial LV and endocardial RV contours 
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were manually traced in end-diastolic and end-systolic phases on short axis slices to de-
termine LV and RV end-diastolic volume (EDV), end-systolic volume (ESV), ejection frac-
tion (EF) and LV end-diastolic mass. Areas of late enhancement were visually assessed by 2 
independent readers blinded to patient details. If present, areas of fibrosis were quanti-
fied by planimetry using a signal cut-off of >2 SD above the mean signal intensity of re-
mote myocardium in the same slice and expressed as a percentage of total LV mass. 

Data are expressed as median values with interquartile ranges. Differences in LV and RV 
EDV, EF and LV mass, CVF, viral load and amount of inflammatory cells between pa-
tients with or without focal fibrosis as determined by LGE CMR were calculated by 
means of the Mann-Whitney test and differences in age by Student’s  test. Receiver-
Operating Characteristic analysis, with corresponding measures of statistical uncertainty 
(95% confidence intervals, CI), was applied to the LGE and CVF values used to detect 
interstitial fibrosis. Correlations were calculated by means of the Spearman’s rank cor-
relation method. 

Pilot study 

A pilot study to compare interstitial fibrosis from RV with LV endomyocardial biopsy was 
performed in 10 consecutive autopsies. Biopsy specimens were taken from both the RV 
septal wall in accordance with the location of standard biopsies from transcathether 
sampling and from the LV anterior wall. Patients with histological signs of fibrosis due to 
prior myocardial infarction or severe hypertrophy were not included in the pilot study. 
A good correlation between LV (3.2%, 1.7-5.9) and RV interstitial fibrosis (2.2%, 1.7-5.7) 
was found (r=0.8, p=0.5). 
 

Figure 1: Pilot study comparing interstitial fibrosis 
determined with histologic staining (logarithmic 
values (ln) for collagen volume fraction (CVF), %) 
from postmortem right (RV) and left ventricular 
(LV) endomyocardial biopsy specimens. A good 
correlation was found between RV and LV biopsy 
samples (r=0.8). 
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Results 

Endomyocardial biopsy and CMR were performed in 30 male and 26 female patients. 
Patient characteristics are shown in table 1. Twenty-five patients (45%) were in NYHA 
functional class I, 19 (34%) in class II, 12 (21%) in class III and none in class IV. 
 In 2 patients the systolic function had improved under medical therapy and became 
normal (ejection fraction >55%) at the time of CMR, while initial echocardiography at 
the referring hospital clearly showed impaired systolic function (LVEF 44 and 20%). 
Eighteen patients (32%) had an increased LV mass.10 No patient had signs of edema on 
T2-weighted images. There were no patients with pericardial effusion. 
 Focal LV fibrosis on LGE CMR was observed in 22 patients (39%; median extent 5%, 3-
14%). Eight patients showed midmyocardial, 3 mid- to epicardial, 5 mid- to transmural and 
6 more than one LGE pattern (figure 2 and 3). No patient had focal RV fibrosis. The pres-
ence or extent of focal LV fibrosis as measured with LGE CMR did not correlate with age, 
LV EDV, LV mass, LV EF, RV EDV or RV EF. Thus, the severity of LV dilation or impairment of 
systolic function was not related to the presence or the amount of focal fibrosis. 
 
Table 1: Characteristics of the 56 patients with idiopathic dilated cardiomyopathy. 

  LGE Status   

 All Patients 
(n = 56) 

+ LGE 
(n =22) 

- LGE 
(n =34) 

p Value 

Age (years) 48 (36-60) 50 (33-64) 48 (37-62) 0.997 

Male gender, n 30 14 16  

LV EDV (ml) 
LV EDV / BSA (ml/m2) 

216 (170-287) 
112 (92-145) 

237 (187-300) 
125 (102-158

207 (156-260) 
107 (90-130)

0.161 
0.135 

LV EF (%) 36 (24-45) 30 (22-46) 37 (27-53) 0.450 

LV mass (g) 
LV mass / BSA (g/m2) 

128 (102-169) 
70 (55-79)

137 (103-183) 
73 (58-81)

120 (97-157) 
69 (53-90)

0.115 
0.196 

RV EDV 
RV EDV / BSA (ml/m2) 

156 (130-178) 
79 (68-90)

152 (120-177) 
77 (61-88)

156 (132-179) 
81 (70-103)

0.563 
0.314 

RV EF (%) 49 (40-55) 48 (39-57) 49 (40-54) 0.620 

Collagen volume fraction (%) 4.9 (2.1-6.4) 4.9 (1.9-6.9) 4.8 (2.6-6.4) 0.893 

The p value represents the comparison of patients with LGE versus those without LGE detected with magnetic 
resonance imaging (Mann Whitney test). Data are expressed as median (interquartile range). 
LGE denotes late Gadolinium enhancement, LV EDV left ventricular end-diastolic volume, LV EF left ventricular 
ejection fraction, LV mass left ventricular mass, RV EDV right ventricular end-diastolic volume, RV EF right 
ventricular ejection fraction measured with MR imaging; collagen volume fraction is derived from histologic 
staining. BSA denotes body surface area. 
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Figure 2: Late gadolinium enhancement MR images (a, b, d, e) of 2 patients with large 
areas of fibrosis and corresponding histology (c, f). 
Top: A patient with fibrosis in a midmyocardial pattern visible as midmyocardial enhance-
ment of septal and lateral wall on 4-chamber (a) and short axis view (b); histology also 
shows increased interstitial fibrosis (collagen volume fraction 7.1%). 
Bottom: A patient with transmural fibrosis pattern visible as transmural enhancement of 
the septal, inferior, inferolateral and lateral wall without evidence of coronary artery 
disease. The collagen volume fraction was 4.6%. 

 

Figure 3: Late gadolinium enhancement MR images (a, b, d, e) of 2 patients with smaller 
and more localized areas of fibrosis and corresponding histology (c, f). 
Top: A patient with localized fibrosis in a midmyocardial to epicardial pattern visible as 3 
regions lateral on 4-chamber (a) and inferior on 2-chamber view (b); the collagen volume 
fraction was 2%. 
Bottom: A patient with patchy midmyocardial fibrosis on short axis views (d, e). The colla-
gen volume fraction was 1.7%. 
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The median CVF was 4.9% (2.1–6.4%). Older patients did not show more interstitial 
fibrosis than younger patients. The CVF was neither correlated with LV EDV, EF or mass 
nor with RV EDV or EF. No differences were found between patients with or without 
focal fibrosis detected with LGE and the amount of CVF (figure 4 and 5): the presence of 
focal fibrosis was not related to the amount of interstitial fibrosis (area under the 
curve=0.51, 95% CI 0.35-0.67). The amount of focal fibrosis measured with LGE as % of 
LV was also not correlated with CVF. 
 Myocardial viral load was not correlated with focal or interstitial fibrosis. No corre-
lation was found between interstitial fibrosis and inflammatory cells. The numbers of 
CD3 (p=0.003) and CD4 (p=0.02) positive inflammatory cells were significantly different-
ly distributed between patients with and without focal fibrosis 
 
 

 

Figure 4a-c: a, top) Box plot of a) interstitial fibrosis 
determined with histologic staining (collagen volume 
fraction, %), b, middle) CD3 positive cells (cells/mm2) 
and c, bottom) CD4 positive cells (cells/mm2) versus 
focal fibrosis as detected with late gadolinium en-
hancement MR imaging (LGE MR Imaging): 0 denotes 
no enhancement, 1 denotes the presence of areas of 
focal enhancement, n.s. denotes not significant. The 
distributions of CD3 and CD4 positive inflammatory 
cells were significantly different between patients with 
and without focal fibrosis on MR images. The amount 
of interstitial fibrosis was not different between pa-
tients with and without focal fibrosis. 
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Figure 5: ROC curve to assess the ability of late gadolinium enhancement MR
imaging (presence of focal fibrosis) to predict interstitial fibrosis as deter-
mined with histologic staining. The area under the curve is 0.51 (95% CI 0.35-
0.67). The presence of focal fibrosis is not linked to a high amount of intersti-
tial fibrosis. 

Discussion 

The main findings of the study are that 1) focal (replacement) fibrosis as detected with 
LGE CMR was not correlated to the amount of interstitial (reactive) fibrosis in patients 
with DCM, and, 2) the severity of LV or RV dilation and systolic dysfunction were not 
related to focal or interstitial fibrosis. The myocardial viral load was not correlated with 
focal or interstitial fibrosis. However, the distributions of CD3 and CD4 positive inflam-
matory cells were significantly different between patients with and without focal fibro-
sis on MR images. Thus, focal fibrosis might be related to inflammation rather than 
interstitial fibrosis. 
 CMR has an established role in the detection of focal fibrosis, and the presence of 
focal fibrosis is associated with an adverse prognosis.1, 11 LGE was present in 39% of 
patients in our study group and, thus, comparable to other results.1, 2 Bello et al. found 
LGE only in 12% of patients with non-ischemic systolic LV-dysfunction.12 McCrohon et al. 
observed in 13% of patients with systolic LV dysfunction LGE in an ischemic-type pattern 
despite normal coronary angiographies, 28% had patchy or linear mid-epicardial LGE.11 
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LGE imaging has sometimes been considered the method of choice to detect myocardi-
al fibrosis.13 However, it is a method to delineate focal fibrosis, and other MR imaging 
techniques have been applied for the detection of interstitial fibrosis at an experimental 
stage with time consuming image analysis.14-17 Thus, for the assessment of interstitial 
fibrosis, MR imaging is currently not considered a routine method and only preliminary 
and contradictory results have been published.14, 15, 17 An in-vitro study in normal myo-
cardium, myocardium with increased interstitial fibrosis and myocardium with infarc-
tion, compared histological staining with 3 Tesla spin echo imaging (to determine Gado-
linium partition coefficients) and showed a positive correlation between the 2 meth-
ods.14 However, no differences in collagen volume fraction or gadolinium distribution 
volumes were found between the 2 groups of myocardial fibrosis (increased interstitial 
fibrosis and infarcted myocardium). In an approach to investigate interstitial fibrosis in 
vivo in a patient with amyloidosis, Krombach et al. applied T1 quantification using a 
Look-Locker sequence.17 However, areas of fibrosis were already visible on late en-
hancement images in this case report. A pilot study was performed to detect interstitial 
fibrosis using T1-mapping in 8 patients with chronic aortic regurgitation, but no differ-
ence was found in myocardial T1 relaxation times between controls and patients.15 Only 
when segmental analysis was performed in segments with resting wall motion abnor-
malities, T1 relaxation times were different between controls and patients. It was con-
cluded that this technique detected areas of focal fibrosis, but not interstitial fibrosis
Jerosch-Herold et al. suggested that patients with DCM show increased global myocar-
dial accumulation of Gadolinium at steady state.16 They examined 9 patients and found 
that the myocardial partition coefficient for Gadolinium contrast was related to LV dila-
tion and systolic dysfunction. However, these clinical MR imaging studies were not 
compared with biopsy. Iles et al. performed a study to assess interstitial fibrosis of the 
LV with MR imaging and used a prototype T1 mapping sequence in 25 patients with 
heart failure.18 Post-contrast LV T1 times correlated with interstitial fibrosis determined 
from RV biopsies. 
 Increased interstitial fibrosis has been described in DCM.3, 19 It has been associated 
with an adverse prognosis or with impaired response to therapeutic interventions. Aoki 
et al. performed LV endomyocardial biopsies in 40 hemodialysis patients and 50 non-
dialysis patients with DCM.4 The extent of interstitial LV fibrosis was a strong predictor 
of cardiac death in this study. Bruckner et al. performed LV biopsy in 18 patients with LV 
assist device and LVEF <20%.5 The group not responding to therapy showed an in-
creased collagen volume fraction in comparison with the responding group. It has been 
suggested that the amount of interstitial fibrosis could potentially decrease with thera-
peutic interventions. In a group of 22 patients with severely impaired LV systolic func-
tion, the myocardial collagen content decreased during assist device therapy.20 Lopez et 
al stated that treatment with torasemide in 19 patients with systolic heart failure re-
sulted in a reduction of the collagen volume fraction from 8 ±0.5% to 4.5 ±0.3% on RV-
biopsies.6 It has been noted that in addition to interstitial fibrosis, focal fibrosis is also 
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detectable on postmortem analysis in DCM.21, 22 However, focal fibrosis as detected 
with LGE CMR was not related to the amount of interstitial fibrosis in our study. 
 Four observations are key to the interpretation of our study results. First, LV EDV 
and EF were not predictors of adverse outcome in other studies, the presence of focal 
fibrosis was a sole significant predictor of adverse outcome and ventricular tachycar-
dia.1, 2 Second, the impaired LV-function in our study subjects was due to global hypoki-
nesia and not explained by regional hypokinesia only in myocardial segments showing 
focal fibrosis, and no correlation between LV and RV systolic dysfunction or dilation and 
focal fibrosis was found. Third, interstitial fibrosis was not related to LV and RV dilation 
or systolic dysfunction in our study. Fourth, focal fibrosis was related to inflammation. 
Thus, we postulate that 1) non-ischemic impaired systolic function could potentially be 
a reversible condition reacting to therapeutic interventions in patients with the pres-
ence of focal, but without excessive focal fibrosis, and 2) the formation of a focal 
arhythmogenic substrate with focal re-entry mechanisms could be the underlying pro-
cess leading to ventricular tachycardia and sudden cardiac death in patients with non-
ischemic impaired systolic LV-function and focal fibrosis.23 While interstitial fibrosis 
could mainly lead to increased LV stiffness, reduced compliance, elevated filling-
pressures, and, thus impairing both diastolic and systolic function, the presence of focal 
fibrosis could be associated with re-entry mechanisms in an area of scar formation lead-
ing to ventricular tachycardia and sudden death. A normal LGE CMR does not exclude 
increased interstitial fibrosis and, thus, standard LGE imaging is not a predictor of reac-
tive fibrosis, but of adverse prognosis.1 
 We also postulate that 3) within the group of patients with DCM, myocarditis may 
have been the trigger for impaired systolic function in some cases, potentially explaining 
the transmural and epicardial patterns of LGE also found in the present study. 
 An unanswered question yet is whether guided biopsies from regions of interest 
could influence the diagnostic process. Mahrholdt et al suggested that biopsy guided by 
previous MR imaging could improve the diagnostic accuracy in patients with acute myo-
carditis.24 In a joined scientific statement from 3 heart associations, no recommenda-
tion was made for an approach that takes previous MR imaging for biopsy guiding pur-
poses into account. Furthermore, it was concluded that no comparative study exists on 
which to base a recommendation for LV versus RV biopsy regarding procedural safety 
and diagnostic performance.25 However, one of the largest studies addressing the com-
plication rate of endomyocardial biopsy in non-transplant patients confirmed a low 
complication rate for the femoral vein approach with RV biopsy.26 Currently, the most 
common biopsy site seems to be the RV side of the interventricular septum.25-28 To our 
knowledge, no study has been performed addressing the role of RV versus LV biopsy. 
Therefore, we performed a pilot study in autopsy hearts showing now differences be-
tween RV and LV biopsy samples. Van Suylen et al found that postmortem analysis of 
interstitial fibrosis of the LV free wall correlated well with endomyocardial biopsy of the 
right side of the intraventricular septum in transplanted human hearts.29 In the above 
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mentioned study, aimed to assess interstitial fibrosis of the LV with MR imaging using a 
prototype T1 mapping sequence, post-contrast T1 times of the LV myocardium corre-
lated with interstitial fibrosis determined from RV biopsies.18 The amount of RV fibrosis 
will not only increase if severe dilation or dysfunction of the RV is present. In our study, 
the amount of interstitial fibrosis determined from RV biopsy specimens was not related 
to LV and RV volume and function. 
 In conclusion, focal fibrosis detected with LGE CMR occurred independently from 
the amount of interstitial fibrosis determined from RV biopsy specimens. Both forms of 
fibrosis were not correlated with the degree of LV and RV dilation or systolic dysfunc-
tion. Focal fibrosis might be related to inflammation rather than interstitial fibrosis. 
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Abstract 

