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Introduction

Ischemic heart disease is the leading cause of morbidity and mortality in the 
western world1 in particularly in the elderly and as medical and revascularization 
therapy is improving and life expectancy is increasing, the number of patients 
having ischemic heart disease is expected to increase. Chronic ischemic heart 
disease may be associated with depressed left ventricular function due to a state 
called ‘hibernation” or “sleeping” myocardium or scarred myocardium. Scarred 
myocardium will not improve after revascularization therapy but hibernating 
myocardium may recover after restoration of myocardial blood flow. The time 
of blood flow obstruction and the extent of myocardial damage is related to the 
ability of ischemic myocardium to improve2. Therefore early accurate assessment 
of viability and necrosis is important for optimal management of patients with 
chronic ischemic heart disease. 

Non invasive imaging modalities are becoming key diagnostic tools in coronary 
artery disease detection, evaluation and guidance for revascularization therapy. 
To detect and evaluate ischemic heart disease different imaging modalities are 
available including echocardiography, nuclear imaging like SPECT or PET, com-
puted tomography or magnetic resonance imaging 3. This thesis will evaluate 
and discuss magnetic resonance imaging which is a relatively new imaging tech-
nique that allows imaging of the beating heart and evaluation of cardiac anat-
omy, ventricular function, ischemia and viability. Cardiac magnetic resonance 
imaging (CMR) is an enourmous versatile imaging tool and all these parameters 
can be measured in one imaging session. 

The technique has an excellent reproducibility 4,5, it has proven its advantage 
over other imaging modalities 6 and is therefore nowadays considered the ref-
erence standard for the evaluation of cardiac function. However we have to 
keep in mind that CMR is not perfect and variability in measurements is still 
present. The second part of the thesis concerns the validation of outcome 
parameters: left ventricular function and cardiac mass. Cardiac function is  
usually measured from a stack of short axis images covering the entire ventricle 
from base to apex. At the base and apex of the heart it is often difficult to deter-
mine which slice should be included in left ventricular volume measurements 
therefore we wanted to investigate if addition of long axis contours in left ven-
tricular functional measurement  could reduce variability (chapter 2) and if incor-
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poration of the papillary muscle influences left ventricular mass measurements 
(chapter 3). 

Part 3 mainly focussed on the detection of ischemic heart disease. Adenosine 
Cardiac Magnetic Resonance perfusion imaging (MRP) has emerged as a safe 
non invasive imaging technique to detect stress induced myocardial perfusion 
abnormalities. Most studies compared visual interpretation of MRP with visual 
assessment of invasive coronary angiography. We compared the ability of MRP 
to detect presence of myocardial ischemia with invasive fractional flow reserve 
and coronary flow reserve as standard of reference in patients with stable angina 
(chapter 5). Not only non invasive MRP but also CTCA is useful to detect coronary 
artery disease. Many studies have demonstrated that CTCA has a high negative 
predictive value to exclude coronary artery disease but correlation of the de-
gree of severity of a stenosis, in particular intermediate lesions, with the hemo-
dynamic relevance of a lesion is poor. Therefore the combination of CTCA and 
adenosine MRP may complement each other and allows comprehensive evalu-
ation of anatomy and hemodynamic relevance of a lesion (chapter 6). Not only 
the hemodynamic relevance of a lesion but also the amount of scar tissue and 
the presence of contractile reserve gives us information about ischemic heart 
disease. We studied the relation between the quantitative amount of contractile 
reserve during dobutamine and infarct size which was not investigated thus far 
(chapter 7). 

Part 4 mainly focused on CMR guided management of ischemic heart disease. In 
patients with coronary artery disease and depressed myocardial function, CMR 
can predict if myocardial tissue will benefit from restoration of coronary blood 
flow. Myocardium will only improve after revascularization if the dysfunctional 
myocardium is viable. CMR is able to detect both viability and myocardial ne-
crosis and can therefore predict the presence of improvement of left ventricular 
function after revascularization. A widely used technique for the detection of 
viability is delayed enhancement imaging, but its diagnostic accuracy is low due 
to the limited predictive value of this technique in segments with an intermedi-
ate transmural extent of infarction. In chapter 8 we describe the effect of com-
bined viability assessment using different CMR parameters for the prediction of 
improvement of myocardial function after revascularization, where we evaluated 
the presence of viability on a per segment level. 
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In chapter 9 we evaluated the predictive possibilities of CMR on a per patient 
level in patients with multivessel coronary artery disease and also evaluated the 
effect of treatment on left ventricular ejection fraction. In patients with multives-
sel coronary artery disease and depressed left ventricular function, PCI is increas-
ingly used as revascularization strategy instead of CABG because both therapies 
have the same outcome in terms of survival and rates of myocardial infarction 
in patients with syntax score <30. Due to extensive disease or depressed left 
ventricular systolic function which is though to be irreversible, PCI may result in 
incomplete revascularization. We hypothesize that complete revascularization 
may better improve left ventricular ejection fraction as compared to incomplete 
or unsuccessful revascularization (chapter 7) and investigated the diagnostic ac-
curacy of CMR in this patient population.  Most studies that investigated the 
effect of revascularization on left ventricular function were performed with a fol-
low-up duration of 5 to 6 months, however it is currently unknown in what time 
span recovery of dysfunctional but viable myocardium can be seen. Therefore 
we evaluated myocardial function after percutaneous coronary intervention of a 
chronic total occlusion at 6 months and at 3 years (chapter 10) and measured the 
improvement in left ventricular function on both time frames. 
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Introduction

Ischemic heart disease, despite advances of detection and treatment remains the 
leading cause of morbidity and mortality in the Netherlands and more accurate 
detection and evaluation of coronary atherosclerosis may further reduce adverse 
outcome. Cardiac magnetic resonance imaging (CMR) is a new robust versatile 
non-invasive imaging technique that can detect global and regional myocardial 
dysfunction, presence of myocardial ischemia and myocardial scar tissue and has 
the advantage that it can evaluate all these parameters in one imaging session 
with freedom of ionizing radiation and with the use of relatively safe contrast 
material. CMR has demonstrated a high interstudy reproducibility which make 
it possible to use this technique for serial assessment in an individual patient 
to evaluate the effect of treatment. The different diagnostic possibilities of CMR 
in patients with ischemic heart disease will be discussed with the focus on the 
strengths and weaknesses of each particular feature.  
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MR for the assessment of left ventricular function

CMR is a precise and highly reproducible technique to assess left ventricular (LV) 
function, volume and mass with a lower intraobserver- interobserver- and inter-
study variability[1, 2] as compared to LV angiography or cardiac echocardiog-
raphy[3, 4, 5]. CMR is currently considered the standard of reference for these 
parameters and is frequently used as a surrogate end point in clinical trials[6, 
7]. These measurements are obtained using dynamic imaging where a series of 

Figure 1 The end diastolic image of the two and four chamber image (upper part) is used to posi-
tion a stack of short axis images (bottom) from basal to apical with a slice thickness of 8 mm.
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parallel short axis images is acquired covering the whole ventricle from the atrio-
ventricular transition to the apex. The long axis images of both the 2- and  4-cham-
ber in the end-diastolic phase at end-expiration provide the reference images to 
acquire a series of short axis images (figure 1). To estimate left ventricular func-
tional volume and mass, the Simpson method is used where the volume of each 
individual slice is calculated and added[8]. Even though the Simpson’s method 
has been the standard method of CMR LV analysis for many years, variability in left 
ventricular measurements is still present. Sources of variability are inconsistency in 
planning of the images during acquisition and post procedure analysis, when the 
annalist has to indicate the most upper and lower border of the left ventricle. In-
tegrating the contours of the long axis to short axis contours significantly reduces 

Figure 2 Illustration of the method using the information of the long axis to achieve left ventricular 
volumes mass and function. During the end diastolic phase (figure A, C), slice 1 is partially included 
in the LV volume, slice 2 is totally included based on the long axis areas, while during systole (figure 
B, D) 0% is included of slice 1 and slice 2 is only partially included. At the apex, slice 3 is partially 
included for both phases (figure A, B, C and D) in LV functional assessment. By integrating the long 
axis and thereby more accurately indicating left ventricular borders the variability can be signifi-
cantly reduced.
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interstudy variability of all left ventricular functional parameters and may be the 
preferred analysis method (figure 2)[1]. 

Using CMR the left ventricle can be studied in detail (figure 3) and even thin struc-
tures such as the heart valves and papillary muscles can be visualized. A regu-
lar heart rhythm and consistent breath holding are essential for highly detailed 
imaging as each dynamic loop is acquired during a 10 to 12 second period of 
suspended breathing. When 
patients cannot hold their 
breath or have an irregular 
heart rhythm image quality 
may be poor and is often not 
good enough for accurate 
analysis due to respiratory 
motion or mistriggering of 
the ECG. In these cases real 
time dynamic acquisition 
without breath holding can be performed and each image is acquired during a 
single heartbeat. A disadvantage of this technique is the lower spatial and tem-
poral resolution which may hamper precise LV analysis [9].

MR for the detection of ischemia

If a treadmill electrocardiography test for the identification of ischemia is physi-
cally impossible or the test is inconclusive, non invasive perfusion imaging may 
be indicated. CMR has been the latest addition to the spectrum of non invasive 
myocardial perfusion or wall motion imaging modalities. The advantage of CMR 
over other technologies is its high resolution and contrast to noise ratio. The two 
main CMR methods for the assessment of myocardial ischemia are high dose 
dobutamine stress test with wall motion assessment and first pass myocardial 
perfusion under pharmacological stress with adenosine. The patient should be 
closely monitored during stress CMR by measuring blood pressure and heart 
rhythm during infusion of these pharmacological stressors. One must keep in 
mind that the ST-segment deviation is disturbed in the static magnetic field and 
detection of  ischemia by ECG-monitoring is not possible. 

Figure 3 This is a 4-chamber view of a 64-year old patient, 
with a recent history of a myocardial infarction, compli-
cated by a pseudo aneurysm (arrow) of the anterolateral 
wall (end diastolic phase, A; end systolic phase, B).
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High dose dobutamine stress with wall motion assessment
During dobutamine infusion, similar to echocardiography, functional imaging 
is used to detect the ischemia induced wall motion abnormalities at increasing 
dose from 10, 20, 30 and 40 mcg/kg/min every 3 minutes at each stress level and 
imaging is repeated at every stress level in both long and short axis orientations. 
It is important to closely monitor the development of wall-thickening abnor-
malities and if these develop the test is considered positive for a hemodynamic 
significant coronary stenosis. In a meta analysis of the pooled data of 13 publica-
tions investigating 735 patients using dobutamine stress CMR for the detection 
of ischemia, sensitivity was 83% (95% CI 79-88%)  and specificity 86% (95% CI 
81-91%) when analysed on a per patient level[10]. Nagel et al. compared dobuta-
mine stress CMR with dobutamine stress echocardiography in patients with sus-
pected coronary artery disease[11]. They found that dobutamine stress CMR had 
a higher diagnostic performance. The sensitivity increased from 74% to 86% and 
specificity increased from 70% to 86% (both p<0.05) using coronary angiography 
as the standard of reference. Also in patients with a poor acoustic echo window, 
image quality of CMR was able to detect the presence of coronary artery disease 
with a sensitivity varying from 75% to 92% depending on the extent of coronary 
artery disease and a specificity of 83% using quantitative coronary angiography 
as standard of reference[12]. 

Although CMR is a relatively new technology it has proven prognostic value, 
patients with inducible ischemia were at higher risk of developing a myocardial 
infarction or cardiac death independent and incremental to the presence of con-
ventional risk factors for coronary arteriosclerosis [13].

Adenosine stressed first pass myocardial perfusion
Myocardial perfusion imaging is based on the changes of myocardial signal in-
tensity during the first passage of a contrast bolus into the myocardium of in-
travenously injected contrast agent at rest and during stress using adenosine as 
a pharmacological stressor. Flow limiting coronary stenosis during stress causes 
less perfusion of the subtended myocardium than myocardium that is supplied 
by normal vessels. This is visualized on CMR images as a darker myocardial area 
(less perfusion, less contrast) during stress as compared to normal perfused 
myocardial areas. Perfusion of the myocardium can be assessed visually (perfu-
sion present or absent) or quantitatively by calculating the myocardial perfusion 
reserve index.[14] 
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The MR-Impact trial[15], a multicenter multivendor prospective trial, compared 
perfusion CMR with single photon emission tomography (SPECT) and concluded 
that perfusion CMR in the entire study population was superior to SPECT. The su-
perior sensitivity and specificity of stress perfusion CMR is most likely due to the 
better spatial resolution as compared to SPECT. In addition SPECT is hampered 
by its radiation exposure and attenuation artifacts that makes it sometimes dif-
ficult to correctly interpret the scans. Visual assessment of perfusion images, as 
in the MR-Impact trial by experienced readers has sufficient diagnostic accuracy, 
but this simple approach is not always sufficient and subtle differences may be 
missed as might be needed for follow-up examination or to evaluate therapeutic 
effects on myocardial perfusion. Quantitative analysis is more objective, it has 
also the advantage that in patients with three vessel disease, balanced perfusion 
defects can be detected. 

To determine the myocardial perfusion reserve index for quantitative assess-
ment, the relative upslope of a given segment during stress is divided by the 
relative upslope of a given segment at rest[16, 17]. Relative upslope is defined 
as the maximum upslope of the signal intensity curve divided by the maximum 
upslope of the LV cavity curve. 

A disadvantage of perfusion CMR is the fact that the investigation is cumber-
some, time consuming and acquisition and interpretation of images requires 
extensive experience. In a meta analysis of 14 studies of 1183 patients, pooled 
data analysis showed a sensitivity of 91% (95% CI 88-94) and a specificity of 81% 
(95%CI 77-85) for adenosine perfusion CMR on a per patient level compared 
to coronary angiography as standard of reference[10]. Two more recent studies 
showed the same diagnostic accuracy (table)[18, 19].

Author [ref#] N Sensitivity (%) Specificity (%)

Gebker [19] 455 91 70

Klem [18] 136 84 88

Nandalur [10] 1183 91 81

Schwitter [15] 234 85 67

Table Sensitivity and specificity of perfusion MRI

N = number of patients 
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CMR for the assessment of viability

Left ventricular dysfunction may be the result of viable or non viable dysfunc-
tional myocardium. The latter may not recover after revascularization therapy 
while viable myocardium in patients with chronic ischemic heart disease will 
recover in weeks, months or years after revascularization. Viable myocardium is 
associated with repetitive transient ischemia or persistent reduced myocardial 
blood flow so called hibernating myocardium that must be distinguished from 
permanently damaged infarcted myocardium. Viable dysfunctional myocardium 
is defined as recovery of regional myocardial dysfunction after revascularization. 
CMR viability assessment is achieved using low dose dobutamine as a functional 
response to examine contractile reserve or late gadolinium enhancement as ne-
crosis imaging or simply assessing end diastolic wall thickness.

End diastolic wall thickness was the first parameter that has been used as a vi-
ability parameter prior to late gadolinium enhancement and an end diastolic 
wall thickness of < 5.5 mm represented non viable tissue[20, 21, 22]. 

Low dose dobutamine 
Dobutamine is known to stimulate the beta receptors of the myocytes, increases 
the ATP and oxygen consumption and therefore improves contraction. The pres-
ence of contractile reserve during low dose dobutamine which is tested at two 
different doses (5 and 10 mcg/kg/min) has a higher predictive accuracy as com-
pared to the end diastolic wall thickness (91% vs. 79% for preserved wall thick-
ness)[23]. With current fast CMR techniques one is able to scan the left ventricle 
at both stress levels and a useful approach is to acquire 3 short axis view and 3 
long axis views within 4 breath holds during each stress level. An example of a 
patient with contractile reserve during dobutamine in a region perfused by a 
chronic total occlusion is presented in figure 4. 

CMR late gadolinium enhancement
Contrast late enhancement CMR allows visualization of the distribution of myo-
cardial scarring in post infarction patients[24, 25, 26, 27, 28, 29]. Kim et al. [24] 
were the first to show that delayed enhancement strongly predict functional im-
provement after revascularization. In segments with no infarction the likelihood 
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of recovery was high, 78% of the segment recovered after revascularization while 
only 1 segment with >75% infarct transmurality improved. 

Delayed enhancement images are acquired 10-20 minutes after administration 
of gadolinium based contrast agent. The resulting image will show normal myo-
cardium as black and infarcted myocardium as white (figure 5). In acute myocar-
dial infarction the contrast agent passively diffuses into the intracellular space 
because the membrane is ruptured while chronic myocardial infarctions contains 
collageneous material replacing the myocytes which increases the extra cellular 
space causing increased contrast concentration and thus enhancement on de-
layed imaging CMR [30]. Gadolinium itself is toxic but when chelated to other 
molecules can be safely administered to most patients. However in patients with 
severe kidney disease gadolinium based contrast agents may increase the risk of 
developing a rare and potentially fatal condition known as nephrogenic systemic 
fibrosis. It involves the formation of excess fibrous connective tissue in the skin, 

Figure 4 A 3 chamber view in the end diastolic phase (A) and the end systolic phase (B) at rest of a 
patient with an old anterior wall infarction and a chronic total coronary occlusion of the left ante-
rior descending artery, and a 3 chamber view of the same patient after administration of low dose 
dobutamine in the end diastolic phase (C) and the end systolic phase (D) where an improvement in 
contractility was detected in the anteroseptal wall. LA, left atrium; A, aorta; LV, left ventricle.
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eyes, joints and body 
organs. Symptom may 
include stiffness, hard-
ening and tightening of 
the skin. If body organs 
are involved it eventu-
ally lead to death. The 
federation of food and 
drug administration 
(FDA) advises not to use 
this agent in patients 

with acute kidney injury or chronic, severe kidney disease (with a glomerular 
filtration rate < 30 mL/min/1.73m2).

When to assess functional improvement of viable myocardium after 
revascularization?
Initial studies examining the functional recovery of revascularised viable myo-
cardium were performed at 6 months after revascularization. It was assumed 
that this time period was sufficient for the processes underlying restoration of 
dysfunctional myocardium. However we hypothesized that it may require longer 
time for recovery and we examined patients at 6 months and again at 3 years of 
follow-up[31]. Improvement in segments with a small subendocardial infarction 
(a transmural extent of infarction of <25%) was observed at 6 months and further 
improvement occurred at 3 years follow up. In segments with more extensive 
scarring, a transmural extent of infarction between 25-75%, improvement was 
only observed 3 year follow up but not at 6 months. 

Non-ischemic heart disease

Abnormal enhancement may also be present in patients with other myocardial 
diseases like myocarditis, infiltrative cardiomyopathy such as amyloidosis or Fab-
ry’s disease, hypertrophic cardiomyopathy or tumors. The enhancement pattern 
in these patients is different from the enhancement pattern seen in patients 
with a myocardial infarction where it usually involves the endocardium and may 
extent to the epicardium and is linked with a specific coronary vessel territory. 
In patients with non ischemic heart disease, enhancement patterns are different 

Figure 5 Short axis delayed enhancement image (A) with a sub-
endocardial infarct in the lateral wall between the white arrows. 
A 2-chamber delayed enhancement image with a transmural 
infarction of the anterior wall between arrows (B). RV, right ven-
tricle; LV, left ventricle; LA, left atrium.
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and vary between midmyocardial enhancement, a more patchy multifocal distri-
bution or epicardial enhancement. Myocardial contraction may also be impaired 
in these regions [30].

Conclusion

CMR is considered as the standard of reference for comprehensive assessment 
of the left ventricle that can measure cardiac function, detect ischemia and has 
the ability to assess viable myocardium in one imaging session without the use 
of ionizing radiation. However patients with stable anginal symptoms also re-
quire anatomical information of the coronary vessel for clinical decision making. 
CMR falls short to adequately visualize the coronary artery and improvements 
are highly desirable to achieve complimentary anatomical and functional infor-
mation in one investigational session.
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Abstract

Purpose To reduce interstudy variability using long axis information for correct-
ing short axis contours at basal and apical level for left ventricular (LV) analysis 
by magnetic resonance imaging.

Materials and Methods A total of twenty patients with documented heart 
failure and twenty volunteers underwent MRI examination twice for measuring 
endocardial end diastolic volume (EDV), endocardial end-systolic volume (ESV), 
mass and ejection fraction (EF). The boundary of the left ventricle, the mitral 
valve plane and apex were marked manually on the 2 and 4 chamber long axis 
images. Automatic epicardial and endocardial contour detection was performed 
on the short axis (SA) images using the intersection of the outlines from the long 
axis as starting positions. The same observer compared the interstudy variability 
of this method with analysis that was based on the short axis images only. 

Results The interstudy variability decreased when information from the long 
axis was included; for ESV, 9.6% vs. 4.7%, (p=0.00014); for EDV, 4.9% vs. 2.5% 
(p=0.0011); for mass, 7.4% vs. 5.0% (p=0.11); and for EF 12.2% vs. 5.6% (p=0.0017), 
respectively. 

Conclusion Identification of the mitral valve plane and apex on long axis im-
ages to limit the extent of volume at the base and the apex of the heart reduces 
interstudy variability for LV functional assessment.
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Introduction

Left ventricular (LV) function and mass are used in clinical practice as param-
eters of cardiac function(1, 2) and are frequently  used as end-points in clinical 
trials(3-5) Cardiac MRI has evolved to be a precise and reproducible technique 
for quantification of LV volumes, mass and function(6-12). These parameters are 
mostly measured on a stack of short axis (SA) cine images covering the entire 
left ventricle from base to apex. For this the Simpson rule is used avoiding as-
sumptions on LV morphology. Variability in measurements is present although 
this is relatively small compared to other techniques such as LV angiography 
and echocardiography. Variability is introduced during acquisition when the SA 
series are planned on the 4-chamber localisation images and during post proce-
dure analysis when the observer determines the upper and lower extend of the 
left ventricular at the base and apex of the heart. Variability can be reduced using 
guidelines for acquisition and post procedure analysis for acquiring volumetric 
data(13). However this is still a suboptimal solution for post procedure analysis 
as these are based only on 2D SA information. Including additional 3D informa-
tion from the long axis images should provide more detailed information on the 
location of the mitral valve and apex. 

The purpose of the present study was to investigate if identification of the mitral 
valve plane and apex on long axis images in addition to SA contours, improves 
the interstudy reproducibility of LV parameters measured by MRI, when com-
pared to using SA images only. 
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Materials and Methods

Patient selection
A total of 40 subjects were prospectively studied. The study population con-
sisted of 20 healthy volunteers with no history of cardiac disease and 20 patients 
with documented heart failure (New York Heart Association class I to III). Patients 
and volunteers were recruited consecutively from February 2006 till May 2006. 
Study participants underwent two MRI examinations. After the first MRI study 
the subject was removed from the scanning area, rested, and then repositioned 
for a second examination with a minimal time interval of 10 minutes. Exclusion 
criteria were any contraindications for magnetic resonance studies (pacemakers, 
claustrophobia, cochlea implants). The study was approved by the institutional 
review board and each subject gave informed consent. 

MRI protocol
MR images were acquired using a 1.5 Tesla scanner. Patients were positioned in 
the supine position with a cardiac eight-element phased-array coil placed over 
the thorax (Signa CV/i, GE Medical systems, Milwaukee, Wisconsin USA). Repeat-
ed breath holds and gating to the electrocardiogram were applied to minimize 
the influence of cardiac and respiratory motion on data collection. Cine MRI was 
performed using a steady-state free-precession technique (FIESTA). Imaging pa-
rameters were; 10-15 s breath hold (depending on the heart rate); repetition 
time, 3.4 ms; echo time, 1.5 ms; flip angle, 45 degrees; slice thickness was 8.0 mm 
with a 2.0 mm slice gap; field of view 36-40 x 28-36 cm; 12 views per segment 
and matrix size was 192 x 192. These used parameters resulted in a temporal 
resolution per image of less than 41 ms. Using standard techniques to identify 
the major cardiac axes, two-chamber and four chamber cine MR images were 
obtained. The two- and four-chamber end diastolic images at end expiration 
provided the reference images to obtain a series of SA views. The first slice was 
positioned at the basis covering the mitral valve and the last slice covering the 
apex. This resulted in 10-12 cine breath-hold short-axis images to cover the en-
tire left ventricle. All imaging examinations were performed by the same opera-
tor (S.W.K).

Data analysis
All images were transferred to a Microsoft Windows™ based personal comput-
er for analysis using the CAAS-MRV program (version 2.0; Pie Medical Imaging, 
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Maastricht, The Netherlands). This software uses the additional information of 
the long axis to limit the extent of volumes at the base and apex of the heart. 
All studies were analysed using classical SA-images only and with a combined 
approach using long axis and SA images. 

The SA end-diastolic (ED) phase was selected as the phase with the largest LV en-
docardial area. The end systolic (ES) phase was identified as the image with the 
smallest LV endocardial area. For the LV segmentation procedure both epicardial 
and endocardial contours are manually drawn on the two and four chamber ED 
and ES views. Based on the four intersection points between each contour, a first 
rough endocardial and epicardial contour is prepared in each specific SA im-
age. Using an algorithm based on the concept of “fuzzy objects” in which image 

Figure 1 Illustration of the method using the information of the long axis to achieve ventricular 
volumes mass and function. During the ED phase (figure A, C), slice 1 is partially included in the LV 
volume, slice 2 is totally included based on the long axis areas, while during systole (figure B, D) 0% 
is included of slice 1 and slice 2 is only partially included. At the apex, slice 3 is partially included for 
both phases (figure A, B, C and D) in LV functional assessment. 
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elements (pixels/voxels) exhibit a similarity both in geometry and in grey-scale 
values, the final endocardial border is detected in each SA image. More details 
of this algorithm have been previously reported (14) . The average segmentation 
time is 15 seconds on a 3.8 GHz Pentium IV. Within this time both ED and ES epi-
cardial and endocardial contours are derived for all SA series. Manual corrections 
were performed afterwards on the SA images where necessary. The guideline 
for correcting SA contours was to achieve a nearly round contour excluding the 
papillary muscles and trabeculations from the myocardium(15). Only those con-
tours were corrected that were not accurately on the border between the blood 
pool and the myocardium.

