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S tellingen behorend bij bet proefschrift 

MR perfusion in the detection of myocardial ischemia 

1. MR perfusie imaging is thans de beste techniek voor de detectie van myocarclischemie. 

2. Een normaal adenosine "stress-only" perfusie MR onderzoek rechtvaarcligt een conservatieve 
behandeling en het niet verrichten van een invasief onderzoek in een patientengroep met 
angina pectoris en geen myocardinfarct in de voorgeschiedenis. (dit proefschrift) 

3. Een systematische analyse van "stress-only'' adenosine perfusie l\1R beelden is een vereiste, 
waardoor het onderzoek vrijwel ervaringsonafbankelijk wordt. (dit proefsch1ift) 

4. In de bepaling van globale linkerventrikel functionele parameters kan men in de post-pro
cessing volstaan met de analyse van iedere tweede korte as cine serie in een normaal gevormd 
hart. (dit proefsch1ift) 

5. Perfusie imaging op piekdosis dobutamine gedurende een dobutamine stress CMR onderzoek 
verhoogt de specificiteit van dobutamine stress Cl\1R wandbewegingsanalyse. (dit proefsch1ift) 

6. Bij hoge hartslagen is een parallelle imaging techniek, zoals TSENSE geYncliceerd om met een 
consistente CNR en SNR voldoende spatiele coverage te behouden. (dit proefsch1ift) 

7. De bepalende factor in het samenstellen van een MR "stress" protocol is de bekendheid met 
een eerder doorgemaakt myocardinfarct. 

8. Het advies in de ACC/ AHA guideline update voor exercise testing om een stresstest in laag 
risico patienten te kiezen op basis van zijn eenvoud, lagere kosten en meer algemene bekend
heid in plaats van !outer diagnostische accuraatheid is omgekeerd denken. 

9. In ons huidige tijdperk van snelle technologische ontwikkelingen geeft de trage implementatie 
van nieuwe, betere technieken'11elaas onze menselijke beperkingen weer. 

10. Bij de verdergaande vetbeteringen van de temporele resolutie, z-as coverage en reconstructie 
algoritmen krijgt CT ook een rol bij perfusie imaging van het myocard. 

11. Ten gevolge van bet beperkte vermogen tot informatieverwerking van bet centrale zenuwstel
sel maakt het organisme een keuze tussen de aanwezige zintuiglijke informatie. (Vale1ie M11zet, 
1998) 

12. Ten gevolge van beperkingen in het PACS maakt het systeem een keuze ten aanzien van de 
gepresenteerde gegevens. 

13. De term standaardprotocol kan heel goed worden vervangen door een "ah-gelukkig-ik-hoef
niet-na-te-denken" protocol. 

14. Het voornaamste credo van de Gestalttheorie ("het geheel is meer clan de som der delen") zou 
nog beter zijn als de minnen uit de sommatie werden gehaald. 
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INTRODUCTION 

Chest pain accounts for a large number of patients seeking care from a 

physician. The differential diagnosis however can be broad. The need to di

agnose or exclude ischemic heart disease (IHD) is important in this respect. 

Severity and extent of myocardial ischemia are directly related to prognosis. 

Besides, revascularization is guided not only by coronary stenosis morphol

ogy, but also by its hemodynamic consequences (1). Of course in a large 

number of cases myocardial ischemia can be made improbable by means of 

history, physical examination and resting ECG. 

This still leaves a large number of patients with stable chest pain for whom 

the existence of significant coronary artery disease (CAD) or the severity 

and extent of myocardial ischemia is unclear. Non-invasive methods de

termine the need for invasive coronary angiography (CAG) and possible 

revascularization, thereby reducing the pure number of diagnostic CAG's. 

The assessment of function in this respect has incremental value over mor

phology alone. 

This makes the non-invasive objectification of myocardial ischemia impor-

Figure 1: Example if cardiac myoryte 

arrangement (From GrC!J} anatomy if 
the human botfy) 



tant. Methods resembling physical exercise or inducing a stress response (by 

means of a pharmacological stressor) are widely used for this indication. 

The myocardium 

The myocardium is composed of branching and anastomising striated mus

cle cells joined together in a collagen network with a capillary microcircula

tion (Figure 1) (2). These muscle fibers are arranged in a spiral form making 

it an effective pump. 

Cardiac myocytes have an extreme dependence on aerobic metabolism, 

with less than 1 % of the energy produced by anaerobic metabolism. 

This also stresses the importance of adequate blood supply. The blood 

supply for the myocardium is delivered by the left and right coronary artery 

and their side branches. A significant stenosis somewhere in this coronary 

system can cause diminished blood supply to the myocardial distribution 

area of the specific coronary artery. 

The question as to when a stenosis is significant can be viewed from two 

perspectives. From a morphological perspective a certain luminal diameter 

narrowing (e.g. 50 or 70%) can be assigned as significant. The best approach 

is probably defining a stenosis as significant when causing functional altera

tions to the myocardium. 

Non-invasive tests for the detection of myocardial ischemia 

ECG alterations, left ventricular wall motion abnormalities and perfusion 

abnormalities under stress conditions are all means of objectifying myocar

dial ischemia, which can be performed with different imaging modalities. 

The advantage of perfusion imaging lies in the earlier occurrence of perfu

sion abnormalities in the ischemic cascade (3) as compared to wall motion 

abnormalities or ECG changes (Figure 2). 