Background: Dilated cardiomyopathy and ischaemic heart disease can both lead to right 
ventricular (RV) dysfunction. Direct comparisons of the two entities regarding RV size 
and function using state-of-the-art imaging techniques have not yet been performed. 
We aimed to determine RV function and volume in dilated cardiomyopathy and is-
chaemic heart disease in relation to left ventricular (LV) systolic and diastolic function 
and systolic pulmonary artery pressure. 
 
Methods: A well-characterised group (cardiac magnetic resonance imaging, echocardio-
graphy, coronary angiography and endomyocardial biopsy) of 46 patients with dilated 
cardiomyopathy was compared with LV ejection fraction (EF)-matched patients ( =23) 
with ischaemic heart disease. Volumes and EF were determined with magnetic reso-
nance imaging, diastolic LV function and pulmonary artery pressure with echocardio-
graphy. 
 
Results: After multivariable linear regression, four factors independently influenced 
RVEF (R2=0.51, <0.001): LVEF ( =0.54, <0.001), ratio of peak early and peak atrial 
transmitral Doppler flow velocity as measure of LV filling pressure ( = 0.52, <0.001) 
and tricuspid regurgitation flow velocity as measure of pulmonary artery pressure 
(r= 0.38, =0.001). RVEF was significantly worse in patients with dilated cardiomyopa-
thy compared with ischaemic heart disease: median 48% (interquartile range (IQR) 37–
55%) versus 56% (IQR 48–63%), <0.05. 
 
Conclusions: In patients with dilated cardiomyopathy and ischaemic heart disease, RV 
function is determined by LV systolic and diastolic function, the underlying cause of LV 
dysfunction, and pulmonary artery pressure. It was demonstrated that RV function is 
more impaired in dilated cardiomyopathy. 
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Introduction 

Right ventricular (RV) dysfunction and dilatation are correlated to limited exercise ca-
pacity and poor outcome,1-4 but often neglected in the clinical setting.5,6 Dilated cardi-
omyopathy (DCM) and ischemic heart disease (IHD) can both lead to RV dysfunction. 
Direct comparisons of the two entities with respect to RV size and function using state-
of-the-art imaging techniques have not yet been performed. Such a comparison may 
help to better understand the underlying pathophysiology of RV dysfunction. Therefore, 
we determined RV function and volume in relation to left ventricular (LV) systolic and 
diastolic function, and pulmonary artery pressure in patients with DCM to assess the 
main mechanisms of RV dysfunction. In addition, after matching for LV ejection fraction 
(LVEF), patients with IHD due to infarction of the left coronary artery were also exam-
ined. 

Methods 

Two groups of patients were included in the study: patients with DCM from the Maas-
tricht University Medical Center and patients with IHD from our infarct database 
matched for LVEF. 
 Study subjects in the DCM group comprised 46 consecutive patients with DCM 
referred to our heart failure program. All underwent a standard diagnostic evaluation 
including ECG, coronary angiography, endomyocardial biopsy, echocardiography and 
cardiac magnetic resonance imaging (CMR). LV and RV volumes and systolic function 
were determined by CMR. LV diastolic function and RV systolic pressure were assessed 
with echocardiography as described below. Patients with a history of myocardial infarc-
tion, history of cardiotoxic agents, significant coronary artery stenosis on coronary angi-
ography, valvular heart disease on echocardiography as well as other known causes for 
impaired systolic function such as inflammation or infiltrative disorders on endomyo-
cardial biopsy were excluded from the study. Patients with permanent pacemakers, 
rhythm other than sinus and significant chronic renal failure (  stage 3 kidney disease) 
were also not included. 
 Study subjects in the IHD group were included from our infarct data base matched 
for LV EF as measured with CMR. Thus, 23 patients with impaired systolic LV-function 
due to chronic non-inferior myocardial infarction (infarction in left anterior descending 
(LAD) or left circumflex (LCX) coronary artery territory to avoid inclusion of patients with 
RV infarction) and without significant valvular disease were included. The study was 
approved by the local ethics committee. 
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Patients were examined with a 1.5 Tesla scanner (Gyroscan Intera, Philips Medical Sys-
tems, Best, the Netherlands). ECG-gated cine images were acquired for functional ana-
lysis using a steady-state free precession sequence (slice thickness 6mm, gap 4mm, 
TR/TE 3.8/1.9ms, flip angle 50°, FOV 350mm, matrix 256 x 256, 22-25 phases per cardiac 
cycle). A breath hold multislice T1-weighted 3D inversion-recovery gradient-echo se-
quence (acquired/reconstructed slice thickness 12/6mm, average TR/TE 3.9/2.4ms, 
multi-shot [50 profiles/shot] segmented partial echo readout, flip angle 15°, FOV 
400mm, matrix 256x256) to evaluate the presence of myocardial infarct of the LV and 
RV was used to acquire images 10 minutes after intravenous administration of 
0.2mmol/kg body weight Gadolinium diethylenetriaminepentaacetic acid (Magnevist, 
Bayer, Germany). Inversion times were adjusted to null normal myocardium (200-
280ms). 
 CMR images were analyzed by an investigator blinded to clinical and echocardio-
graphic data. Endocardial and epicardial LV and endocardial RV contours were manually 
traced in end-diastolic and end-systolic phases on short axis slices to determine LV and 
RV end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF) and LV 
end-diastolic mass. Areas of late enhancement were visually assessed to confirm the 
presence and extent of infarction in LAD- or LCX-territory as the reason for impaired LV 
EF in the IHD-group. 

Echocardiography was used to determine LV diastolic function, LA volume, and peak 
tricuspid regurgitation (TI) Doppler velocity. Transthoracic echocardiograms were per-
formed using dedicated systems (Sonos 5500 with S3 or IE33 with S5-1 transducers, 
Philips Medical Systems, Andover, MA, USA). Echocardiographic investigations were 
performed in the standard views, according to the recommendations of the American 
Society of Echocardiography.7 LV diastolic function was assessed by measuring mitral 
(ratio of peak early and peak atrial transmitral Doppler flow velocity, E/A) and pulmo-
nary vein flow velocities (ratio of peak systolic and diastolic pulmonary vein Doppler 
flow velocity, S/D), tissue Doppler flow velocities from the basal septal and lateral wall 
to calculate the ratio of early transmitral inflow and myocardial tissue velocity (E/e’) and 
left atrial (LA) volumes. Since we did not include patients with normal LV-function, we 
used the E/A-ratio as an easily obtainable measure of LV filling pressure. Peak tricuspid 
regurgitation (TI) Doppler flow velocity was used as a measure of pulmonary artery 
systolic pressure (PAP). Images were digitally stored and analyzed off-line by an investi-
gator blinded to CMR-results and clinical data. 
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Variables are expressed as percentage, mean ± standard deviation or median (inter-
quartile range) as appropriate. The Kolmogorov-Smirnov test was applied to test if con-
tinuous variables were normally distributed. Group comparisons were performed by 
using the Pearson χ² test, student’s t-test or Mann-Whitney U test, as appropriate. For 
correlations, Pearson r was used. Finally, independent variables influencing RV EF were 
sought by using multivariable linear regression model using backward procedure (inclu-
sion p<0.05, exclusion p<0.1). 

Results 

The clinical characteristics of the DCM and IHD patients are summarized in table 1. 
Patients in the IHD group were older and less often treated with diuretics. All other 
parameters were not significantly different between the groups. 
 CMR image analysis was possible in all patients. In 3 patients, however, image quali-
ty on echocardiography was not sufficient to obtain reliable pulmonary vein flow Dop-
pler signals. In 2 of them, image quality was also not sufficient to obtain tissue Doppler 
signals, but E/A-ratio could be determined in all patients. 
 A total of 21 patients with IHD had infarcts in the LAD-territory and 2 patients in the 
LAD- and LCX-territory (figure 1). Infarction of the RV free wall was recognized in only 
one patient of the IHD-group: a small area of late enhancement of the RV apex was 
visible on CMR images. This patient had a transmural infarction in the LAD-territory 
showing late enhancement from the anterior wall to the apex of the LV continuing to 
the RV apex (figure 2). None of the patients with DCM had focal fibrosis of the RV free 
wall myocardium on CMR late enhancement images. 
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Table 1: Clinical, CMR and echocardiographic characteristics of the patients with dilated cardiomyopathy 
(DCM) and ischemic heart disease (IHD) 

Characteristic DCM  (n=46)  IHD (n=23)  P-value 

Age, years 49 ± 14 59 ± 16 <0.01 
Male, n (%) 27 (59%) 18 (78%) 0.18 
Body surface area, m2 1.92 ± 0.25 1.97 ± 0.19 0.28 
Dyspnea   0.48 
 NYHA 1/2, n (%) 38 (83%) 21 (91%)  
 NYHA 3/4, n (%) 8 (17%) 2 (9%)  
Duration HF, months 4 (1-18) 3 (0-19) 0.98 
Diabetes mellitus   0.62 
 DM type 1, n (%) 1 (2%) 0 (0%)  
 DM type 2, n (%) 4 (9%) 1 (4%)  
COPD, n (%) 6 (13%) 2 (9%) 0.71 
Hypertension, n (%) 9 (18%) 8 (35%) 0.24 
 Systolic BP 125 ± 20 123 ± 19 0.80 
 Diastolic BP 75 ± 12 74 ± 10 0.75 
Heart rate, beats/min 77 ± 14 73 ± 13 0.32 
PR duration, ms 150 ± 57 157 ± 60  0.66 
QRS duration, ms 111 ± 31 92 ± 43 0.10 
LBBB, n (%)  16 (35%) 4 (17%) 0.17 
RBBB, n (%) 0 (0%) 2 (9%) 0.11 
Creatinine, μmol/L 92 ± 27 95 ± 45 0.74 
Beta-blocker 36 (78%) 18 (78%) 0.34 
ACE-inh. or AT-II-blocker 40 (87%) 21 (91%) 0.20 
Diuretic 32 (70%) 9 (39%) 0.03 
Aldosteron antagonist 12 (26%) 4 (17%) 0.28 
Ca-channel blocker 0 (0%) 1 (4%) 0.13 
RV EDV, ml/m2 78 (65-92) 71 (63-78) 0.03 
RV ESV, ml/m2 41 (35-51) 32 (24-39) 0.03 
RV SV, ml/m2 35 (28-43) 38 (29-43) 0.98 
RV EF, % 48 (37-55) 56 (48-63) 0.05 
LV EDV, ml/m2 120 (96-158) 131 (101-165) 0.79 
LV ESV, ml/m2 82 (64-117) 85 (66-128) 0.63 
LV SV, ml/m2 39 (29-46) 38 (34-43) 0.75 
LV EF, % 31 (22-40) 34 (18-39) 0.77 
LV mass, gr/m2 75 (62-84) 68 (62-86) 0.86 
RA volume, ml/m2 20 (16-32) 22 (17-26) 0.43 
LA volume, ml/m2 32 (26-53) 37 (28-46) 0.86 
E max velocity, cm/s 71 (55-82) 68 (53-98) 0.67 
E/A 1.00 (0.70-1.40) 0.96 (0.63-1.78) 0.99 
dt E-top ms 170 (130-205) 160 (130-220) 0.68 
S/D  1.04 (0.81-1.33) 1.00 (0.62-1.45) 0.79 
E/e’IVS 10.0 (8.0-13.0) 6.5 (4.9-7.5) <0.001 
E/e’ lateral 7.7 (5.4-9.7) 8.4 (6.6-11.5) 0.31 