For LV ES volume and LV ED volumes calculations with the combined approach 
using the long axis images the Simpson’s rule was used where both the first basal 
and last apical slice are only partly included related to the area each slice con-
tributes to the LV area outlined on the 2 and 4 chamber images (Figure 1). For the 
classical method (SA-images only) volumes are calculated by the Simpson’s rule 
only. The most basal slice was only included if more than 50% of the total circum-
ference was identified as myocardium(16). LV mass was calculated by taking the 
difference of the ED epicardial volume and ED endocardial volume multiplied by 
1.05 g/cm3, the standard mass for each cubic centimetre. The ejection fraction 
(EF) was determined by calculating the difference of the ED endocardial volume 
and ES endocardial volume divided by the ED endocardial volume. (15). The MRI 
studies of all patients and volunteers were analysed in a random order with the 
investigator blinded to the subjects name and previous result. 

Statistical analysis
For each analysis method, SA only and SA combined with long axis, the mean 
± the standard deviation (SD) of each parameter was calculated for all studies. 
The mean difference between both studies in all patients and volunteers was 
also calculated for each parameter. The agreement between two MRI studies was 
calculated for the combined method with the information of the long axis using 
the coefficient of determination (r2).

Moreover, we calculated interstudy variability for both methods using combined 
long axis and SA and the traditional SA only for analysis. The interstudy variability 
was defined as the absolute value of the difference between two measurements 
divided by the average value of the paired volumes, mass or EF. To investigate if 
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there were systematic variances and to compare reproducibility, Bland and Alt-
man plots were used (17).

A two-tailed paired Student-t-test was performed to measure significant differ-
ence between the mean values for both methods. Furthermore, a non-paramet-
ric Wilcoxon Signed Ranks Test was performed to determine the statistical signifi-
cant difference between the absolute observed differences for both methods. A 
p-value of <0.05 was considered to indicate statistical significance.

Results

MRI studies were well tolerated in both groups with no complications. The aver-
age time to analyse each study was 4.8 ± 0.79 minutes for the combined method 
using the long axis images and SA images. 

Figure 2 Illustration of the epicardial contour and endocardial contour on the SA images of an 
individual patient.
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The average values for LV volumes mass and function for patients and volunteers 
with the combined approach and using the SA images only were shown in table 
1. An example of the contours of the SA images is shown in Figure 2.

The agreement between both studies for the combined method was for ESV 
(r2=0.98, SEE 5.75 ml), EDV (r2=0.98, SEE 6.49 ml), mass (r2=0.96, SEE 8.63 g) and EF 
(r2=0.97, SEE 2.96 %), respectively. Bland Altman analysis (figure 3 and 4) showed 
good agreement for the SA-only (ESV –0.46 ± 14.80 ml; EDV –0.63 ± 13.18 ml; 
mass –0.89 ± 15.14 g, and EF –0.07 ± 5.98 %) and when the information of the 
long axis was included (ESV –0.93 ± 5.71 ml, EDV 0.32 ± 6.56 ml, Mass –2.05 ± 
8.22 g and EF –0.27 ± 2.95 %). The advantage of the inclusion of the long axis 
is illustrated by the marked reduction in the 95% confidence interval (figure 4). 
Another way to quantify this is by calculating the interstudy variability. The per-
centage interstudy variability decreased for all parameters when the information 
of the long axis was included; for ESV, 9.6% vs. 4.7%, (p=0.00014); for EDV, 4.9% vs. 

Figure 3 Bland-Altman plots of LV volumes, mass and function derived on the SA images only. The 
dotted lines show the 95% confidence interval.
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2.5% (p=0.0011); mass, 7.4% vs. 5.0% (p=0.11); and EF 12.2% vs. 5.6% (p=0.0017), 
respectively. For more detailed results in each group see table 1.

Discussion

This study was performed to evaluate a new method using long axis images de-
signed to further improve reproducibility of LV function assessment with MRI. We 
compared the values of LV parameters derived by the new methodology with 
the standard technique using the SA images only. The results from this study 
confirmed our hypothesis that this combined method significantly reduced in-
terstudy variability. 

The mean values of LV volumes and mass for both groups, derived by the com-
bined method, were lower than the values we derived when we used the SA 

Figure 4 Bland-Altman plots of left ventricular volumes, mass and function derived with the infor-
mation of the LA. The dotted lines show the 95% confidence interval.
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images only. The EF was higher for the combined method in both groups. One 
explanation for this difference may be the difficult identification of the most 
basal extent of the left ventricle on the SA-images. There are several approaches 
for standardisation described in the literature, using various methods to identify 
the most basal slice of the LV. Van der Geest et al(16) reported that for their semi 
automated method the most basal slice was defined as the last slice were the 
total amount of myocardium from the circumference of the basal slice was at 
least 50 %. However this method only allows full inclusion or exclusion of a slice 
to a volume introduced subjectively and thus remains a suboptimal solution. 
Pennell’s strategy is based on planning of the first basal slice at the location of 
the atrioventricular groove during diastole(13). For the ES image one slice less 
is analyzed compensating for the through-plane descent of the atrio-ventricular 
ring in systole. However in patients with severe heart failure the atrio-ventricular 
ring may descent less when compared with healthy subjects. When this strategy 
is used in these patients, stroke volume and EF are probably exaggerated. As the 
LV parameters are especially important in patients with severe heart failure we 
considered this as the least optimal method and therefore we used the method 
of van der Geest mentioned above for comparison. 

Several groups have described 3D approaches for LV analysis. For example, Graves 
et al.(18) described a technique, which makes use of the long axis images from 
the two- and four-chamber views for automatic detection of endocardial con-
tours in the SA images but do not report a benefit in interstudy reproducibility. 

Swingen et al. and Young et al. (19-21) used a 3D model based on a large number 
of points on the SA and the long axis but do not actually trace the SA contours. 
With such an approach, LV mass and volumes cannot be accurately measured as 
the papillary muscle and trabecularisations cannot be identified. 

The results of the mean LV EF, volumes and mass in normal volunteers as mea-
sured by our novel technique are comparable to figures from previously report-
ed studies(22). In addition, when we compare our results with the information 
of the long axis with those previously published in literature, our interstudy vari-
ability is lower for all parameters except for mass in the volunteers-group(8, 10, 
12, 23). In the patient subgroup the results of our methodology are comparable 
with the literature(6, 9). Because the variability in this subgroup is very low due 
to the larger LV volume and reduced motion, it is difficult to achieve further 
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improvement. Another explanation is that in larger volumes it is easier to draw 
contours. The high level of interstudy reproducibility and the reduction in the 
95% confidence interval in the Bland and Altman plots using our novel strategy 
can be explained by the simplicity of the procedure. The 3D information takes 
into account the motion of the atrioventricular ring and apex during the systolic 
phase accurately and it allows definition of atrial volume and ventricular volume.

The high reproducibility suggest that a smaller sample size is possible to detect a 
change in volumes, mass, and function in comparison with use of the SA images 
only. The reduction in sample size could lead to a more cost-effective assess-
ment of therapeutic interventions by MRI. 

No technique is perfect and the proposed method is depended on reproducible 
breath hold positions for the long axis and SA acquisitions. Inconsistent breath 
holding will impede the reliability of the integration of long axis and short axis 
images which makes assessment of left ventricle parameters more difficult. In 
our setting all volunteers and patients were instructed in breath holding tech-
niques during which end-expiratory breath holding was explained which result-
ed in good image quality. 

Nowadays, parallel imaging techniques like SMASH and SENSE have accelerated 
the acquisition speed and allow acquisition of 2 or 3 slices in a single breath 
hold(24, 25). Additionally, in the future when these techniques are combined 
with temporal under sampling techniques like k-t SENSE, k-t Blast and k-t GRAP-
PA single breath hold 3D cine images are possible with good temporal and spa-
tial resolution(26). If slice thickness is below 5 mm, multiplanar reformatations of 
the SA series can be performed to obtain 2 and 4 chamber views with sufficient 
spatial resolution for demarcation of the mitral valve and apex. Analysis of these 
3D single breath hold acquisitions will benefit from our combined approach us-
ing long axis contours from the 2 and 4 chamber view with shorter analysis time 
compared to the traditional method using only SA images which are increased in 
number in 3D reconstructions. Recently developed real 4D segmentation algo-
rithms are alternatives when true isotropic voxels can be achieved(27). 

In conclusion, the addition of long axis information to short axis contours re-
duces interstudy variability for all parameters in LV functional assessment. The 
technique is fast and can be implemented in daily routine. 
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Abstract

Purpose To evaluate the automatic detection of the papillary muscle and to 
determine its influence on quantitative left ventricular (LV) mass assessment.

Materials and Methods Twenty-eight Yorkshire landrace swine and 10 volun-
teers underwent cardiac magnetic resonance imaging (CMR) of the left ventricle. 
The variability in measurements of LV papillary muscles traced automatically and 
manually were compared to intra- and interobserver variabilities. CMR derived 
LV mass with the papillary muscle included or excluded from LV mass measure-
ments was compared to true mass at autopsy of the Yorkshire Landrace swine. 

Results Automatic LV papillary muscle mass from all subjects correlated well 
with manually derived LV papillary muscle mass measurements (r=0.84) with no 
significant bias between both measurements (mean difference ± SD: 0.0±1.5g; 
p=0.98). The variability in results related to the contour detection method used 
was not statistically significant different compared to intra- and inter observer 
variability; p=0.08 and p=0.97 respectively.

LV mass measurements including the papillary muscle showed significantly less 
underestimation (-10.6±7.1 g) with the lowest percentage variability (6%) com-
pared to measurements excluding the papillary muscles (mean underestimation: 
-15.1±7.4 g, percentage variability: 7%). 

Conclusion The automatic algorithm for detecting the papillary muscle was 
accurate with variabilities comparable to intra- and interobserver variability. LV 
mass is determined most accurately when the papillary muscles are included in 
the LV mass measurements. Taken together these observations warrant the in-
clusion of automatic contour detection of papillary muscle mass in studies that 
involve the determination of LV mass.
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Introduction

The measurements of left ventricular (LV) function by cardiac magnetic reso-
nance imaging (CMR) is accurate and reproducible when compared to other 
imaging modalities [1-4]. Measurement of LV mass by CMR is also highly repro-
ducible but both significant underestimation and overestimation in comparison 
with LV mass at autopsy has been reported [5, 6]. In previous CMR studies of LV 
mass the papillary muscles were typically excluded because the manual tracing 
required to measure these complex structures is time consuming. Recent im-
provements in CMR sequences have increased both the resolution and contrast 
ratios making it easier to distinguish between blood pool and muscle[7]. As a 
result the papillary muscles are presently easier to identify. These improvements 
in CMR combined with modern analysis software allow automatic identification 
of papillary muscle, within a short time frame. This study compares the in vivo 
measurement of LV papillary muscle mass using automatically drawn contours 
on CMR scans with those obtained manually as well as with ex-vivo LV mass 
measurements at autopsy 

Materials and Methods

Animals
Twenty-eight Yorkshire-landrace swine (35-50 kg) were sedated with 20-mg/kg 
ketamine and 1 mg/kg midazolam intramuscular, anaesthetized with 12-mg/kg 
thiopental intravenously, intubated, and mechanically ventilated with a 1:2 mix-
ture of oxygen and nitrogen. Anaesthesia was maintained with fentanyl (12.5 
microgram/kilogram/hour). All 28 swine underwent an MRI-scan, and were sac-
rificed the next day. Subsequently the heart was removed and the left ventricle 
isolated by dissecting out the mitral and the aortic valve, the atria and the right 
ventricle. Experiments complied with The Guide for Care and Use of Laboratory 

Animals of the National Institutes of Health (NIH Publication No. 86-23, Revised 
1996), and were approved by the Erasmus MC Animal Care Committee.

Volunteers
A total of 10 healthy volunteers with no history of cardiac disease were studied. 
Mean age was 30±4 years. Sixty percent (n=6) of our patient population were 
male. Exclusion criteria were all the standard contraindications for magnetic res-
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onance studies. The study was approved by the institutional review board and 
each subject gave informed consent for participating in this study. 

MRI-protocol
A similar imaging protocol was used for the swine and for the volunteers. MR 
images were acquired using a 1.5 Tesla scanner (Signa CV/i, GE Medical Systems, 
Milwaukee, Wisconsin USA). A dedicated four-element phased array receiver coil 
was used for imaging the swine and an eight-element phased array receiver coil 
was used for imaging the volunteers. To minimize the influence of cardiac and re-
spiratory motion on data collection we used repeated breath holds, which were 
achieved in the swine by turning off the ventilator temporarily, and gating to the 
electrocardiogram. Cine MRI was performed using a steady-state free-precession 
technique (FIESTA). Imaging parameters were 24 temporal phases per slice, 12 
views per segment; voxelsize of 1.8 x 1.5 x 8 mm for the volunteers and 2.0 x 1.9 
x 8 mm for the swine; repetition time of 3.0 to 3.6 ms; time to echo 1.4; flip angle 
45°; number of averages 0.75. To cover the entire left ventricle, 6-12 consecutive 
slices of 8 mm were planned in short axis view perpendicular to the long axis of 
a four-chamber view and a two-chamber view. 

Data analysis
All the images were transferred to a remote workstation for analysis using the 
CAAS-MRV program (version 3.1, Pie Medical Imaging, Maastricht, the Nether-
lands). The algorithm has been described before [8]. In short the algorithm for 
the endoluminal contour draws heavily on the concept of fuzzy objects, in which 
image elements (pixels, voxels) exhibit a similarity or “hanging togetherness” 
both in geometry and in gray-scale values. The algorithm will properly differenti-
ate the papillary muscles located inside the left ventricle from the blood volume. 
In the last step a smooth convex hull is created to mark the general endocardial 
border.

For the purpose of this study the delineation of the papillary muscles should 
be fully independent of the endocardial border detection, which should not 
be altered during repetitive analysis. Therefore the software was extended with 
an extra procedure for extracting the papillary muscles automatically after the 
definition of the endocardial and epicardial contours by using a threshold tech-
nique and a filter operation to reduce the inhomogeneous gray scale distribu-
tion caused by the surface coil. The threshold is derived from a statistical analysis 
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of the intensity information inside the epicardial contour in each frame after 
pre processing. Two observers blinded to the post mortem results delineated 
the contours of the papillary muscles manually both in animals and in volun-
teers. By instruction, structures less than 4 mm2 and not in contact with the 
papillary muscle in an adjacent slice should be considered as trabeculations and 
not be included in the papillary volume. The first observer delineated the papil-
lary contours for a second time in order to define the intra observer variability. 
The automatic contour detection of the papillary muscles was compared to the 
manual contours of the first observer. Furthermore, the total LV mass was calcu-
lated twice, once with the papillary muscle included and once with the papil-
lary muscle excluded from LV mass measurements. Both where compared to LV 
mass at autopsy. Myocardial mass was calculated by multiplying the myocardial 
volume by 1.05 g/cm3, the standard mass for each cubic centimeter of muscle. 

Statistical analysis
The relation between the automatic and manual derived results for papillary 
muscle mass for volunteers and swine were analyzed with linear regression anal-
ysis and the agreement between both was assessed by the statistical method 
described by Bland and Altman [9], where the mean difference and standard 
deviation (SD) are reported. Possible significant bias was evaluated with a two-
tailed paired students-t-test on the results of both analysis techniques. A p value 
of <0.05 was considered statistically significant. Intra and interobserver agree-
ment is reported with the mean difference ± SD.

To compare the variability related to the analysis technique used with either the 
intraobserver or interobserver variability a two-tailed paired students-t-test was 
performed on the absolute differences between two measurements. 

The relation between the LV mass determined with MR imaging and the LV mass 
at autopsy was analyzed with linear regression analysis and the agreement be-
tween both was assessed by the statistical method described by Bland and Alt-
man [9]. In vivo mass results derived by MR imaging were compared to ex-vivo 
LV mass values by using a paired student t-test. The co-efficient of variability was 
defined as the SD of the differences between in-vivo and ex-vivo measurements 
divided by their mean. 
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Results

All swine and volunteer data sets were of sufficient image quality and analysis 
could be performed with good confidence. Automated epicardial and endo-
cardial contour detection was accurate in all animals and only minor correc-
tions were necessary. Two papillary muscles were detected in all subjects. A split 
papillary muscle was the most 
common anatomic variant. An 
example of automated endo-
cardial and epicardial contour 
detection was shown in Figure 
1.

Automated analysis time was 
4.1 ± 0.6 minutes per subject 
when the papillary muscles 
were excluded and 5.0 ± 0.3 
minutes when the papillary 
muscles were included in LV 
mass measurements (p=0.06). 
The average analysis time when 
papillary muscles were traced 
manually was 6.9 ± 0.5 minutes 
(p<0.0001 as compared to the 
time analyzing LV mass exclud-
ing the papillary muscle and p<0.01 as compared to analyzing LV mass includ-
ing the papillary muscle). The difference in time to analyze LV mass excluding 
the papillary muscle and LV mass including the papillary muscle traced manu-
ally was 3 minutes. The difference was reduced to 1 minute when the papillary 
muscle was detected automatically. 

Papillary Muscle Mass
The mean ±SD of papillary muscle mass for swine was 4.7 ± 1.8 g and accounted 
for 4.5% of the total measured LV mass. The mean papillary muscle mass for volun-
teers was 6.9 ± 3.0 g and accounted for 5.4 % of the total LV mass. Automated and 
manual measurements of papillary muscle mass were strongly correlated(r=0.83; 
p<0.0001; Figure 2a). Bland-Altman analysis (Figure 2b) showed a mean differ-

Figure 1. Illustration of the short axis end diastolic 
phase with automatic delineation of the papillary 
muscle (a, c) and of the short axis end diastolic phase 
with the papillary muscle excluded from the LV mass (b, 
d) in a human volunteer (a, b) and a swine (c, d).
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ence ± SD of 0.0 ±1.5g.  No bias (p=0.98) and no correlation (r=0.27; p=0.11) 
between the difference and the size of the mean of the two measurements were 
observed. Intraobserver and interobserver agreement for the manual measure-
ments for LV papillary muscle mass was 0.1 ±1.1 g (r=0.92; p<0.0001) and 1.4 
±1.6 g (r=0.83; p<0.0001), respectively. For more detailed results in each group 
see table 1. 

The variability in results related to the contour detection method used was 
not significantly different compared to intra-observer variability for all subjects 
(p=0.08) and for volunteers (p=0.13) and pigs (p=0.07) separately. The variability 
in results related to the contour detection method was not statistically different 
compared to inter-observer variability for all subjects (p=0.97) and for volunteers 
(p=0.17) and pigs (p=0.05) separately.

Figure 2 Regression plot (a) of automatic LV papillary muscle mass measurement compared to 
manual LV papillary muscle mass measurement and Bland-Altman plot (b) of LV papillary muscle 
mass measurements for both methods. Dotted lines represent the 95% confidence interval. 

The values are expressed as mean±standard deviation

Massa
Automatic

vs. 
manueel

Intraobserver Interobserver

Volunteer (g) 6.9 ± 3.0 0.1 ±1.6 0.1 ±1.0 -2.1 ±1.7

Swine (g) 4.7 ± 1.8 -0.0 ±1.5 -0.4 ±1.3 0.6 ±0.9

Volunteer + Swine (g) 5.3 ± 2.4 0.0 ±1.5 0.2 ±1.1 1.4 ±1.6

Table 1. Agreement between automatic and manual papillary muscle mass in respective to intra- 
and interobserver variability of manual contouring.
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Total LV Mass 
Mean±SD of ex-vivo LV mass was 114.6±16.1 g. More detailed results of MRI de-
rived measurements for papillary muscle mass as compared to ex-vivo LV mass 
are presented in table 2. Ex-vivo LV mass was strongly correlated with MRI derived 
measurements of LV mass without (r=0.91; p<0.0001) (Figure 3a) and with inclu-
sion of LV papillary muscle mass (r=0.93; p<0.0001) (Figure 3c). Bland-Altman 
analysis (Figure 3b and Figure 3d) showed a significant underestimation for CMR 
measurements excluding as well as including the papillary muscle in LV mass 
measurements. Including the papillary muscle in CMR LV mass measurements 
resulted in the least underestimation (-10.6 ±7.1 g) with the lowest percentage 

Figure 3 Correlation plot (a) and Bland Altman plot (b) of MRI LV mass versus LV mass obtained ex 
vivo without inclusion of the papillary muscle. 
Correlation plot(c) and Bland-Altman plot (d) of MRI LV mass versus LV mass obtained ex-vivo 
with inclusion of the papillary muscle. There is a significant bias for both measurements with less 
underestimation when the papillary muscles are included in the total LV mass (-10.6±7.1 g versus: 
-15.1±7.4 g). Dotted lines represent the 95% confidence interval. Results are obtained in the end 
diastolic phase.
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variability (6.7%) when compared to the post mortem values. The computed LV 
mass values increased from 86.6 ±7.3% to 92.3 ± 6.2% of the true ex-vivo mass 
when papillary muscle was included. 

Discussion

The results of this study demonstrate that left ventricle papillary muscle mass 
can be detected accurately using the automatic contour detection algorithm 
with an increase in analysis time of only 1 minute. The variability due to the con-
tour detection method used was not different when compared to the intra- and 
interobserver variability of manual contour detection. Estimated LV mass shows 
the least underestimation when the papillary muscles were included in LV mass 
measurements compared to ex-vivo LV mass. To our knowledge this is the first 
report of algorithms for automated detection of the papillary muscle with ac-
curacy that is comparable to manual tracing.

Automatic contouring programs often struggles with delineation of the papillary 
muscles[10]. This is mainly related to the complex anatomy and blurring of the 
boundaries by partial volume effects and motion artifacts. This may be one of the 
reasons why no previous studies on LV mass measurement by CMR included the 

Mean ± standard deviation (SD) and mean difference ± SD of the difference between calculated LV 
mass and LV mass at autopsy are measured. Results of the paired 
t-test for comparison between calculated LV mass with ex-vivo LV mass (114.6 ±16.1 g).

Pigs

ED mass Pap+ (g) ED mass Pap- (g)

Mean±SD 103.8 ±18.2 99.2 ±18.0

Correlation 0.93 0.92

R2 0.85 0.84

Difference (g) -10.6 ±7.1 -15.1 ±7.4

Variability (%) 6% 7%

P-value <0.001 <0.001

Table 2. LV mass measurements including and excluding the papillary muscles compared to ex-
vivo mass measurements
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papillary muscle. Publications on papillary muscle mass use manual contour de-
tection, which is time consuming and usually not applied for total LV mass [11]. 
In our study using modern imaging sequences and optimized contour detection 
algorithms the average analysis time was not significantly increased when the 
papillary muscles were additionally included. 

The literature contains several publications where the difference between com-
puted LV mass and ex-vivo LV mass was determined. Significant overestimation as 
well as underestimation has been reported. However, in most studies the differ-
ence between computed LV mass and LV mass at autopsy was significantly lower 
when the papillary muscle was included in LV mass measurements compared to 
the difference between masses when the papillary muscle was excluded from 
LV mass measurements [12-14]. Sievers et al. [11] reported small differences in 
ED volume and ES volume but no influence on ejection fraction and diagnostic 
accuracy for the presence or absence of heart disease was the same using either 
technique. Excluding the papillary muscle from analysis reduced measurement 
time from 25 +/- 4 min to 13 +/- 3 min. Other investigators reported a linear 
relationship between LV mass and papillary muscle mass [13] and that papillary 
muscles significantly affects LV ejection fraction and mass [15, 16]. The results 
from the present study indicate that anatomical structures such as the papillary 
muscles have a significant impact on mass measurements. 

Nevertheless, we still found a significant underestimation for the computed LV 
mass compared to ex-vivo LV mass. The underestimation can be explained by 
different factors. First it is difficult to dissect the LV muscle from the total heart 
accurately and some right ventricular mass, aortic and mitral valve annulus may 
remain. Second, left ventricular trabeculations were not included in myocardial 
mass measurements as described in the methods and may account for a con-
siderable amount of myocardial mass. Third some mass of the apex and mitral 
annulus may not be included in the LV mass analysis. To reduce the latter effect 
the software included the information of the long axis because the transition 
from the left atrium to the left ventricle and the apex are better discriminated 
and reduction in interstudy variability has been demonstrated. However due to 
a slice thickness of 8 mm partial volume effects cannot be excluded.
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Study limitations
We did not measure interstudy reproducibility for manual contour detection or 
automatic contour detection of the LV papillary muscle. Therefore a direct com-
parison of the reproducibility between the two methods was not possible.

Conclusion 

The automatic algorithm for detecting the papillary muscle was accurate with 
variabilities comparable to intra- and interobserver variabilities observed when 
using the manual contour detection. LV mass determination improved signifi-
cantly when the papillary muscles were included in the LV mass measurements. 
Taken together these observations warrant the inclusion of automatic contour 
detection of papillary muscle mass in studies that involve the determination of 
LV mass.
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Fractional Flow Reserve (FFR) and Coronary Flow Reserve (CFR) have shown to 
be reliable to assess the functional severity of a coronary artery obstruction (1, 
2), although both techniques have a different physiological background. These 
techniques are disadvantageous because they are invasive, expensive and albeit 
infrequently associated with complications and as a clinician one would rather 
have a non invasive test of myocardial ischemia. 