Nevertheless, exercise ECG testing is one of the most non-invasive com

monly test used for the detection of myocardial ischemia, because it is a 

simple, inexpensive test. The decision to perform a stress-test is in current 

protocols determined by the pre-test probability of disease. Age, gender, 

chest pain characterization, prior myocardial infarction and other risk fac-



all 

Figure 2: Ischemic cas

cade 

tors determine this pre-test probability. It is generally believed that patients 

with an intermediate pre-test probability (defined as between 25-75%) are 

the best candidates for non-invasive testing (4;5). The underlying basis for 

this conviction comes from the fact that a positive test result is highly pre

dictive of significant CAD in patients with a high pre-test probability, but a 

negative test result does not exclude significant CAD in these patients. On 

the other hand in patients with a very low pre-test probability a positive test 

result is likely to be a false positive result. 

Besides ECG-testing, modalities like echocardiography, Single Photon 

Emission Computed Tomography (SPECT) and Positron Emission Tomog

raphy (PET) are used as non-invasive stress tests. Echocardiography under 

dobutamine infusion focuses on detection of wall motion abnormalities in

dicative of myocardial ischemia. PET and SPECT imaging rely on imaging 

myocardial perfusion. SPECT can be performed using either thallium-201 

or sestamibi-technetium-99m as a radionuclide. This can be performed ei

ther using exercise or pharmacological stress. SPECT is currently probably 



the most used non-invasive imaging modality for myocardial perfusion im

aging. The diagnostic accuracies of these tests vary in patients with an inter

mediate pre-test likelihood of significant CAD. A meta-analysis comparing 

these tests reports a sensitivity of 68% and a specificity of 77% for exercise 

ECG testing (6). With stress echocardiography sensitivity being 76% and 

specificity 88%, PET results were 91 % and 82% respectively for sensitivity 

and specificity. SPECT scored 88 and 77% respectively. 

These well known stress-tests for the detection of myocardial ischemia all 

have one or more limitations. Exercise ECG testing has a rather poor diag

nostic accuracy. Stress echocardiography, although far more accurate than 

exercise ECG testing, is highly operator dependent and a good acoustic 

window is mandatory. PET has good diagnostic accuracy, but is only avail

able in specialized centers. SPECT-imaging uses a high radiation dose and 

is hampered in terms of spatial resolution. MR might be able to overcome 

these limitations due to its inherent higher spatial and temporal resolution. 

History of MR 

Jean Baptiste Joseph Fourier formed the basis for MR imaging. His focus on 

mathematics led to the well-know Fourier transformation, without which 

creating MR images would not be possible (7). In the 1920s the basics of 

MR were established by various scientists. Bloch (8) and Purcell (9) were 

the first to see the possibility of using MR for medical imaging. In 1946 

they described the MR phenomenon, for which they shared a Nobel prize 

in physics in 1952. Another shared Nobel prize was rewarded to Lauterbur 
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Figure 3: Example of ECG 

signal. R-top easi/y detectable 

for triggering with MR 



(10) and Mansfield (11) in 2003 in physiology and medicine. In 1973 Laut

erbur had the first MR images on sample and in 1977 Mansfield produced 

the first clinical MR images. Hereafter the clinical use of MRI for various 

clinical indications and body parts evolved rapidly. Imaging of the heart 

with MR lagged behind, primarily due to the motion of the heart and to a 

lesser degree due to respiratory motion. Technical advances in MR, for ex

ample the use of ECG-triggering, high power gradients, phased array coils 

and further sequence design employing parallel imaging made it possible 

to acquire fast images with MR. The MR triggers data acquisition on the 

ECG-signal (from electrodes applied on the patient), building up images 

from signal arising from the same phase in the R-R interval (Figure 3). 

With various types of sequences both anatomical images (with data acqui

sition in a fixed, relatively motionless phase in the R-R interval) and func

tional imaging (also referred to as cine imaging; with data acquisition during 

the entire or large part of the R-R interval) can be obtained. 

MR stress tests 

Dobutamine stress MR for wall motion analysis was the first MR stress test 

which was technically possible (12). Wall motion imaging with MRI pro

vides not only morphological information about the myocardial wall, but 

also functional information. Three-dimensional information about global 

and regional myocardial function can nowadays be acquired with high ac

curacy and reproducibility (Figure 4). 

The consistently high level of spatial and temporal resolution with which 

Figure 4: Complete cardiac cycle of a mid-ventricular short-axis slice acquired with 

retrospective gating. R.epresenting the current!J high temporal resolution of cine MR 

imaging, allowing/or the detection of small alterations of .rystolic wall motion. 



Figure 5: Cine MR series for regional wall motion anafysis. Representing 3 short-axis 

images from the apex to the base of the heart, and one long axis image. 

cine MR images can be acquired enables the detection of small alterations 

of systolic wall motion up to heart rates of 200 beats per minutes. This 

allows for analysis of regional function with cardiac MRI even under phar

macological stress conditions in multiple slice positions (Figure 5). 

Imbalance between oxygen demand and supply, due to a flow-limiting cor

onary stenosis, will give regional contractile dysfunction in the myocardial 

area vascularised by the specific affected coronary artery (13). Besides being 

able to detect myocardial ischemia, low-dose dobutamine can be used to 

assess myocardial viability. 

Dobutamine is a primarily �-1- adrenergic catecholamine which increases 

myocardial oxygen demand. It has both a positive inotropic and a chro

notropic action. The hemodynamic effects are comparable with exercise. 

It has a low arrythmogenicity, with a half life time of approximately two 

minutes. The inotropic effect occurs before the chronotropic effect. This 

positive inotropic effect, which occurs at low doses of dobutamine, can be 

used for myocardial viability assessment. High dose dobutamine is used for 

the detection of inducible myocardial ischemia caused by significant CAD. 