TI peak velocity, m/s 2.13 (1.86-2.44) 2.42 (2.02-3.03) 0.04 
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Values represent mean±standard deviation, median (interquartile range) or n, numbers of patients (%). DCM 
denotes dilated cardiomyopathy, IHD ischemic heart disease, NYHA New York Heart Association class, COPD 
chronic obstructive pulmonary disease, BP blood pressure, PR duration between P and R wave on ECG, QRS 
duration of QRS complex, LBBB left bundle branch block, RBBB right bundle branch block, ACE-inh or AT-II-
blocker angiotensin converting enzyme inhibitor or angiotensin II receptor blocker, CA calcium, RV right 
ventricle, LV left ventricle, EDV end-diastolic volume, ESV end-systolic volume, SV stroke volume, EF ejection 
fraction, RA right atrium, LA left atrium, E peak early transmitral Doppler flow velocity, E/A ratio of peak early 
and peak atrial transmitral Doppler flow velocity, dt E-top deceleration time of peak early transmitral Doppler 
flow signal, S/D ratio of peak systolic and diastolic pulmonary vein Doppler flow verlocity, E/e’ IVS ratio of peak 
early transmitral Doppler flow velocity and peak early diastolic tissue Doppler flow velocity from the basal 
septal left ventricular wall, E/e’ lateral ratio of peak early transmitral Doppler flow velocity and peak early 
diastolic tissue Doppler flow velocity from the basal lateral left ventricular wall, TI peak tricuspid regurgitation 
Doppler flow velocity 

 

Figure 1: Late gadolinium enhancement (A, B) and cine (4 chamber
view in end-diastole, C and end-systole, D) magnetic resonance imag-
es of a patient with a large myocardial infarction (left ventricular
ejection fraction 15%) of the left anterior descending coronary artery
(right ventricular ejection fraction 56%). 
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Figure 2: Late gadolinium enhancement (4 chamber view, A; 2 chamber
view, B) and cine (4 chamber view in end-diastole, C and end-systole, D) 
magnetic resonance images of a patient with a large myocardial infarc-
tion (left ventricular ejection fraction 22%) of the left anterior descend-
ing coronary artery, continuing from the left ventricular apex to the right
ventricle (right ventricular ejection fraction 57%) (white arrow). A corre-
sponding akinetic region of the right ventricular apex can be depicted on
the end-systolic cine image (D, black arrow). 

 

The RV EF was more impaired and RV size larger in patients with DCM in comparison 
with patients with IHD (figures 3 and 4) despite similar LV systolic and diastolic dysfunc-
tion. There was an isolated increase in E/e’ of the septum in DCM patients, but an op-
posite trend lateral and no further differences were seen in diastolic parameters be-
tween the groups, suggesting no difference in diastolic LV function. LV EDV and ESV 
were not different between the groups. All CMR and echocardiography parameters are 
summarized in table 1. 
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Figure 3: Late gadolinium enhancement (A, B) and cine (4 chamber view
in end-diastole, C and end-systole, D) magnetic resonance images of a
patient with idiopathic dilated cardiomyopathy (left ventricular ejection
fraction 24%, right ventricular ejection fraction 45%). 
The left ventricular systolic function of this patient is slightly better than
those of the patients with ischemic heart disease from figure 1 and 2
while the right ventricular function is more impaired. Areas of late
enhancement are not present. 

 

As depicted in table 2, the RV EF was significantly correlated with LV EF and the volumes 
of all four cardiac chambers. Furthermore, parameters of LV diastolic function negative-
ly correlated with RV function. Also, the TI velocity as measure of PAP was negatively 
correlated with RV EF. Finally, age and heart rate showed significant correlations with 
RV EF. RV EF was higher in women compared with men (55±10 versus 44±13%, 
p=0.001). Other clinical parameters had no influence on RV EF (data not shown). Over-
all, there were no significant differences in these correlations between patients with 
DCM and IHD (data not shown). 
 



184 

Figure 4: Late gadolinium enhancement (A, B) and cine (4 chamber
view in end-diastole, C and end-systole, D) magnetic resonance images
of a patient with idiopathic dilated cardiomyopathy with more pro-
nounced dilation of the right ventricle (left ventricular ejection fraction
36%, end-diastolic volume 211ml; right ventricular ejection fraction
23%, end-diastolic volume 269ml). 
Although elevated left ventricular filling pressure and TI velocity were
present, the degree of right ventricular dilation is out of proportion,
possibly suggesting an active unknown process affecting the right
ventricle more than the left ventricle. 

 
Multivariable analysis revealed that the RV function (i.e. RV EF) was correlated with LV 
EF, DCM compared with IHD, E/A-ratio as measure of LV filling pressure, and TI-velocity 
as measure of PAP as depicted in table 3. Although the relationship with TI-velocity was 
of borderline significance, it was in addition to a measure of LV filling pressure, e.g. a 
possible active process in addition to passive elevation of PAP due to elevated LV filling 
pressures. 
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Discussion 

In the current study, the non-invasive imaging techniques CMR and echocardiography 
were applied in patients with DCM and IHD without RV free wall infarction, to evaluate 
RV function and volumes. RV systolic function was influenced by different factors includ-
ing the underlying disease process, i.e. the presence of DCM, systolic and diastolic func-
tion of the LV and elevation of the PAP. 
 In ST-segment elevation myocardial infarction (STEMI) patients with cardiogenic 
shock, RV dysfunction had been identified as a prognostic parameter.8 Between pa-
tients with and without RV dysfunction, no significant differences in infarct related ar-
tery and infarct location were observed. RV dysfunction in patients in whom the RCA 

Table 2: Correlations of clinical, CMR and echocardiographic characteristics with right ventricular ejection 
fraction as measured with CMR 

Variable Correlation P-value 

Age 0.29 0.02 
Systolic BP 0.13 0.28 
HR -0.46 <0.001 
LV EF 0.54 <0.001 
LV EDV -0.29 0.02 
RV EDV -0.50 <0.001 
LA volume -0.41 <0.001 
RA volume -0.37 <0.001 
E/A ratio -0.52 <0.001 
S/D ratio 0.48 <0.001 
TI velocity -0.38 0.001 

BP denotes systolic blood pressure, HR heart rate, LV left ventricle, EF ejection fraction, EDV end-diastolic 
volume, LA left atrium, RA right atrium, E/A ratio of peak early and peak atrial transmitral Doppler flow 
velocity, S/D ratio of peak systolic and diastolic pulmonary vein Doppler flow velocity, TI peak tricuspid 
regurgitation Doppler flow velocity 

 
Table 3: Regression analysis testing the association between right ventricular ejection fraction and various 
potential predictors in the entire study population (dilated cardiomyopathy and ischemic heart disease) 

Variable Regression coefficient P-value 

LV EF (per %) 0.50 <0.0001 
DCM vs. IHD 9.41 0.0005 
E/A ratio (per unit) -3.60 0.02 
TI-velocity (per m/s) -4.84 0.06 

(R2 = 0.51) 
DCM denotes dilated cardiomyopathy, IHD ischemic heart disease, LV left ventricle, ESV end-systolic volume, 
E/A ratio of peak early and peak atrial transmitral Doppler flow velocity, TI peak tricuspid regurgitation 
Doppler flow velocity. 
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was not the infarct related artery was also present. This suggests that not only direct RV 
infarction causes RV dysfunction but also mechanisms such as reduced blood supply of 
the septum, low RV preload due to low output, and diminished contribution of LV con-
traction to RV systole.8 RV function may depend on LV septal contractile contribution 
transmitted through systolic ventricular interaction9-11and the septum itself may con-
tribute to the systolic function of both ventricles.12 RV function was experimentally as 
much impaired with septal ligation as with RCA ligation.13 Our results, however, suggest 
that other factors such as elevated LV filling pressure and PAP are of additional im-
portance to explain reduced RV function. 
 RV infarction detected by late enhancement CMR and RV systolic function were 
outcome predictors in a general population of STEMI patients.14 In inferior STEMI, RV 
systolic function was related to the presence and extent of RV infarction while in anteri-
or STEMI it was related to LV systolic dysfunction. When imaging more early after in-
farction, RV infarction was not related to prognosis.15 This discrepancy could be ex-
plained by the fact that RV function may recover to a greater extent than LV function, 
depending on recovery of septal function.9 Thus, global RV performance recovered 
within days after infarction, regardless of artery patency.16 Moreover, global RV perfor-
mance improved greatly even in chronic RCA occlusion, despite persistent severe RV 
free wall dysfunction.17 In order to exclude the influence of direct RV free wall infarct on 
RV function, we included only patients with infarcts of the left coronary artery territory 
(LAD and LCX infarct). To our knowledge, this has not been applied in previous compar-
ative studies of patients with DCM and IHD. We observed a small extension of infarct 
from the left to the RV myocardium in one patient only, which is in some contrast to a 
recent CMR-study in 20 patients with reperfused proximal LAD occlusion where a small 
RV infarct was observed in 40% of the patients.18 They found a relatively large area of 
the RV at risk for necrosis, although the resulting final RV infarction size was small. A 
possible explanation for the discrepancy between this and our findings is that only a 
small portion of our patients had transmural infarcts of the whole septum. 
 The underlying process also determines RV function. Patients with DCM experi-
enced larger RV volumes and more severe impairment of RV function. In contrast to 
previous suggestions,19,20 assessing systolic RV-function alone is not sufficient to distin-
guish between DCM and IHD in individual patients. Few studies directly compared the 
RV function in patients with DCM and IHD. Our findings are supported by some earlier 
studies where patients with DCM showed more severe RV dysfunction than patients 
with IHD using radionuclide angiography, thermodilution and invasive RV angio-
graphy.19-21 However, these findings have not been uniform. By applying tissue Doppler 
imaging, the RV dysfunction was more pronounced in patients with IHD than DCM in an 
echocardiographic study.22 Since only 2 patients had inferior wall infarction based on 
ECG-criteria, the authors concluded that this worse RV function had not been due to 
more infarcted RV myocardium. However, patients were not sufficiently matched with 
respect to other factors potentially influencing RV function. Thus, patients with IHD 
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exhibited more severe LV diastolic dysfunction and higher PAP. Such a difference in PAP 
and diastolic function was not present in our patient groups, but PAP and diastolic func-
tion were independently related to RV dysfunction. Moreover, assessment of RV dimen-
sions and systolic function by echocardiography has important limitations. In the pre-
sent study, we therefore used the current reference standard CMR to assess RV vol-
umes and EF.6,23,24 
 Elevated LV filling pressure, which leads to passive elevation of PAP, was one of the 
factors related to RV dysfunction in the current study. Since the prognosis of patients 
with impaired RV function is worse in comparison to patients with impaired systolic LV 
function only,25-26 assessment of RV function and possibly more aggressive treatment of 
elevated LV filling pressure as suggested by Stevenson et al. might be important, irre-
spective of the underlying cause.27 An additional active component of elevated pulmo-
nary artery pressure, i.e. out-of-proportion pulmonary hypertension leading to fixed 
pulmonary hypertension, may also have contributed to worsening of RV function since 
elevated PAP was related to RV dysfunction independently of LV filling pressure. 
 The current study has some limitations. Patients in the IHD group were older and 
less often treated with diuretics. Older age had a negative influence on RV function. 
However, although the patients in the IHD group were older, they showed a less im-
paired RV function than the patients from the DCM group. Thus, not matching for age 
did not result in a relevant bias. Treatment with diuretics can lower LV filling pressure 
and PAP and might have had an influence on the lower TI peak velocity measured in 
patients with DCM.28 In contrast to IHD, DCM usually comprises a heterogeneous group 
of diseases in many studies. However, with a comprehensive diagnostic routine includ-
ing endomyocardial biopsy, imaging and blood tests, certain diseases such as acute 
myocarditis, infiltrative and storage diseases were excluded from our study to make the 
DCM study population as uniform as possible. Regional RV wall motion as measured by 
e.g. speckle tracking was not assessed. Early stages of dyssynchronicity between RV and 
LV were therefore not detected. Other potential mechanisms were also not addressed, 
e.g. interventricular interaction and effects of changes of geometry. Finally, this was a 
diagnostic study. However, the study revealed different potential mechanisms of RV 
dysfunction that may be therapeutically influenced. It is important to evaluate RV func-
tion, especially in DCM, and it may be necessary to treat elevated filling pressure and 
PAP more aggressively or with new therapeutic strategies such as phosphodiesterase 
inhibitors in order to protect the right ventricle. 
 In conclusion, RV systolic function was influenced by different factors including the 
underlying disease process, i.e. the presence of DCM, systolic and diastolic function of 
the LV and elevation of PAP. A better understanding of these mechanisms may help to 
define therapeutic targets for future studies in these patients with RV dysfunction 
known to have a poor outcome. 
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Abstract 

Background: Myotonic dystrophy type 1 (MD1) is a neuromuscular disorder with poten-
tial involvement of the heart and increased risk of sudden death. Considering the im-
portance of cardiomyopathy as a predictor of prognosis, we aimed to systematically 
evaluate and describe structural and functional cardiac alterations in patients with 
MD1. 
 