Adenosine Cardiac Magnetic Resonance perfusion imaging (MRP) has emerged 
as a safe non invasive imaging technique to detect stress induced myocardial 
perfusion abnormalities(3). The purpose was to compare the ability of functional 
non-invasive MRP to detect evidence of myocardial ischemia with invasive CFR 
and FFR as standard of reference in patients with stable angina.

Symptomatic patients with suspected coronary artery disease and normal left 
ventricular ejection fraction who were referred for invasive coronary angiogra-
phy (ICA) were asked to participate in this study. Exclusion criteria were (1)myo-
cardial infarction, (2)previous revascularization, (3)pregnancy, (4)claustrophobia, 
(5)unstable coronary artery disease, (6)renal insufficiency (glomerular filtration 
rate of <60 ml/min/1,73 m2)or (7)arrhythmias. All patients underwent MRP and 
ICA within 4 weeks. The study protocol conforms to the ethical guidelines of the 
1975 Declaration of Helsinki as reflected in a priori approval by the local Ethics 
Committee of the Erasmus Medical Centre in Rotterdam and all participating 
patients gave written informed consent to undergo MRP. ICA was part of rou-
tine clinical management and functional assessment was performed for stenosis 
visually >30% diameter using a wire which can simultaneously measure pres-
sure and flow (ComboWire, Vulcano, Zaventem, Belgium). A significant reduction 
in CFR was defined as less than 2.0(4) and FFR less than 0.80(5). CMR images 
were acquired using a 1.5 Tesla MRI-scanner(GE Medical systems, Milwaukee, 
Wisconsin USA). Perfusion imaging was planned to cover the basal mid and api-
cal part of the left ventricle. After rest perfusion vasodilatation was induced by 
adenosine(140ug/kg/min body weight over 3 minutes) a second bolus of gado-
linium-diethyltriaminepentaacetic-acid was injected (0.05 mmol/kg at 3 ml/sec) 
and stress perfusion images were acquired. All MRP images were analysed using 
CAAS-MRV (version 3.2.1; Pie Medical Imaging, Maastricht, Netherlands). Mean 
signal intensity for each myocardial segment was registered over time and signal 
intensity–time curves were obtained, the foot point and the point of signal maxi-
mum were determined by the software using 5 consecutive points. The upslope 
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of the signal intensity was divided by the signal intensity of the left ventricular 
cavity at rest and during the hyperaemic phase. The magnetic resonance per-
fusion reserve index (MPRI) was calculated by dividing the corrected upslope 
of the stress examination by the corresponding segment’s upslope of the rest 
examination. 

Spearman’s correlation was calculated to investigate the relationship between 
MPRI and FFR or CFR respectively. The area under the receiver operating charac-
teristic (AUROC) curve was calculated to determine the ‘best’ thresholds of MPRI 
for the prediction of a FFR≥0.80 or a CFR≥2.0, following the method of maximiz-
ing the sum of sensitivity and specificity. Sensitivity, specificity, negative predic-

N=50

Age (years) 64±10

Men 38 (76)

Risk factors

Smoking 10 (20)

Diabetes Mellitus 9 (18)

Hypertension	 25 (50)

Hypercholesterolemia 32 (64)

Family history	 22 (44)

Medication

β – Blocker 41 (82)

Statin	 46 (92)

ASA 46 (92)

Pre test likelihood of CAD

Low 3 (6)

Intermediate 34 (68)

High 13 (26)

Left ventricular ejection fraction (%) 64±6

Table 1. Patient demographics

Values are presented as number (%) or mean ± standard deviation. ASA, Acetylsalicylic Acid; CAD, 
Coronary Artery Disease.
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tive value (NPV) and positive predictive value (PPV) were calculated to predict 
the ability of MPRI to identify myocardial ischemia in comparison with FFR or 
CFR. Statistical significance was accepted as p<0.05. Fifty patients comprised the 
study group (table 1).

A total of 75 vessels were included in the analysis, 55%(42 of 75) in the left an-
terior descending artery, 23%(16 of 75) in the left circumflex artery and 23%(17 
of 75) in the right coronary artery. Mean CFR was 2.1±0.8(range 1.1 to 4.5). 
Mean FFR was 0.80±0.14(range 0.37 to 1.0). MPRI correlated with CFR (r=0.58, 
p<0.0001) and was lower in flow limiting territories (CFR value <2.0) compared to 
non flow limiting territories (CFR ≥2.0) (1.4±0.4 vs. 2.0±0.4; p<0.0001; figure). The 
optimal cut off value for MPRI for the detection of a CFR<2.0 was 1.9(AUROC 0.85; 
95%0.76-0.94, p<0.0001). Sensitivity, specificity, PPV and NPV for MPRI for the 
detection of functional relevant flow obstruction as define by an CFR<2.0 were 
97% (83-100), 65% (47-77), 71% (56-83) and 96%(78-100), respectively (table 2). 

MPRI correlated with FFR (r=0.42, p<0.05) and was lower in territories with a FFR 
of <0.80 as compared to a FFR ≥0.80 (1.4±0.4 vs. 1.9±0.5; p<0.0001; figure). The 
optimal cut off value for MPRI for the detection of a stenosis with a FFR<0.80 was 
1.9, AUROC 0.83 (95% 0.74-0.92, p< 0.0001). Sensitivity, specificity, PPV and NPV 
for MPRI for the detection of coronary artery disease as define by an FFR<0.80 
were 97% (82-99), 60%(44-74), 65% (49-77) and 96% (79-99), respectively (table 
3).

Our study showed that non invasive assessment of myocardial perfusion corre-
lated both with FFR and CFR with equivalent diagnostic performance with a high 
sensitivity and NPV. Because of the high sensitivity and NPV, MRP is a reliable tool 

Figure. Graphic showing a box 
plot with the median, upper and 
lower quartile, upper and lower 
extreme of MPRI values with a 
CFR<2.0 and CFR≥2.0 (A) and a 
FFR<0.80 and FFR≥0.80 (B). 
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for the detection of hemodynamic significant coronary artery disease and can 
be used as a sensitive screening tool to exclude ischemia in the absence of the 
use of radiation and with the use of a safe contrast agent. The last several years 
MRP was compared to either FFR or CFR and diagnostic performance was diverse 
(6, 7). As results in literature varied, this study compared non invasive perfusion 
imaging with both FFR and CFR evaluating coronary physiology, however MRP 
did not compare favourably to either invasive technique where one may expect 
that MRP will better correspond to CFR because of the same physiological back-
ground. According to the result of the present study, a patient with a normal 
MPRI has a very low probability of having ischemia and maybe therefore MRP 
could fill in the diagnostic gap in the increasing elderly population with hyper-
tension, hypertrophia and diabetes were shortness of breath may be related to 
microvascular disease. On the other hand MRP can not differentiate between 
epicardial or microvascular disease. This limits the application for decisions on 
treatment strategies and visualization of anatomy seems still necessary to iden-
tify atherosclerotic lesions which can be treated with revascularization therapies.

This study demonstrates that MRP compare favorable to either CFR or FFR and 
may be an attractive alternative to non invasively assess ischemia in patients 
with chest pain.
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Abstract

Background To evaluate additional adenosine magnetic resonance perfusion 
(MRP) in diagnostic work up of patients with suspected stable angina with com-
puted tomography coronary angiography (CTCA) as first in line diagnostic mo-
dality. 

Methods and Results Two hundred and thirty symptomatic patients (male, 
52%; age, 56 year) with suspected stable angina underwent CTCA. In patients 
with a stenosis of >50% as visually assessed, MRP was performed and quantita-
tive myocardial perfusion reserve index (MPRI) was calculated. CFR using inva-
sive coronary flow measurements served as standard of reference. 

CTCA showed non-significant CAD in 151/230 (66%) patients and significant 
CAD in 79/230 patients (34%), of whom 50 subsequently underwent MRP and 
CFR. MRP showed reduced perfusion in 32 patients (64%), which was confirmed 
by CFR in 27 (84%). All 18 normal MRP (36%) were confirmed by CFR.  The positive 
likelihood ratio of MRP for the presence of functional significant disease in pa-
tients with a lesion on CTCA was 4.49 (95%CI, 2.12-9.99). The negative likelihood 
ratio was 0.05 (95% CI, 0.01-0.34).

Conclusions CTCA as first in line diagnostic modality excluded coronary ar-
tery disease in a high percentage of patients referred for diagnostic work up of 
suspected stable angina. MRP had a significant contribution in the detection of 
functional significant lesions in patients with a positive CTCA. 
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Introduction

The use of computed tomography coronary angiography (CTCA) in the diag-
nostic work-up of suspected coronary artery disease (CAD) is rapidly expand-
ing. While CTCA reliably excludes severe CAD, the technique cannot accurately 
measure the severity of coronary obstructions or assess their hemodynamical 
importance. Prior studies with invasive coronary angiography 1, 2 have indicated 
that an anatomical significant lesion does not always equate with functional sig-
nificance. With the introduction of CTCA this problem has reoccurred as nearly 
50% of the significant lesions on CTCA were not functional relevant 3, 4. Recently 
adenosine magnetic resonance perfusion (MRP) has emerged as a safe tech-
nique to evaluate the functional significance of a stenosis 5. We hypothesized 
that MRP can identify which patients with an abnormal CTCA require further 
invasive investigation. We therefore investigated the additive value of MRP in 
symptomatic patients where CTCA was applied as a first in line diagnostic tool 
and additional testing was indicated, using invasive coronary flow reserve (CFR) 
as standard of reference.

Methods

Study population. 
Between September 2007 and February 2009 CTCA was part of the routine 
work-up of patients with stable chest complaints and suspected CAD. During 
this period most patients with a visually estimated obstruction of ≥50% in at 
least one coronary vessel on CTCA were referred for coronary angiography at the 
discretion of the physician using the information of patient history, risk factors 
and additional non-invasive stress testing if performed. All referred consecutive 
patients were approached to undergo MRP and CFR measurements during in-
vasive coronary angiography using a flow wire (Vulcano, Zaventem, Belgium). 
The pre-test probability for obstructive CAD was estimated using the Diamond 
and Forrester score based on the type of chest discomfort, age and gender, re-
garding <20% as low, 21-80% as intermediate, and >80% as high probability 6. 
Exclusion criteria were (1) previous myocardial infarction, (2) previous percuta-
neous coronary intervention or coronary artery bypass grafting, (3) contraindi-
cations for magnetic resonance imaging (MRI), (4) possible pregnancy and/or 
breast feeding, (5) inability to breath hold for up to 15 seconds, (6) inability to 
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give reliable informed consent, (7) known claustrophobia, (8) unstable coronary 
artery disease, (9) known allergy to contrast material; (10) renal insufficiency with 
glomerular filtration rate of <60 ml/min/1,73 m2; (11) chronic obstructive pulmo-
nary disease; (12) persistent arrhythmias. The institutional review board of the 
Erasmus Medical Centre in Rotterdam approved the study and all participating 
patients gave written informed consent.

CTCA 
CTCA was performed with a 64-slice dual-source CTCA scanner (Siemens Defini-
tion, Forchheim, Germany). A 80-100 ml bolus of iopromide (Ultravist 370 mgI/
ml, Schering, AG, Berlin, Germany) was injected at a rate of 5.0-5.5 ml/s, followed 
by a 40 ml saline bolus chaser at an identical injection rate. Data acquisition was 
synchronized with contrast enhancement of the coronary arteries by means of a 
bolus tracking technique. A spiral CTCA scan was performed with the following 
parameters: tube voltage 120 kV, nominal tube current 380-412 mA/rot, rotation 
time 330ms, temporal resolution 83 ms, variable table feed of 0.20-0.34 depend-
ing on the heart rate, collimation 32 x 0.6 mm with double Z-axis sampling re-
sulting in a 64-slice acquisition.  Prospectively electrocardiogram-triggered tube 
modulation with selective tube output during the desired cardiac phase, mid-
diastolic for heart rates <65 min and from end-systolic to mid-diastolic for higher 
heart rates, was used to reduce the radiation dose. The mean radiation dose was 
13.4 ± 3.4 mSv, including preparation scans. The scan time varies between 5 and 
10 seconds, depending on the table feed. All patients received nitroglycerin (0.4 
mg/dose) sublingually, before scanning, no additional beta-blockers were used. 
The average heart rate during acquisition was 66 ± 12 min-1. Using retrospective 
electrocardiogram-gating, 0.75-mm slices were reconstructed at 0.4-mm inter-
vals during mid-diastole and/or end-systole depending on the tube modulation 
protocol, with a medium smooth kernel (B26f ). 

Axial source, multiplanar reformations and maximum intensity projections were 
used for qualitative assessment of the coronary arteries. Vessels were qualita-
tively scored as significantly stenosed (≥50% diameter narrowing) or not signifi-
cantly stenosed (<50%). Two experiened observers blinded by the MRP, CFR and 
clinical results of the patients analysed the CTCA based on consensus reading. 
Borderline lesions were considered significant. Additionally based on left or right 
dominance, the left ventricular segments (AHA model) were determined as be-
ing perfused by either the left or right coronary artery.
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Cardiac magnetic resonance perfusion imaging
Scan protocol. A 1.5 Tesla scanner with an eight-element phased-array receiver 
coil was used for imaging (Signa CV/i, GE Medical systems, Milwaukee, Wisconsin 
USA). Repeated breath holds and gating to the electrocardiogram were applied 
to minimize the influence of cardiac and respiratory motion on data collection. 
Cine MRI was performed using a steady-state free-precession technique (FIESTA). 
Sequence details have been published before 7. To cover the entire ventricle 10-
12 cine breath-hold short-axis images were acquired. After rest cine imaging, rest 
perfusion imaging was performed. During a breath hold, the extra vascular con-
trast media, gadolinium diethyltriaminepentaacetic acid (Magnevist, Schering, 
Germany) was injected via the intravenous catheter (0.05 mmol/kg at 3 ml/sec; 
Medrad). Its first pass was monitored using a presaturation scheme with a notched 
excitation followed by a segmented gradient echo/ echo-planar read-out with 
the following imaging parameters; field of view 32-36 x 32-36, rectangular field 
of view 0.75, repetition time 6.8 ms, echo time 2.0 ms, inversion time 150-175 ms, 
preparation pulse 90°, time to echo 1.2, train length 4, number of averages 0.75, 
bandwidth 125 kHz, flip angle 20, matrix 128/96, slice thickness 8 mm. Voxel size 
was 2,5-2,8 mm vs. 2,5-2,8 mm vs. 8 cm. The temporal resolution per slice of 120 
ms allowed imaging of 3-5 slices per R-R interval. Perfusion imaging covered the 
basal mid and apical part of the left ventricle. Fifteen minutes after rest perfusion 
vasodilatation was induced by adenosine (140ug/kg/min body weight over 3 min-
utes) a second bolus of gadolinium diethyltriaminepentaacetic acid was injected 
via the intravenous catheter (0.05 mmol/kg at 3 ml/sec) and stress first pass perfu-
sion images were acquired using the same pulse sequence and orientations used 
for rest perfusion. Approximately 10 minutes later delayed enhancement MRI was 
performed with an inversion recovery gradient echo sequence 10-20 minutes after 
gadolinium injection. Imaging parameters have been published previously 8. Slice 
locations of the delayed enhancement images were copied from the cine images. 

CMR data analysis
All images were transferred to a Microsoft Windows™ based personal comput-
er for analysis (CAAS-MRV, version 3.2.1; Pie Medical Imaging, Maastricht, The  
Netherlands). Left ventricular volumes and ejection fraction (EF) were analysed 
using the additional information of the long axis to limit the extent of volume at 
the base and the apex of the heart 7. Papillary muscles and trabeculations were 
considered as being part of the blood pool volume. A 16-segment model, ex-
cluding the apex, was used to analyse the myocardial wall in each patient. 
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For perfusion analysis mean signal intensity for each myocardial segment was 
registered over time, displayed as signal intensity–time curves. The maximum 
upslope of the signal intensity was determined by using 5 consecutive points on 
the curve, a straight-line model was used for a linear fit of the data. The maximum 
upslope of the signal intensity of the myocardial segment was divided by the 
maximum upslope of the signal intensity of the left ventricular cavity. This was 
calculated during rest and during the hyperaemic phase. The myocardial perfu-
sion reserve index (MPRI) was calculated by division of the corrected upslope of 
the stress examination by the corresponding segment’s corrected upslope value 
of the rest examination. A MPRI of 2,0 was used to define a functional important 
stenosis 9, 10. The MRP scans were evaluated by an experienced observer blinded 
by the results of CTCA and CFR.

Intracoronary flow wire
All patients underwent ICA through the femoral artery using a 6 or 7 french guid-
ing catheter. After injection of 2 mg isosorbide dinitrate, angiograms of the left 
and right coronary artery was acquired in multiple projections using standard 
techniques. In each patient CFR measurements were performed  each lesion that 
appeared significant on CTCA. The intra-coronary flow wire was passed through 
the catheter to a position distal to the stenosis. Intra-coronary CFR measure-
ments were performed in the resting state and during injection of adenosine 
(140 ug/kg/min) with continuous monitoring of symptoms, heart rate, blood 
pressure and electrocardiography. CFR was calculated as the ratio of the hyper-
aemic average peak velocity divided by the rest average peak velocity. The CFR 
was determined in an average of two stable consecutive beats at rest and during 
hyperaemic stress. In this study a significant reduction in CFR was defined as a 
CFR of less than 2.0 based on previous results 11.

All data were analysed in a random order with the investigator blinded to the 
clinical information and the previous results.

Statistical analysis
Continues variables were expressed as mean ± standard deviation. Categorical 
variables were expressed as numbers and percentages. The diagnostic perfor-
mance of MRP in patients with a positive CTCA for the detection of functional 
significant CAD as defined by coronary flow reserve is presented as sensitivity, 
specificity, positive predictive value, negative predictive value with the corre-



81

CTCA and MRI for detection of coronary artery disease

D
et

ec
tio

n 
of

 is
ch

em
ic

 h
ea

rt
 d

is
ea

se

sponding 95% confidence intervals (CI), and positive and negative likelihood 
ratios (LRs) with corresponding 95% CI were calculated. All data analysis was 
performed with SPSS for Windows 15.0.0 (SPSS Inc., Chicago, Illinois).

Results

Patient cohort and CTCA results
Of the 260 patients with chest pain without a history of cardiovascular disease 
that visited our out-patient clinic, 230 underwent CTCA, while the others had 
clinical contraindications for CTCA. For the cohort of patients with CTCA the pre-
test likelihood of CAD was low, intermediate and high in 15% (34 of 230), 62% 
(143 of 230) and 23% (53 of 230), respectively. The median interval between CTCA 
and CAG was 30 days (25th and 75th percentile, 16-46), without any interventions 
or events during that period for any of the patients. Baseline patient characteris-
tics are presented in table 1. The average age was higher and male gender and a 

Values are presented as number (%) or mean ± standard deviation. 
CAD, coronary artery disease. *according to the Diamond and Forrester criteria 24.

CTCA≥50%
N=79

CTCA<50%
N=151

p-value

Age (years) 62±7 55±9 <0.05

Men 54(68) 62(41) <0.05

Risk factors

Smoking 22(29) 41(27) 1.00

Diabetes Mellitus 12(15) 15(10) 0.15

Hypertension 39(49) 66(44) 0.72

Hypercholesterolemia 32(41) 57(38) 0.49

Family history of ischemic heart disease 28(35) 69(45) 0.25

Pre test probability of CAD*

Low (0-20%) 11 (14) 30(19) 0.18

Intermediate (21-80%) 51(64) 103(68) 0.09

High (81-100%) 17(22) 18(12) <0.05

Table 1. Patient demographics
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high pre test probabil-
ity was more prevalent 
in the patient group 
with significant CAD 
on CTCA.

CTCA showed no sig-
nificant lesion in 151 
(66%) patients and a 
significant lesion in 
79 patients (34%). In 
patients without a le-
sion on CTCA life style 
changes were advised 
and medical therapy 
initiated following pri-

mary prevention guidelines 12. Further follow-up of these patients was performed 
by a general practitioner. After 1 year, patients were contacted by telephone by 
the initial investigators. None of the patients without CAD on CTCA underwent 
revascularization in this 1 year follow-up period. 

In 79 patients, a significant stenosis on CTCA was detected in 118 vessels, in 66 
vessels in the left coronary artery, in 25 vessels in the left circumflex and in 27 
vessels in the right coronary artery. 

Of the 79 patients with signifi-
cant stenosis on CTCA, 17 were 
not referred for CAG because all 
these patients had small vessel 
disease (visual estimated vessel 
diameter of < 2 mm) on CTCA 
and secondary prevention was 
started. Of the 62 patients re-
ferred for CAG after CTCA, 50 
patients consented, and partici-
pated in this study and under-
went CMR. Of the remainder, 4 

Figure 1. Flow diagram according to the STARD criteria; CTCA, 
computed tomography coronary angiography; MR, magnetic reso-
nance imaging; CFR, coronary flow reserve.

Figure 2. Flow chart describing the relationship 
between computed tomography coronary angiogra-
phy (CTCA) adenosine magnetic resonance perfusion 
(MRP) and coronary flow reserve (CFR). This flow chart 
illustrates the additional value for MRP in patients 
with obstructive coronary artery disease on CTCA.
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had contraindications to MRI (all claustrophobic), 5 refused to be enrolled, in 1 
patient the MPRI could not be determined because of the limited image qual-
ity due to triggering problems and two patients could not be enrolled due to 
logistic reasons (figure 1). Despite the fact that none had a known history of 
myocardial infarction, five patients showed delayed myocardial enhancement 
suggestive of prior ischemic injury. None of these infarcts were in the region of 
the vessel with a stenosis on CTCA and thus did not influence the MPRI. 

Diagnostic performance of MRP 
Mean left ventricular ejection fraction was 64±6%, end-diastolic volume index 
was 80±16 ml/m2, end-systolic volume index was 29±9 ml/m2. In 17 (34%) pa-
tients MRP correctly ruled out functional significant CAD, i.e. the CFR was ≥2 
(figure 2 and 3). In 1 patient MRP showed no significant perfusion defect while 
CFR was <2.0.  Of the patients with a positive MRP scan (n=32), 27 patients had a 
CFR<2, indicating coronary insufficiency. For five patients with a perfusion deficit 
on MRP the CFR was within normal limits (Figure 4). 

Figure 3. In the left upper corner (A) a CTCA image was shown with a significant lesion of the 
mid-LAD; (B, C) MR perfusion image during adenosine stress (B) and during rest (C) with normal 
perfusion of the myocardium in the perfusion territory of the LAD, the MPRI in this region was 2.3. 
In the bottom of the figure is a CFR image of the flow during rest (D, on the left side) and during 
adenosine stress (E, on the right side). The CFR in this patient was 2.6.
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Pre-test probability of a reduced CFR in patients with a positive CTCA was 54% 
(27/50). The post test probability after MRP was 84%. The positive likelihood ratio 
for the presence of functional significant disease was 4.49 (95%CI, 2.12-9.99). 
The negative likelihood ratio was 0.05 (95% CI, 0.01-0.34). Sensitivity, specificity, 
positive and negative predictive value for MRP for the detection of a reduced 

CFR in patients with a positive 
CTCA scan were 96%(79-99), 
78%(61-95), 84%(71-98) and 
95%(72-99). 

Discussion

We demonstrated that in patients referred for evaluation of chest pain suspected 
for CAD an initial normal CTCA occurred in the majority (66%) of the patients, rul-
ing out obstructive coronary artery disease in a fast and reliable manner. In the 
patients with an abnormal CTCA scan MRP correctly excluded the presence of a 
functionally significant lesion in 34% of the patients, thereby avoiding referral for 
invasive coronary evaluation.  An abnormal MRP resulted in an increase of the 
presence of functional significant coronary artery disease from 54% to 84% with 
an positive likelihood ratio of 4.49.

CTCA as first line diagnostic test
Whether CTCA or functional testing should be employed first in patients with 
chest pain is still under investigation. In this study MRP was added to CTCA, 
which served as the first in line diagnostic modality. Argument in favour of CTCA 
is the high negative predictive value which allows reliable exclusion of disease 
with excellent long-term outcome 13. At the current time few medical centers 
have the facilities or resources to perform MRP on a routine basis and MRP is a 
complex technique not very suited as a first in line test in a general population 
as it takes almost an hour for an experienced team to acquired a full protocol 

Figure 4. Patient with a significant 
lesion in the RCA on CTCA (left) and 
a perfusion defect in the inferoseptal 
wall on MRP (right), the CFR in this 
patient was 1.9. 
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including stress and rest perfusion imaging, functional imaging and delayed en-
hancement. Also post processing for quantitative analysis can be cumbersome 
and the associated costs currently inhibit the widespread use of MRP as a first in 
line diagnostic test. CTCA is a faster test, with interpretable results in nearly all 
patients it is less expensive as compared to MRP and a strategy based on CTCA 
first is further enforced as faster scanners with lower radiation dose are now 
available . 

MRP as functional test
Magnetic resonance imaging is one of several imaging techniques available to 
detect inducible myocardial hypoperfusion 14, which includes, single photon 
emission computed tomography (SPECT), positron emission tomography (PET ) 
or echocardiography. Advantages of MRP are the high spatial resolution, the ab-
sence of ionising radiation, the absent need for an acoustic window, the possi-
bility to combine the stress-test with sensitive infarct imaging and reproducible 
evaluation of ventricular function. Also a normal MRP is associated with an excel-
lent long term survival 15. MRP, as for most non-invasive perfusion imaging tech-
niques provides information about the blood supply to the myocardium, which 
is affected by epicardial and microvasculature disease. Microvascular perfusion 
can be reduced in patients with hypertension 16, diabetes 17 or obesity 18 which 
also may cause chest pain. Based on this knowledge we compared non-invasive 
MRP to invasive CFR measurements, which is similarly affected by both the epi-
cardial vessels as well as the microvasculature. 