The purpose of dobutamine stress Cardiovascular Magnetic Resonance Im

aging (CMR) in patients with chest pain suspected of significant coronary 

artery disease is to non-invasively detect the imaging signs of myocardial 

ischemia, with a diagnostic strategy which is ischemia driven. Thus detected 

ischemia hereby is a an indication for invasive coronary angiography and 

possible revascularization. 



Figure 6: Cine MR series with myocardial grid-tagging. Representing 3 short-axis im

ages and one long axis image. 

Left ventricular wall motion analysis for the detection of myocardial isch

emia started with a maximum stress level of 20 micrograms dobutamine 

per kilogram per minute (12, 14-16). This seemed feasible and showed 

good results, but was inadequate to detect ischemia in all patients. The use 

of a high dose dobutamine stress MR protocol led to a higher diagnos

tic accuracy, with sensitivities and specificities from 83-86% (17;18). Nagel 

et al. compared dobutamine stress CMR directly with dobutamine stress 

echocardiography in the same patients and found that detection of wall 

motion abnormalities by MR yielded a significantly higher diagnostic ac

curacy in comparison to stress echocardiography (17). 

Improvements over the years with dobutamine stress CMR in general con

stituted improved image quality, the use of rapid high gradient MR systems 

(>30mT /m; SR>100), Steady State Free Precession (SSFP) and parallel im

aging techniques. 

Myocardial tagging, a technique using non-selective radiofrequency pulses 

separated by spatial modulation of magnetization (SPAMM) encoding gra

dients, proved to be useful in left ventricular functional analysis (Figure 6) 

(19;20). K.uijpers et al. evaluated whether diagnostic accuracy, in a high dose 

dobutamine stress CMR protocol for the detection of myocardial ischemia, 

could be further increased with the use of myocardial tagging (21). 

A clinical study with 194 patients and two years follow-up assessed the addi

tional value of myocardial tagging for the detection of myocardial ischemia, 

defining a reduced or absent inward movement of one ( subendocardial) or 



Figure 7: Short-axis basal views with grid-tagging. Diastolic (a) and .rystolic image (b) 

at rest showing a normal wall contraction pattern, tagged lines bending in all segments. 

Diastolic (c) and .rystolic image (d) under high dose dobutamine showing akinesia of the 

anteroseptal wall. Example of inducible myocardial ischemia in the distribution area of 
the Left Anten·or Descending coronary artery (LAD). 

more grid-lines as a sensitive marker for the detection of myocardial isch

emia. Evaluation of these intra-myocardial strains was performed visually 

and turned out to be more sensitive than analysis of cine images alone, 

reaching a sensitivity of 96%.(22) Figure 7 shows an example of the use of 

myocardial grid tagging for the detection of myocardial ischemia. 

With these innovations ischemia detection was already possible and quite 

accurate with MR. Further improvements in MR hardware (mainly the rou

tine use of 1.ST MR scanners) and sequence design allowed for perfusion 

imaging with MR with potential advantages for MR perfusion in terms of 

imaging earlier in the ischemic cascade, a more favourable safety profile of 

adenosine (used mainly for MR perfusion imaging) over dobutamine and 

faster protocols. 
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INTRODUCTION 

Myocardial perfusion imaging with Cardiovascular Magnetic Resonance 

Imaging (CMR) is a dynamic technique to analyse the first-pass of a bolus 

of contrast agent through the myocardium. A heavily Tl -weighted perfu

sion sequence is used with acquiring multiple slice positions of the left 

ventricle with 40-60 images per slice position (Figure 1). 

Early reports from the group of Edelman et al. already showed the feasi

bility of first-pass myocardial perfusion using CMR (1). It proved possible 

first in a rat and later in humans. Clear first-pass wash-in and wash-out was 

observed. Observations of signal enhancement after revascularization were 

published one year later (2). These reports stated the possibility of per

forming myocardial perfusion imaging with CMR in a resting condition. 

In case of a normal myocardial perfusion, the myocardium of the left ven

tricle will homogeneously enhance after a bolus of gadolinium. Perfusion 

abnormalities (perfusion defects) can occur after, for instance, a myocardial 

infarction, and are visible as regional areas of low signal intensity, which can 

be related to the distribution area of a coronary artery. 

Another possible explanation for a perfusion defect is a significant stenosis 

of a coronary artery giving rise to diminished flow and subsequent dimin

ished perfusion of the myocardium supplied by the stenotic vessel (Figure 

2), which in this regard represents myocardial ischemia. 

Since only very high grade coronary stenoses give rise to perfusion defects 

under conditions of rest the way had to be paved for detecting myocardial 

ischemia related perfusion defects with MRI. In 1992, Schaefer et al. re

ported in Radiology that it was possible to detect regional perfusion abnor

malities using pharmacological induced "stress" (Dipyridamol) (3). 

The concept of stress perfusion MR imaging was born, but image quality 

and spatial coverage was limited; in that time only a single slice of the myo

cardium. Technical improvements have led to a current spatial coverage of 

3 to 8 slices, (with a slice thickness of 8-12 mm) dependent on the temporal 

resolution. 

Besides dipyridamol, dobutamine and adenosine are used as pharmacologi

cal stressors for myocardial perfusion MR imaging. Dipyridamol can be 



Figure 1: 20 consecutive images of the first-pass perfusion of a mid-ve Figure 1: 20 

consecutive images of the first-pass perfusion of a mid-ventricular short-axis slice. Signal 

enhancement in the right ventricular cavity can be observed in the first image (top row). 