Methods: Eighty MD1 patients underwent physical examination, electrocardiography 
(ECG), echocardiography and cardiovascular magnetic resonance (CMR). Blood samples 
were taken for determination of NT-proBNP plasma levels and CTG repeat length. 
 
Results: Functional and structural abnormalities were detected in 35 patients (44%). Left 
ventricular systolic dysfunction was found in 20 cases, left ventricular dilatation in 7 
patients, and left ventricular hypertrophy in 6 patients. Myocardial fibrosis was seen in 
10 patients (12.5%). In general, patients had low left ventricular mass indexes. Right 
ventricular involvement was uncommon and only seen together with left ventricular 
abnormalities. Functional or structural cardiac involvement was associated with age (p = 
0.04), male gender (p < 0.001) and abnormal ECG (p < 0.001). Disease duration, CTG 
repeat length, severity of neuromuscular symptoms and NT-proBNP level did not pre-
dict the presence of myocardial abnormalities. 
 
Conclusions: CMR can be useful to detect early structural and functional myocardial 
abnormalities in patients with MD1. Myocardial involvement is strongly associated with 
conduction abnormalities, but a normal ECG does not exclude myocardial alterations. 
These findings lend support to the hypothesis that MD1 patients have a complex cardiac 
phenotype, including both myocardial and conduction system alteration. 
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Introduction 

Myotonic dystrophy type 1 (MD1), or Steinert’s disease, is an autosomal dominant in-
herited disorder caused by an unstable expansion of a repetitive trinucleotide sequence 
(CTG) on chromosome 19. The prevalence varies from 2.1-14.3 per 100000.1 MD1 is 
characterized by slowly progressive weakness of skeletal muscles, myotonia and in-
volvement of several organ systems.1 An earlier age of onset and increased severity of 
clinical symptoms has been observed in subsequent generations and is related to de-
gree of CTG expansion.2 
 Patients with MD1 usually die from respiratory or cardiac complications.3,4 Sudden 
death is considered to be the result of atrioventricular block or ventricular arrhythmias.5 
Recent studies showed that severe electrocardiographic (ECG) abnormalities and atrial 
arrhythmias are independent risk factors, although with moderate sensitivity, for sud-
den death in MD1 patients.6 Although death from progressive heart failure is uncom-
mon in patients with MD1 compared to other muscular dystrophies,7,8 left ventricular 
systolic dysfunction is associated with an increased risk of overall mortality and sudden 
death.9 Therefore, the picture emerges that MD1 patients have a complex cardiac phe-
notype including both the myocardium and the conduction system. 
 Considering the importance of cardiomyopathy as a predictor of prognosis, we 
aimed to measure cardiac function and detect structural abnormalities in patients with 
MD1. We used cardiovascular magnetic resonance (CMR) in the current study since it is 
an accurate and highly reproducible technique for the assessment of cardiac volumes, 
function, mass and focal fibrosis and the interstudy reproducibility in normal, dilated, 
and hypertrophic hearts was superior to 2-dimensional echocardiography.10 

Methods 

The protocol was approved by the local Medical Ethics Committee and each participant 
gave written informed consent. Patients older than 18 years of age were invited for a 
prospective, on-going study on cardiac involvement and early stratification of ar-
rhythmogenic risk. Participants were recruited from the genetic register of the Maas-
tricht University Medical Centre and through the Dutch neuromuscular patients’ associ-
ation (Vereniging Spierziekten Nederland, VSN). Subjects with previously implanted 
pacemakers or implantable cardioverter-defibrillators or with severe comorbidity lead-
ing to reduced life expectancy such as malignant disease or respiratory failure, were 
excluded. During a 2 year period, 80 consecutive patients underwent CMR imaging and 
were enrolled in this study. 
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A standardized interview was conducted in all participants to evaluate their clinical 
history and current symptoms. A neurological and cardiac evaluation was conducted by 
the same examiner (MH) in a predefined standardized fashion. The MD1 phenotype was 
established according to the commonly accepted classification based on the age at 
onset of symptoms: mild (late onset), classical (adult onset) and childhood/congenital 
type.2 Skeletal muscle strength was manually tested and graded according to the Medi-
cal Research Council (MRC) 6-point grading system (0–5).11 A total of 22 muscle groups 
were tested: neck flexors and extensors separately plus 10 bilateral muscles: 6 proximal 
muscle groups (shoulder abductors, elbow flexors, elbow extensors, hip flexors, knee 
extensors, knee flexors) and 4 distal muscle groups (wrist extensors, digits flexors, ankle 
dorsiflexors, ankle plantar flexors). Summation of the scores yields an extended MRC-
sumscore, ranging from 0 (paralytic) to 110 (normal strength).12,13 Furthermore, blood 
samples were taken to determine N-Terminal pro Brain Natriuretic Peptide (NT-pro-
BNP) plasma levels and the length of the CTG repeat. 

Analysis of the MD1 CTG repeat length was performed on peripheral blood lympho-
cytes. Polymerase chain reaction followed by fragment length analysis was used to 
determine small allele lengths of 5 to 100 repeats, and Southern blotting was used to 
estimate repeat lengths >100. For purposes of statistical analysis, the CTG expansions 
were divided in 4 categories (<100; 100–250; 250–500; >500). 

ECG was considered abnormal if signs of conduction disease (PR interval 210 ms, QRS 
duration 120 ms, left anterior or posterior fascicular hemiblock), hypertrophy 
(Sokolow-Lyon index 35 mm), myocardial infarction or rhythm other than sinus, were 
present. 

Echocardiography was used to exclude significant valvular disease, elevated right ven-
tricular systolic pressure. Transthoracic echocardiograms were performed using a 
SONOS 5500 system with S3 transducer (Philips Medical Systems, Best, the Nether-
lands). Echocardiographic investigations were performed according to the recommen-
dations of the American Society of Echocardiography. 
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Patients were examined in supine position with a clinical 1.5 T Gyroscan Intera MR 
scanner (Philips Medical Systems, Best, the Netherlands) equipped with a 5 channel 
cardiac surface coil. ECG-gated cine images were acquired for functional analysis during 
multiple breath holds (10–13 seconds) using a steady-state free precession sequence 
(slice thickness 6 mm, slice gap 4 mm, TR/TE 3.8/1.9 ms, flip angle 50°, FOV 350 mm, 
matrix 256 x 256, 22–25 phases per cardiac cycle) in two-chamber, three-chamber and 
four-chamber view and a short-axis stacks covering the entire LV. For the detection of 
myocardial edema multislice short axis images were acquired using a dual-inversion 
black-blood T2-weighted sequence with fat suppression (slice thickness 8 mm, slice gap 
2 mm, TR/TE 1600/100 ms, flip angle 90°, FOV 350 mm, matrix 512 x 512). After intra-
venous contrast administration (Gd-DTPA 0.2 mmol/kg) a Look-Locker sequence (slice 
thickness 10 mm, TR/TE 3.6/1.7 ms, flip angle 8°, FOV 370 mm, resolution 256 x 256, 39 
phases, phase interval 15 ms) was applied to determine the inversion time (TI) to opti-
mally “null” LV myocardium (typical TI range 200–280 ms) for the subsequent scan. To 
evaluate the presence of myocardial late gadolinium enhancement (LGE) a breath-hold 
3D inversion recovery gradient echo sequence covering the entire LV (acquired slice 
thickness 12 mm, reconstructed slice thickness 6 mm, average TR/TE 3.9/2.4 ms, 
multishot (50 profile/shot) segmented partial echo readout every heartbeat, flip angle 
15, field of view 400 mm, matrix 256 x 256, acquired and reconstructed pixel size 1.56 x 
1.56 mm, typically 16–18 slices) was used with images in short-axis, two-chamber and 
four-chamber view, acquired 10 minutes after the administration of intravenous con-
trast. 

MR images were analyzed with commercially available software (CAAS MRV 3.0, Pie 
medical imaging, Maastricht, The Netherlands). Endocardial and epicardial contours 
were manually traced in end-diastolic and end-systolic phases on short axis cine images 
to determine end-diastolic and end-systolic volume, ejection fraction and LV end-
diastolic mass. Systolic LV dysfunction was defined as an ejection fraction <55% or re-
gional wall motion abnormalities. LV and right ventricular (RV) dilatation were defined 
as enddiastolic volumes >2SD and RV systolic dysfunction as ejection fraction <2SD of 
mean reference values normalized for gender, body surface area and age.14 We consid-
ered LV hypertrophy as increase in the LV mass and LV wall hypertrophy as wall thick-
ness >12 mm. The presence and localization of edema or focal fibrosis was visually iden-
tified by a consensus of two independent experienced observers using the T2-weighted 
and LGE images. CMR was considered to be abnormal if regional or global dysfunction, 
ventricular dilatation, hypertrophy, or areas of fibrosis or edema were observed. 



196 

Descriptive statistics of clinical characteristics, electrocardiographic findings and cardiac 
magnetic resonance results are presented. Categorical variables were summarized by 
frequency counts (percentage) and differences between groups were evaluated using 
chi-square test. For continuous variables, results are presented as median (range) and 
comparison between categories was made with Mann–Whitney  test. Multiple group 
comparisons were made with Kruskal-Wallis test. All analyses were performed using 
SPSS software version 15.0. A probability (p) value of <0.05 at a two-sided level was 
considered statistically significant. 

Results 

Characteristics of 80 MD1 patients (all Caucasian; 45 males and 35 females) are shown 
in Table 1. No significant differences in clinical characteristics were found between men 
and women. As expected, with increasing CTG repeat length, the median age at onset 
and skeletal muscle strength score decreased (p < 0.001). All patients were ambulant 
for short distances (<100 meter), but 16 subjects used mobility aids and 4 patients were 
confined to a wheelchair for longer distances. Fatigue and dyspnoea were frequently 
reported symptoms: 48 patients were either dyspnoeic or fatigued after exertion and 
10 subjects complained of both. No patient reported a history of syncope, severe palpi-
tations at rest, angina pectoris or myocardial infarction. Mild peripheral edema was 
seen in four patients, all of whom had normal systolic and diastolic LV function and 
normal NT-proBNP levels. 
 

Table 1: Clinical and genetic characteristics according to clinical phenotype category 

 Mild type  
 
n = 9 

Classical type  
 
n = 63 

Congenital/ 
childhood  
type n = 8 

Total 
 
n = 80 

Male 5 (56%) 33 (52%) 7 (88%) 45 (56%) 

Age in years (range) 60 (46–70) 47 (24–64) 32 (24–51) 48 (24–70) 

Age at onset in years (range) 52 (50–65)* 27 (10–51) 6.5 (0–10) 27 (0–65) 

Muscle strength sumscore (range) 110 (107–110) 96 (73–109) 100 (78–109) 98 (73–110) 

Abnormal ECG 1 (11%) 41 (65%) 7 (88%) 49 (61%) 

Abnormal CMR 3 (33%) 28 (44%) 4 (50%) 35 (44%) 

*Age at onset of neuromuscular signs and symptoms could not be determined in 3 patients, since they were 
still asymptomatic. 
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Functional or structural abnormalities were detected with CMR in 35 patients (44%). 
The results of CMR analysis are summarized in table 2. LV systolic dysfunction was 
found most frequently, being present in 20 patients. An example of LV dysfunction on 
CMR is shown in figure 1. Concomitant dilatation of the LV was found in 4 patients, 
while 3 patients had LV dilatation with preserved systolic function. Regional LV hypoki-
nesia was observed in 11 patients and co-localized with local thinning of the wall in 3 
cases. LV hypertrophy was observed in 6 patients. None of the patients with LV hyper-
trophy had arterial hypertension. LV mass indexes of MD1 patients were remarkably 
low and the mean values differed significantly from values obtained from healthy volun-
teers ( -test, p < 0.001).14 Right ventricular dysfunction or dilatation was only present in 
patients with LV dysfunction. Abnormal myocardial function and structure was more 
frequent in men than in women (p < 0.001) and associated with higher age (p = 0.04), 
but not with duration of disease, muscle strength sumscore or CTG repeat length. 
 