Combined use of CTCA and MRP
Our study confirmed the acknowledged long known poor correlation between 
anatomy and function in particular for stenoses of intermediate severity 1, 2. De-
spite the presence of obstructive CAD on CTCA, 36% showed no inducible perfu-
sion abnormality on MRP, and 47% had a normal CFR. Poor correlation between 
anatomy and function has similarly been demonstrated for CFR or FFR versus 
QCA 19, as well as SPECT and FFR versus CTCA 3, 11, 20 and recently of CTCA was 
compared with MRP 21. In this study of van Werkhoven et al. a normal perfusion 
was observed in 33% of the patients with significant obstructive CAD on CTCA. 
Furthermore comparing CTCA with invasive fractional flow reserve measure-
ments demonstrated that a significant lesion on CTCA was not functionally rel-
evant in approximately 50% of the patients 3, also in our population no function-
ally significant lesion was detected in 45% of patients with significant obstruc-
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tive CAD on CTCA. Based on this knowledge revascularization decisions have to 
be based both on anatomical and functional information. Using the combined 
approach 27 of 32 (84%) patients with a positive CTCA and MRP were confirmed 
by the reference standard, which is a post test probability sufficient to warrant 
invasive coronary angiography. A negative rule out could be obtained in 151 of 
230 (66%) patients with one test and 22 (10%) underwent both tests without 
having functional coronary artery disease. These numbers strongly support the 
proposed algorithm with CTCA as first in line diagnostic test followed by MRP in 
patients with a positive CTCA. This strategy has to be confirmed with larger stud-
ies with longer follow-up and cost-effectiveness analysis.

Study limitations
This study has limitations. First, in patients with a negative CTCA scan MRP was 
not performed. However, it is known that patients with suspected CAD and no 
or minimal coronary arteriosclerosis on CTCA may be safely deferred 22, 23. Also we 
did not observe any revascularization in patients where CTCA was negative.  A 
second limitation was that in 17 patients with a positive CTCA the routine clini-
cal workup did not support invasive analysis because of small vessel disease and 
could therefore not be part of this study. None of these patients did have major 
cardiac events or invasive test during 12 months follow-up, confirming the origi-
nal conservative strategy of the treating physician. 

Conclusion

Given the previously discussed findings and the consistently high negative pre-
dictive value from CTCA in different patient populations we can conclude that 
in patients with chest pain suspected for CAD a combined approach using anat-
omy and a function may best identify the patients who will most likely benefit 
from further invasive coronary angiography, in a fast and effective manner.
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Abstract

Objectives To quantify contractile reserve of chronic dysfunctional myocardium 
in particular in segments with intermediate (25% to 75%) transmural extent of 
infarction (TEI), using low dose dobutamine magnetic resonance imaging (MRI) 
in patients with a chronic total coronary occlusion (CTO).

Background Recovery of dysfunctional segments with intermediate TEI after 
PCI is variable and difficult to predict and may be related to contractility of the 
unenhanced rim.

Methods Fifty-one patients (mean age 60±9, 76% male) with a CTO underwent 
MRI at baseline and 35 patients at follow-up to quantify segmental wall thicken-
ing (SWT) at rest and during 5 and 10-mcg/kg/min dobutamine and at follow-
up. Delayed-enhancement MRI was performed to quantify TEI. Dysfunctional 
segments were stratified according to TEI, end diastolic wall thickness (EDWT) 
or  unenhanced rim thickness and SWT was quantified. Segments with an inter-
mediate TEI were further stratified according to baseline SWT of the unenhanced 
rim (SWT

UR
) (<45% and >45%) and SWT was quantified. For each parameter odds 

ratio and diagnostic performance for the prediction of contractile reserve was 
calculated.

Results Significant contractile reserve was present in dysfunctional segments 
with EDWT>6 mm, unenhanced rim thickness>3 mm or TEI of <25%, only TEI had 
significant relation with contractile reserve (OR 0.98; 95%CI 0.96-0.99; p=0.02). In 
segments with intermediate TEI (n=58) mean SWT did not improve significantly. 
However segments with SWTUR <45% showed contractile reserve and improved 
at follow-up while segments with SWTUR >45% were unchanged. SWTur had a 
significant relation with contractile reserve (OR 0.98; 95%CI 0.97-0.99; p=0.02).

Conclusions MR quantification of transmurality of infarcted myocardium al-
lows to assess the potential of dysfunctional segments to improve in function 
during dobutamine of most segments. However in segments with intermediate 
TEI, measurement of baseline contractility of the epicardial rim better identifies 
which segments maintain contractile reserve.
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Introduction

Chronic dysfunctional myocardium can result either from previous myocardial 
infarction or from hibernating myocardium due to an obstructive atherosclerotic 
lesion (1). Contrast enhanced magnetic resonance imaging (MRI)  can identify 
infarcted myocardium. In patients with chronic dysfunctional myocardium the 
likelihood of recovery of segments without infarction is high while segments 
with complete transmural infarction do not recover after revascularization. How-
ever, the likelihood of recovery after revascularization of segments with trans-
mural extent of infarction (TEI) between 25-75% is highly variable (2,3). Contrac-
tile reserve using low dose dobutamine can also be used to predict recovery of 
function after revascularization (4-9) and is described to be a useful addition to 
delayed enhancement MRI (10). Surprisingly the relation between quantitative 
contractile reserve and TEI in patients with chronic dysfunctional myocardium 
has not been investigated thus far. 

In this study we quantified contractile reserve in myocardial segments stratified 
according to (i) the TEI, (ii) end-diastolic wall thickness (EDWT) and (iii) thickness 
of the unenhanced rim in patients with chronic dysfunctional myocardium due 
to a chronic total occlusion (CTO) during low dose dobutamine and compared 
this with SWT at follow-up. We paid particular attention to the evaluation of 
segments with an intermediate transmural extent of infarction between 25-75 
%. In this group we investigated the influence of baseline contractility of the 
epicardial viable rim on contractile reserve and improvement in function after 
revascularization of the total segment.
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Methods

Patient population
Seventy patients with a CTO who were referred for percutaneous coronary inter-
vention were prospectively recruited for enrolment in this study. Eight patients 
(11%) refused to participate. A CTO was classified as a complete occlusion for 
more than 3 months as obtained from either the clinical history of prolonged an-
ginal chest pain or myocardial infarction or the date of the diagnostic angiogram 
before revascularization. Exclusion criteria were acute myocardial infarction with-
in the last three months; atrial fibrillation; inability to lie flat; and contraindica-
tions for magnetic resonance studies. In 11 patients (16%) MRI could not be suc-
cessfully completed, due to claustrophobia (n=8), obesity (n=2), and allergic re-

action to the contrast agent (n=1). Ultimately, 51 patients were studied. Of these 
patients 78% had a positive exercise test the remaining 22% had progressive 
anginal symptoms. Of those 51 patients, 35 patients underwent successful revas-
cularization of their CTO followed by a second MRI-scan at 6,2±0,5 months after 
the procedure. Baseline parameters of all 51 patients are presented in table 1. 

Age (years) 60±9

Men 39 (76)	

Smoking 10 (20)

Diabetes Mellitus 10 (20)	

Hypertension	 29 (57)	

Hypercholesterolemia	 39 (76) 

Family history	 23 (45)	

Baseline Ejection fraction (%) 50±11

ACE inhibitor	 17 (33)

β - Blocker 44 (86)	

Statin	 42 (82)	

ASA 44(86)

Values are presented as number (%) or mean ± standard deviation. 
ACE= angiotensin-converting enzyme; ASA= acetylsalicylic acid.

Table 1. Baseline patient characteristics (n=51)
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The institutional review board of the Erasmus Medical Center approved the study 
and all patients gave written informed consent.

MRI-protocol
MR images were acquired using a 1.5 Tesla scanner with a eight-element cardiac 
phased-array receiver coil placed over the thorax (Signa CV/i, GE Medical sys-
tems, Milwaukee, Wisconsin USA).  Cine MRI was performed using a steady-state 
free-precession technique (FIESTA). Imaging parameters were; field of view 36-40 
x 28-32 cm; matrix size was 224 x 196; repetition time, 3.4 ms; echo time, 1.5 ms; 
flip angle, 45 degrees; 12 views per segment and slice thickness was 8.0 mm with 
a 2.0 mm slice gap. The two- and four-chamber end diastolic images at end expi-
ration provided the reference images to obtain 10-12 cine breath-hold short-axis 
images to cover the entire left ventricle.

Dobutamine was infused at 5 and 10-mcg/kg/min for 5 minutes at each dosage 
using an intravenous catheter, which was placed in the antecubital vein. Func-
tional imaging was repeated using the same long-axis imaging planes as at rest. 
For the short axis we used 3 slices; basal, mid-ventricular and apical. During the 
test the patients were monitored using continuous ECG leads and blood pres-
sure was measured every 3 minutes. 

Delayed enhancement imaging was performed with a gated breath hold T1 
weighted-inversion recovery gradient-echo sequence 20 minutes after infu-
sion of Gadoliniumdiethyltriaminepentaacetic acid (0.2 mmol/kg intravenously, 
Magnevist, Schering, Germany). Imaging parameters were; repetition time 6.3, 
echo time 1.5, flip angle 20°, inversion pulse of 180°, matrix 192 x 160, number 
of averages 1-2, inversion time 180-280 ms (adjusted to null the signal of the 
remote myocardium). The slice locations of the delayed enhanced images were 
copied from the cine-images.

Definitions and data analysis
The images were analysed using the CAAS-MRV program (version 3.1; Pie Medi-
cal Imaging, Maastricht, The Netherlands). Papillary muscles and trabeculations 
were considered as being part of the blood pool volume. A 16 segment-model, 
excluding the apex, was used to analyse the myocardial wall in each patient (11). 
Segmental wall thickening of the full wall (SWT

FW
) was assessed quantitatively at 

rest, during 5 - and 10-mcg/kg/min dobutamine and at follow-up and was con-
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sidered dysfunctional if wall thickening was less than 45% (12). Contractile re-
serve was present if SWT

FW
 increased >10% after administration of either 5 or 10 

mcg/kg/min dobutamine. SWT
FW

 was analyzed in dysfunctional segments in the 
perfusion territory of a CTO before and 6,2±0,5 months after revascularization. 
Segments were stratified according to TEI, end diastolic wall thickness (EDWT) 
and the thickness of the unenhanced rim and SWT

FW
 was determined according 

to these parameters for each segment. The diagnostic angiogram was visually 
scored by two experience observers. The place of occlusion and left or right 

dominance was estab-
lished and the LV seg-
ments were correlated 
to vessel anatomy. The 
TEI was analyzed quan-
titatively by dividing 
the hyper enhanced 
area-using computer 
assisted tracings by the 
total area in each seg-
ment and expressed as 
a percentage. TEI was 
divided into 4 groups; 

<25%, 25-50%, 50-75% and >75% infarct transmurality per segment.  EDWT was 
divided into 3 groups; <6 mm (6), 6-8 mm and >8 mm. The thickness of the 
unenhanced rim (figure 1) was defined as the mean wall thickness of the non-
enhanced area of a segment and was also divided into 3 groups; <3mm (13), 
3-6 mm, and >6 mm. Segmental wall thickening of only the unenhanced rim 
(SWT

UR
) was measured quantitatively in segments with an intermediate TEI (be-

tween 25-75%) and divided into two groups: dysfunctional (SWT
UR

: <45%) and 
normokinetic (SWT

UR
: >45%). For SWT

UR
 the increase in wall thickness in the end 

systolic phase as compared to the end diastolic phase was assigned to the thick-
ness of the unenhanced rim as we assume that scar tissue does not contract and 
expressed as a percentage of the unenhanced rim (figure 2).

Statistical analysis
Data are presented as mean ± standard deviation. Dysfunctional segments were 
either stratified into the TEI, or the EDWT or the thickness of the unenhanced rim. 
To investigate the differences of SWT during rest, dobutamine and follow-up for 

Figure 1. Unenhanced rim. Example of the epicardial viable 
unenhanced rim, which was defined as the mean wall thickness 
(mm) of the unenhanced area of a segment. The unenhanced 
rim was calculated using the following formula ((100-hyperen-
hanced area)*EDWT)/100. The functionality of the epicardial 
viable unenhanced rim was related to the outcome parameter.
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TEI, EDWT and the unenhanced rim, variance analysis with repeated measure-
ments was used. Post hoc analysis was performed using Tukey student range 
method. The change in hemodynamic parameters during infusion of dobuta-
mine and the contractile reserve in dysfunctional segments with an intermedi-
ate extent of infarction were also tested using analysis of variance followed by 
Tukey student range method. To investigate whether these parameters were re-
lated with dobutamine, multivariable logistic regression analyses were used. All 
analyses were adjusted for demographics (age, gender, BMI), clinical factors (hy-
pertension, diabetes, hypercholesterolemia, smoking, family history of cardiac 
disease) and medications (beta-blocker, aspirin, ACE-inhibitor and statin). The 
goodness of fit of the model was calculated by the chi-square test. Interaction 

terms were included in the models to investigate confounding between these 
parameters. The Area under the Receiver Operator Curve (AUROC) was calcu-
lated and the diagnostic performance for EDWT (cut-off 6 mm (6)), TEI (cut-off 
50% (3)), unenhanced rim thickness (cut-off 3 mm (13)) and SWTur (cut-off 45%) 
to predict the presence of contractile reserve were calculated. All data analysis 
was performed with SPSS for Windows 15.0.0 (SPSS Inc., Chicago, Illinois).

Figure 2. Theoretical model. In dysfunctional segments with a TEI of 50% SWTFW improves during 
dobutamine if jeopardized dysfunctional myocardium is present (upper row) and thus if SWTUR is 
<45%. In this situation we may expect a benefit of revascularization on myocardial function. SWTFW 
will not improve during dobutamine if SWTUR is normokinetic (lower row) and thus no jeopardized 
myocardium is present. In this situation we may expect no benefit of revascularization on myocar-
dial function. We assume that infarct tissue does not contract.
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Results

Patient population
In 22 (43%) patients the CTO was located in the left anterior descendent coro-
nary artery, in 9 (18%) patients in the left circumflex coronary artery and in 20 
(39%) patients in the right coronary artery. Of the 51 patients that were included 
in the study, 45 (88%) patients had an infarct of which 43 (84%) patients in the 
perfusion territory of the CTO. All images were of sufficient quality for analysis. 
Administration of dobutamine was well tolerated by all patients, no serious side 
effects occurred. All hemodynamic parameters that were measured increased 
slightly but consistently during infusion of dobutamine (table 2). Of those 51 pa-
tients 35 patients underwent successful revascularization of their CTO, 16 (46%) 
of the left anterior descendent coronary artery, in 7 (20%) patients in the left 
circumflex coronary artery and in 12 (34%) patients in the right coronary ar-
tery these patients underwent a follow-up MRI scan. In one patient new hyper  
enhancement occurred in the anteroseptal wall. The new infarct mass was 9 
gram. 

Segmental analysis

Rest
5 mcg/kg/min
dobutamine

10 mcg/kg/min
dobutamine

Systolic BP (mm Hg) 133±19 140±20 138±17

Diastolic BP (mm Hg) 76±11 73±11 72±9

Heart rate (bpm) 66±10 70±10 73±11*†

Ejection fraction (%) 50±13 57±15* 60±14*†

EDVi (ml/m2) 93±26 83±29 83±27

ESVi (ml/m2) 48±24 38±24 36±23*

Cardiac output (l/min) 5.7±1.0 6.1±1.9 6.8±1.6

Stroke volume (ml) 87±22 88±32 95±26

Table 2. Hemodynamic data of 51 patients before PCI.

Data are presented as mean±standard deviation
BP = blood pressure
bpm = beats per minute
EDVi = end diastolic volume index
ESVi = end systolic volume index
*p<0.05 vs baseline †p<0.05 vs 5 mcg/kg/min 
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All segments Two hundred seventy nine segments were in the perfusion terri-
tory of the CTO. Mean SWT of all CTO perfused segments (normokinetic + dys-
functional segments) was 36±34% at baseline and increased to 43±41% during 5 
mcg/kg/min and 44±42% during 10 mcg/kg/min of dobutamine (both p<0.001 
vs. baseline). SWT of remote segments amounted 78±27% at baseline, 71±42% 
during 5 mcg/kg/min and 82±41% during 10 mcg/kg/min (p=0.20). 

Dysfunctional segments Of the CTO perfused segments, 163 segments (60%) 
were dysfunctional (figure 3).  During low dose dobutamine stress, 92 (56%) of 
the dysfunctional segments at baseline conditions manifested a difference in 
contractile reserve of more than 10% after 10-mcg/kg/min dobutamine. Mean 
SWT of all dysfunctional CTO perfused segments increased from 16±19% at 
baseline to 30±34% during 5-mcg/kg/min dobutamine and to 31±34% during 
10-mcg/kg/min dobutamine (both p<0.0001 vs. baseline).  

Contractile reserve in dysfunctional segments and SWT at follow-up
Segments were stratified using 3 parameters; TEI, the EDWT or the thickness of 

Figure 3. Flow of segments through the study. To better describe the flow of segments through 
the study we present this figure. Twenty percent (163/819) of the segments that were included 
were dysfunctional and contractile reserve was determined. Eighty three percent (135/163) of these 
dysfunctional segments were reperfused. TEI, transmural extent of infarction; CTO, chronic total 
occlusion.
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Rest-5 mcg/kg/min  
dobutamine

Rest-10 mcg/kg/min  
dobutamine

TEI (%) <25  72%(57/79) 68% (54/79)

25-50 48%(23/48) 54%(26/48)

50-75 26%(7/27) 41%(11/27)

>75 11% (1/9) 0% (0/9)

EDWT (mm) <6 45% (10/22) 41% (9/22)

6-8 50% (34/68) 51% (35/68)

>8 62%(45/73) 66%(48/73)

Unenhanced rim (mm) <3 36% (10/28) 32% (9/28)

3-6 46%(26/56) 54%(30/56)

>6 61%(48/79) 58%(46/79)

N Rest (%)
5 mcg/kg/min 

dobutamine (%)
10 mcg/kg/min 
dobutamine (%)

TEI (%) <25 79 19±18 36±38* 33±34*

25-50 48 16±19 29±29 34±30*

50-75 27 10±21 15±28 24±28

>75 9 5±12 9±13 5±20

EDWT (mm) <6 22 14±24 23±26 23±29

6-8 68 16±18 35±39* 33±36*

>8 73 18±18 28±32* 29±30*

Unenhanced <3 28 8±14 3±15 7±18

rim (mm) 3-6 56 16±20 31±32* 33±36*

>6 79 18±18 32±36* 31±32*

Remote 69 78±27 71±42 82±41*† 

Table 4. Frequency of segments with contractile reserve

Table 3. Segmental analyses of 51 patients before PCI

TEI = transmural extent of infarction
EDWT =  end diastolic wall thickness

TEI = transmural extent of infarction 	 *p<0.05 vs baseline
EDWT =  end diastolic wall thickness 	 †p<0.05 vs 5 mcg/kg/min
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the unenhanced rim. For each of these pa-
rameters SWT at rest and during infusion 
of dobutamine was calculated according 
to the group definition and presented 
in (table 3). Mean SWT increased signifi-
cantly during 5mcg/kg/min dobutamine 
in segments with an EDWT >6 mm, unen-
hanced rim of >3 mm or if TEI<25%. For 
segments with TEI between 25-50%, SWT 
only improved during a higher dose of 
10-mcg/kg/min dobutamine. SWT during 
dobutamine infusion remained signifi-
cantly lower for all segments in the area 
distal to the CTO as compared to seg-
ments in the remote area. The frequency 
of segments with contractile reserve is 
presented in table 4. 

Interaction terms between EDWT, TEI and 
unenhanced rim turned to be far from sig-
nificant. Multivariate logistic regression 
analysis including baseline characteristics 
showed that TEI was the only parameter 
that could predict contractile reserve (OR 
0.98; 95%CI 0.96-0.99; p=0.02and AUROC 
of 0.66; 95%CI 0.57-0.75; p=0.001). Unen-
hanced rim thickness and EDWT could 
not predict contractile reserve (AUC 0.63; 
95% CI 0.54-0.72; p=0.009 and 0.52; 95% 
CI 0.42-0.61; p=0.74 respectively)(table 5). 
Adding TEI to the multivariate model in-
cluding demographic and clinical factors 
and medication improved the chi square 
value of the model significantly (from 29 
to 34, p<0.01). Sensitivity, specificity, PPV 
and NPV were given in table 5.

O
R

(9
5%

C
I)

P-
va

lu
e

Se
ns

iti
vi

ty
(%

)
Sp

ec
ifi

ci
ty

(%
)

PP
V

(%
)

N
PV (%

)

TE
I

0.
98

(0
.9

6-
0.

99
)

0.
02

85
(7

7-
91

)
42

(3
1-

56
)

70
(6

2-
78

)
53

(3
5-

70
)

U
ne

nh
an

ce
d 

 
rim

 th
ic

kn
es

s
1.

13
(0

.9
7-

1.
32

)
0.

12
88

(7
9-

93
)

27
(1

6-
41

)
69

(6
1-

77
)

54
(3

4-
72

)

ED
W

T
1.

00
(0

.8
3-

1.
23

)
0.

93
88

(7
9-

93
)

16
(8

-2
9)

66
(5

8-
74

)
41

(2
1-

63
)

Ta
bl

e 
5 

M
ul

ti
va

ri
at

e 
lo

gi
st

ic
 re

gr
es

si
on

 a
na

ly
si

s 
an

d
 t

he
 p

re
d

ic
ti

ve
 v

al
ue

 fo
r 

th
e 

p
re

se
nc

e 
of

 c
on

tr
ac

ti
le

 re
se

rv
e.

M
ea

n 
va

lu
es

 (9
5%

 c
on

fid
en

ce
 in

te
rv

al
); 

PP
V,

 p
os

it
iv

e 
p

re
d

ic
ti

ve
 v

al
ue

; N
PV

, n
eg

at
iv

e 
p

re
d

ic
ti

ve
 v

al
ue

.



102

Chapter 7
pa

rt
 3

In the subgroup of 35 pa-
tients that underwent PCI, 
SWT was calculated before 
and after PCI according to 
the same group definition 
as described above and pre-
sented in figure 4abc. SWT 
before PCI was significantly 
different as compared to 
SWT at follow-up. Impor-
tantly SWT during dobuta-
mine before revasculariza-
tion was not statistically dif-
ferent as compared to SWT 
at follow-up. 

Segments with 
intermediate TEI
In 35 patients that under-
went PCI, 58 segments had 
a TEI between 25-75%. Con-
tractile reserve was pres-
ent in 71% (41/58) of the 
segments and 61% (36/58) 
of the segments improved 
after revascularization. Of 
the segments that show 
contractile reserve (n=41) 
34 improved after revascu-
larization (83%). This in con-
trast to segments without 
contractile reserve (17/58) 
where only some of the 
segments improved at fol-
low-up (2/17; 12%).

Figure 4. Segmental wall thickening before and after revas-
cularization
Segmental wall thickening before revascularization at rest 
during 5- and 10-mcg/kg/min dobutamine and at follow-up 
in segments stratified according to the (a) TEI and (b) EDWT 
and the (c) thickness of the unenhanced rim. Mean SWT 
increased significantly during dobutamine and at follow-up 
in segments with an EDWT >6 mm or and unenhanced rim 
of >3 mm. For TEI, SWT increased during dobutamine when 
TEI<50% however segments with a TEI between 25-50% did 
not increase significantly at follow-up.
*p<0.05 vs. baseline; TEI, transmural extent of infarction; 
EDWT, end diastolic wall thickness.
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To discriminate which of 
the segments with an in-
termediate TEI will show 
contractile reserve and will 
improve after revasculariza-
tion we used another pa-
rameter, SWT

UR. 
In segments 

with SWT
UR

 of >45% (n=13) 
mean SWT

FW
 at rest did not 

change significantly during 
5 mcg/kg/min dobutamine 
(p=0.66), 10 mcg/kg/min 
dobutamine (p=0.22) and 
at follow-up (p=0.44). Seven 
of the 13 segments (54%) 
did not show contractile re-
serve and 69% (9/13) of the 
segments did not improve 
after PCI.

In segments with SWT
UR

 <45% (n=45), mean SWT
FW

 at rest increased signifi-
cantly during 5 mcg/kg/min (p<0.05), 10 mcg/kg/min (p<0.01) and at follow-
up (p<0.0001)(figure 5). In contrast to segments with an intermediate TEI and  
SWT

UR
>45%, intermediate segments with an SWT

UR
<45% frequently show con-

tractile reserve (34/45; 74%) and improvement after PCI (31/45; 67%). 

Multivariate logistic regression analysis for each viability parameter including 
baseline characteristics was performed to investigate the importance of all vi-
ability parameters. This demonstrated the importance of SWTur as it was the only 
parameter in segments with an intermediate TEI with a significant relation with 
the outcome parameter (OR 0.98; 95%CI 0.97-0.99; p=0.02 and AUROC of 0.70; 
95%CI 0.58-0.82; p=0.003) (table 6). Addition of SWTur to the model improved 
the chi square value of the model significantly (from 9 to 14, p<0.01). Sensitivity, 
specificity, PPV and NPV of SWTur for the prediction of contractile reserve were 
as follows, 79%(63-89), 52%(33-79), 69%(54-81) and 64%(42-81).