Images 4-7 (top row) displqy contrast arrival in the left ventricular cavity. Myocardial 

enhancement can be observed in the subsequent images, with the last images of the bot

tom row representing wash-out. Furthermore a large perfusion defect is present, see also 

figure 2 in which one frame is enlarged For normal diagnostic purposes viewed in cine 

mode. ntricular short-axis slice. Signal enhancement in the right ventricular cavity can 

be observed in the first image (top row). Images 4-7 (top row) displqy contrast arn·val in 

the left ventricular cavity. Myocardial enhancement can be observed in the subsequent im

ages, with the last images of the bottom row representing wash-out. Furthermore a large 

perfusion defect is present, see also figure 2 in which one frame is enlarged For normal 

diagnostic purposes viewed in cine mode. 

used for perfusion imaging, but its important drawback is the long half life. 

Therefore dipyridamol has lost popularity as a pharmacological stressor in 

favour of adenosine. 

Dobutamine a synthetic catecholamine is actually the only real pharmaco

logical stressor (leading to a considerable increase in systolic blood pressure 

and heart rate). For perfusion imaging it has a limited role. As a result of 

the inotropic and chronotropic effect it is better suited for wall motion 

analysis of the left ventricle (4;5). Wall motion abnormalities under dobu

tamine infusion are also indicative of myocardial ischemia, but occur, as 

mentioned, later in the ischemic cascade. Because of the earlier occurrence 

of perfusion abnormalities before wall motion abnormalities, dobutamine 

perfusion-imaging can in potential be performed on peak dose dobutamine 

to further analyze an atypical wall motion abnormality. 



Figure 2: Two single frames of the same mid-ventrimlar short-axis slice of the same 

patient, under adenosine infusion A (frame identical to fifth image bottom row of figure 

8) now enlarged) and rest peifusion B. Under adenosine infusion a large peifusion defect 

is present (low signal area pointed out I!) the arro1vs). Rest peifitsion shows a normal ho

mogeneous peifitsion of the myocardium) combination indicating myocardial ischemia. 

Adenosine is an endogenous nucleotide with strong vasodilator capabili

ties. It accomplishes maximal vasodilatation of normal vessels. No further 

dilatation of significant coronary stenoses is possible (already physiological 

maximal vasodilatation), thereby creating a coronary steal-effect (Figure 3). 

In terms of imaging, a relative hypoperfusion of the myocardium supplied 

by the stenotic vessels. 

Adenosine is therefore not a real stressor. The term "stress" is used to in

dicate that it is a test to detect myocardial ischemia. It is also referred to as 

adenosine vasodilator stress or just adenosine perfusion. The short half life 

makes it very controllable in a MR environment. 

"Stress" perfusion imaging with MRI is therefore currently mostly per

formed with adenosine as a pharmacological "stressor". 

Building blocks for "stress" perfusion CMR protocols 

Different strategies apply when creating a stress perfusion CMR protocol 
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Figure 3: Graphic representation 
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dilatation of significant co ronary 
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effect. 

and performing the examination. The Building Blocks for these protocols 

are stress perfusion imaging, rest perfusion imaging, cine imaging in spare 

time between contrast boluses (for left ventricular functional parameter as

sessment) and Delayed Contrast Enhancement (DCE). Figures 4 to 6 dis

play these protocols in images. 

When performing stress and rest perfusion imaging, the stress perfusion 

imaging is typically performed first, because this is the most important part 

of the examination. This way there is no signal influence by a prior contrast 

bolus and if the examination has to be stopped for whatever reason at least 

this part of the examination is done. Between stress and rest perfusion 

imaging one should wait several minutes, not because of the effect of the 

adenosine (this effect is gone in seconds), but because of the signal influ

ence caused by the first contrast bolus. 

In this spare time typically a stack of short axis cine images of the left ven-
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Figure 4: Stress-on!J protocol.· efter localizer images and standard cine images on!J under 

adenosine infusion. 

Figure 5: Stress-rest protocol.· with rest peifusion efter stress peifusion and cine imaging 

Figure 6: Stress-rest-DCB protocol. Alternative stress peifusion and DCE. 



tricle can be acquired for left ventricular functional parameter assessment, 

which after quantification can give an idea as to parameters like ejection 

fraction, stroke volume, and end-diastolic and end-systolic volumes. 

Wall motion imaging with cardiac MRI provides important functional in

formation about global and regional myocardial function. Most institutions 

now use 1.ST MR systems for state-of-the-art MR cine imaging. For ad

equate wall motion analysis the entire cardiac cycle needs to be captured 

as well as good contrast between the myocardial wall and the blood pool. 

Fast imaging employing steady-state acquisition with Steady State Free Pre

cession (SSFP) sequences resulted in improved image quality (6;7). Signal 

intensity in SSFP sequences is mainly related to inherent properties of the 

tissue, which provides inherent high contrast between blood and myocar

dium.(8) For this purpose no contrast agent has to be used. 

The capture of the entire cardiac cycle can be obtained with retrospec

tive ECG gating, allowing for cine-loops to be acquired. Parallel imaging 

allows for either reduced acquisition time or improvement of temporal 

resolution. Measurements comparing the proper end-diastolic frame with 

the end-systolic frame of consecutive short-axis slices provide informa

tion on global left ventricular function (Figure 7). The value of global left 

ventricular functional parameter assessment has been well established for 

MR imaging. However CT is also receiving a role in the assessment of left 

ventricular functional parameter assessment, as shown in a number of re

cent articles (9;10), for this purpose with CT of course a contrast agent was 

used (Iomeron 400 mg/ml, Bracco, Milan, Italy). Cardiac cine MR is for 

now considered to be the reference standard for measurements on global 

left ventricular function (11). 