Table 2: CMR results 

 All  
n = 80 

Male  
n = 45 

Female  
n = 35 

LV ejection fraction, % (range) 58 (38–73) 57 (45–73) 61 (38–71) 

LV systolic dysfunction, n (%) 20 (25%) 16 (36%) 4 (11%) 

LV enddiastolic volume, ml/m2 (range) 72 (38–117) 77 (41–117) 67 (38–104) 

LV endsystolic volume, ml/m2 (range) 31 (11–63) 35 (14–63) 28 (11–56) 

LV dilatation, n (%) 7 (9%) 6 (13%) 1 (3%) 

LV mass, g/m2 (range) 47(30–79) 50 (36–79) 41(30–67) 

LV wall hypertrophy, n (%) 6 (8%) 4 (9%) 2 (6%) 

RV ejection fraction, % (range) 64 (38–77) 60 (38–77) 67 (50–76) 

RV systolic dysfunction, n (%) 4 (5%) 4 (9%) 0 

RV enddiastolic volume, ml/m2 (range) 66 (40–117) 71 (40–117) 61 (40–102) 

RV endsystolic volume, ml/m2 (range) 23 (10–66) 28 (10–66) 20 (10–46) 

RV dilatation, n (%) 1 (1%) 1 (2%) 0 

RV outflow tract, mm (range) 26 (21–37) 27 (22–37) 25 (21–29) 

Myocardial fibrosis, n (%) 10 (13%) 7 (16%) 3 (9%) 
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Figure 1: Ventricular dysfunction in myotonic dystrophy type 1 by CMR.  
Cine images in four-chamber long-axis view in diastole and systole of a patient with impaired systolic left
ventricular function (ejection fraction 38%): septal and apical hypokinesia (arrows). 

 

 
Figure 2: Myocardial fibrosis in myotonic dystrophy type 1 by CMR.  
Late gadolinium enhancement (LGE) images in short axis (AA, BB and CC) and 4-chamber long axis views (DD) of 4 
patients with myotonic dystrophy type 1. Between arrows are regions of increased signal intensity, indicating 
focal fibrosis, visible as mid-myocardial enhancement to epicardial enhancement with endocardial sparing. 

 
Focal myocardial fibrosis was detected on LGE images in 10 patients, most often as 
midmyocardial enhancement of the septal segments and basal (inferio) lateral seg-
ments of the LV wall (n = 8). Subendocardial and partly transmural enhancement of the 
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basal lateral wall was also found (n = 2). Examples of selected CMR images are shown in 
figure 2. No patient had signs of myocardial edema on T2-weighted images. No signifi-
cant relationship between the presence of myocardial fibrosis and MD1 phenotype or 
CTG repeat length was observed. 
 

Electrocardiographic findings are summarized in table 3. An abnormal ECG was record-
ed in 49 patients (61%). All patients were in sinus rhythm except for 2 with atrial fibrilla-
tion. Conduction delay was present in 46 patients (58%) and 1 patient had abnormal Q-
waves. There were no signs of hypertrophy on the ECGs. In general, patients with 
rhythm or conduction disturbances had more severe skeletal muscle weakness than 
those without (p = 0.002). Of the 31 patients with normal ECGs, seven showed si-
nusbradycardia without conduction abnormalities (frequency 50–60 bpm, n = 4; fre-
quency <50 bpm, n = 3). 
 
Table 3: Electrocardiography results 

 n = 80 

Frequency, bpm (range) 70 (40–95) 

Sinusbradycardia, n (%) 14 (18%) 

Atrial fibrillation, n (%) 2 (3%) 

PR interval, ms (range) 200 (136–460) 

Prolonged PR interval, n (%) 30 (38%) 

QRS duration, ms (range) 100 (80–164) 

Intraventricular conduction delay, n (%) 26 (33%) 

Left anterior fascicular block, n (%) 6 (8%) 

Left posterior fascicular block, n (%) 1 (1%) 

* Sinusbradycardia was defined as frequency <60 bpm. 

 
Echocardiography ruled out hemodynamically significant valvular disease or elevated 
right ventricular pressures in all patients. 
 A graphic reproduction of the cardiac evaluation is shown in figure 3. There was an 
association between ECG abnormalities and abnormal CMR findings (p < 0.001). Pa-
tients with an abnormal ECG were more likely to have functional or structural cardiac 
abnormalities (Odds ratio 8.2; 95% CI 2.7-25.1). However, myocardial involvement was 
also seen in 5 out of 31 patients with a normal ECG. The sensitivity of the ECG to predict 
myocardial involvement in this selected population was 86%, with a specificity of 58%. 
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Late gadolinium enhancement was found in 9 out of 49 patients with ECG abnormalities 
and only 1 of the 31 patients with a normal ECG. NT-proBNP levels did not significantly 
differ between patients with and without cardiac conduction disease or myocardial 
abnormalities. Complaints of fatigue and dyspnoea on exertion were not associated 
with abnormalities on ECG or imaging. 
 

 
Figure 3: Graphic reproduction of cardiac evaluation in myotonic dystrophy patients showing ECG and CMR
findings. The majority of patients with ECG abnormalities had functional or structural cardiac abnormalities.
However, a substantial number of patients with normal ECG also showed myocardial alterations. NT-proBNP 
levels did not help to distinguish between patients with and without impaired myocardial functioning (pre-
sented as median (range)). 

Discussion 

The principal finding of this study is that structural and functional myocardial abnormal-
ities are frequent in MD1 patients. The presence of mild to moderate left ventricular 
systolic dysfunction, ventricular dilatation, myocardial hypertrophy or fibrosis was 
strongly associated with electrocardiographic conduction abnormalities. However, 16% 
of patients with a normal ECG still had myocardial alterations. These findings lend sup-
port to the concept that the myocardium is generally involved in the pathogenic process 
of MD1. 
 Myocardial involvement may be prognostic in predicting death in MD1.9 CMR is well 
established in cardiomyopathies, because of its greater sensitivity and reproducibility 
than conventional diagnostic investigations (ECG and echocardiography) to demon-
strate early abnormalities or subtle changes.15 However, the CMR phenotype of MD1 
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had not been well characterized. Initial descriptions of CMR findings in MD1 revealed 
structural abnormalities, but the number of investigated subjects was small and func-
tional analysis had not been carried out.16 Increased left ventricular trabeculation con-
firmed by CMR has been reported in two related patients with MD1.17 Another study 
described a possible relationship between CMR abnormalities of the right ventricle and 
inducible arrhythmias at electrophysiological testing in MD1 patients.18 Yet, no gadolini-
um contrast was used to visualize fibrosis and the induced ventricular arrhythmias were 
mostly non-sustained. We did not find any isolated remarkable abnormalities of the 
right ventricle or left ventricular trabeculation in our large cohort. 
 Fibrosis is a frequent histopathological finding in individual MD1 cases.19-23 Focal 
myocardial fibrosis as detected by LGE-CMR was present in 13% of our patients. As in 
other non-ischemic cardiomyopathies, late gadolinium enhancement was usually locat-
ed in the interventricular septum and often limited to the mid-myocardium.24,25 An 
increased risk of sustained ventricular tachycardia and sudden death is associated with 
midwall fibrosis in patients with dilated cardiomyopathy.26 Whether midwall fibrosis 
determined by CMR is a predictor of mortality in MD1 remains to be investigated. 
 The low prevalence of symptomatic heart failure in MD1 is usually partly attributed 
to the reduced cardiac demand due to diminished skeletal muscle activity.27 This lower 
hemodynamic load in MD1 patients can also explain the low LV mass indexes found in 
this study. 
 Increasing age, male sex and ECG conduction abnormalities are all significantly 
associated with myocardial disease, whereas CTG repeat length and severity of muscu-
lar impairment are not. Male gender and age have been positively associated with ar-
rhythmia and conduction abnormalities.28 There is no consensus from the literature as 
to whether or not CTG repeat size has value as a prognostic indicator of conduction 
disturbances or cardiac events.28-30 While age at onset of symptoms and severity of the 
phenotype correlate with the size of the CTG repeat, the association between the 
length of the CTG repeat measured in leukocytes and other symptoms of MD1 is more 
elusive. The heterogeneity of symptoms shown by patients with similar CTG repeat sizes 
can partly be explained by the presence of somatic mosaicism and somatic expansion 
over time.31 
 Structural and functional cardiac changes were found in patients with mild as well 
as severe neurological phenotypes. Duration of neuromuscular disease was not signifi-
cantly related to cardiac disease, indicating that cardiac manifestations can precede, 
coincide with or succeed skeletal myopathy. It should however be stressed that recall of 
age at onset is sometimes poor and unreliable, as the diagnosis is often considerably 
delayed. Furthermore, duration of symptoms do not necessarily relate to the severity of 
neuromuscular symptoms as disease progression is highly variable. Symptoms of dys-

LV dysfunction and may therefore largely be 
ascribed to the progressive physical disability of the muscular disease. 
pnoea or fatigue were not associated with 
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The current study is a descriptive study of a large cohort of patients with MD1 using 
state of the art diagnostic technology. A limitation of the descriptive survey is the ab-
sence of a comparison group or prognostic data allowing no inferences to be drawn 
about cause of disease and the predictive value of myocardial fibrosis or other CMR 
findings for identifying patients with MD1 who are at risk for cardiac death. 