Figure 5. Contractile reserve in segments with an interme-
diate transmural extent of infarction. In segments with an 
intermediate transmural extent of infarction (TEI between 
25-75%) it is difficult to determine which segment will re-
spond after dobutamine or will improve at follow-up. There-
fore we divided the dysfunctional segments (SWT<45%;) in 
this group into SWTUR <45% and SWTUR >45%. Contractile 
reserve was present in segments with SWTUR<45%. No 
contractile reserve was present if SWTUR was normal (SW-
TUR >45%). *p<0.05 vs. baseline; SWTUR, segmental wall 
thickening unenhanced rim.
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Discussion

In our study we demonstrated that dys-
functional myocardial segments in the 
territory of a CTO improved significantly 
during dobutamine and at follow-up if 
EDWT>6 mm, TEI<25% or if the thickness 
of the epicardial unenhanced rim was 
>3 mm. However only TEI could predict 
contractile reserve. This study further-
more showed that the functionality of 
the epicardial viable rim allows refined 
assessment of contractile reserve and the 
change in SWT at follow-up for segments 
with a TEI between 25-75%. 

Low dose dobutamine improves cellular 
energetics and contractile function in 
hypoperfused myocardium (14). Subse-
quently the test simulates the effect of 
revascularization with a high accuracy 
(15-17), whereas TEI is less accurate for 
prediction of improvement in function 
especially in segments with an intermedi-
ate extent of infarction(10). Kim et al (2) 
reported that the likelihood of recovery 
was inversely related to TEI, yet, the like-
lihood of recovery following revascular-
ization was less predictable in segments 
with a TEI between 25-75% and only 25% 
of the segments recovered after revascu-
larization in this subgroup (2). The num-
ber of dysfunctional segments with a TEI 
of 25-75% is substantial and additional 
parameters seem necessary for accurate 
prediction of improvement. The TEI is a 
relative value that omits the thickness of 
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a segment. The amount of contractile reserve will probably be less in segments 
with an EDWT of 3 mm with 50% TEI as compared to a segment with the same 
infarct transmurality and an EDWT of 8 mm. It is may be therefore interesting to 
measure the thickness of the epicardial viable unenhanced rim. Secondly the 
amount of rest function of the epicardial-unenhanced rim is important for its 
contribution to regional wall thickening after revascularization. The relative con-
tribution to SWTfw of restoring function of an akinetic epicardial unenhanced 
area is more than restoring function of a normal contracting epicardial unen-
hanced area. 

These more complex analyses can easily be assessed by current post processing 
techniques allow quantification of the CMR images, which provide more refined 
and accurate assessment of the extent of scar tissue, the extent and functionality 
of the epicardial viable tissue and the presence of contractile reserve of dysfunc-
tional myocardial segments.

We confirmed findings of other studies, which showed that the presence of a 
small-unenhanced rim was associated with a higher probability of non-viable 
tissue as assessed by PET-studies (13,18). In our study the presence of an unen-
hanced rim thickness of < 3 mm is associated with absence of contractile reserve 
and absence of change in SWT after PCI. 

Furthermore this study shows that if SWT
UR

 is more than 45% in case of inter-
mediate TEI no contractile reserve and no change in SWT after PCI was present. 
On the other hand if systolic wall thickening was less than 45% in these seg-
ments, contractile reserve could be elicited by low dose dobutamine and SWT 
changed significantly at follow-up. This concept has been further explained and 
illustrated (figure 2). Theoretically if 50% of a dysfunctional segment (SWT

FW
< 

45%) in the perfusion territory of a CTO is marked by the contrast agent and 
therefore considered as scar tissue and the remaining 50% of that segments is 
viable but akinetic or hypokinetic, contractility will increase during dobutamine 
infusion and SWT will change after PCI. If the remaining non-enhanced part in a 
segment with the same TEI of 50% is not dysfunctional (SWT

UR
 >45%), total wall 

thickening will still be classified as dysfunctional (below 45%) although no con-
tractile reserve and no change in SWT after PCI will be present. This theoretical 
model assumes that scar tissue does not contract and that therefore the SWT 
of the segments should be ascribed to the contractility of the unenhanced rim 
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both at baseline and during low dose dobutamine infusion. Our study provides 
evidence for the additional value of quantitative determination of rest function 
of the unenhanced rim to assess the presence of viable tissue. 

Study limitations
Due to the limited number of patients we could only perform segmental wise 
analysis in this paper where interaction between individual segments of a pa-
tient can be present.

Conclusion

MR quantification of infarcted myocardium provides precise delineation of the 
TEI and the unenhanced rim and allows assessing the potential of dysfunctional 
segments to show contractile reserve. However TEI fails to predict contractile 
reserve in the intermediate segments, in these segments wall thickening at rest 
of the unenhanced rim can be used to determine the presence of contractile 
reserve of the total segment.
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Abstract 

Objectives To optimise the predictive value of cardiac magnetic resonance im-
aging (MRI) for improvement of myocardial dysfunction prior to percutaneous 
coronary intervention (PCI).

Methods We performed cardiac MRI in 72 patients (male 87%, age 60 year) be-
fore and 6 months after successful PCI (43/72) or unsuccessful PCI (29/72) of a 
chronic total coronary occlusion (CTO). Before PCI, 5 viability parameters were 
evaluated: transmural extent of infarction (TEI), contractile reserve during dobu-
tamine, end diastolic wall thickness, unenhanced rim thickness and segmental 
wall thickening of the unenhanced rim (SWTur). Multivariate analysis was per-
formed and based on the regression coefficient (RC) a predictive score was con-
structed. Diagnostic performance to predict improvement in myocardial func-
tion for each parameter and for the viability score was determined. 

Results The predictive value of a combination of contractile reserve, SWTur and 
TEI was incremental to TEI alone (AUROC 0.91 vs. 0.77; p<0.001). A viability score 
of ≥ 5 based on contractile reserve (RC=4), SWTur (RC=1) and TEI (RC=2) was 91% 
sensitive and 84% specific in predicting improvement of myocardial function.

Conclusion Combining viability parameters results in a better prediction of im-
provement of dysfunctional myocardial segments after successful PCI. 
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Introduction

Myocardial dysfunction is frequently due to coronary artery stenosis in the west-
ern world. This can either be due to akinesia in transmural infarcted regions or  
be the results from hibernation of the myocardium as a result of chronic reduced 
flow. Hibernating myocardium may improve after restoration of coronary blood 
flow [1]. The improvement of myocardial function and the rate of recovery are 
related to the extent of myocardial infarction [2-4].

Contrast enhanced cardiac magnetic resonance imaging (MRI) is able to detect 
myocardial infarction [5, 6]and can predict improvement of depressed myocar-
dial function after revascularization [7, 8]. However the diagnostic accuracy of 
contrast enhanced MRI as well as wall thickness[9, 10], contractile reserve [9, 11]
and thickness of the unenhanced rim [12] is moderate. Moderate diagnostic per-
formance of contrast enhanced MRI is caused by the limited predictive value of 
this technique in segments with an intermediate transmural extent of infarction 
[2, 4]. Initial attempts to combine viability parameters suggest an improvement 
in diagnostic accuracy [11, 13]. A structured analysis investigating the optimal 
combination of these 5 viability  parameters has not yet been performed. The 
aim of the present study was to improve the diagnostic accuracy of pre -treat-
ment MRI using combined viability assessment. We therefore studied a patient 
group scheduled for percutaneous coronary intervention (PCI) of a chronic total 
coronary occlusion (CTO) which represents the best in-vivo model of hiberna-
tion if present.

Methods

Patient population
Patients were recruited from April 2006 to February 2009. Patients scheduled for 
PCI of a  CTO of a native coronary artery were prospectively selected for enrol-
ment in this study. Sixty four percent of the patients had a positive exercise test 
and the remaining 36% had progressive anginal symptoms. All patients under-
went a diagnostic angiogram. Inclusion criteria were (1) CTO, (2) sinus rhythm, 
(3) abnormalities in wall motion in the perfusion territory of the CTO on contrast 
ventriculography or echocardiography. Exclusion criteria were (1) myocardial in-
farction within the last three months; (2) atrial fibrillation; (3) contraindications 
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for magnetic resonance studies, (4) inability to give reliable informed consent, 
(5) known allergy to gadolinium based contrast material, (6) unstable coronary 
artery disease. 

Inclusion flow chart is presented in figure 1 and baseline patient characteristics 
are presented in table 1. All successfully treated patients received drug eluting 

Figure 1. Flow of patients through the study; PCI, percutaneous coronary intervention; MRI, 
magnetic resonance imaging; CTO, chronic total coronary occlusion.



115

Viability assessment in ischemic heart disease

M
R

I g
ui

de
d 

tr
ea

tm
en

t

stents. A successful PCI was defined as restoration of Trombolysis In Myocardial 
Infarction (TIMI) grade 3 flow using a drug eluting stent. The study protocol con-
forms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in 
a priori approval by the institutional review board of the Erasmus Medical Center 
in Rotterdam and all participating patients gave written informed consent.

Table 1. Baseline patient characteristics 

Values are presented as number (%) or mean ± standard deviation. PCI, Percutaneous Coronary 
Intervention; DE-MRI, Delayed enhancement-cardiovascular magnetic resonance; MI, myocardial 
infarction; ACE, Angiotensin-converting enzyme; ASA, acetylsalicylic acid.

Successful PCI
N=43

Unsuccessful PCI
N=29

P-value

Age (years) 60±10 61±10 0.32

Men 34(79) 28(93) 0.18

Previous MI 23(53) 6(21) 0.006

MI on DE-MRI 36(84) 25(86) 1.00

TEI<25% 9(21) 6(21) 0.77

TEI between 25-75% 20(47) 15(52) 0.63

TEI>75% 7(16) 4(13) 1.00

1-vessel disease 29(67) 24(82) 0.15

2-vessel disease 10(23) 4(14) 0.32

3-vessel disease 4(9) 1(3) 0.64

Previous PCI 10(23) 8(28) 0.79

Smoking 9(21) 7(24) 0.78

Diabetes Mellitus 9(21) 8(17) 0.58

Hypertension 18(42) 15(50) 0.79

Hypercholesterolemia 34(79) 24(80) 0.75

Family history 20(47) 13(43) 0.61

Baseline Ejection fraction (%) 50±11 46±16 0.30

End diastolic volume (ml/m2) 93±27 98±38 0.46

End systolic volume (ml/m2) 48±24 58±41 0.21

Infarct size on DE-MRI (g) 17±15 14±17 0.51

ACE inhibitor 19(44) 15(50) 0.80

β - Blocker 39(91) 28(93) 0.64

Statin 39(91) 27(90) 1.00

ASA 39(91) 28(93) 1.00
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MRI-protocol
A 1.5 Tesla scanner with a dedicated eight-element phased-array receiver coil 
was used for imaging (Signa CV/i, GE Medical systems, Milwaukee, Wisconsin 
USA). Cine MRI was performed using a steady-state free-precession technique 
(FIESTA). Imaging parameters were reported previously [4]. Dobutamine was 
infused at 5 and 10-mcg/kg/min for 5 minutes at each dosage using an intra-
venous catheter, which was placed in the antecubital vein. Functional imaging 
was repeated using the same imaging planes as at rest. During the test the pa-
tients were monitored using electrocardiogram leads and blood pressure was 
measured at every 3 minutes interval. Criteria for ending the dobutamine-MRI 
examination were (1) development of a new wall motion abnormality, (2) fall 
of systolic blood pressure of >40 mm HG, (3) marked hypertension >240/120 
mm Hg, (4) severe chest pain, (5) ventricular arrhythmias or new atrial arrhyth-
mias, (6) intolerable side effects of dobutamine. Delayed enhancement imaging 
was performed with a gated breath hold T1-inversion recovery gradient-echo 
sequence 20 minutes after infusion of Gadoliniumdiethyltriaminepentaacetic 
acid (0.2 mmol/kg intravenously, Magnevist, Schering, Germany). Imaging pa-
rameters were reported previously [4]. The same slice locations and planning of 
the cine images were used for the acquisition of the delayed enhanced images.

Definitions and data analysis
All conventional angiograms before PCI were evaluated by two experienced ob-
servers. According to the place of occlusion and left or right dominance, the left 
ventricular segments were determined as being perfused by an occluded or a 
non-occluded vessel. A CTO was classified as a complete occlusion for more than 
3 months as obtained from either the clinical history of prolonged anginal chest 
pain or the date of the diagnostic angiogram before PCI. All images were auto-
matically analyzed using CAAS-MRV (version 3.2.1; Pie Medical Imaging, Maas-
tricht, The Netherlands) [14]. Manual corrections were performed afterwards 
where necessary. Papillary muscles and trabeculations were considered as being 
part of the blood pool volume. A 17 segment-model was used to analyse the 
myocardial wall in each patient [15]. The 17th segment was excluded from analy-
sis for the reason that wall thickening analysis was not possible as on short axis 
images no left ventricular cavity is visible. Segmental wall thickening (SWT) was 
defined as a percent increase of LV wall thickness during systole as compared to 
diastole. To study the effect of PCI on SWT, dysfunctional segments in the per-
fusion territory of a CTO were analysed. Myocardial segments were considered 



117

Viability assessment in ischemic heart disease

M
R

I g
ui

de
d 

tr
ea

tm
en

t

dysfunctional if wall thickening was less than 45% [2, 16]. The predictive value of 
the different viability parameters were calculated with an improvement in SWT 
>10% after revascularization as standard for viability. Five viability indexes were 
evaluated before PCI; (1) end diastolic wall thickness (EDWT) [9] (2) contractile 
reserve during low dose dobutamine (LDD), at either 5-mcg/kg/min or 10-mcg/
kg/min dose; (3) unenhanced rim thickness [12]; (4) SWT of the unenhanced rim 
(SWTUR) and (5) TEI. The unenhanced rim thickness was determined by subtract-
ing the hyperenhanced area from the total area of a given segment. This area 
was expressed as a percentage of the total segmental area and multiplied by 
the EDWT. For SWTUR the increase in wall thickness in the end systolic phase as 
compared to the end diastolic phase was assigned to the thickness of the unen-
hanced rim as we assume that scar tissue does not contract and expressed as a 
percentage of the unenhanced rim. The TEI was quantified by dividing the hyper 
enhanced area by the total area and expressed as a percentage. For the hyper-
enhanced area the minimum and maximum signal intensity of the myocardium 
was used and a cut-off value was visually detected for each patient individually 
matching the hyperenhanced area visual estimated by the observer. Using this 
cut-off value for hyperenhancement, contours were automatically traced. We 
evaluated these 5 indexes in dysfunctional myocardial segments. To compose 
the viability score we performed multivariate regression analysis to determine 
which parameter had additive predictive value. The optimal cut-off value of each 
individual parameter was calculated separately and the parameters were then 
used as binary variables. If a parameter was considered viable and reaches a 
certain threshold the regression coefficient (RC) was added to the sum of the 
viability score. The viability score was calculated as the sum of the RC of the 
parameters which were considered viable. All MRI data were analysed quantita-
tively in a random order with the investigator blinded to the clinical information 
and the previous results.

Statistical analysis
Continuous data are expressed as mean values ± one standard deviation (SD), 
whereas dichotomous data are expressed as numbers and percentages. Differ-
ences in baseline characteristics between patients with successful PCI and non-
successful PCI were evaluated using chi-square tests, Fisher’s exact tests, and un-
paired Student’s t-tests, as appropriate. Changes in left ventricular volumes and 
function were evaluated by two-way analysis of variance with repeated mea-
sures over time, followed by paired Student’s t-tests. Improvement was defined 
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as an absolute change (from baseline to 6 months follow-up) in SWT of at least 
10%. We applied Bonferroni’s correction to adjust for the inflation of the type I 
error with multiple testing.

Univariable logistic regression (LR) analyses were applied to assess the power of 
viability parameters for the prediction of improvement in myocardial function. 
Results are presented as odds ratios (ORs) with corresponding 95% confidence 
intervals (CIs) , which refers to 10 units for TEI, SWTur and LDD. Then, receiver 
operator characteristic (ROC) curve analyses were performed to determine the 
‘best’ thresholds of relevant predictors, following the method of maximizing the 
sum of sensitivity and specificity. We present the observed area under the ROC 
curves (AUROC) for each of these predictors.

Subsequently, multivariable LR analyses were conducted. All variables that were 
significantly associated with improvement entered this multivariable stage with 
their values categorized at the optimal cut-off value. A backward deletion pro-
cess was performed, until all variables in the model had a p<0.05. The RC of the 
variables that composed the final model were used to construct a ‘viability score’. 
Again ROC curve analyses were applied to determine the ‘best’ threshold of this 
score for the prediction of improvement of myocardial function.

We used the segment and not the patient as unit of our analyses. We realized 
that potential correlation existed between the multiple segments that were de-
rived from the same patient. Therefore, general estimating equation (GEE) analy-
ses were applied to construct the LR models.

We performed extensive internal validation of our results by bootstrap analy-
ses[17, 18]. A total of 1,000 replications of the dataset were obtained by random 
sampling segments (with replacement), with the patient as cluster. All statistical 
tests were two sided, and a p-value <0.05 was considered statistically significant.

Additionally a per patient analysis on diagnostic accuracy was performed using 
both TEI and the viability score. The test was considered positive for viability 
when > 50% of the segments in the revascularised area were viable according to 
the TEI or the viability score. 
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Results

Patient population
Of 106 consecutively approached patient, 72 patients completed the study pro-
tocol. The median time interval between baseline MRI and PCI was 18 days (25th 
and 75th percentile, 6-31), clinical evidence of myocardial infarction did not oc-
cur during this time interval. Follow-up MRI scan was performed at a median 
time interval of 183 days (25th and 75th percentile, 181-190) after PCI. PCI of 
the CTO was successful in 43 patients and unsuccessful in 29 patients. Nineteen 
patients (14 with successful and 5 with unsuccessful PCI of a CTO) underwent PCI 
of another vessel during the same procedure.

In patients with successful PCI, the CTO was located in 19 (44%) patients in the 
left anterior descending artery, in 10 (23%) patients in the left circumflex artery 
and in 14 (33%) patients in the right coronary artery. In patients without success-
ful PCI the CTO was located in 10(37%) patients in the left anterior descending 
artery, in 6 (20%) in the left circumflex artery and in 13 (43%) patients in the 
right coronary artery. Nineteen patients underwent PCI of another vessel dur-
ing the same procedure, 14 patients in the group with successful PCI and 5 pa-
tients in the group with unsuccessful PCI of their CTO (p=0.12). All patients with 
successful PCI for their CTO were symptom free at follow-up. Administration of 
dobutamine was well tolerated by all patients, no serious side effects occurred. 
Blood pressure and heart rate increased slightly but consistently during infusion 
of dobutamine. In two patients (7%) in the group with unsuccessful PCI new 
hyper enhancement occurred at follow-up (new infarct mass 2.1 and 3.6 gram). 

All 1136 segments were available for analysis. Three hundred thirty six segments 
were in the perfusion territory of the CTO of which 255 segments were dysfunc-
tional (159 segments in the patient group that underwent successful PCI and 96 
segments in the patient group with unsuccessful PCI). 

Left ventricular function and volumes
EF increased significantly in patients that underwent successful PCI (from 50±11 
to 54±12%; p<0.001). End diastolic volume index was unchanged (from 93±27 to 
88±34 ml/m2; p=0.21) and end systolic volume index decreased (from 48±24 to 
43±29 ml/m2; p=0.02). In patients with unsuccessful PCI, EF (46±16 to 47±13%; 
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p=0.41), end diastolic volume index (98±38 ml/m2 to 92±35 ml/m2; p=0.08) and 
end systolic volume index (58±41 ml/m2 to 52±35 ml/m2; p=0.16) remained 
unchanged. 

Mean SWT of dysfunctional segments in the perfusion territory of the CTO 
improved significantly in patients after successful PCI (16±19% to 39±35 %; 
p<0.0001). In patients with unsuccessful PCI mean SWT remained unchanged at 
follow-up (19±21% to 21±25%; p=0.54). Both patient groups showed significant 
contractile reserve before PCI (figure 2). 

Single assessment of myocardial viability and regional functional 
recovery
The optimal cut-off value and the AUROC for all parameters for the prediction 
of improvement are presented in table 2. All viability parameters had significant 
predictive value according to the univariate logistic regression analysis (table 
3). Sensitivity, specificity, positive predictive value (PPV) and negative predictive 
value (NPV) for all viability parameters to predict functional improvement of dys-
functional segments after PCI are presented in table 4. The sensitivity, specificity, 
PPV and NPV of TEI for the prediction of improvement in function after PCI was 
89(81-94)%, 48(36-64)%, 79(70-85) % and 67(51-82)%. LDD was a better predictor 
for functional improvement after PCI with sensitivity, specificity, PPV and NPV of 
93(86-97)%, 77(63-87)%, 89(82-94)% and 85(71-93)%.

The analysis per segment was confirmed by bootstrap analysis. The mean and 
the standard deviation for the sensitivity and specificity are presented in table 5.

Figure 2. In patients with 
successful percutaneous 
coronary intervention (PCI), 
segmental wall thickening 
(SWT) improved significant-
ly during dobutamine and 
at follow-up as compared to 
SWT before PCI. In patients 
without successful PCI, 
SWT improved significantly 
during dobutamine but not 
at follow-up as compared to 
baseline. *p<0.05 vs. before 
PCI.
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Combined assessment of myocardial viability and regional functional 
recovery
Multivariate analysis including all 5 different viability parameters showed that 
EDWT and the thickness of the unenhanced rim did not have incremental pre-
dictive value. TEI, SWTur and LDD had incremental predictive value (table 3). For 
the viability score we added the RC without decimal to the sum of the score. 
Receiver operator characteristic curve analysis demonstrated an optimal thresh-

Table 3. Logistic univariate and multivariate regression analysis of the contribution of different 
viability parameters for improvement in SWT.

LDD, contractile reserve during low dose dobutamine; TEI, transmural extent of infarction; EDWT, 
end diastolic wall thickness; SWTur, Segmental wall thickening of the unenhanced rim; OR, odds 
ratio. The odds ratio refers to 10 units for TEI, SWTur and LDD.

OR
95% Confidence 
Interval for OR

P-value

Univariate 

LDD 1.82 ( 1.49-2.22) P<0.0001

TEI 0.68 ( 0.58-0.79) P<0.0001

EDWT 1.3 (1.1-1.7) P=0.0063 

Unenhanced rim thickness 1.4 (1.2-1.5) P<0.0001

SWTur 0.85 ( 0.76-0.95) P=0.0052 

Multivariate 

LDD 1.06 (1.02-1.09) P<0.0001

TEI 0.96 (0.94-0.97) P<0.0001

SWTur 0.98 (0.97-0.99) P=0.0029

Table 2. Receiver operator characteristic curve analysis for each viability parameter

LDD, contractile reserve during low dose dobutamine; TEI, transmural extent of infarction; EDWT, 
end diastolic wall thickness; SWTur, Segmental wall thickening of the unenhanced rim

Cut-off value
AUROC  

(95% Confidence interval for AUROC)

LDD (%) 7 0.86(0.80 to 0.93)

TEI (%) 50 0.77(0.69-0.85)

EDWT (mm) 6 0.62 (0.52 to 0.72)

Unenhanced rim thickness (mm) 3 0.76 (0.68 to 0.84)

SWTUR  (%) 45 0.62(0.53 to 0.72)
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old for the viability score of 5.0 
for the prediction of improve-
ment in SWT with an AUROC of 
0.91 (95%CI 0.86-0.95) (figure 3). 
Sensitivity, specificity, PPV and 
NPV for this cut-off value were 
92(84-96)%, 83(69-91)%, 92(84-
96)% and 83(69-91)% respec-
tively. SWT improved significant-
ly in segments with a viability 
score of ≥5.0 (16± 20% to 49± 
30%; p<0.0001) and remained 
unchanged in segments with a 
viability score of <5.0 (18±16% 
to 18±23%; p=1.00) (figure 4). In 
segments with a viability score 
of ≥5.0, 92% of the segments 
improved. In segments with a 
viability score of <5.0 only 17% 
of the segments showed an im-
provement of SWT.

Myocardial viability 
assessment in segments 
with an intermediate 
transmural extent of 
infarction 
In segments with an intermedi-
ate TEI (1-75%)(n=110), 85 seg-
ments were classified as viable 
using delayed enhancement 
imaging (TEI<50%) of which 
61(72%) improved. Twenty-five 
segments were classified as not 
viable (TEI>50%) of which still 
11 segments (44%) improved. 
Using the viability score with a LD
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Figure 4. Ninety-two percent of the segments with a viability score of ≥ 5 showed improvement 
of segmental wall thickening (SWT)>10% after percutaneous coronary intervention (PCI) and mean 
SWT improved significantly in these segments.  Only seventeen percent of the segments with vi-
ability score of <5 showed improvement of SWT>10% and mean SWT did not improve. For example 
if a segment shows contractile reserve, has a TEI of<50% and SWTur>45% than the viabilty score 
is; 4+2+0=6 which is > 5. SWT is expected to improve which can be predicted with a sensitivity of 
91%, specificity of 84% PPV of 93% and NPV of 83%. Black bars = SWT before PCI and white bars = 
SWT at 6 months follow-up.

Figure 3. Viability score (solid line) was compared to the more widely used transmural extent of 
infarction using delayed enhancement imaging (dotted line) alone. AUROC was significantly higher 
(P<0.001) for viability score as compared to TEI alone.  
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cut-off value of 5.0, 70 segments were classified as viable of which 64 segments 
(91%) improved. Forty segments were classified as being not viable of which 
only 8 improved (20%). 