A protocol employing "stress" -only (Figure 4) has the advantage of re

duced imaging time, only one contrast agent bolus, no spatial matching 

required between "stress" and rest perfusion and no signal influence by the 

first contrast agent bolus. It can in potential be used in patients without a 

prior myocardial infarction to determine in a short time whether there is 

an indication for coronary angiography, its clinical application and results 



Figure 7: Consecutive short axis slices for global left ventricular functional parameter 

assessment. Top row represents end-diastolic frame, bottom row is end-systolic frame. 

Bpi- and endocardial contours are drawn usingQMASS v6. 1 .2  MEDIS, "Leiden 

are the focus of chapter 3. Advantages of a more comprehensive protocol 

which can and is used in patients with a history of myocardial infarction 

and a need to assess viability (Figures 5 and 6) are improved CAD detection 

(12) and more easily recognition of artifacts (13). 

The importance of detecting viable myocardium lies in the fact that pa

tients with regions of reversible left ventricular dysfunction due to chronic 

coronary artery disease may benefit from revascularization therapy, where

as non-viable myocardium does not improve after revascularization (14). 

Myocardial viability assessment with cardiac MRI can be performed in two 

ways: a morphological approach and a functional approach (low-dose dob

utamine). The morphological approach uses either the end-diastolic wall 

thickness or the DCE technique (Figure 8) (15). 

The DCE technique aims to detect regions with delayed gadolinium uptake 

(Figure 9) which is defined as "scarred" myocardium or factually increased 

interstitial space. The transmural extent of this delayed enhancement is 

then used to predict whether a patient can benefit from revascularization 

therapy . .  

Kaandorp et al. summarized multiple studies using this delayed enhance

ment technique and found an average sensitivity of 9 5% and a specificity 

of 45 % (16). The impaired specificity is mainly caused by non-transmural 

scars (1 to 74%). A prediction of improvement of contractile function 

is difficult in these circumstances with only morphological information. 

Wellnhofer et al. showed that in these circumstances low-dose dobutamine 

stress CMR (Figure 10) is superior to delayed enhancement as a predictor 



Figure 8: Four chamber view with de

lC!Jed enhancement technique. Normal 

examination, with proper nulling if 
the myocardium and no areas if de

lC!Jed contrast enhancement. 

of recovery after revascularization (17). DCE and dobutamine stress CMR 

in this study provided complementary information. DCE can localize and 

quantify regions of delayed enhancement, whereas low-dose dobutamine is 

probably a better predictor of functional recovery in non-transmural scars 

(17). Which technique to assess viability in fact is better has yet to be estab

lished. Currently there is more validation for DCE. 

A choice in the "stress" perfusion protocol regarding which building blocks 

to use has to be made "in our opinion" according to the presence of a prior 

myocardial infarction and experience. With less experience rest perfusion 

and DCE are probably more helpful. 

Preparations for adenosine "stress" perfusion MR examination 

Before scanning the patient with adenosine, some essential instructions 

should be given to the patient. Xanthine containing substances, such as 

coffee, tea, cola and chocolate block the effect of adenosine and should be 

stopped 24 hours prior to the examination to make it a diagnostic study. 

Another check-up is to whether the patient uses Dipyridamol. Dipyridamol 

potentiates adenosine, therefore it has to be stopped if possible or consid

ered a contra-indication. Another precaution is to check (again) for contra

indications, such as asthma, acute coronary syndrome and recent myocar

dial infarction and pre-existing AV-block. Besides these contra-indications, 

of course general contra-indications for MR imaging, such as renal insuf

ficiency, claustrophobia and non MR-compatible metallic implants apply. 
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Figure 9: Mid-ventricular short-axis 

slice with a large almost transmural 

area of delqyed enhancement in the 

anterior and septa! wall. 

From adenosine patients may get a flushing sensation and warmth. These 

possibilities should be explained to the patient as normal side-effects. Other 

potential side-effects are headaches, atypical chest pain, mild reductions in 

blood pressure, bradycardia and AV-block. These side-effects have been 

systematically reported in over 3000 MR examinations (18). All these side

effects were transient, resolved in a few minutes and did not require medical 

intervention. 

Even if an AV-block occurs, the antidote is simple, namely pressing the stop 

button of the adenosine pump. For the patient and the doctor this pretty 

much means taking a deep breath. A crash-car should however be present 

for the theoretical chance of a serious adverse event with aminophyline as 

an antidote present. Regular exercise drills should be trained and a physician 

should be present in the MR-suite during the adenosine infusion. 

After these check-ups the patient is placed on the MR table, intravenous 

line(s) placed, a blood pressure cuff is applied for monitoring, and of 

course ECG leads are placed. 

Furthermore, breathing instruction for the perfusion sequence is given. 

Examination 

First localizer images are acquired for subsequent steps. From these images 

perfusion slices are planned (Figure 11). 

Before starting the adenosine infusion, the next step should be to perform 

a perfusion dry-run. This means starting a perfusion sequence without con-



trast applied and with only a single image acquired per slice position. This 

way, one can make sure that the most apical slice and most basal slice are 

properly positioned. One should anticipate for the fact that during adenos

ine infusion the heart rate will increase and probably also the length axis 

shortening of the left ventricle, the most basal slice, may then be to basal 

and show parts of the left ventricular outflow tract rendering it a non di

agnostic slice. Another advantage of this dry-run is to make sure that there 

is no disturbing back folding. In case of back folding over the left ventricle 

the field of view should be enlarged or positioning should be changed, with 

the back folding in this case over non left ventricle areas (Figure 12). 