Conclusions 

Subclinical cardiomyopathy in patients with MD1 is frequently observed with CMR. 
Screening for functional and structural cardiac disease should be considered in all pa-
tients since myocardial involvement can be overlooked by ECG alone. Whether the 
identification of structural or functional cardiac changes has prognostic implications for 
the prediction of disease progression or sudden death remains to be investigated in a 
long-term prospective study. 
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Cardiovascular magnetic resonance imaging (CMR) has shown enormous growth over 
the past two decades and matured as a cardiac imaging modality with excellent diag-
nostic and prognostic performance in cardiomyopathies, ischemic and congenital heart 
disease.1, 2 CMR is a comprehensive imaging technique for the detection and assess-
ment of cardiovascular disease. The ffirst part of the thesis focusses on fast cardiac MR 
imaging with real-time imaging techniques. Real-time cine images can already be dis-
played and analyzed during the process of scanning and do not require breath-holding 
or ECG-gating. In contrast, current cine imaging to assess ventricular function, volumes 
and mass is based on ECG-gated cine balanced steady state free precession sequences 
using parallel imaging. Short axis images, covering the entire heart, with high temporal 
and spatial resolution are acquired within 5 to 10 breath-holds. Each breath-hold has a 
duration of approximately 10s. Excellent temporal and spatial resolution are a result of 
acquiring data over a number of cardiac cycles requiring constancy of heart rate and 
cardiac position.3 However, many patients find it difficult to follow breath-hold instruc-
tions. Furthermore, 10s are too long for patients with heart failure who frequently are 
also not able to lay flat in the bore of the MR scanner. Patients may also have atrial 
fibrillation or frequent extrasystoles. Thus, real-time imaging sequences are important. 
Breath-holding and ECG gating are not required. K-space is usually filled in a single shot 
and the matrix is reduced resulting in acquisition times of less than 100ms for a single 
image.4 Real-time imaging is currently applied 1) in the beginning of each cardiac MR 
examination during interactive scan planning. It saves time and makes the process of 
planning the correct heart axes easier. Image quality is less important during scan plan-
ning. 2) In certain indications such as constrictive pericarditis where free breathing is 
required to demonstrate septal bounce. 3) To replace standard breath-hold, ECG-
triggered cine balanced steady state free precession sequences if image quality is 
suboptimal due to atrial fibrillation, frequent extrasystoles or the patient is not able to 
hold his breath or follow breath-hold instructions. 4) In interventional MR imaging. In 
chapters 2 and 3, real-time catheter guidance with MR imaging (MR fluoroscopy) is 
described in an animal model of atrial septal defect. In cchapter 2, left and right heart 
catheterization using MR fluoroscopy for catheter steering is described and found to be 
feasible. A prototype active tracking catheter was used to obtain blood pressures and 
samples from cardiac chambers and great vessels using antegrade, transseptal, and 
retrograde approaches. A new method to determine vascular resistance is shown: In 
combination with velocity-encoded cine MR for measuring pulmonary and aortic blood 
flow, it is possible to calculate vascular resistances. Thus, left and right heart catheteri-
zation using real-time MR guidance is feasible and has the potential to change the cur-
rent x-ray–based diagnostic approach for children with congenital heart disease. Hemo-
dynamic catheterization data can be combined with anatomic and functional MR imag-
ing. This may significantly improve the evaluation of patients with complex congenital 
heart disease. In cchapter 3 it is explained that even small left-to-right shunt volumes (Qp 
: Qs < 1.5) were accurately detected by MR flow imaging. Furthermore, balloon sizing of 
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atrial septum defects with MR imaging was performed for the first time. This allows to 
measure the size of atrial septal defects even in case of small shunt volumes. Finally, 
transcatheter closure of atrial septal defects under MR-guidance is described in this 
chapter. 
 Many proof-of-concept and preclinical cardiac interventional MR studies have been 
performed in animals and humans.5-10 The introduction of MR-guided catheterization 
into clinical practice, however, depends on the development and availability of MR-
compatible catheters and guidewires. Scanner design needs to be optimized for inter-
ventional procedures, e.g. open or smaller magnets. MR-safe guidewires are under 
development, but currently not available for clinical use.11 Passive MR-compatible cath-
eters (e.g. catheters or balloons filled with contrast material) may be used for MR-
guided interventions. However, MR provides inferior visibility since mainly the tip is 
visible during an intervention.12 Active catheters (e.g. catheters embedding antennae), 
such as the one described in chapter 2 and 3, could be visualized faster and potentially 
also as a whole from shaft to tip, but are currently not approved for clinical use. Large 
MR scanners with small bores are suboptimal for patients and interventional physicians. 
Noise, communication during scanning, no true 3D image display and equipment such 
as monitors and defibrillators have also to be addressed. Thus, x-ray fluoroscopy is the 
mainstay for guiding interventional procedures. A wide range of different catheters and 
guidewires is available. X-ray fluoroscopy allows constant visibility of the whole catheter 
and offers superior spatial as well as temporal resolution. Cardiac interventional MR is 
currently only considered when anatomical details are important and tissue characteri-
zation is needed, such as in congenital heart disease as well as in electrophysiological 
studies.13-15 Regarding electrophysiological interventions, MR imaging and catheter 
guidance are of great importance. Atria are complex structures with large anatomical 
variability. In the left ventricle, definition of target regions for ablation of ventricular 
tachycardia, e.g. regions of infarct, is required. Furthermore, it is not enough to precise-
ly know where the catheter tip is, but also to image what the tip has done in terms of 
ablation lesions.16 Therefore, MR imaging and –fluoroscopy is promising for electro-
physiological studies.17 
 A real-time flow measurement technique to evaluate peak velocity and flow volume 
in different parts of the aorta, carotid and iliacal arteries is presented in  Chapter 4. ECG-
triggering was not necessary and scan time reduced from 2 minutes to 6 seconds. In 
combination with interactive scan planning, the real-time flow measurement technique 
allows adaptation of the imaging plane during scanning. Peak velocity correlated in all 
examined vessels with standard flow measurements, while volume flow correlated in 
the largest vessels only. Evaluation of flow during physiologic maneuvers or during 
pharmacological stress is possible using real-time flow sequences.18 They also allow 
rapid assessment of changes in cardiac output or simultaneous measurements of mitral 
and tricuspid flow e.g. in patients with constrictive pericarditis to demonstrate discord-
ant respirophasic changes in atrioventricular valve inflow velocities.19 Fast imaging of 
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flow might allow to incorporate hemodynamic data into standard imaging, comparable 
to Doppler-imaging in echocardiography. Current research is focused on improvements 
in spatial and temporal resolution as well as fast image analysis already during scan-
ning.20, 21  
 In cchapter 5 a real-time cine imaging technique is described and compared with a 
standard breath-hold imaging sequence during dobutamine stress. Image quality was 
comparable to standard imaging for images in short axis view, but not for other imaging 
planes. The breath-hold imaging sequence used in this publication is now replaced by 
balanced steady state free precession sequences since they show improved border 
delineation.22 Thus, many efforts have taken place to introduce newer real-time se-
quences to compete with image quality of state-of-the-art balanced steady state free 
precession sequences.3, 23-25 A recent real-time imaging strategy was to apply radial k-
space sampling and image reconstruction by gridding to balanced steady state free 
precession sequences: Left ventricular functional analysis by real-time cine imaging with 
a balanced steady state free precession sequence and radial k-space sampling, gridding 
and sliding window reconstruction, with a nominal temporal resolution of 40 frames per 
second was in good agreement with the standard ECG-gated breath-hold balanced 
steady state free precession sequence.26 Similar results were recently published: Image 
quality of the real-time scans was rated as diagnostic and functional parameters were 
not different from standard imaging.27 Real-time imaging at 3 Tesla, where standard 
balanced steady state free precession sequences are sensitive to local magnetic field 
inhomogeneities and susceptibility effects at high filed strength,26 has also been intro-
duced.28, 29  
 In conclusion, real-time imaging is widely employed now for interactive scan plan-
ning, but not as the main imaging sequences due to image quality. However, there are 
currently many ongoing efforts to replace or improve standard cine imaging in order to 
increase patient comfort and compliance by shortening the scan duration, skipping 
ECG-gating as well as breath-holds and displaying images immediately. It cannot be 
accepted that, in contrast to echocardiography, scan duration is long and exhausting for 
patients in the field of cardiac MR imaging. X-ray fluoroscopy will currently remain the 
standard imaging technique for coronary and valve interventions. However, MR-guided 
electrophysiological interventions are just around the corner.13 
 In the ssecond part of the thesis a comprehensive view on CMR imaging of ischemic 
heart disease is presented. CChapters 6 to 8 focus on the detection and sizing of reper-
fused myocardial infarction by CMR with a necrosis-specific MR contrast agent in an 
animal model of normal and hypertrophied left ventricle. Hypertrophied hearts showed 
larger infarctions than control while the areas at risk were the same. During infarction 
acutely administered potassium channel opener reduced infarction size to that of con-
trol. Chronic oral administration of a potassium channel opener prevented the for-
mation of hypertrophy, and infarct size was also the same as in the control group. CMR 
findings correlated perfectly with histology. CMR in myocardial infarction is considered 
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the gold standard to assess left ventricular global and regional function, infarct size and 
transmurality, microvascular obstruction, hemorrhage, edema and also RV involvement 
and –function, and CMR-findings have prognostic implications.30 Thus, CMR is important 
for diagnosis and prognosis, but also for research in myocardial infarction and ischemia 
regarding infarct quantification and evaluation of new treatment strategies. 
 The current strategy to minimize the impact of acute myocardial infarction is to 
revascularize as early as possible. However, this strategy may have come to a prelimi-
nary end: Even earlier administration of antiplatelet therapy and revascularization did 
not further improve outcome or reduce infarct size, and CMR was essential in corrobo-
rating these findings. E.g. in ST-elevation myocardial infarction, prehospital antiplatelet 
therapy was not superior to administration in the catheter lab or emergency room, and 
earlier than 90 minute after begin of infarction opening of the infarct related coronary 
artery seemed not to further improve the outcome.31-33 In patients with non-ST-
elevation myocardial infarction, immediate invasive revascularization did not improve 
outcome in comparison with early invasive strategies unless the patient had been at 
high risk or in cardiogenic shock.34-37 Early administration of antiplatelet medication, 
however, is very important in non-ST-elevation myocardial infarction.38 Antiplatelet 
therapy, low molecular weight heparins, beta-blockers, ACE-inhibitors and statins im-
prove outcome. In contrast, postconditioning strategies with drugs or interventions 
have little impact on infarct size or outcome.39, 40 Thus, new pre- and postconditioning 
strategies are still urgently needed to further improve myocardial function and patient 
outcome, and CMR will play an important role to evaluate new strategies since many 
concepts seemed to work in animal models, but not in humans. CMR is superior to oth-
er methods such as measuring the peak myocardial enzyme release or echocardiog-
raphy. Infarct size can roughly be estimated by peak myocardial enzyme release. How-
ever, the peak can easily be missed, and other important factors such as remodeling, 
dilation and infarct transmurality are not addressed. Echocardiography is used to calcu-
late the number of ventricular segments with regional wall motion abnormalities and 
measure left ventricular ejection fraction. Ejection fraction is often considered the most 
important prognostic factor after ST-elevation myocardial infarction. It correlates with 
infarct size, but the relation is not direct.41 Infarct size and transmurality are frequently 
more important. This is explained by the following example: Patients with left ventricu-
lar hypertrophy often show a supra-normal left ventricular ejection fraction.42-44 After 
ST-elevation myocardial infarct, they exhibit larger infarct size and transmurality than 
patients without hypertrophy while ejection fraction is the same.41 More pronounced 
hypercontractility in remote segments and a presumably higher ejection fraction before 
infarction in patients with hypertrophy are possible explanations. By using CMR, infarc-
tions are reliably detected and infarct size and transmurality can accurately be meas-
ured. This is also supported by the findings presented in cchapter 9. The chapter com-
pares CMR (late gadolinium enhancement) with echocardiography (regional wall motion 
analysis) to detect acute and chronic myocardial infarction. Although echocardiography 
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is frequently used as a first line imaging modality, its accuracy to detect or rule out 
acute and chronic myocardial infarction is not well described. Using echocardiography, 
a substantial number of acute and chronic infarctions were not detectable, especially 
smaller and non-transmural infarctions. 
 MR stress perfusion imaging for the detection of myocardial ischemia is currently 
performed with a high diagnostic accuracy.45 Ischemia and angina are usually a conse-
quence of a significant stenosis of epicardial coronary arteries. However, ischemia can 
also be caused by vasospasm and, presumably, microvascular disease in a substantial 
number of patients. The prognosis of patients with ischemia but without stenosis has 
initially been considered comparable to healthy subjects, but it seems to be more com-
parable to patients with significant coronary artery stenosis.46, 47 In cchapter 10 data on 
microvascular disease causing myocardial ischemia is presented. Patients with cardiac 
syndrome X having angina on exertion with concomitant ST-segment depressions during 
exercise ECG testing, but without significant coronary artery stenosis, were included in 
our study. During adenosine stress MR perfusion imaging, these patients showed a 
diminished subendocardial perfusion reserve in comparison with the subepicardial 
perfusion reserve. They also had a disturbed glycocalyx responsiveness as measured 
with noninvasive sublingual microscopy using a handheld sidestream darkfield micros-
can videomicroscope. Thus, endothelial glycocalyx might play a crucial role in regulating 
microvascular volume for myocardial perfusion. CMR perfusion imaging may help to 
identify patients with microvascular disease. It is important to better understand micro-
vascular regulation since patients with cardiac syndrome X frequently have persisting 
symptoms with impaired quality of life, and effective therapeutic strategies are current-
ly not known.48-50 
 The tthird part is focused on non-ischemic heart disease. In chhapter 11 we set out to 
assess focal (replacement) and interstitial (reactive) myocardial fibrosis in patients with 
dilated cardiomyopathy. Interstitial fibrosis was determined in endocardial biopsy spec-
imens and focal fibrosis with late gadolinium enhancement MR imaging. The number of 
studies assessing focal myocardial fibrosis by late gadolinium enhancement MR in car-
diomyopathies has increased over the last 10 years51 and focal myocardial fibrosis is 
associated with adverse events in non-ischemic cardiomyopathy.52 However, the under-
lying cause of focal fibrosis is not known. Empirically, certain late enhancement patterns 
of focal fibrosis were considered pathognomonic such as septal midwall fibrosis for 
dilated cardiomyopathy.53, 54 One of our hypotheses was that a certain amount of inter-
stitial fibrosis measured histological as collagen volume fraction is necessary before 
focal fibrosis becomes detectable with late gadolinium MR imaging. However, there was 
no correlation between focal and interstitial fibrosis. In contrast, we found that focal 
fibrosis was related to inflammation. This correlation was not present for interstitial 
fibrosis. 
 MR imaging is the method of choice for the assessment of right ventricular function 
since it is difficult to measure with other imaging modalities. Right ventricular dysfunc-
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tion is correlated to limited exercise capacity and poor outcome, but often neglected in 
daily clinical practice.55-57 In chhapter 12 the right ventricular function was measured in 
patients with dilated cardiomyopathy and ischemic heart disease. Right ventricular 
function and size were influenced by systolic and diastolic left ventricular function and 
pulmonary artery pressure. The right ventricular function was more impaired in dilated 
cardiomyopathy than in ischemic heart disease. 
 Due to the accuracy e.g. in the assesment of left and right ventricular volumes, 
ejection fraction, mass, infarction and fibrosis, CMR can be employed to detect cardiac 
disease in small groups of patients. CChapter 13 is a description of CMR findings in pa-
tients with myotonic dystrophy type I. Patients with this rare neuromuscular disease 
may develop conduction alterations, cardiomyopathy and sudden cardiac death. CMR 
detected abnormal findings in 44% of the population. A normal ECG did not exclude 
myocardial alterations. 
 In conclusion, CMR has become an established imaging modality for the evaluation 
of patients with cardiac disease. At the Maastricht University Medical center approxi-
mately 12000 echocardiographic and 600 CMR studies, 400 SPECT and 1000 coronary 
CT scans are annually performed. Although large differences between cardiovascular 
centers exist, CMR is performed in a substantial number of patients. In general, howev-
er, it is not the most often ordered cardiac imaging test due to limited availability and 
expertise, long imaging duration per patient and high costs. While CMR is reproducible 
and reliable and the only comprehensive cardiac imaging technique for function, anat-
omy, perfusion, infarct and scar characterization and, with limitations, coronary imag-
ing, it is hampered by the above stated drawbacks. CMR is still a relatively new tech-
nique. Since the early days of cardiac imaging with MR, many aspects of cardiac MR 
imaging improved significantly. However, there are several issues that need to be ad-
dressed in the future: 
 1) The need for speed: The scanning needs to be faster and more often in real-time. 
Imaging and analysis have already become faster with the introduction of parallel imag-
ing and digital coils, faster reconstruction and dedicated cardiac image analysis pro-
grams. However, more scan sequences were added to daily imaging protocols such as 
T1 and T2 mapping sequences. Real-time imaging can help to shorten scan duration. 
Other strategies are also needed since scan duration is important for patient comfort 
and costs. 
 2) The need for improved scanner design. Why do patients often report of discom-
fort when considering an MR imaging study?58, 59 Many patients feel that a CMR study 
had been more exhausting than an invasive coronary angiography although patients 
and physicians do not easily realize that, besides the radiation, it is an invasive proce-
dure and carries the risk of serious adverse events. A CMR study comes with a long 
examination duration in a narrow bore, massive magnetic shielding including heavy 
doors, noise of the gradients and the fact that personnel is usually outside the scanning 