Per patient analysis
Using the TEI for viability assessment, 42%(5/12) of the patients that did not 
show improvement in myocardial function at 6 months follow-up were consid-
ered viable before revascularization and underwent percutaneous revasculariza-
tion. These false positives were reduced to 8% (1/12) using the viability score. 
Sensitivity, specificity, PPV and NPV for the prediction of improvement in the 
revascularised area for TEI were 97(84-99)%, 58(32-81)%, 86(71-94)% , 88(53-98)% 
and for the viability score were 97(84-99)%, 92(65-99)%, 97(84-99)% and 92(65-
99)% respectively. 

Discussion

In our study we demonstrated that successful recanalization with PCI in pa-
tients with a CTO improved myocardial function of CTO related segments that 
were dysfunctional. We further demonstrated that the combination of multiple 
MRI derived viability parameters including dobutamine contractile reserve as-
sessment, TEI (non viable necrotic tissue) and SWT of normal remaining myo-
cardium was a better predictor of improvement of dysfunctional segments 

Table 5. Sensitivity and specificity after bootstrap analysis

LDD, Contractile reserve during low dose dobutamine; TEI, transmural extent of infarction; EDWT, 
end diastolic wall thickness; SWTur, Segmental wall thickening of the unenhanced rim; SD, standard 
deviation

Sensitivity (%) Specificity (%)

Mean SD Mean SD

LDD (>7%) 90.0 3.6 81 11.4

TEI (<50%) 92.3 3.6 45.0 13.8

EDWT (>6mm) 92.6 3.6 27.7 11.3

Unenhanced 
rim thickness 
(>3mm)

96.3 2.9 43.2 13.8

SWTUR (<45%) 87.2 4.1 40.2 11.9
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prior to PCI for CTO than the single widely used parameter of TEI. Lastly we 
demonstrated that the use of multiple MRI derived viability parameters bet-
ter identified patients who would benefit from PCI compared to the use of the 
single MRI derived variable. This would allow better use of limited resource and 
offers more effective management of patients with a CTO.

MRI using delayed enhancement of infarcted myocardial tissue after administra-
tion of gadolinium is helpful to assess viability of systolic dysfunctional hiber-
nating left ventricular myocardium. Depended on the TEI, dysfunctional myo-
cardium still maintains the capability to recover function after revascularization 
with CABG or PCI [11, 19]. Recovery was predicted for 78% of the myocardial 
segments if the myocardium was fully viable (TEI=0%) while almost no recovery 
may be expected if the TEI was almost transmural (>75% infarction of a myocar-
dial segment) [7]. Similar results in improvement of dysfunctional myocardium 
were obtained using delayed enhancement MRI in patients with a recanalization 
of a CTO with PCI [2]. The likelihood of recovery was much less predictable if in-
termediate TEI (between 1-75%) was present [9, 12, 13]. Recently we introduced 
SWTur and investigated the relation of this parameter but also of TEI, EDWT and 
thickness of the unenhanced rim with contractile reserve by low dose dobuta-
mine. TEI and SWTur had significant predictive value [20]. 

In the present study, recovery of function after revascularization was the out-
come parameter and therefore it was also possible to investigate the predictive 
value of contractile reserve during dobutamine. Contractile reserve was a better 
predictor of myocardial improvement [9, 11, 21-23] because, unlike the other pa-
rameters, it  directly unmasks the potential of the presence of contractile reserve 
of dysfunctional non infarcted myocardium. Using a combination of 3 viability 
parameters improved the prediction of viability in particular for segments with 
an intermediate TEI. Important to realize is that the majority (68%) of all dysfunc-
tional segments in our study had an intermediate TEI. This is feasible in clini-
cal practice because the versatility of current MRI allows viability assessment of 
multiple MRI variables that can be obtained from one MRI session. Combination 
of various MRI viability parameters is also useful in other patient groups [13, 24] 
representing different aspects of viability such as the presence of contractile re-
serve,  extent of infarction, segmental wall thickening of epicardial non infarcted 
rim of myocardium which incorporated into a simple score each with a weighted 
factor was a reliable predictor of improvement of dysfunctional myocardium pri-
or to recanalization of CTO.
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Limitations

Sustained recanalization at follow-up was not confirmed by coronary angiogra-
phy but no clinical evidence of recurrent ischemia was reported and all patients 
received a drug eluting stent with acknowledged low restenosis rate [3, 25]. The 
recovery of myocardial function was assessed at 6 months and the established 
improvement may have been underestimated because it has been shown that 
the myocardial function may continue to further improve after 6 months up to 
a period of 3 years [4].

Conclusion 

Combined viability analysis using the viability score was a better predictor than 
the most widely used transmural extent of infarction. This may be useful for the 
selection of patients were improvement of myocardial function by PCI of a CTO 
is desired.
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Abstract

We investigated early and late effects of percutaneous revascularization for 
chronic total coronary occlusion (CTO) on left ventricular (LV) function and vol-
umes. Magnetic resonance imaging was performed in 21 patients before, at 5 
months, and at 3 years after recanalisation. Global LV function and volumes and 
segmental wall thickening (SWT) were quantified on cine-images. Two viability 
indexes were used; the transmural extent of infarction (TEI) on delayed contrast 
enhancement images and end-diastolic wall thickness at baseline (EDWT). A sig-
nificant decrease in mean end-diastolic volume index (86 ± 14 ml/m2 to 78 ± 
15 ml/m2; p=0.02) and mean end-systolic volume index (35 ± 13 ml/m2 to 30 ± 
13ml/m2; p=0.03) was observed three years after recanalisation. Mean ejection 
fraction tended to improve (60 ± 9% to 63 ± 11%; p=0.11). SWT significantly 
increased at 5 month follow-up (p<0.001) and an additional improvement was 
found at 3 years (p=0.04) follow-up in segments with TEI of <25%. In segments 
with TEI between 25% and 75%, SWT remained unchanged at 5-month follow-
up (p=0.89), but improved after 5 months (p=0.04). SWT remained unchanged 
in segments with transmural scars. For segmental functional recovery, TEI was 
a better predictor than EDWT (odds ratio 5.6, CI: 1.5-21.1; p=0.01 versus 2.5, CI: 
0.7-8.3; p=0.14). In conclusion, a positive effect on LV remodeling and ejection 
fraction is observed up to three years after recanalisation. Both early and late 
improvement of regional LV function is observed in the perfusion territory of 
CTO and is related to the transmural extent of infarction on pre-treatment MRI. 
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Introduction

Chronic total coronary occlusions (CTO) are observed in up to 30-35% of the 
patients with suspected or known coronary artery disease that underwent a di-
agnostic coronary artery catheterization1. Myocardium in the perfusion territory 
of a CTO can be either functionally normal or can be dysfunctional and viable or 
dysfunctional and non viable. Dysfunctional but viable myocardium may recover 
function after percutaneous coronary intervention for CTO2-4. It is currently un-
known in what time span recovery of dysfunctional but viable myocardium can 
be seen. Several studies observed the beneficial effect of treatment of a CTO on 
left ventricular (LV) function with a follow-up time of approximately 6 months5-8. 
These early observations suggest that the time span of functional recovery of 
dysfunctional but viable myocardium may extent beyond 6 months but no data 
is available in patients with a recanalised CTO9,10. In the present study we evalu-
ated patients with dysfunctional myocardium due to CTO, early (5 months) and 
late (3 years) after percutaneous revascularization. 

Materials and methods

Patients scheduled for percutaneous revascularization of a CTO of a native coro-
nary artery were prospectively studied, of these patients 75% had a positive ex-
ercise test the remaining 25% had progressive anginal symptoms. All successful 
treated patients received a drug eluting stent. Forty-seven patients were includ-
ed in this study. In 34 patients, percutaneous coronary intervention was success-
ful. Follow-up at 3 years was obtained in 21 patients; 1 patient died, 1 patient 
had a defibrillator implanted, 1 patient gained too much weight to fit into the 
scanner, and 10 patients refused re-investigation. 

In these patients MRI was performed at 16 ± 16 days before percutaneous coro-
nary intervention and 5 ± 1 month and 2.7 ± 0.3 years after percutaneous coro-
nary intervention. Fifty percent of the patients underwent a diagnostic heart 
catheterization at 3 years follow-up. One patient had a >50% in stent restenosis 
on the angiogram, however fractional flow reserve measurements were nega-
tive (0.89). More patient characteristics are listed in table 1. Exclusion criteria 
were any of the contraindications for magnetic resonance studies (pacemakers, 
claustrophobia, cochlea implants). The institutional review board of the Erasmus 
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Medical Center approved the study and each 
subject gave written informed consent.

Magnetic resonance images were acquired us-
ing a 1.5 Tesla scanner. Patients were positioned 
in the supine position with a cardiac 4 or 8-ele-
ment phased-array receiver coil placed over the 
thorax (Signa CV/i, GE Medical systems, Milwau-
kee, Wisconsin USA). Repeated breath holds and 
gating to the electrocardiogram were applied 
to minimize the influence of cardiac and respi-
ratory motion on data collection. Cine MRI was 
performed using a steady-state free-precession 
technique (FIESTA). Imaging parameters were; 
field of view 36-40 x 28-32 cm; matrix size was 
224 x 196; repetition time , 3.4 ms; echo time , 1.5 
ms; flip angle, 45 degrees; 12 views per segment 
and slice thickness was 8.0 mm with a 2.0 mm 
slice gap. Using standard techniques to identify 
the major cardiac axes, two-chamber and four 
chamber cine magnetic resonance images were 
obtained. The 2- and 4-chamber end diastolic 
images at end expiration provided the reference 
images to obtain a series of short axis views. This 
resulted in 10-12 cine breath-hold short-axis im-
ages to cover the entire left ventricle.

Delayed enhancement imaging was performed 
with a gated breath hold T1-inversion recovery 
gradient-echo sequence 20 minutes after infu-
sion of Gadoliniumdiethyltriaminepentaacetic 
acid (0.2 mmol/kg intravenously, Magnevist, 
Schering, Germany). Imaging parameters were; 
repetition time 6.3 ms, echo time 1.5 ms, flip 
angle 20°, inversion pulse of 180°, matrix 192 
x 160, number of averages 1-2, inversion time 
180-280 ms (adjusted to null the signal of the 
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remote myocardium). The slice locations of the delayed enhanced images were 
copied from the cine-images.

All conventional angiograms before revascularization were evaluated by two ex-
perienced observers (TB and RvG). Collateral function was scored using the Rent-
rop classification11. The CTO was classified as a complete occlusion for >6 weeks 
as obtained from the clinical history of prolonged anginal chest pain, myocardial 
infarction or the date of the diagnostic angiogram before revascularization. LV 
function was calculated using a dedicated software package (Mass, Medis, the 
Netherlands). Papillary muscles and trabeculations were considered as being 
part of the blood pool volume. A 16 segment-model, excluding the apex12, was 
used to analyze the myocardial wall in each patient. Segmental wall thicken-
ing (SWT) was defined as a percent increase of LV wall thickness during systole 
compared to diastole. Myocardial segments were considered dysfunctional if 
wall thickening was less than 45%13. To study changes in wall thickening over 
time, the perfused territories of the CTO region were analyzed at baseline and 5 
months and 3 years after recanalisation. 

Two viability indexes were evaluated: 1) end diastolic wall thickness (EDWT)14 
and 2) the transmural extent of infarction (TEI) at baseline7. Delayed enhance-
ment images for the TEI were analyzed by experienced observers (TB and RvG), 
blinded for the clinical data, and the decision was made based on consensus. 
The TEI was calculated on a 5-point scale and defined as: 1=0%, 2=1-25%, 3=26-
50%, 4=51-75% and 5=76-100%. 

Data are presented as mean +/- standard deviation. The change in LV function 
and volume indexes and the changes in SWT in viable segments (<25% TEI), 
possible (26% to 75% TEI), non-viable segments (>75%), and remote segments 
between baseline and follow-up were tested using the Students-t-test. All test 
were done two sided and a p-value of <0.05 was considered to indicate statisti-
cal significance. We analyzed separately the usefulness of the viability indexes 
evaluated before revascularization. We calculated sensitivity, specificity, posi-
tive predictive value and negative predictive value for predicting segmental im-
provement. A logistic regression model was used to investigate the power of the 
two viability indexes for predicting segmental improvement of more than 10%. 



137

Long term follow-up of left ventricular function

M
R

I g
ui

de
d 

tr
ea

tm
en

t

Results

The patient population consisted of 21 patients. In 11 patients the CTO was lo-
cated in the left anterior descendent, in 8 patients in the right coronary artery 
and in 2 patients in the circumflex artery. All images were good for analysis. Mean 
duration of occlusion was 7 ± 5 months. At follow-up, medication was similar to 
baseline except for clopidogrel, which was discontinued after 6 months.

A total of 336 myocardial segments were available for analysis of which 106 seg-
ments were in the perfusion territory of a CTO. Of these 106 segments, abnormal 
contractile function (wall thickening of <45%) was present in 49 (46%) segments: 
24 (49%) in the anterior area, 4 (8%) in the lateral area, and 21 (43%) in the infe-
rior area. Of the 49 dysfunctional segments in the perfusion territory of a CTO, 
21 (43%) had a TEI of <25%, 25 (50%) had TEI of 25-75% and 3 (6%) had a TEI of 
>75%. In this study 19 segments had delayed enhancement before revasculariza-
tion while SWT was normal. Albeit most of them had TEI of <25% (53%). EDWT 
was measured in these 49 dysfunctional segments at baseline: 11 segments had 
baseline EDWT of <7mm, 23 segments had EDWT between 7 and 9 mm and 
15 segments had EDWT of more > 9 mm. A significant decrease in mean end-
diastolic volume index (86 ± 14 ml/m2 to 78 ± 15 ml/m2; p=0.02) and mean end-
systolic volume index (35 ± 13 ml/m2 to 30 ± 13ml/m2; p=0.03) was observed 3 
years after recanalisation. Mean ejection fraction tended to improve (60 ± 9% to 
63 ± 11%; p=0.11)(Figure 1). At 3 years follow-up 15 (71%) patients had normal 
ejection fraction, 13 (62%) normal end diastolic volume and 14 (67%) normal end 

Figure 1 
The change in left ventricular volume indexes and ejection fraction between baseline, and 3 years 
follow-up measured with magnetic resonance imaging (MRI). The mean ejection fraction remained 
unchanged, but end-systolic and end-diastolic volume indexes decreased significantly. (Normal 
values for EF, EDV and ESV are 63±4%; 162±28ml and 60±11ml, respectively)
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systolic volume values. SWT improved more than 10% in 27 (55%) of the dysfunc-
tional segments. Twenty-one (43%) segments developed normal wall thickening 
while 12 (24%) segments had a further deterioration of wall thickening after 3 
years of follow-up (Figure 2).

Mean SWT of all dysfunc-
tional segments increased 
from 19±21% at baseline 
to 31±30% at 5 months 
follow-up and 47±46% at 
3 year follow-up. However, 
SWT of the revascularised 
dysfunctional segments 
was significantly lower 
compared to remote seg-
ments (47±46% versus 
82±36%; p<0.001). In seg-
ments with TEI of <25%, 
mean SWT increased 
significantly at 5 month 
follow-up (18±24% to 
47±28%; p<0.001) with a 
considerable further im-

provement after 3 years (to 67±48%; p=0.04). In segments with TEI between 
the 25% and 75%, SWT remained unchanged at 5 month follow-up (22±18% to 
22±22%; p=0.89). Interestingly, after 3 years of follow-up SWT improved signifi-
cantly in these segments (to 39±43%; p=0.04). In segments with transmural scars 
(TEI> 75%), SWT remained unchanged at early (4±33% to –9±16%; p=0.54) and 
late follow-up (to 13±40%; p=0.42) (Figure 3a).

When the individual segments were stratified into EDWT at baseline, segments 
with EDWT of <7 mm SWT remained unchanged at early (5±17% to 8±28%; 
p=0.77) and late follow-up (to 15±33%; p=0.55). In segments with EDWT be-
tween 7 and 9 mm, SWT showed no improvement after 5 months (25±16% to 
33±27%; p=0.17) but showed a remarkable improvement after follow-up dura-
tion of three years (to 51±46%; p=0.05). Segments with an EDWT of more than 
9 mm SWT showed a marked improvement after 5 months (18±26% to 44±26%; 

Figure 2
Functional changes for dysfunctional segments over time, 
numbers of the segments are given and related to the seg-
ments before. Segments were categorized into a deteriora-
tion of wall thickening of at least 10%, no change in wall 
thickening or an improvement of wall thickening of at least 
10% at 5 months and at 3 years.
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p=0.002), and tended to improve further after 3 years of follow-up (to 64± 44; 
p=0.08) (Figure 3b).

Figure 3b
Improvement in SWT is related to the EDWT at baseline. Solid bars = SWT be-
fore stent implantation; Open bars = 5 months after revascularization; Dotted 
bars = 3 years after stent implantation. * P < 0.05

Figure 3a
Improvement of SWT is related to the transmural extent of infarction. Solid 
bars = SWT before stent implantation; Open bars = 5 months after revascular-
ization; Dotted bars = 3 years after stent implantation. * P <0.05
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Sensitivity, specificity, and positive and negative predictive values of viabil-
ity indexes for predicting improvement of >10% of SWT are demonstrated in  
table 2. Univariate logistic regression analysis for predicting SWT at 3 years was 
performed. For each level increase in TEI the odds ratio was 0.63 (95%CI; 0.40-
0.98; p<0.05). When the cut of value of 25% TEI was chosen, the odds ratio was 
5.63 (95%CI; 1.50-21.12; p=0.01). The odds ratio for each increase of 1 mm in 
EDWT was 1.34 (95%CI; 0.92-1.96; p=0.13). When we used a cut of value of 7 mm 
for EDWT, the odds ratio was 2.5 (95% CI; 0.74-8.31; p=0.14). Multiple regression 
analysis showed no additive predictive value for EDWT in addition to TEI (p=0.63). 

Discussion

We report in this paper that SWT improves in dysfunctional but viable segments 
5 months after CTO recanalisation with an even further improvement after 3 
years of follow-up. Secondly, a reduction in remodelling is observed up to three 
years after recanalisation as demonstrated by decreased end diastolic volume 
and end systolic volume. Third, improvement in regional function is related to 
the extent of myocardial fibrosis and can be predicted by DE-MRI before revas-
cularisation. 

Several authors have studied the effect of revascularisation for CTO on global 
and regional LV function5-8,15,16. In general, a positive effect on regional wall mo-

Sensitivity Specificity 
Positive  

predictive 
value 

Negative 
predictive 

value 

Transmural extent of 
infarction <25%

64% 81% 82% 63%

End diastolic wall 
thickeness 7 mm

84% 35% 71% 55%

End diastolic wall  
thickness 8 mm

63% 53% 68% 48%

End diastolic wall  
thickness 9 mm

37% 79% 73% 44%

Table 2. Viability indexes analyzed before revascularization for predicting improvement in 
segmental wall thickening at 3 years (improvement of > 10%).
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tion was observed and ejection fraction tended to improve at approximately 6 
months follow-up. Long-term follow-up studies registered clinical endpoints17-19. 
These non-randomised studies demonstrated a significant reduction in mortal-
ity and need for surgical revascularisations. One randomised study, the TOSCA-2 
trial showed improvement in LV ejection fraction and remodelling in patients 
that underwent either optimal medical therapy or those that received percuta-
neous coronary intervention of the total occluded infarct related vessel shortly 
after the acute myocardial infarct16. However no difference between the 2 treat-
ment strategies was found. The positive effect in both groups can be ascribed 
due to the stunning of the tissue early after the acute myocardial infarct, which 
will improve20. In our group with a more chronic situation recovery of function 
or reduction in remodelling can be related to hibernating in the targeted area, 
which can only improve after revascularisation. Moreover in the TOSCA-2 trial no 
assessment of myocardial viability was made before revascularisation and viabil-
ity is expected to be low where most of the patients presented with ST-elevated 
infarctions without trombolysis treatment, which resulted in high levels of serum 
markers.

No previous study with pre-treatment viability assessment on LV function after 
recanalisation of a CTO was performed with a follow-up of more than 6 months. 
Several authors described additional improvement in LV function after the gen-
eral accepted 6 months follow-up period, but this was described in patients with 
surgical revascularisation for coronary artery disease21,22. 

The recovery time of dysfunctional myocardium is related to the extent of dam-
age on cellular level23 that depends on different factors, including the duration of 
ischemia and the severity of ischemia24. Biopsies taken of hibernating myocardi-
um showed defects in nearly all cells. The center of the cell looses its sarcomeres 
and myofibrils, the perinuclear area is absent of contractile material and cellular 
debris occurred in the enlarged extracellular space23,25. In a study of 19 patients 
with dysfunctional myocardium, myocardial biopsies showed that there was a 
relationship between the extent of the structural changes and the rate of recov-
ery26. Significant recovery could already be noted 1 week after revascularization 
when the dysfunctional myocardium displayed no or little structural changes. 
In addition, when the structural changes were widespread the recovery was de-
layed and the extent of recovery remained incomplete at 6 months. 
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In the present study, improvement of SWT was observed beyond the 6 month 
period in segments with more extensive myocardial abnormalities (EDWT be-
tween 7 and 9, or TEI between 25-75%) suggesting that the restoration of flow 
after revascularisation may lead to late recovery of segments that did not or in-
completely recover after 5 or 6 months. On the contrary, dysfunctional segments 
with less abnormalities (EDWT >9, or TEI <25%) showed early improvement of 
function, possibly representing (chronic) stunned areas with less or no structural 
cellular changes.

In the present study 2 previously described viability indexes were measured and 
the predictive value for possible systolic functional recovery was tested7,27. The 
TEI performed well in predicting functional recovery with good sensitivity and 
specificity. The predictive value of EDWT was rather low for all cut of values test-
ed. This is also illustrated by the high odds ratio for TEI but not significant univari-
ate analysis for EDWT. The optimal cut-off value for EDWT was 7 mm in our study 
which is higher compared to the commonly used threshold for viability of >5.5 
mm defined by MRI28. This value has been chosen in the early 90’s when conven-
tional gradient echo techniques where used while nowadays steady-state free-
precession techniques are the standard, which results in a higher contrast and a 
higher signal to noise ratio29.  

Several limitations of the present study should be mentioned. 1) The present 
study did not have a control group without an intervention; thus treatment ef-
fect on LV function, volumes and SWT cannot directly be ascribed due to the 
revascularization procedure but may be related to conservative therapy. 2) An-
giograms at follow-up were only performed in 50% of the patients, but no clini-
cal evidence of recurrent ischemia was reported and all patients received a drug 
eluting stent with low reported restenosis rates30. 3) Functional follow up was 
only assessed at 5 months and 3 years. 
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Abstract

Objectives To investigate the effect of complete, incomplete and unsuccessful 
revascularization by percutaneous coronary intervention (PCI) on left ventricu-
lar ejection fraction (EF) in patients with multivessel disease and impaired left 
ventricular function and assessed the diagnostic accuracy of cardiac magnetic 
resonance imaging (CMR) for improvement in EF.

Background The effect of PCI for multivessel coronary artery disease on long-
term myocardial function and the predictive value of CMR on global function are 
incompletely investigated.

Methods CMR was performed in patients with multivessel disease before and 
6 month after complete revascularization (n=34), incomplete revascularization 
(n=22) or in patients without successful revascularization (n=15). For the predic-
tion of recovery of EF, wall thickening was quantified on cine images at rest and 
during 5- and 10 mcg/kg/min dobutamine. The transmural extent of infarction 
was quantified on delayed enhancement CMR. 

Results EF improved significantly after complete revascularization (46±12 to 
51±13%; p<0.0001) but did not change after incomplete (49±11 to 49±10%; 
p=0.88) or unsuccessful revascularization (49±13 to 47±13%; p=0.11). Sensitivity, 
specificity, positive and negative predictive value for the prediction of improve-
ment in EF of >4% after PCI were 100%, 75%, 74% and 100% for dobutamine-
CMR and 70%, 77%, 70% and 77%, for delayed enhancement-CMR respectively.

Conclusions Complete revascularization for multivessel coronary artery dis-
ease improves EF whereas EF did not change in patients after incomplete or 
unsuccessful revascularization. Improvement in EF can be predicted by perform-
ing CMR before PCI.
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Introduction

Coronary atherosclerosis is the most common cause of heart failure in the wes-
tern world (1). Several studies have shown that a coronary artery bypass graft 
for multivessel coronary atherosclerosis improved ejection fraction (EF) in the 
presence of viable tissue (2-4). Nowadays, percutaneous coronary intervention 
(PCI) is increasingly used as revascularization strategy instead of coronary artery 
bypass graft because both therapies have the same outcome in terms of sur-
vival and rates of myocardial infarction, as long as the extent of disease is not to 
extensive (Syntax score <33) (5). Due to extensive disease or depressed left ven-
tricular systolic dysfunction which is though to be irreversible PCI may result in 
incomplete revascularization, which has a significantly lower event free survival 
as compared to complete revascularization (6,7).  The majority of events is due 
to repeated interventions but also a lower survival rate is associated with in-
complete revascularization which is not fully understood.  We hypothesised that 
complete revascularization in patients with multivessel disease and depressed 
EF does better improve EF as compared to incomplete revascularization.

In this study we evaluated the effect of complete, incomplete or unsuccessful re-
vascularization by PCI on EF in patients with multivessel coronary artery disease 
and left ventricular dysfunction and whether improvement in EF after successful 
PCI can be predicted by performing cardiac magnetic resonance imaging (CMR) 
before PCI. 
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Materials and methods

Patient population
Patients with multivessel coronary artery disease and left ventricular wall motion 
abnormalities who were referred for PCI, based on the discretion of the physician 
using the information of patient history, risk factors and additional non-invasive 
stress testing if performed were prospectively approached for enrolment in this 
study. Inclusion criteria were (1) significant stenosis in at least two vessels, (2) 
sinus rhythm and (3) abnormalities in wall motion on contrast ventriculography 
or echocardiography. Exclusion criteria were (1) myocardial infarction within the 
last three months; (2) atrial fibrillation; (3) contraindications for magnetic reso-
nance studies, (4) inability to give reliable informed consent, (5) known allergy to 
gadolinium based contrast material, (6) unstable coronary artery disease.