Figure 10. Example of viability assessment and detection of myocardial ischemia in the 

presence of Rest Wall Motion Abnormalities (RTPMA). (a): diastolic image at rest. 

(b): mid-systolic image with hypokinesia of the anterior wall. (c): diastolic image under 

infusion of 10 dobutamine (µg/ kg/ min). (d): systolic image showing improvement of 
anterior wall motion and an akinetic wall motion pattern in the inferior ivall. Arrows 

are pointing towards the wall motion abnormality or improvement. 



Figure 1 1 : Acquisition steps for 

planning three short-axis and one 

long axis slice for the following per

fusion sequence. 

After these verifications the acquired images per slice should again be set to 

40-60 and then the adenosine infusion may begin. 

Adenosine is infused intravenously (140 µg/kg/min) and first-pass perfu

sion imaging is performed after 3 minutes of continuous adenosine infusion 

using a bolus of contrast agent (gadolinium-DTPA) of 0.05-0.1 mmol/kg, 

with a flow rate of 3-5 ml/ s followed by a saline flush. For this purpose a 

heavily Tl-weighted dynamic sequence is used, acquiring images in multiple 

slice positions (at least 3 to 4) consisting of 40-60 images per position in 

one breath hold. 

In order to dynamically follow the wash-in and wash-out of a contrast 

agent it is important to have a high temporal resolution. Most clinically used 

perfusion sequences allow to acquire 3-4 slices in different positions with 

single heart beat resolution. This is, however, dependent on the heart rate. 

A heart rate of 60 Beats Per Minute (BPM) equals approximately an R-R 

interval of 1000 ms. An increase in heart rate decreases the R-R interval 

and thereby reduces possible image acquisition time and as a consequence 

spatial coverage. Under adenosine infusion the heart rate increases with 

10-15 beats per minute, which leaves enough spatial coverage. In case of a 

large increase in heart rate novel parallel imaging sequences can be used. 

The protocol choice should match the perfusion sequence. The choice for 

the sequence depends on factors like whether you want to perform a vi

sual or quantitative analysis, the heart rate and whether you want to use a 

"stress" -only protocol. For a "stress" -only examination our choice is for 

the highest signal and contrast to noise ratio. For quantitative analysis fewer 

artifacts are important and for imaging at really high heart rates, novel par-



allel imaging techniques are needed to maintain enough spatial coverage. 

The best perfusion sequence has yet to be determined. SR-GRE-EPI, SR

FLASH and SR-SSFP are often used. SR-SSFP give higher signal to noise 

ratio (SNR) and contrast to noise ratio (CNR) (19), but probably also some 

more artifacts. A good overview of available perfusion sequences is given 

by Kellman et al (20). 

The injection speed of the contrast agent bolus has to be between 3-5 ml/ s 

(21;22), because a small homogeneous bolus is needed to track the first

pass of the contrast agent and resulting signal intensity changes. 

The contrast dose is dependent on whether one wants to perform a visual 

or a (semi-) quantitative analysis. For a (semi-) quantitative approach a low 

dose of 0.05 mmol/kg is required to maintain a linear relationship between 

signal intensity change and contrast dose. Interpretation of these perfusion 

images is, however, most of the time performed visually or qualitatively. 

For routine clinical practice it is the most often used analysis. The optimal 

gadolinium dose for visual analysis is 0.1 mmol/kg, with significantly more 

artifacts at higher gadolinium doses (21;22). After contrast arrival in the left 

ventricle the adenosine infusion can be stopped and the examination can be 

further completed dependent on the chosen protocol. 

During the examination a score form (Figure 13) can be filled in registering 

blood pressure, heart rate and symptoms. Furthermore, a first initial assess

ment can be made. 

Figure 1 2: Example of dry-run sequence with back 

folding. 
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Figure 13: Score form for adenosine peifusion MR examinations 

Interpretation 

□ 

series 

100 105 110 
23 25 26 

280 294 308 

In the report of the analysis, the radiologist states the myocardial segments 

with the perfusion defect, the degree of transmurality and to which coro

nary artery these segments belong (Figure 14). This is merely a rough indi

cator, since there is regional variability of distributions areas (24;25). 

Heart rate and blood pressure compared to rest are also mentioned. Left 

ventricular functional parameters and information regarding rest perfusion 
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Figure 14: Co ronary distribution areas. With perm ission to reprint from  Frank A. 

Flachskampf (23). 

or DCE is provided depending again on the protocol. 

Artifacts are important to discriminate from "true" perfusion defects. They 

occur early, are subendocardial real focal defects, occurring during the up

slope of signal intensity change and then disappearing. They are caused by 

high gadolinium concentrations or low spatial resolution. A quantitative 

analysis with MR is possible, in which at signal-intensity time curves peak 

signal intensity and upslope are used as parameters for hypoperfusion. For 

a quantitative analysis a lower dose gadolinium of 0.05 mmol/kg is used, 

as mentioned, to maintain a linear relationship between contrast-dose and 

signal intensity. Post-processing is necessary, in which endocardial and epi

cardial contours have to be drawn, resulting in signal intensity time curves 

(Figure 15). 

This can be rather time consuming. Studies comparing visual analysis with 

a quantitative analysis show similar good results (26-28) comparable with 

our experience. 
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Figure 15: Graphic representation of myocardial signal intensiry change (enhancement) 

over time after a bolus of contrast agent far 6 different nryocardial segments. 