room. Short bore magnets and open scanners would improve patient comfort since an 
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anxious patient will not easily lay still and follow breathing instructions. Open scanner 
designs with low magnetic fields have been developed, but they are considered inferior 
for perfusion and late enhancement imaging.60 In addition, the trend to higher field 
strengths requires larger magnets and, thus, even larger scanners. Until now, vendors 
and users follow the one-size-fits-all strategy because of lower costs: A huge scanner 
with a narrow bore is used for imaging all parts of the human body. If following this 
strategy, vendors need, however, to improve scanner design: more open, more space, 
smaller magnets, larger bores and, thus, less claustrophobia. A smaller scanner with less 
noise, faster acquisition and reconstruction should be the goal. 
 3) The need to learn from others. E.g. most MR studies on coronary artery imaging 
were performed without standard usage of beta-blockers and nitrates while CT and 
invasive angiography studies were almost always performed with premedication. It is 
also important to share knowledge about scan sequences with others, standardize scan 
protocols and keep the need for extensively adjusting scan parameters in every single 
patient as minimal as possible. 
 4) The need to make better use of techniques that are already available. 3D image 
acquisition and reconstruction with CMR is possible and has already been introduced. 
However, image analysis is usually performed with 2D image planes. Meanwhile, in the 
field of echocardiography, 3D imaging has become state-of-the art for certain indica-
tions such as preoperative assessment of mitral valve regurgitation. 3D computer 
games and wearable data glasses are around and will influence medical imaging and 
image analysis. Diastolic function is usually not assessed with CMR while excellent tech-
niques such as particle tracking, tagging, mitral and pulmonary venous flow imaging and 
measuring atrial volumes are available, but analysis is time consuming. Currently, none 
of the cardiac imaging techniques offers a comprehensive cardiac examination. CMR 
has the potential to cover all aspects of cardiovascular imaging, but needs to become 
more competitive in coronary artery imaging. 
 5) The need to more extensively demonstrate that CMR is important for diagnosis, 
therapy and prognosis of cardiac patients. Imaging plays a crucial role in the diagnostic 
and therapeutic process of cardiac patients and is increasingly performed despite lim-
ited financial resources. Physicians even use hand-held echocardiography devices in 
order to visualize and remember the specific cardiac conditions of a certain patient. 
Research assessing cost effectiveness, diagnostic superiority and improved outcome 
after the use of cardiac imaging is sparse, but growing.1, 2, 61 Publications on CMR mostly 
addressed single prognostic markers such as fibrosis in DCM, HCM and aortic stenosis; 
infarct size, transmurality, microvascular obstruction, hemorrhage in patients with 
acute myocardial infarction; ejection fraction, LV size and geometry. However, 
knowledge of an adverse prognosis does not automatically improve therapy.2 In addi-
tion, direct comparisons between imaging modalities are also sparse.62-65 Clinical trials 
assessing the diagnostic performance of different cardiac imaging techniques for stable 
angina or for revascularization are currently ongoing.61, 66, 67  
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Thus, there are five great challenges for cardiovascular magnetic resonance imaging 
and, by far, more opportunities: The future of CMR is bright. Let us start working. 
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Cardiovasculaire magnetische resonantie (CMR) is een beeldvormende techniek voor de 
diagnostiek van hartlijden. Het is een nog relatief jonge techniek. Pas in het jaar 1977 
werd voor de eerste keer een doorsnede van een borstkas afgebeeld. De eerste plaatjes 
van het hart die van voldoende kwaliteit waren, zijn in 1984 gepubliceerd. CMR heeft 
zich sindsdien tot een in de dagelijkse praktijk toegepaste techniek voor beeldvorming 
van hart en vaten ontwikkeld met uitstekende diagnostische waarde bij patiënten met 
ischemische hartziekten (zoals hartinfarcten en zuurstoftekort), cardiomyopathieën 
(ziekten van het hart zonder goed bekende oorzaak) en aangeboren hartafwijkingen. 
 Dit proefschrift beschrijft de verschillende aspecten van beeldvorming met magne-
tische resonantie van hartafwijkingen. Cardiale beeldvorming met echocardiografie, 
nucleaire technieken, computertomografie, CMR en hartkatheterisaties met röntgen-
doorlichting wordt vaak toegepast. In Nederland zijn in het jaar 2012 20.555 mensen 
aan hartlijden overleden en er waren 202.945 ziekenhuisopnames. Meer dan 1 miljoen 
mensen lijden aan cardiovasculaire aandoeningen. De hoeveelheid aan beeldvormings-
onderzoeken van het hart op jaarbasis is niet bekend. Als maar bij de helft van de in het 
jaar 2012 opgenomen hartpatiënten beeldvorming verricht zou zijn, zijn dat al 100.000 
beeldvormingsonderzoeken. CMR is niet de frequentst aangevraagde techniek binnen 
de beeldvormingsmodaliteiten van het hart gezien beperkte beschikbaarheid, vereiste 
expertise en kosten. Het is echter de enige methode die alle aspecten van cardiale 
beeldvorming omvat, zoals bepaling van functie, volumina en massa, bloeddoorstro-
ming van de hartspier, detectie, groottemeting en karakterisering van hartinfarcten, 
littekenvorming, bloeding en water- of ijzerophoping en (met beperkingen) afbeelding 
van de kransslagaders. Het is een veilige onderzoeksmethode omdat er geen gebruik 
van röntgenstraling gemaakt wordt en ook de MR-contrast vloeistoffen zijn veilig mits 
ze niet bij patiënten in het eindstadium van nierfunctiestoornissen toegediend worden. 
 De doelstelling van dit proefschrift was de waarde van CMR voor het opsporen van 
hartlijden aan te tonen. Het proefschrift is hiervoor in 3 delen onderverdeeld. 
 Het eeerste deel is gefocust op snelle CMR beeldvormingstechnieken in real-time. Dit 
betekent dat tijdens het maken van een bewegend plaatje zo snel mogelijk alle details 
erop te zien zijn zonder dat ECG-triggering of adem vasthouden nodig is. Dit is anders 
dan bij de standaard cine CMR sequenties waar de beelden pas achteraf berekend wor-
den uit data van een aantal verschillende hartcycli met behulp van ECG-gating en ge-
koppeld aan vele ademcommando’s. In tegenstelling tot real-time beeldvorming ziet 
men dus bij de standaard sequenties ook pas achteraf of de beelden van goede kwali-
teit zijn en of de beelden ook daadwerkelijk datgene tonen wat men van plan was om af 
te beelden. Real-time cine scan sequenties hebben ten opzichte van standaard sequen-
ties vaak een lagere beeldkwaliteit. Hiertegenover staan tijdwinst, de mogelijkheid om 
ook bij een onregelmatige hartslag goede beelden te verkrijgen en meer comfort voor 
de patiënt. De toepassingen van real-time sequenties worden in het  eerste deel van dit 
proefschrift beschreven. In het begin worden twee hoofdstukken over het sturen van 
katheters (hartkatheterisatie) met MR-doorlichting in real-time in een diermodel met de 
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aangeboren hartafwijking van atriale septumdefecten (ASD) gepresenteerd (hhoofdstuk-
ken twee en drie).  
 In hhoofdstuk twee wordt een studie getoond waarin voor de eerste keer de linker 
en rechter harthelft invasief met een katheter onder MR-doorlichting (het sturen van de 
katheter op basis van MR beeldvorming in real-time) bereikt wordt. Invasieve bloed-
drukmetingen in combinatie met een snelheidsgecodeerde CMR scantechniek voor de 
bepaling van bloedstroomsnelheden en -volumina in de aorta en longslagader werd als 
een nieuwe methode voorgesteld om perifere vaatweerstanden te berekenen.  
 Vervolgens wordt in hhoofdstuk drie uitgelegd dat zelfs geringe links-rechts-shunt-
volumina met MR stroomsnelheidsmetingen correct aangetoond kunnen worden (Qp : 
Qs < 1.5). Tevens werd de grootte van een atriaal septumdefect (ASD) voor de eerste 
keer middels een meetballon onder MR-doorlichting gemeten. Hiermee kan de grootte 
van een ASD ook bij kleine shuntvolumina goed bepaald worden. Tenslotte werd het 
defect met een kathetergebaseerd toestel interventioneel gesloten onder MR-door-
lichting. 
 Concluderend hebben we aangetoond dat linker en rechter hartkatheterisaties 
onder MR-doorlichting mogelijk zijn en met name bij kinderen met aangeboren hartaf-
wijkingen de potentie hebben om de gewone röntgendoorlichting te vervangen om de 
stralingsexpositie te voorkomen. Hemodynamische katheterisatiedata kan met anato-
misch en functioneel CMR gecombineerd worden om de evaluatie van complex conge-
nitaal hartlijden te verbeteren. Er zijn nu vele studies in dier en mens verricht die aan-
tonen dat MR-doorlichting en hartkatheterisaties goed mogelijk zijn (proof-of-concept 
studies). De introductie van MR-doorlichting in de dagelijkse praktijk hangt echter sterk 
af van de ontwikkeling en de beschikbaarheid van MR-compatibel katheter- en voer-
draadmateriaal. Ook het scannerdesign moet voor interventionele procedures verder 
verbeterd worden, zoals open MR-magneten, kortere magneten of grotere tunnelbui-
zen in de magneten. Op dit moment wordt CMR-doorlichting samen met interventies 
alleen toegepast bij kinderen met aangeboren hartaandoeningen en in de elektrofysio-
logie waar het om het tonen van afwijkende weefselstructuur en nauwkeurig afbeelden 
van complexe anatomische details gaat. 
 Met name bij de diagnostiek van patiënten met aangeboren hartafwijkingen is CMR 
niet meer weg te denken. Hier is de verbinding van anatomische beelden met hemody-
namische data op basis van metingen van bloedstroomsnelheden en -volumina (flow) al 
langer dagelijkse praktijk. Bij volwassenen worden bloedstroomsnelheidsmetingen bij-
voorbeeld bij de nauwkeurige bepaling van kleplekkages verricht. Als de snelheidsme-
tingen sneller en in real-time zouden kunnen gebeuren, zijn nog veel meer hemodyna-
mische metingen mogelijk, bijvoorbeeld ook tijdens bepaalde manoeuvres zoals diepe 
inspiratie of tijdens verhoging van de hartslag. Het volgende hoofdstuk is een voorbeeld 
van hoe dit uitgevoerd zou kunnen worden, echter moeten de sequenties nog verbe-
terd worden: in hhoofdstuk vier wordt een real-time CMR-methode voor de meting van 
bloedstroomsnelheden in verschillende slagaders gepresenteerd. ECG-triggering was 
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niet nodig en de scantijden werden van twee minuten naar zes seconden verkort. In 
combinatie met het interactieve plannen van scans maakte de real-time meetmethode 
het mogelijk om al tijdens het scannen de scanvlakken snel aan te passen. De maximale 
snelheden correleerden in alle slagaders met de standaard techniek, bij de metingen 
van de volume flow was dit alleen in de allergrootste vaten het geval. De snelle evalua-
tie van flow tijdens fysiologische manoeuvres of toedienen van stressmedicatie is met 
real-time flow sequenties dus in principe mogelijk. 
 Het opsporen van regionale wandbewegingsstoornissen als uiting van myocardiaal 
zuurstoftekort tijdens dobutamine stress met MR real-time beeldvorming wordt in 
hoofdstuk vijf beschreven en vergeleken met een standaardtechniek. De sensitiviteit en 
de specificiteit van de twee technieken waren vergelijkbaar goed. De beeldkwaliteit van 
de real-time techniek was vergelijkbaar met de standaard techniek wat betreft de korte 
as opnames van het hart, maar inferieur voor de andere hartassen. Ondertussen zijn de 
standaardsequenties vervangen door balanced steady state free precession sequenties. 
Op dit moment zijn verschillende ontwikkelingen bij de real-time sequenties te zien die 
tot duidelijke verbetering van de beeldkwaliteit leiden. 
 Concluderend worden de real-time beeldvormingstechnieken nu overal in het begin 
van elk CMR-onderzoek bij de planning van de scans toegepast, maar nog niet als 
hoofdsequenties in verband met de minder goede beeldkwaliteit. Echter kunnen we 
ons de lange scantijden en ademcommando´s bij de standard sequenties niet meer 
langer permitteren en real-time beeldvorming kan hierbij helpen. De beeldkwaliteit kan 
en moet nog beter en er wordt hier momenteel dan ook veel onderzoek naar gedaan. 
Verder moeten ook de uitwerkprogramma´s aangepast worden omdat ze op dit mo-
ment de ECG-synchronisatie voor de berekening van onder andere de volumina nog 
nodig hebben. Röntgendoorlichting is de standaard techniek voor coronair- en klepin-
terventies, maar electrofysiologisch onderzoek met interventies onder MR-doorlichting 
is al om de hoek.  
 Het  tweede deel van dit proefschrift bevat hoofdstukken over de waarde van CMR 
bij de diagnostiek van ischemische hartziekten (zuurstoftekort en infarcten). Op dit 
moment gaat het bij patiënten met een acuut hartinfarct erom met een dotterprocedu-
re zo snel mogelijk de afgesloten kransslagader te heropenen. Dit lukt binnen Nederland 
al goed en door het verder verkorten van de tijd tussen begin van het infarct en het 
dotteren is waarschijnlijk geen verder overlevingsvoordeel te behalen. Het is dus be-
langrijk om nieuwe strategieën te bedenken die de gevolgen van een hartinfarct beper-
ken en de beeldvorming van infarcten met CMR is hierbij heel belangrijk. Dus wordt in 
het tweede deel van het proefschrift de detectie en groottemeting van hartinfarcten 
met CMR beschreven (hhoofdstukken zes tot en met acht). Het begint met het opsporen 
en meten door middel van een  necrose-specifiek contrastmiddel in een diermodel van 
normale en gehypertrofieerde harten. Gehypertrofieerde linker ventrikels toonden 
duidelijk grotere infarcten dan normale harten. Als tijdens het infarct een kaliumkanaal-
opener acuut toegediend werd, waren de infarcten in gehypertrofieerde harten weer 
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van vergelijkbare grootte als in de normale harten. Chronische toediening over een 
lange periode vóór het infarct voorkwam het ontwikkelen van hypertrofie en de infarct-
grootte was dan ook weer hetzelfde als in de controlegroep. De resultaten van de CMR-
metingen waren hetzelfde als de histologische infarct- en massabepalingen. CMR zal 
dus een belangrijke rol bij de evaluatie van nieuwe behandelstrategieën voor patiënten 
met hartinfarct kunnen spelen. Ook hhoofdstuk negen onderstreept de waarde van CMR 
bij de diagnostiek van hartinfarcten. CMR werd met echocardiografie vergeleken bij het 
opsporen van acute en oude infarcten. Het bleek dat echocardiografie 20% van de acu-
te en 40% van de oude infarcten mist. De gemiste infarcten waren in vergelijking met de 
gedetecteerde infarcten meestal kleiner en betroffen niet de volledige dikte van de 
hartspier. 
 Verder is MR perfusie een belangrijke techniek om zuurstoftekort in de hartspier 
aan te tonen. HHoofdstuk tien beschrijft patiënten met pijn op de borst en zuurstoftekort 
in de hartspier bij inspanning die niet op vernauwingen van de kransslagaders berust. 
Waarschijnlijk berust het zuurstoftekort bij deze patiënten met het cardiale syndroom X 
op veranderingen van de haarvaatjes, de zogenoemde microvasculatuur, en de progno-
se van deze patiënten is niet beter dan van patiënten met belangrijke vernauwingen van 
de krasslagaders. Tot nu toe is het niet mogelijk om de microvasculatuur direct in beeld 
te brengen. We hebben met een nieuwe methode de veranderingen van de microvas-
culatuur onder de tong met behulp van een camera bij deze patiënten bestudeerd en 
aansluitend de bloeddoorstroming van de hartspier met stress MR gemeten. Patiënten 
met syndroom X hadden een microvasculaire dysfunctie bij de camerametingen en 
daarnaast een duidelijk mindere toename van de bloeddoorstroming van het binnenste 
gedeelte van de hartspier bij stress.  
 Het  derde deel van dit proefschrift beschrijft de waarde van CMR in niet op zuur-
stoftekort berustende hartziekten. Hierbij gaat het om drie verschillende unieke aspec-
ten van beeldvorming met CMR: het opsporen van littekenvorming in het hart, functie-
bepaling van de rechter hartkamer en het in kleine groepen van patiënten (zoals bij 
patiënten met spierziekten) nauwkeurig opsporen van hartafwijkingen. HHoofdstuk elf 
laat de resultaten zien van onderzoek naar focale (spier-vervangende) en interstitiële 
(reactieve) bindweefsel- of littekenvorming in de hartspier van patiënten met gedila-
teerde cardiomyopathie. Focale bindweefselvorming werd met CMR bepaald en inter-
stitiële in biopten na hartbiopsie. Patiënten met focale bindweefselvorming hebben een 
slechtere prognose dan patiënten zonder bindweefselvorming. Een van onze hypothe-
ses was dat focale bindweefselvorming pas bij een grote hoeveelheid aan interstitiële 
bindweefselvorming op te sporen is. Dit was niet het geval. Er was geen correlatie tus-
sen focale en interstitiële bindweefselvorming. De aanwezigheid van focale bindweef-
selvorming was echter wel gerelateerd aan ontstekingscelactiviteit.  
 Alle beeldvormingsmodaliteiten met uitzondering van MR struikelen over de nauw-
keurige meting van de functie en grootte van de rechter hartkamer. De rechter kamer-
functie is sterk bepalend voor het inspanningsvermogen en de prognose van patiënten 
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met hartfalen. De rechter ventrikel is duidelijk minder vaak onderzocht dan de linker 
ventrikel in de wetenschappelijke literatuur en de dagelijkse praktijk en wordt dan ook 
wel ‘de vergeten hartkamer’ genoemd. De grootte en functie van de rechter hartkamer 
gemeten met CMR bij patiënten met gedilateerde cardiomyopathie worden in hhoofd-
stuk twaalf vergeleken met de grootte en functie bij patiënten met hartinfarcten. De 
rechter ventrikel functie was beïnvloed door het knijp- en ontspanningsvermogen van 
de linker ventrikel en door de bloeddruk in de longslagader. De rechter ventrikel functie 
was bij de patiënten met gedilateerde cardiomyopathie duidelijk slechter dan bij de 
hartinfarctpatiënten. 
 Door de nauwkeurigheid van CMR bij de volume- en ejectiefractie bepalingen van 
rechter en linker kamer, spiermassaberekening, opsporen van littekens en infarcten is 
het aangetoond dat hartafwijkingen met CMR goed aangetoond kunnen worden in 
kleine groepen van patiënten. HHoofdstuk dertien is een beschrijving van de CMR bevin-
dingen bij patiënten met de spierziekte myotone dystrofie type I. Patiënten met deze 
zeldzame aandoening hebben vaker geleidingsstoornissen en soms ook structurele 
veranderingen van het hart met hartspierzwakte. Met CMR waren bij 44% van de pati-
enten afwijkingen aan het hart te zien. Een normaal ECG sluit hartafwijkingen bij patiën-
ten met myotone dystrofie niet uit.  
 In de discussie aan het eind van het proefschrift (hhoofdstuk veertien) worden de 
hoofdboodschappen samengevat en in de context van de wetenschappelijke literatuur 
besproken. CMR heeft zich tot een in de dagelijkse praktijk met uitstekende diagnosti-
sche waarde toegepaste techniek voor beeldvorming van hart en vaten ontwikkeld. Vijf 
belangrijke punten worden geïdentificeerd die voor de toekomstige ontwikkeling van 
CMR bepalend zijn. 
 1) Een CMR-onderzoek moet in de toekomst nog sneller worden en de beelden 
moeten vaker met de real-time techniek gemaakt worden. Steeds kortere onderzoeks-
tijden zijn voor patiënten minder belastend. 
 2) De MR apparaten moeten kleiner worden: kortere magneten, grotere tunnelbui-
zen in de magneten en open MR-magneten. Ondanks dat CMR een veilig onderzoek is 
zijn vele patiënten nog bang voor het grote apparaat. 
 3) Op het gebied van CMR moet men meer van anderen gaan leren. Het is verder 
belangrijk om nieuwe ontwikkelingen op het gebied van scansequenties sneller met 
elkaar te delen, scanprotocollen nog meer te standaardiseren en het scannen makkelij-
ker te maken. 
 4) Reeds beschikbare technieken moeten verbeterd en ook beter toegepast wor-
den. 3D beeldvorming bestaat al en wordt nog niet standaard toegepast. Methodes om 
de diastolische functie van de hartkamers te meten, klepgebreken op te sporen of de 
kransslagaders beter in beeld te brengen bestaan ook al, maar eisen op dit moment nog 
te veel tijd met betrekking tot het maken en analyseren van de beelden.  
 5) Het is belangrijk om nog beter te onderbouwen dat CMR cruciaal is voor de dia-
gnosestelling, therapie en prognose van patiënten met hartaandoeningen. Beeldvor-
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ming speelt een belangrijke rol in het diagnostische en therapeutische proces en wordt 
steeds vaker toegepast in een omgeving met gelimiteerde financiële resources. Meer 
onderzoek is vereist met betrekking tot kosteneffectiviteit, diagnostische waarde en 
invloed op prognose en kwaliteit van leven van patiënten met hartziekten. 
 Op het gebied van hartbeeldvorming met magnetische resonantie is de afgelopen 
twee decennia al veel bereikt. Er zijn vijf grote uitdagingen voor de toekomst en nog 
vele malen meer kansen. De toekomst is veelbelovend. 
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Valorization 