The institutional review board of the Erasmus Medical Center in Rotterdam ap-
proved the study and all patients gave written informed consent.

CMR-protocol
A 1.5 Tesla scanner with a dedicated eight-element phased-array receiver coil 
was used for imaging (Signa CV/i, GE Medical systems, Milwaukee, Wisconsin 
USA). Cine CMR was performed using a steady-state free-precession technique 
(FIESTA). Pulse sequence details have been published previously (8). To cover 
the entire ventricle, 10 to 12 short axis slices were planned on the four and two 
chamber view (gap 2 mm). Dobutamine was infused at 5 and 10-mcg/kg/min for 
5 minutes at each dosage using an intravenous catheter, which was placed in the 
antecubital vein. Functional imaging was repeated during dobutamine infusion 
using the same long axis imaging planes as at rest, for the short axis only 3 slices 
were acquired. The 3 slices covered the basal mid and apical part of the left ven-
tricle. During the test the patients were monitored using ECG leads for rhythm 
control and blood pressure was measured at every 3 minutes interval. Criteria for 
ending the dobutamine-CMR examination were (1) development of a new wall 
motion abnormality, (2) fall of systolic blood pressure of >40 mm Hg, (3) marked 
hypertension >240/120 mm Hg, (4) severe chest pain, (5) ventricular arrhythmias 
or new atrial arrhythmias or (6) intolerable side effects of dobutamine.

Delayed enhancement (DE)-CMR was performed 20 minutes after infusion of 
Gadoliniumdiethyltriaminepentaacetic acid (0.2 mmol/kg intravenously, Mag-
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nevist, Schering, Germany). A gated breath hold T1-inversion recovery gradient-
echo sequence was used as described previously (8). The slice locations of the 
delayed enhanced images were copied from the cine-images.

Definitions and data analysis
All conventional angiograms before PCI were evaluated by two observers and 
lesions were scored visually (<50%, 50-99% or 100%). A stenosis was considered 
significant if the diameter stenosis was >50%. Multivessel disease was defined 
as the presence of a significant lesion in at least 2 epicardial vessels in different 
perfusion territories. A chronic total occlusion (CTO) was classified as a complete 
occlusion for more than 3 months as obtained from either the clinical history of 
prolonged anginal chest pain or the date of the diagnostic angiogram before 
PCI. Revascularization was defined as complete when all significant stenosis de-
fined on conventional angiogram were successfully treated. Revascularization 
was defined incomplete when not all significant lesions but at least one was 
successfully treated. Revascularization was defined unsuccessful when all sig-
nificant lesions remained untreated. All CMR-images were transferred to a Mi-
crosoft Windows™ based personal computer for analysis using CAAS-MRV (ver-
sion 3.2.1; Pie Medical Imaging, Maastricht, The Netherlands). This software uses 
the additional information of the long axis to limit the extent of volumes at the 
base and apex of the heart. The ejection fraction was determined by subtracting 
end systolic endocardial volume from the end diastolic endocardial volume and 
divide this number by the end diastolic endocardial volume. Papillary muscles 
and trabeculations were considered as being part of the blood pool volume. 
A 17 segment-model, excluding the apex, was used to analyse the myocardial 
wall in each patient . According to the place of the stenosis and left or right 
dominance, the left ventricular segments were determined as being perfused 
by a vessel with a significant lesion or a vessel with a non-significant lesion (9). 
Segmental wall thickening was defined as a percent increase of left ventricu-
lar wall thickness during systole compared to diastole. We studied the effect of 
revascularization on global function and regional function. To study the effect 
of revascularization on regional myocardial function, segments in the perfusion 
territory of a significant lesion (related to anatomy on conventional angiogram) 
were analysed. Myocardial segments were considered dysfunctional if wall thick-
ening was less than 45% (10,11). Two viability indexes were evaluated before 
revascularization; (1) quantitative contractile reserve during dobutamine-CMR 
and (2) TEI which was calculated by dividing the hyper enhanced area by the 
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total area in 16 segments and expressed as a percentage. The TEI was divided 
into 5 groups; 0%, 1-25%, 25-50%, 50-75% and >75% infarct transmurality per 
segment and segmental wall thickening was quantified for each group. A cut off 
value of TEI <25% was used to predict functional recovery after revascularization 
(10,12,13). For quantitative contractile reserve during dobutamine-CMR a cut off 
value of 7% was used (Kirschbaum MD, unpublished data that are under review, 
2009). The percentage dysfunctional but viable segments per patient were de-
fined as the sum of all-dysfunctional but viable segments divided by the total 
number of segments (N=16). The angiograms and the CMR data were analyzed 
in a random order with the investigator blinded to the clinical information and 
the previous results.

Biochemistry
Troponin T was measured 6 hours after the procedure. If troponin T was above 
the upper limit of normal (0,02 ug/l) serial blood samples were taken every 6 
hours until maximum troponin T was identified. According to the guidelines (Eu-
ropean Society of Cardiology American College of Cardiology/ American Heart 
Association) a diagnosis of an enzymatic periprocedural infarction was made if 
troponin T was greater than 3 times the upper limit of normal (14). Troponin T 
was quantified with electro Chemi Luminescence Immuno Assay (ECLIA) on a 
Elecsys type 2010 (Roche Diagnostics, Almere, The Netherlands). 

Statistical analysis
Continuous data are expressed as mean values ± one standard deviation (SD), 
whereas dichotomous data are expressed as numbers and percentages. Dif-
ferences in baseline characteristics between patients undergoing complete, 
incomplete or unsuccessful revascularization were evaluated using chi-square 
tests, Fisher’s exact tests, one-way ANOVA, or Kruskal-Wallis test where appropri-
ate. The number of segments per patient perfused by a significant lesion was 
tested with one way ANOVA. Post hoc analysis was performed using Bonferroni 
correction. The changes in left ventricular EF and volumes within each group 
were tested with paired student’s t test. The change in global functional pa-
rameters between groups was tested with analysis of variance or the unpaired 
student’s t-test. The relationship between the amount of viability per patient and 
the change in left ventricular EF was analysed with linear regression analysis. We 
present the observed area under the ROC curves for both predictors. Differences 
in sensitivity and specificity between contrasting dobutamine-CMR and DE-CMR 
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were evaluated by Mc Nemar tests with exact methods. All tests were performed 
two sided and a p-value of <0.05 was considered statistically significant. All anal-
ysis were performed with SPSS 15.0.1 (SPSS Inc, Chicago, Illinois).

Results

Patient population
Between June 2006 and January 2008, 118 patients who met the inclusion cri-
teria were prospectively selected of which 28 patients refused to participate. Of 
the 90 patients that were included 71 patients completed the study protocol. 
Inclusion flow chart is presented in figure 1. The mean time interval between 
baseline CMR and PCI was 36±36 days,  clinical evidence of myocardial infarction 
did not occur during his time interval. In 71 patients a second CMR scan was 
repeated at a mean of 7±1 month after PCI. All treated patients received drug-
eluting stents. Baseline patient characteristics are presented in table 1. Thirty-
four patients underwent complete revascularization by PCI. The left anterior de-
scending artery was treated in 34 patients, left circumflex artery in 23 patients, 
right coronary artery in 18 patients, the main stem in 3 patients, first diagonal 
branch in 6 patients, second diagonal branch in 2 patients and the marginal ob-
tuses in 3 patients. A total of 989 vessels and 94 lesions underwent PCI with drug 
eluting stent implantation. Average of 1.9 drug eluting stents per vessel and 4.1 
drug eluting stents per patient were implanted with an average stent length of 
21.3 mm per patient. NYHA classification improved from 2.6±1.1 before revascu-
larization to 1.1±0.4 at 6 months follow-up. 

In patients with incomplete revascularization (n=22), left anterior descending 
artery was treated in 8 patients, the first diagonal branch in 1 patient, the left 
circumflex artery in 4 patients, the marginal obtuses in 1 patient and the right 
coronary artery in 10 patients. Average of 2.8 drug eluting stents were implanted 
per vessel with an average stent length of 22.1 mm. NYHA classification was 
2.6±0.7 before and changed to 1.4±0.5 at 6 months follow-up. In 15 patients, PCI 
was not successful mainly due to the presence of a chronic total coronary occlu-
sion and in some patients CABG was already rejected as an treatment option due 
to co-morbidity; these patients were only medically treated. NYHA classification 
changed from 2.8±0.8 at baseline and changed to 2.1±1.1 at 6 months follow-
up. Administration of low dose dobutamine during CMR imaging was well toler-
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Complete 
PCI

N=34

Incomplete 
PCI

N=22

Unsuccessful 
PCI 

N=15
P-value

Age (years) 62±9 64±10 62±9 0.54

Men 28(82) 14(64) 12(80) 0.57

Previous MI 16(47) 9(41) 6(40) 0.77

MI on DE-CMR 29(85) 17(77) 12(80) 0.71

Previous PCI 6(18) 6(22) 7(47) 0.10

Risk Factors for coronary artery 
disease

Smoking 6(18) 4(18) 3(20) 0.86

Diabetes Mellitus 6(18) 2(9) 2(13) 0.87

Hypertension	 14(41) 10(45) 7(47) 0.86

Hypercholesterolemia 28(82) 14(64) 15(100) 0.50

Family history 17(50) 9(41) 9(60) 0.52

Medications

ACE inhibitor	 14(41) 10(45) 7(47) 0.86

β - Blocker 30(88) 20(91) 15(100) 0.47

Statin	 33(97) 20(91) 14(93) 0.54

ASA 33(97) 20(91) 15(100) 0.44

Baseline ejection fraction (%) 46±12 49±11 49±13 0.51

Baseline end systolic volume 
index (ml/m2)

56±34 52±23 47±23 0.10

Infarct size on DE-CMR (g) 24±21 19±22 25±21 0.30

2-vessel disease on CAG 25(74) 15(69) 10(67) 0.56

Vessel with stenosis>50%

LAD 34(38) 18(38) 9(25) 0.04

LCX 23(26) 10(21) 6(17) 0.23

RCA 18(20) 14(29) 10(28) 0.98

Main stem 3(3) 0 0 0.30

Intermediate branch 0 2(4) 2(6) 0.64

Table 1 Baseline patient characteristics. 
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ated by all patients, no serious side effects occurred. All patients with delayed 
enhancement showed a distribution pattern extending from the endocardium, 
typical for ischemic heart disease.

Myocardial injury by DE-CMR and serum markers
DE-CMR before PCI showed pre-existing myocardial damage in 85% (29/34) in 
the patients that underwent complete revascularization, in 77% (17/22) of the 
patients with incomplete revascularization and in 87% (13/15) of the patients 
with an unsuccessful revascularization (P=0,97). Mean infarct mass at baseline 
was 24±21 g in patients that underwent complete revascularization, 19±22 g 
in patients with incomplete revascularization and 25±21 g in patients with un-
successful revascularization (P=0.70). The number of dysfunctional segments 
TEI<25%, and dobutamine responsive segments per patient showed no signifi-
cant difference for the three groups (table 2).

Troponin levels post procedure were elevated in 10 patients that underwent 
complete revascularization in which new patterns of late enhancement ap-
peared in 3 patients and in 5 patients that underwent incomplete revasculariza-
tion, none of these patients developed new patterns of DE. For the 3 patients 
in the complete revascularization group that developed new patterns of DE 
maximum troponin levels were 0.65, 0.43 and 0.06 ug/l and corresponding new 
infarct masses on DE were 6.7, 9.4 and 2.0 g respectively. In the 3 patients with 
new DE, the average myocardial infarct mass changed from 11 g to 19 g. The 
change in infarct mass in these 3 patients did not change the total infarct size 
in the complete revascularization group (23.6±21.7g to 23,9±22,6g). In patients 

Values are presented as number (%) or mean ± standard deviation. 
ACE= angiotensin-converting enzyme; ASA= acetylsalicylic acid; PCI, Percutaneous Coronary Inter-
vention; MI, Myocardial infaction; CAG, coronary angiography; LAD, left anterior descending artery; 
LCX, left circumflex artery; RCA, right coronary artery; MO, marginal obtuses.

MO 3(3) 3(6) 3(8) 0.60

Diagonal 1 6(7) 1(2) 4(11) 0.11

Diagonal 2 2(2) 0 0 0.70

Total 89 48 36

Significant lesions/patient 2.6 2.2 2.4 0.17

Chronic total occlusion 20(59) 19(86) 10(67) 0.04

Syntax score 22.2±9.6 22.0±13.0 24.0±14.1 0.90
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without successful revascularization troponin levels were elevated in 3 patients 
and only 1 patient developed a new infarct pattern on DE-CMR. The new infarct 
mass was 2 g. Total infarct mass did not change in these patients (22.0±22.2g to 
20.6 ±22.3g).

Values are presented as mean ± standard deviation; PCI, percutaneous coronary intervention; dys-
functional, segmental wall thickening<45% at rest at baseline; TEI, transmural extent of infarction.

Figure 1. Flow diagram of patient recruitment - Flow diagram of patient recruitment according to 
the STAndards for Reporting of Diagnostic Accuracy statement CMR, cardiac magnetic resonance 
imaging.
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Left ventricular function and volumes
Pre-PCI cardiac function did not differ significantly between the 3 groups 
(46±12% vs. 49±11% vs. 49±13%, p=0.51).In patients with complete revascular-
ization by PCI mean EF improved significantly from 46±12% before revasculariza-
tion to 51±13% (p<0.0001) at 6 months follow-up. EF did not change significantly 
in patients after incomplete (49±11 to 49±10%; p=0.88) and without successful 
revascularization (49±13% to 47±13%; p=0.11) respectively. More detailed infor-
mation is presented in table 3.

The improvement in EF and cardiac output in the group that underwent com-
plete revascularization was significantly higher as compared to patients that un-
derwent incomplete or unsuccessful revascularization(table 4). In patients with 
complete revascularization the change in global parameters was not influenced 
by positive troponin level after PCI or whether a CTO was treated. There was a 
trend toward a greater improvement in EF in patients with an baseline infarct 
size <24g vs. patients with an infarct size of>24g (5,4±4,4% vs. 2,8±5,1; p=0,10) 
(table 4).

Global contractile function and the predictive value of CMR
The change in EF was linearly related to the extent of the left ventricle that was 
dysfunctional but viable before PCI for TEI <25% (R=0.64; p<0.0001)(figure 2a) 
and for contractile reserve >7% (R=0.67; p<0.0001)(figure 2b). 

According to the linear regression line for TEI, 4% improvement in EF corre-
sponded to 25% of the left ventricle that was dysfunctional but viable, which are 
4 segments before revascularization.The area under the ROC curve for DE-CMR 

Complete PCI Incomplete PCI Unsuccessful PCI P-value

Dysfunctional segments/ 
patient

5.73±2.41 4.52±1.12 5.14±2.95 0.38

TEI<25% segments/
patient

3.03±1.83 2.57±1.75 1.86±1.35 0.12

Dobutamine responsive 
segments/patient

3.29±1.68 2.65±1.62 3.33±2.42 0.45

Table 2 Number of segments per patient perfused by a significant lesion according to the different 
groups. 
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Complete PCI
N=34

Incomplete PCI
N=22

Unsuccessful PCI N=15

EF%

Baseline 46±12 49±11 49±13

6 months 51±13 49±10 47±13

∆EF 4±5 1±5 -2±4

P-value <0.0001 0.88 0.11

ESVi (ml/m2)

Baseline 56±34 52±23 47±23

6 months 51±37 48±25 46±23

∆ESVi -5±8 -4±10 -1±5

P-value <0.0005 0.70 0.58

EDVi (ml/m2)

Baseline 99±36 98±22 87±24

6 months 96±37 91±29 82±24

∆EDVi -3±10 -7±15 -5±9

P-value 0.11 0.74 0.07

Cardiac output

Baseline 5.5±1.0 6.1±1.2 5.7±1.2

6 months 6.0±1.3 6.0±1.4 5.1±1.1

∆CO 0.5±1.2 -0.2±1.0 -0.7±1.1

P-value 0.02 0.79 0.10

SV

Baseline 84±16 96±21 82±18

6 months 88±19 90±22 76±14

∆SV 4±15 -6±17 -6±15

P-value 0.13 0.29 0.16

Numbers are presented as mean ± standard deviation. PCI, percutaneous coronary intervention; 
EF, ejection fraction; ESVi, end systolic volume index; EDVi, end diastolic volume index; CO, cardiac 
output; SV, stroke volume

Table 3 Functional data at baseline and at 6 month follow-up on left ventricular function.
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to predict improvement in EF was 0.84 (95%CI, 0.74-0.95; p<0.0001). For dobuta-
mine-CMR, 3 dysfunctional but viable segments per ventricle were required to 
achieve an improvement in EF>4%. The area under the ROC curve for dobuta-
mine-CMR to predict improvement in EF was 0.91 (95%CI, 0.82-0.99; p<0.0001). 
Dobutamine-CMR had a significant higher sensitivity (100% vs. 70%; p<0.0001) 
and specificity was not different (75% vs. 77%; p=0.80) as compared to DE-CMR. 
Sensitivity, specificity, PPV and NPV for both viability parameters were presented 
in table 5.
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function 
Segments were strati-
fied according to the 
presence or absence of 
viability in the perfu-
sion territory of vessels 
with significant lesions. 
Segmental wall thick-
ening improved signifi-
cantly in patients who 

underwent PCI if contractile reserve (positive change in segmental wall thick-
ening>7%) was present or if TEI<25%. Segmental wall thickening remained un-
changed in patients with unsuccessful PCI regardless if viable tissue was present 
(figure 3).

Figure 2. Prediction of change 
in ejection fraction - The 
change in left ventricular 
ejection fraction was related 
to the extent of dysfunctional 
but viable myocardium before 
revascularization using DE-
CMR (a) and using dobuta-
mine-CMR (b).
Solid circle, complete revascu-
larization; open circle, incom-
plete revascularization.

Sensitivity (%) Specificity (%) PPV (%) NPV (%)

TEI<25% 70(50-86) 77(58-89) 70(47-86) 77(58-90)

Contractile reserve (>7%) 100(81-100) 75(55-89) 74(53-88) 100(81-100)

Table 5 Diagnostic accuracy for the prediction of improvement in global function.

Values are presented as means and 95% confidence intervals between parenthesis; PPV, positive 
predictive value; NPV, negative predictive value; TEI, transmural extent of infarction.  
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To study the effect of multivessel PCI on depressed EF we used CMR as it is 
currently accepted as the standard of reference to determine left ventricular 
function (15). In addition we used both the TEI using DE-CMR and dobutamine 
stress CMR as potential predictors of recovery of myocardial function after PCI 
(12,16,17). Pre and post procedural DE-CMR can also detect new peri procedural 
myocardial infarction during PCI that may outweigh the potential positive effect 
on myocardial function.

In our study we demonstrated in patients with dysfunctional myocardium re-
ferred for PCI for multivessel coronary artery disease that complete revascular-
ization by PCI improved EF whereas incomplete revascularization and unsuc-
cessful revascularization did not improve EF. The extent of dysfunctional but vi-
able myocardium per ventricle was linearly related to improvement in EF after 
PCI. This was reflected by the improvement in EF in patients with complete PCI 
by whom more dysfunctional but viable segments were revascularised than in 
patients with incomplete or non-succesful PCI. The change in EF could be pre-

Figure 3. Segmental wall thickening for dysfunctional segments in the perfusion territory of a 
treated versus a non treated vessel in viable versus non viable segments - Improvement in segmen-
tal wall thickening was related to the presence of viability with MRI before percutaneous coronary 
intervention.
Solid bars= before PCI; open bars: 6 months after revascularization. 
*p<0.05 vs. before PCI. 
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dicted by pre-treatment CMR where dobutamine-CMR had a higher diagnostic 
performance than the more widely used DE-CMR. 

Overall left ventricular function
The magnitude of change of EF of 4% in patients that underwent complete PCI 
in the present study was relatively small but in line with previous reported data 
about the effect of  coronary artery bypass graft on left ventricular function 
where also an increase in EF of 4 to 5% was reported (18,19) it also should be 
noted that several established clinical therapies for ischemic heart failure with 
a demonstrated significant impact on prognosis such as angiotesin-converting 
enzyme inhibitor or β-blocker therapy, are associated with similar improvements 
in LVEF (20).

EF did not change in patients with multivessel disease followed by incomplete 
PCI although segments in the perfusion territory of the significant lesion in pa-
tients with incomplete PCI were dysfunctional and viable but apparently remain-
ing non treated lesions subserving dysfunctional segments may have diluted 
any positive effect. Not unexpectedly an unsuccessful attempt did not improve 
EF. The significant increase in EF in patients that underwent complete revascu-
larization may be a reason for the beneficial effect of complete revascularization 
on survival (6,7).

PCI procedure may be associated with peri-procedural myocardial infarction 
which may offset the potential improvement of successful revascularization of 
dysfunctional but viable myocardial tissue. To account for this effect we per-
formed DE-CMR before and after the procedure to detect the occurrence of pro-
cedure related myocardial infarctions. Only 3 patients with successful complete 
PCI developed a peri-procedural infarction on DE-CMR, in 2 of these patients EF 
improved and in the other patient EF remained the same. In the patient group 
with an unsuccessful attempt 1 patient developed a peri procedural myocardial 
infarction of 2 g which is small as the mean infarct mass in these patients was 
25g. In patients with incomplete PCI no peri-procedural infarcts were detected. 
Therefore we can conclude that the lack of change in EF in these last 2 patient 
groups was not influenced by peri procedural infarctions. 

The improvement in EF in the present study was linearly related to the amount of 
dysfunctional but viable myocardium before revascularization (R=0.64, p<0,001 



163

PCI for impaired left ventricular function

M
R

I g
ui

de
d 

tr
ea

tm
en

t

for DE-CMR and R=0,67, p<0,001 for dobutamine) as was also shown by previous 
reported data by Kim et al. (12). They reported in a cohort of 41 patients un-
dergoing revascularization by either PCI (n=14) or coronary artery bypass graft 
(n=27) that an increasing extent of dysfunctional but viable myocardium before 
revascularization correlated with greater improvements in EF after revasculariza-
tion (r=0.70; p<0.001). 

Prediction of recovery of ejection fraction
Previous studies using echocardiography or nuclear imaging have shown that 
improvement of EF after revascularization can be predicted with a sensitivity of 
57% to 84% and a specificity of 53% to 73% (21). In our study we demonstrated 
that the predictive power of dobutamine-CMR was higher with a sensitivity of 
100% and a specificity of 75%. However the sensitivity using DE-CMR was lower 
(70%) and specificity was 77%. Several reasons may explain why dobutamine 
CMR had a higher diagnostic performance than DE-CMR. Dobutamine stress 
testing is a functional parameter, the positive inotropic effects of dobutamine is 
a measure of functionality which mimics the potential effects of revasculariza-
tion by improving contractile function in hypoperfused myocardium even in the 
absence of an increase in blood flow (22-24). 

DE-CMR is an anatomic parameter that accurately delineates the extent of infarc-
tion which will not improve after revascularization (25) but does not provide in-
formation of the extent and the functional state of the surrounding viable myo-
cardium. TEI is a relative value that omits the thickness of a segment and may 
therefore miss important information which is relevant for accurate prediction of 
recovery of function after revascularization therapy (13). 

Limitations
The number of patient included in this study was relatively small nevertheless 
using CMR as the golden standard for the serial assessment of cardiac function 
(26,27), we were able to demonstrate a significant improvement in EF. Baseline 
EF tended to be lower for the group that underwent complete revasculariza-
tion as compared to the other 2 groups which in theory may have influenced 
outcome results positively although our results for PCI are inline with results 
published for CABG (18,19). 
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The patients in the present study had a moderately reduced EF. The results may 
not be applicable to patients with a severe reduced EF because in these pa-
tients more non viable segments may be present, however CMR is able to detect 
the presence of viability which is independent on the EF.  Our results may have 
been compromised by the occurrence of in stent restenosis because we did not 
perform late invasive coronary angiography. However the likelihood of in stent 
restenosis is low after drug eluting stent implantation and the patients that un-
derwent complete revascularization were all symptom free at follow-up (28). 

Conclusion
Left ventricular EF improves after complete revascularization and does not 
change after incomplete or unsuccessful revascularization in patients having 
multivessel coronary artery disease and dysfunctional myocardium. The change 
in EF after PCI could be predicted with pre treatment CMR where dobutamine-
CMR had a higher diagnostic performance than DE-CMR. 
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Introduction

Amyloidosis is a systemic disease characterized by the extra cellular deposition 
of twisted β-pleated sheet fibrils (amyloid)[1]. Amyloid depositions can occur in 
a variety of organs, for example the heart, kidney, liver and the autonomic ner-
vous system. Late gadolinium enhancement (LGE) in a patient with amyloidosis 
is in most cases observed in the subendocardium[2] although more recent stud-
ies described heterogeneous enhancement throughout the myocardium or lo-
calized most midmyocardial in a few patients[3, 4]. We present a case of a 67-year 
old man with biopsy proven amyloidosis and hyperenhancement of the basal 
inferolateral wall, which earlier has been described as typical for Fabry’s disease. 