Current status 

In summary, a choice has to be made for the protocol and used sequences, 

the gadolinium dose, 0.1 for a visual analysis and 0.05 mmol/kg gadolinium 

for a quantitative analysis. The injection speed has to be between 3-5 ml/ 

sec for a compact bolus. Spatial coverage should be set at least at 3-4 slices. 

Visual analysis is the most used analysis method in clinical practice. Quan

titative analysis is probably more objective and less experience related, but 

still at this moment time-consuming. Besides these issues more and more 

validation for adenosine perfusion MR is published. 

Bernhardt and co-workers for instance performed a study in which they 

assessed whether adenosine perfusion MR can predict the need for revas

cularization with CAG as a reference standard and it proved a useful predic

tion to guide therapy (29). 

Reported diagnostic accuracies over the last three years for adenosine per

fusion CMR range from 78-100% for sensitivity, 68-93% for specificity, 



Negative Predictive Value (NPV) from 77-100% and Positive Predictive 

Value (PPV) from 71-95% (12;13;21;22;29-38). Differences in these report

ed accuracies are caused by differences in the studied population, the used 

sequence and used protocols, the contrast dose, spatial coverage and the 

used reference modality and the stenoses grade defined as significant. 

Higher diagnostic accuracies are reached when adenosine perfusion CMR 

was not compared to CAG but to a functional reference standards, such as 

for instance Fractional Flow Reserve (FFR) (37). In this way, haemodynam

ically relevant stenosis could be distinguished from non- haemodynamically 

relevant stenosis. 

The prognostic role of a normal adenosine perfusion MR examination has 

been investigated in a few studies (35;39;40). In a study by Ingkanisorn et al. 

(35), the prognosis of a negative adenosine perfusion MR study in patients 

presenting to the Emergency Room with stable chest pain was assessed 

with no events at one-year follow-up in case of a normal adenosine perfu

sion examination. Also the sum of the total cardiac risk factors was less 

predictive than the MR results. 

Paetsch et al. compared adenosine stress perfusion and dobutamine stress 

wall motion analysis in a single examination in the same patients ( 41). With 

the highest overall accuracy for dobutamine stress wall motion analysis, 

but the highest sensitivity for adenosine perfusion MR. Results from the 

MR-impact study (a multi-centre, multi-vendor study) show that adenos

ine perfusion MR with a dose of 0.1 mmol/kg gadolinium is superior to 

SPECT imaging in a direct comparison with quantitative CAG as the refer

ence standard (42). 

The current clinical indications for adenosine perfusion CMR are therefore: 

the detection of myocardial ischemia in the setting of new or recurrent 

chest pain, prognosis and risk stratification, follow-up after interventional 

treatment,( 43) determination of the functional significance of known an

giographically determined lesions and microvascular dysfunction (44). 

Future perspectives for adenosine perfusion MR examinations are the rou

tine use of 3T imaging, (45-47) and more published results from multi-cen

tre randomized trials. Further sequence design is ongoing, especially focus-



ing on parallel imaging. Furthermore, less time-consuming quantification is 

to be expected. Importantly, protocols are further optimized for the patient 

population allowing a more routine implementation. Heterogeneity at this 

time still exists between used protocols and reported accuracies. The used 

protocol should, to our opinion, be tailored for the patient population. 

Purpose and outline of this thesis 

In this thesis issues on MR perfusion in the detection of myocardial isch

emia are studied. An adenosine "stress" -only approach in patients with a 

clinical necessity to exclude myocardial ischemia and no history of myo

cardial infarction is described in Chapter 3. In Chapter 4 the inter-observer 

variability of the visual analysis of adenosine "stress"-only images is stud

ied in relation to experience and the systematical use of reading criteria. In 

patients with a history of myocardial infarction rest perfusion, DCE and 

cine wall motion imaging for assessment of global left ventricular function 

can be added to the protocol. Chapter 5 focuses on the post-processing of 

global left ventricular functional parameter assessment. Whether the post

processing analysis of every second short-axis slice is as accurate as analysis 

of consecutive slices is the focus of this study. 

Ischemia detection and viability assessment can also be performed in pa

tients with a known history of myocardial infarction with dobutamine 

stress MR for wall motion analysis. The additional value of performing 

perfusion imaging at peak dose dobutamine to assess if an atypical wall 

motion abnormality is indeed caused by myocardial ischemia is described 

in Chapter 6. 

Perfusion imaging at real high heart rates, such as under peak dose dob

utamine infusion, may be suffering from a limitation in spatial coverage. 

Chapter 7 compares two different techniques for parallel imaging in terms 

of signal to noise ratio (SNR) and contrast to noise ratio (CNR). 
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ABSTRACT 

Purpose: To assess the diagnostic value of adenosine "stress-only" myo

cardial perfusion MR for ischemia detection as an indicator for coronary 

angiography in patients without a prior myocardial infarction and a neces

sity to exclude ischemia. 

Methods : Adenosine perfusion MRI was performed at 1.5 T in 139 pa

tients with a suspicion of ischemia and no prior myocardial infarction. After 

3 minutes of adenosine infusion a perfusion sequence was started. Patients 

with a perfusion defect were referred to coronary angiography (CAG). Pa

tients with a normal perfusion were enrolled in follow-up. 

Results: Fourteen out of 139 patients (10.1 % ) had a perfusion defect 

indicative of ischemia. These patients underwent a coronary angiogram, 

which showed complete agreement with the perfusion images. 