Since the first publication of a cross sectional magnetic resonance image of the human 
chest in 1977, cardiovascular magnetic resonance imaging (CMR) has emerged as a 
reliable imaging technique and is currently performed on a routine basis for many pa-
tients with heart disease. The burden of cardiac disease in the Netherlands in 2012 was 
20 555 cardiac deaths and 202 945 hospital admissions. More than 1 million patients 
suffer from cardiovascular disease. CMR is an important tool to detect cardiac disease 
and it is performed to support the treating physicians in finding the correct diagnosis 
and evaluate therapy. The research presented in this thesis is therefore of value for 
patients with heart disease and their caring physicians. Since the thesis describes many 
different aspects of magnetic resonance imaging of cardiac function, a point-by-point 
evaluation of valorization would result in a repetition of the discussion-chapter. Thus, to 
underscore the importance of research for daily practice, real-time imaging is chosen 
from this thesis as an example of a successful implementation of research into practice. 
With real-time imaging, patient comfort is improved since it is fast and does not require 
repeated breath-holds and ECG-gating. Images can already be displayed during the 
process of scanning. The price of improved patient comfort usually is less image quality. 
However, it could be shown that real-time imaging offers sufficient image quality for 
several clinical applications. Thus, it has been introduced into daily practice: Real-time 
imaging is performed in the beginning of every CMR exam for the purpose of interactive 
scan planning. It saves time and makes the process of planning the correct heart axes 
easier. Real-time imaging sequences are also currently employed to replace standard 
breath-hold, ECG-triggered cine sequences in case of suboptimal image quality due to 
an irregular heart rhythm or the patient is not able to hold his breath. 
  



  



231 

 

 
Dankwoord 

  



  



233 

Dit proefschrift bevat al veel inhoud. Ik zal zeker ook de dankbetuiging kort en krachtig 
houden: mijn allereerste dank gaat uit naar mijn patiënten. Zij zijn met hun ervaringen 
een bron aan inspiratie. Mijn dank gaat verder uit naar de promotoren professor 
H.J.G.M. Crijns en professor J.E. Wildberger voor hun inspirerende rol, de begeleiding en 
het mogelijk maken van de promotie. De leden van de beoordelingscommissie wil ik 
graag danken voor hun geduld en inspanningen. Ik mocht genieten van ontmoetingen 
met vele mensen die open en steunend voor mij waren. Mijn dank is groot! Afdelings-
hoofden, opleiders, onderzoekers, collegae, assistenten, laboranten, verpleegkundigen, 
secretaressen en medewerkers uit Heidelberg (universiteit en German Cancer Research 
Center), Ulm en Tübingen (universitaire ziekenhuizen), Berlijn (German Heart Institute 
met Charité Campus Virchow), San Francisco (University of California) en Maastricht 
(iedereen!) zijn van harte bedankt. Dank aan de beeldvormingsploegen van cardiologie 
en radiologie. 
 Tot slot: ondertussen ben ik al meer dan 15 jaar bezig met beeldvorming van het 
hart met behulp van magnetische resonantie. De European Association of Cardiovascu-
lar Imaging heeft mij vervolgens erkend als grootvader op het gebied van MR: het lijkt 
me dan ook logisch om in de introductie een kort overzicht van de geschiedenis van 
beeldvorming van het hart met MR te tonen. Mijn droombaan was het werken in de 
landbouw. Helaas had ik geen eigen grond en ben vervolgens alleen maar cardioloog 
geworden. Dit bleek een verstandige keuze omdat zowel voor de landbouw als ook voor 
de cardiologie een grote portie gezond boerenverstand vereist is. In principe komt de 
cardiologie op de volgende eenvoudige formules neer:  

 Tot daadwerkelijk slot: dank aan Maastricht en de rest van Nederland. Ik realiseer 
me dat de volgende zinnen met uiterste voorzichtigheid te genieten zijn. Het gaat om 
Nederland versus Duitsland (ook al gaat het niet over voetbal). Ik ben ervan overtuigd 
dat de Nederlanders een “California”-kant hebben: cool, laagdrempelig en positief den-
kend. Omdat het mij nog steeds een beetje ontbreekt aan coolness en aan dingen niet 
te serieus te nemen, leer ik iedere dag van jullie. 
 Tot echt slot: werk is werk en privé is privé. Liefste Carmen, je bent mijn allergroot-
ste schat. Louise, Sophie en Elias, ik ben zoooooooooooooooo trots op jullie. Ouders, 
familie: dank. 
 Tot concluderend slot: onze baan, de patiënten, het onderzoek, het is niet altijd 
allemaal makkelijk. En als het wel altijd makkelijk was, dan was het niets voor cardiolo-
gen! 
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