Case

A 67-year old man was referred to our hospital with progressive severe dyspnoea 
on exertion and chest pain. His medical history showed, atrial fibrillation for 
which he received electrocardioversion and started amiodarone therapy. Physi-
cal examination demonstrated no evident abnormalities. The electrocardiogram 
at admission showed sinus rhythm with a first-degree atrioventriclar block. Echo-
cardiography demonstrated a concentric left ventricular hypertrophy, impaired 
systolic function, diastolic dysfunction (E/A ratio=2.0), enlarged left atrium, mild 
aortic valve and mitral valve insufficiency. Abdominal ultrasound demonstrated 
dilatation from the vena cava inferior and hepatic vein dilatation. During the 
evaluation of the chest pain syndrome a conventional angiogram was made 
which showed left ventricular pressure overload and excluded the presence of 
any coronary artery disease in this patient. The patient was then referred for 
cardiac Magnetic Resonance Imaging (CMR) for investigation of hypertrophic 
cardiomyopathy.  

Cine images showed moderately impaired left ventricular function with ejection 
fraction of 43% (normal range 55-71%) and left ventricular dilatation; with an end 
diastolic volume of112ml/m2 (normal range 56-108ml/m2) and end systolic vol-
ume of 62 ml/m2 (normal range 9-41ml/m2). Left ventricular mass was increased 
to 165 g/m2 (normal range 45-81g/m2) with marked concentric hypertrophy. The 
atria were enlarged but atrial septum thickness (5 mm), the thickness of the 
right atrium free wall (1 mm) and atrioventricular valve thickness were normal. 
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Axial cine images showed bilateral pleural effusion. Late gadolinium enhance-
ment (LGE) imaging was performed using 0.2 mmol/kg Gadoliniumdiethyltri-
aminepentaacetic acid (Magnevist, Schering, Germany), which demonstrated 
enhancement of the infero-lateral basal wall midmyocardial as shown in figure 1.  

The region with the positive LGE was hypokinetic. This type and the location 
of LGE is typically seen in patient with Fabry’s disease[5]. Interestingly, accel-
erated Gadoliniumdiethyltriaminepentaacetic acid kinetics was present in the 
blood and myocardium as inversion time TI had to be increased rapidly between 

Figure 1. Cardiac Magnetic Resonance in a patient with amyloidosis. Diastolic 3-chamber long 
axis cine image (a) and a short axis end diastolic cine image at mid ventricular level (b) showing 
thickened myocardium. Corresponding late gadolinium enhancement images (c, d). Both images 
demonstrate enhancement in the infero-lateral basal wall at midmyocardial level (straight arrows).
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scans to maintain adequately nulled myocardium. This resulted in a prolonged 
TI (350ms) at 10 minutes after infusion of the contrast agent. This observation 
strongly suggests the presence of amyloidosis. Abdominal fat aspiration biopsy 
confirmed the diagnosis of lambda amyloidosis. Further evaluation showed no 
sings of multiple myeloma or other lymphoproliferative disorders. In our case, 
patient was treated with a combination of melphalan, prednisolon and thalido-
mide, unfortunately this did not had any effect on the symptoms of this patient. 

Discussion

Amyloidosis involves the heart in 50% of the patients with type AL amyloidosis 
and in 5% of the patients with AA amyloidosis [6]. Several findings were de-
scribed in amyloidosis, for example granular appearance on echocardiography, 
thickened ventricular wall and systolic and diastolic dysfunction. The ECG fre-
quently demonstrated low voltage, conduction abnormalities and arrhythmias. 
None of these findings is highly specific, although the combination of low volt-
age in the limb leads and a hypertrophic left ventricular septum or posterial wall 
was highly specific for cardiac involvement in systemic proven amyloidosis[7]. 
ECG documentation of low QRS voltages is often one of the first clues of this 
disease. The infiltration of the amyloid protein generally causes cardiac dysfunc-
tion, with systolic dysfunction only occurring in the late stage of the disease. The 
golden standard for the detection of cardiac amyloidosis is endomyocardial bi-
opsy with the drawback of being an invasive procedure. CMR can be performed 
and may add diagnostic information. Maceira et al[2] showed a characteristic 
pattern of global subendocardial LGE and abnormal myocardial and accelerated 
blood pool gadolinium kinetics in patients with biopsy proven amyloidosis. They 
reported that the gadolinium washout from the blood was faster possibly be-
cause of gadolinium distribution into amyloid deposits throughout the body.

In our case, besides the accelerated gadolinium kinetics local LGE was observed 
in the basal inferolateral segments of the left ventricle. Moon et al [5]reported 
this as a typical predilection place for Fabry’s disease. In our case, biopsy final-
ized the diagnosis of amyloidosis. In an overview of Marholdt et al [8]LGE in the 
inferolateral segments are ascribed to sarcoidosis, Fabry’s disease, myocarditis or 
chagas disease but amyloidosis was not reported and should also be considered 
on our information.  
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Summary and conclusions

Magnetic Resonance Imaging (MRI) is an exciting non invasive imaging modality 
that can be used in patients with ischemic heart disease. With this technique a 
physician is able to accurately determine myocardial function, can identify per-
fusion abnormalities and allows precise assessment of the amount of scar tissue 
with delayed enhancement imaging. All this information can be collected in one 
imaging session without the use of radiation and without assumptions on left 
ventricular morphology as in echocardiography. In this thesis this unique imag-
ing capability of MRI was used to study the left ventricle in an experimental set-
ting and in patient groups for validation and also to evaluate MRI based decision 
making in patients with ischemic heart disease. 

Validation

Cardiac MRI is nowadays considered a precise and reproducible technique for 
quantification of left ventricular (LV) volumes and function and these parameters 
are frequently used as end points in clinical trials. Still variability in measurements 
is present although this is relatively small compared to other techniques that can 
measure LV function such as LV angiography and echocardiography. Variability 
in measurements can be introduced during acquisition when the short axis im-
ages are positioned and planned using the long axis images and during post 
procedure analysis when the operator has to decide which short axis must be 
included in the analyses for LV functional measurement. To reduce variability in 
measurements we included additional 3D information from long axis images in 
the analysis, the combination of these images provides more detailed 3D infor-
mation on the location of the mitral valve and apex as described in chapter 3. For 
this study a total of 40 subjects were prospectively included. The result was that 
the percentage interstudy variability for LV functional measurements decreased 
from 12 to 6% when the information of the long axis was included in the analysis. 

In chapter 4 we studied the influence of papillary muscle detection on automatic 
image analysis. In literature the reproducibility for measurement of LV mass is 
good although both significant underestimation and overestimation in compari-
son with LV mass at autopsy have been reported. Recent improvements in MRI 
sequences have increased both the resolution and contrast ratios making it eas-
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ier to distinguish between blood pool and muscle. Together with improvement 
in software this results in easier and faster identification of the papillary muscle. 
We used data of  an animal experimental study on cell transplantation where LV 
mass was determined ex-vivo. All swine underwent an MRI-scan, and were sac-
rificed the next day. Subsequently the heart was removed and the left ventricle 
isolated by dissecting out the mitral and the aortic valve, the atria and the right 
ventricle. The computed LV mass values increased from 86.6 ±7.3% to 92.3 ± 6.2% 
of the true ex-vivo mass when papillary muscle was included confirming the ne-
cessity of automatic papillary muscle detection to achieve the highest accuracy. 

Detection of ischemic heart disease

Magnetic resonance perfusion (MRP) has been proposed as an non-invasive test 
to identify functional obstructive coronary artery disease. We compared MRP to 
two invasive tests available for investigation of anatomical intermediate steno-
ses. We studied 50 patients (male: n=38, mean age= 64 year) with symptoms 
suspicious for coronary artery disease and MRP, invasive fractional flow reserve 
(FFR) and coronary flow reserve (CFR) were performed. The myocardial perfusion 
reserve index was calculated and compared to the results of FFR and CFR. The 
sensitivity and specificity of myocardial perfusion reserve index for predicting a 
CFR < 2.0 was 97% and 64% and for predicting a FFR < 0.80, 97% and 60% respec-
tively (Chapter 5). Therefore in patient population cardiac symptoms suspicious 
for coronary artery disease MRP can be used as a highly sensitive non-invasive 
tool to exclude hemodynamic relevant coronary artery disease similar to other 
non invasive techniques such as SPECT and echocardiography. Not only MRP but 
also computed tomography coronary angiography (CTCA) is rapidly expanding 
in the diagnostic work up of patients with anginal symptoms. CTCA has a high 
sensitivity to detect significant coronary artery disease and is reliable to exclude 
the presence of coronary artery disease in patients who present with anginal 
symptoms. We combined function (MRP) and anatomy (CTCA) in the diagnostic 
work up of patients with symptoms suspicious for coronary artery disease. In this 
low prevalence coronary artery disease patient group the number of patients 
with false positive CTCA is significant, resulting in a high number of patients 
referred for invasive analysis. We hypothesized that MRP can identify patients 
that have an abnormal CTCA who require further invasive investigation. Two 
hundred and thirty symptomatic patients (male, 52%; age, 56 year) with anginal 
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symptoms underwent CTCA. In patients with a stenosis of >50%, as was visually 
assessed, MRP was performed and myocardial perfusion reserve index was cal-
culated. Sensitivity and specificity for MRP in patients with a positive CTCA scan, 
were 96% and 78%. We concluded that the combination of CTCA followed by 
MRP was reliable in the selection of patients where further invasive investigation 
is warranted (chapter 6). 

MRP provides excellent diagnostic sensitivity and NPV to detect significant cor-
onary artery disease in patients with anginal symptoms. In addition low dose 
dobutamine MRI can be used to predict recovery of function after revasculariza-
tion and is a useful addition to delayed enhancement MRI. We were the first to 
study the relation between quantitative contractile reserve and transmural ex-
tent of infarction in patients with chronic dysfunctional myocardium. We quan-
tified contractile reserve in myocardial segments stratified according to (i) the 
transmural extent of infarction, (ii) end-diastolic wall thickness and (iii) thickness 
of the unenhanced rim in patients with chronic dysfunctional myocardium due 
to a chronic total occlusion (CTO) during low dose dobutamine and compared 
this with segmental wall thickening at follow-up (Chapter 5) . We paid partic-
ular attention to the evaluation of segments with an intermediate transmural 
extent of infarction between 25-75 % where we investigated the influence the 
epicardial viable rim on contractile reserve and improvement in function after 
revascularization. Significant contractile reserve was present in segments with 
end diastolic wall thickness>6 mm, unenhanced rim thickness>3 mm or trans-
mural extent of infarction of <25% but only transmural extent of infarction had 
a significant relation with contractile reserve (OR 0.98; 95%CI 0.96-0.99; p=0.02). 
In segments with intermediate transmural extent of infarction (n=58) mean seg-
mental wall thickening did not improve significantly. However segments with a 
hypokinetic epicardial viable rim showed contractile reserve and improved at 
follow-up while in segments with a normokinetic epicardial viable rim remained 
unchanged during dobutamine and at follow-up. Segmental wall thickening of 
the unenhanced rim had a significant relation with contractile reserve (OR 0.98; 
95%CI 0.97-0.99; p=0.02) (chapter 7). 
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Magnetic resonance imaging guided management of 
ischemic heart disease

Left ventricular dysfunction may be the result of viable myocardium or non via-
ble dysfunctional myocardium. The latter may not recover after revascularization 
therapy while viable myocardium will recover in week, months or years after re-
vascularization. This myocardium is called hibernating myocardium where hiber-
nation refers to regions with repetitive transient ischemia or persistent reduced 
myocardial blood flow that must be distinguished from infarcted myocardium. 
MRI allows detection of viable dysfunctional myocardium. 

The improvement in cardiac function after revascularization is related to the ex-
tent of myocardial necrosis, end diastolic wall thickness, unenhanced rim thick-
ness and the presence of contractile reserve. However the predictive accuracy of 
each of these parameters is moderate. In our study we have combined these pa-
rameters into a viability score. We performed cardiac MRI in patients before and 
6 months after percutaneous coronary intervention (PCI) of a chronic total coro-
nary occlusion (CTO) and demonstrated that the combination of viability param-
eters resulted in a higher predictive accuracy for the prediction of dysfunctional 
myocardial segments to improve in function after revascularization (chapter 8). 
The viability score may be useful for the selection of patients before PCI of a CTO. 
Recovery of dysfunctional but viable myocardium after revascularization is usu-
ally studied 6 months after revascularization but it is currently unknown in what 
time span recovery of dysfunctional myocardium can occur and recovery may 
still occur beyond 6 months. The time of recovery of dysfunctional myocardium 
is related to the extent of damage on cellular level which depends on different 
factors, including the duration and severity of ischemia. It has been shown that 
when structural changes were widespread recovery was delayed and the extent 
of recovery remained incomplete at 6 months.

We studied myocardial function beyond the 6 month period in segments with 
more extensive myocardial abnormalities (end diastolic wall thickness between 
7 and 9, or transmural extent of infarction between 25-75%) at 6 months and 3 
years after revascularization. We found that the restoration of flow also induce 
additional recovery of segments after 6 months that were not or incompletely 
recovered at 6 months. This indicates that treatment in this patient group is still 
useful in terms of improvement in cardiac function (chapter 9). 
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PCI is not only used in patients with single vessel disease but nowadays increas-
ingly used in patients with multivessel disease instead of coronary artery by-
pass graft surgery because both therapies have the same outcome in terms of 
survival and rates of myocardial infarction, as long as the extent of disease is 
not too extensive (Syntax score <33). We were interested to study the effects of 
PCI on left ventricular function in patients with multivessel disease that under-
went complete, incomplete and unsuccessful revascularization. Using MRI the 
left ventricular function was measured before and 6 months after PCI. Left ven-
tricular function improved in patients that underwent complete revasculariza-
tion and did not change in patients that underwent incomplete or unsuccessful 
revascularization. The outcome of pre treatment MRI predicted the improvement 
in ejection fraction (chapter 10).

Conclusion

In this thesis we have shown that cardiac MRI is a highly useful clinical tool to 
precisely quantify left ventricular function, to detect ischemia and viable dys-
functional myocardium, and to pre operatively predict the recovery of dysfunc-
tional myocardium in patients that underwent revascularization of a chronic to-
tal occlusion or multivessel disease. 
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Samenvatting en conclusies

Magnetic Resonance Imaging (MRI) is een veelzijdige beeldvormende tech-
niek die vaak gebruikt wordt voor diagnostische doeleinde bij patiënten met  
ischemische hartziekte. Met deze techniek kan de linkerventrikel functie van het 
hart, de mate van perfusie van de hartspier en de grootte van het infarct in de 
hartspier gemeten worden. Tijdens een MRI onderzoek wordt deze informatie 
verzameld zonder dat röntgenstraling of jodiumhoudend contrast nodig is. In 
deze thesis gebruiken we MRI zowel in dierenexperimenteel als patiënt gebon-
den onderzoek om enerzijds technieken om beelden te analyseren te valideren 
en anderzijds ischemie en vitaliteit in patiënten met ischemische hartziekten te 
detecteren.

Validatie

Cardiale MRI is een secure techniek met een goede reproduceerbaarheid waar-
door de functie en het volume van de linkerventrikel gemeten kunnen worden 
zonder grote meetfouten, dit is een groot voordeel omdat deze metingen vaak 
worden gebruikt in klinische studies als eindpunt. Ondanks de hoge repro-
duceerbaarheid van deze techniek zijn variaties in metingen nog steeds aan-
wezig alhoewel deze variaties klein zijn ten opzichte van de variatie in metingen 
van de linkerventrikel bij andere imaging- modaliteiten zoals echocardiografie 
of linker ventrikel angiografie. Deze variatie kan ontstaan tijdens het maken van 
een MRI van het hart maar ook tijdens het analyseren van deze beelden. Het 
grootste probleem tijdens het analyseren van de beelden is de overgang van de 
boezem naar de ventrikel, het is daarbij lastig om aan te geven welke korte as wel 
nog en welke niet meer bij de linker ventrikel hoort. In hoofdstuk 3 hebben we 
daarom de lange as van de linker ventrikel gebruikt om niet alleen de grens aan 
te geven tussen de atria en de ventrikels maar ook om een meer gedetailleerde 
begrenzing aan te geven van het apicale gedeelte van de linker ventrikel. Veertig 
patiënten werden geincludeerd in deze studie, vervolgens werden van het hart 
van iedere patiënt 2 MRI-scans gemaakt. De interstudievariabiliteit verminderde 
van 12% naar 6% wanneer de lange as van de linker ventrikel werd gebruikt bij 
het berekenen van de linkerventrikelfunctie.
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Niet alleen de linker ventrikel functie maar ook de linker ventrikel massa kan 
tot in detail bestudeerd worden met MRI. Uit studies blijkt dat de massa van  
linker ventrikel regelmatig wordt onder- maar ook overschat wanneer deze wordt 
vergeleken met de massa na autopsie. Recente verbeteringen in MRI-sequenties 
hebben ertoe geleid dat bloed beter onderscheiden kan worden van spier. In 
hoofdstuk 4 is onderzocht of de papillairspier van de linker ventrikel automatisch 
gedetecteerd kan worden en of de papillairspier een significante invloed heeft 
op de totale linkerventrikel massa. 

De massa van varkensharten zijn ex vivo gewogen en vergeleken met in vivo-
metingen middels een MRI-scan. De berekende linker ventrikel massa in vivo was 
86.6±7.3% van de linker ventrikel massa ex vivo wanneer de papillairspier massa 
niet meegerekend werd en 92.3±6.2% van de linker ventrikel massa ex vivo wan-
neer de massa van de papillairspier wel meegerekend werd. Hieruit blijkt dat het 
van belang is deze papillairspier massa mee te nemen bij het berekenen van de 
massa van de linkerventrikel.

Detectie van ischemische hartziekte

Magnetic resonance perfusie (MRP) is een niet invasieve diagnostische test waar-
mee ischemie van de hartspier gedetecteerd kan worden. In hoofdstuk 5 hebben 
we deze techniek vergeleken met 2 technieken, fractionele flow reserve (FFR) en 
coronaire flow reserve (CFR), die beide invasief zijn en informatie geven over de 
bloedstroom in de kransslagaders. Om een vergelijking tussen deze technieken 
te maken hebben we een studie opgezet waarin we 50 patiënten hebben geïn-
cludeerd (38 mannen, gemiddelde leeftijd 64 jaar). Al deze patiënten hadden 
angineuze klachten. Ze ondergingen allemaal een MRP-scan en een angiografie 
van de kransslagaders. Tijdens de angiografie werd een FFR en een CFR gemeten. 
De myocardiale perfusie reserve index werd berekend en vergeleken met de FFR 
en de CFR. De sensitiviteit en specificiteit van de myocardiale perfusie reserve 
index om een significante CFR te voorspellen waren 97% en 64% en om een sig-
nificante FFR te voorspellen, 97% en 60%. Hieruit kunnen we concluderen dat de 
myocardiale perfusie reserve-index een goede methode is om significante lesies 
die hemodynamisch relevant zijn op te sporen. 
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Niet alleen MRI, maar ook computed tomography coronary angiography (CTCA) 
is belangrijk in de diagnostiek naar ziekte van de kransslagaders. CTCA heeft 
een hoge negatief voorspellende waarde wat betekend dat ziekte in de krans-
slagaders uitgesloten kan worden. In hoofdstuk 6 hebben we 230 patiënten 
geincludeerd (52% mannen, gemiddelde leeftijd 56 jaar) met stabiele angineuze 
klachten. MRI en CTCA werden gebruikt om hemodynamisch significant coro-
nairlijden op te sporen. De hypothese was dat MRP het aantal patiënten met 
angineuze klachten, bij wie significant coronairlijden op CTCA was aangetoond 
en die verwezen zouden worden voor angiografie zou doen verminderen. Bij 
patiënten met een significante stenose op CTCA werd een MRP gemaakt en de 
myocardiale perfusie reserve index berekend. De sensitiviteit en specificiteit van 
MRP voor het detecteren van ischemie waren 96% en 78%. Hieruit kunnen we 
concluderen dat CTCA gevolgd door MRP betrouwbaar is voor de selectie van 
patiënten voor angiografie. 

In hoofdstuk 7 hebben we onderzocht  in 51 patiënten (gemiddelde leeftijd 60 
jaar, 76% mannen) wat de mate van contractiele reserve tijdens lage dosering 
dobutamine (5-10 mcg/kg/min) was in de relatie tot (1) de grootte van het in-
farct, (2) de eind-diastolische wanddikte en (3) dikte van het niet-geïnfarceerde 
gedeelte. In een gedeelte van de patiënten populatie hebben we de mate van 
contractiele reserve voor revascularisatie vergeleken met de mate van wand-
verdikking 6 maanden na revascularisatie. Significante contractiele reserve was 
aanwezig in segmenten met een einddiastolische wand dikte van >6 mm, in 
segmenten met een niet-geïnfarceerde gedeelte van >3 mm en in segmenten 
waarbij de transmuraliteit van het infarct <25%. In een subgroep van patiënten 
met een hartinfarct tussen de 25-75% van de dikte van de linker ventrikel was er 
geen contractiele reserve aanwezig en ook geen verbetering in wandverdikking 
6 maanden na percutane coronaire interventie (PCI). Echter wanneer dezelfde 
groep werd verdeeld in een hypokinetische en een normokinetische epicardiale 
vitale rand dan was contractiele reserve maar ook een verbetering in wanddikte 
na PCI aanwezig in de groep segmenten met een hypokinetische epicardiale 
vitale rand, terwijl de wandverdikking niet significant toenam in segmenten met 
een normokinetische epicardiale vitale rand. 
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Magnetic resonance imaging als leidraad voor revas-
cularizatie therapie

De functie van de linker ventrikel kan verminderd zijn door disfunctioneel myo-
card dat nog vitaal is of disfunctioneel myocard dat niet meer vitaal is. Myocard 
dat niet vitaal is zal ook niet verbeteren na PCI terwijl chronisch hypokinetisch 
vitaal myocard een week, maand of jaar na PCI nog kan verbeteren. De staat 
waarin het hartspierweefsel dan verkeerd noemen we hibernation. Hibernation 
betekent “slaapstand”, hierin verkeerd het myocard wanneer er te weinig zuur-
stofrijke bloedtoevoer is. MRI kan vitaal myocard detecteren. Er zijn verschillende 
parameters waarmee vitaal weefsel gedetecteerd kan worden, namelijk einddia-
stolische wanddikte, transmuraliteit van het infarct, de aanwezigheid van con-
tractiele reserve en de mate van contractiliteit van de epicardiale vitale rand. 
Echter de voorspellende waarde van deze parameters is matig, in hoofdstuk 8 
hebben we onderzocht of de voorspellende waarde beter wordt wanneer we al 
deze parameters voor het detecteren van vitaliteit kunnen combineren in een 
zogenaamde vitaliteitscore. In deze studie werden 72 patiënten geïncludeerd 
(87% mannen, gemiddelde leeftijd 60 jaar). Alle patiënten ondergingen voor en 
na de PCI-procedure een MRI-scan. De sensitiviteit en specificiteit van deze vi-
taliteitscore waren 91% en 84%. 

Om het effect van PCI op de functie van de hartspier te bestuderen wordt mees-
tal een follow-up termijn van 6 maanden genomen. We weten echter niet precies 
hoelang het duurt voordat het myocard maximaal verbetert na PCI.  Misschien 
verbetert het myocard ook nog wel na 6 maanden. Hoelang het duurt totdat het 
myocard geheel hersteld is hangt af van de mate van schade op cellulair niveau. 
Als de uitgebreidheid van de schade op cellulair niveau groot is dan duurt het 
langer voordat de functie van het myocard verbeterd is. In hoofdstuk 9 hebben 
we onderzocht in 21 patiënten (85% mannen, gemiddelde leeftijd 63 jaar) of de 
contractiliteit van de hartspier in segmenten met meer uitgebreidere schade 
(eind diastolische wanddikte tussen de 7-9 mm en de transmuraliteit van het 
infarct tussen de 25-75%), ook nog na 6 maanden verbetert. In segmenten met 
meer uitgebreidere schade verbeterde de functie van de hartspier ook nog na 6 
maanden. Dit betekent dat PCI ook zinvol kan zijn in deze groep. PCI is niet alleen 
zinvol in patiënten met atherosclerose in 1 kransslagader, maar wordt ook steeds 
meer toegepast in patiënten bij wie sprake is van atherosclerose in meerdere 
kransslagaders. Wanneer de ziekte van de kransslagader niet te uitgebreid is (syn-
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tax score van <33) is PCI net zo goed als bypasschirurgie. In hoofdstuk 10 heb-
ben we het effect van PCI op de linkerventrikel functie onderzocht bij patiënten 
die een significante ziekte hadden in meerdere kransslagaders. In deze studie 
werden 71 patiënten geïncludeerd (76% mannen, gemiddelde leeftijd 62 jaar). 
De functie van de linker ventrikel hebben we gemeten in 3 groepen patiënten. 
Een groep patiënten bij wie alle vaten succesvol gedotterd werden, patiënten 
bij wie de PCI incompleet was en patiënten bij wie het niet gelukt was de krans-
slagaderen te behandelen. De mate van ziekte (syntax score) was gelijk in alle 3 
de patiëntengroepen. De functie van de linker ventrikel werd berekend in alle 3 
de groepen voor en 6 maanden na PCI. De linker ventrikelfunctie verbeterde al-
leen in de groep patiënten bij wie alle zieke kransslagaderen gedotterd werden.  

Conclusie

We hebben in deze thesis laten zien dat cardiale MRI een secure methode is om 
de functie van de linker ventrikel tot in detail te bestuderen en ook om de aan-
wezigheid van ischemie en vitaliteit van de hartspier te detecteren. In specifieke 
patiënten populaties met een verminderde myocardfunctie en een chronisch 
totale occlusie en/of meervats coronairlijden zijn er aanwijzingen dat MRI als 
leidraad gebruikt kan worden voor PCI.
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