125 patients with a normal myocardial perfusion entered follow-up (median 

672 days, range 333 - 1287 days). In the first year of follow-up one Major 

Adverse Coronary Event (MACE) occurred and one patient had new onset 

chest pain with a confirmed coronary stenosis. Reaching a negative predic

tive value for MACE of 99 .2 % and for any coronary event of 98.4 %. At 

two year follow-up no additional MACE occurred . Sensitivity of adenosine 

perfusion MR for MACE is 93.3 % and specificity and positive predictive 

value are 100%. 

Conclusion: Adenosine myocardial perfusion MR for the detection of 

myocardial ischemia in a "stress-only" protocol in patients without prior 

myocardial infarctions, has a high diagnostic accuracy. This fast examina

tion can play an important role in the evaluation of patients without prior 

myocardial infarctions and a necessity to exclude ischemia. 



INTRODUCTION 

Adenosine "stress" MR myocardial perfusion imaging has a proven high 

sensitivity and negative predictive value for the detection of myocardial 

ischemia (1-12). High diagnostic accuracies are reached in patient groups 

with relatively high prevalence of disease in studies combining rest-stress 

perfusion and delayed contrast enhancement. For the subgroup of patients 

with a history of myocardial infarction these elaborate protocols or dif

ferent stress MR imaging methods are probably most appropriate. In rela

tively lower risk patients, those without known myocardial infarction, less 

comprehensive protocols may be sufficient to guide further work-up and 

therapy choice. In lower-risk patient groups examined by adenosine "stress

only" perfusion MR imaging the number of purely diagnostic coronary 

angiographies (CAG's) might thus be reduced, which would be important 

because CAG is an invasive test with a risk of complications and relatively 

expensive. Furthermore, taking into account that PCI with stent implanta

tion is not harmless, invasive treatment should only be reserved for those 

patients with objectified myocardial ischemia (13;14) . A non-invasive imag

ing technique such as an appropriately designed MR protocol, can be used 

as an indicator to determine which patients need to be directed to coronary 

angiography. With the routine implementation of adenosine perfusion MR 

still lagging behind, we sought to tailor a protocol designed for a specific 

population. 

Directing the patient to the proper MR stress perfusion test or protocol, 

could yield diagnostic gain and time savings allowing analysis of larger pa

tient groups. 

In this study, the prognosis after a negative adenosine perfusion MR ex

amination and the diagnostic accuracy of adenosine "stress" myocardial 

perfusion MR were examined in a stress-only approach, in patients without 

prior myocardial infarction and a clinical necessity to exclude myocardial 

ischemia. 



MATERIALS AND METHODS 

Patient population 

150 consecutive patients referred between January 2005 to April 2006 from 

the outpatient clinic of the department of Cardiology for an adenosine 

perfusion MR, were included. Eleven patients were not enrolled in the final 

study population due to a history of myocardial infarction (3 patients), use 

of vasoactive medication during adenosine (2 patients), moving out of the 

country with loss of follow-up (3 patients) and refused consent (3 patients). 

The final study population therefore consisted of 139 prospectively en

rolled patients. The study was approved by the medical ethical board. Pre

test likelihood of these patients was determined according to Gibbons et al. 

(15). Patients who could not be determined according to this classification 

were stratified with a calcium score or considered to be at intermediate risk 

(for example rhythm abnormalities). Patients with a calciumscore > 90th 

percentile were considered to be at intermediate risk. Furthermore the per

centage of patients with: hypertension, diabetes, smoking history, positive 

family history for coronary artery disease (CAD) and hypercholesterolemia 

and summary values on age, gender distribution, body weight and Body 

Mass Index (BMI) are displayed in Table 1. 

Patients with a perfusion defect were referred for CAG. Patients with a 

normal adenosine perfusion examination had clinical follow-up for at least 

one year. 

Adenosine perfusion MR 

All anti-angina! medication was stopped 4 days before the adenosine perfu

sion MR examination. Xhantine containing products like coffee, tea, choco

late, cola had to be stopped 24 hours prior to the examination. Dypirida

mol had to be stopped or was considered a contra-indication. Scanning 

was performed at 1.5 T using a magnetom Avanto MRI system (Siemens 

Medical Solutions, Erlangen, Germany). After the patient was positioned 

on the scanning table, intravenous access was established via an anticubital 

vein. Vector ECG monitoring leads, a phased-array surface coil covering 

the heart, and a brachia! blood pressure cuff were applied. A single lead 



ECG signal was continuously monitored on the MRI-console. Systolic and 

diastolic blood pressures and heart rate were recorded at baseline and dur

ing adenosine infusion. 

After 3 minutes of adenosine infusion (0.140 mg/kg/ min) during the first 

pass of 0.1 mmol/kg gadopentetate dimeglumine with a flow rate of 5 

ml/s flushed with 15 ml 0.9% NaCL (flow rate 5ml/s) a perfusion sequence 

was started: TrueFisp: TR, 150.5/163.1 ms; TE 1.03 ms; TI 100/103 ms; 

a 45/50°; FOV 300 X 300; slice-thickness 6 mm; matrix 76 X 128; iPAT 

2. During the examination a radiologist and a cardiologist were present in 

the MR suite, to monitor the condition of the patient and to evaluate the 

images immediately. Total duration of the protocol was approximately 15 

minutes. 

Image analysis 

Perfusion series were visually analysed by an experienced radiologist and 

cardiologist in consensus, using a 16 segment model. A perfusion abnor

mality in at least two segments at consecutive planes of the left ventricle or 

one segment of the most apical slice, was used as an indication for CAG. 

Patients with a perfusion defect were examined by CAG within 3 weeks. 

Analysis of the coronary angiograms was performed by an experienced 

cardiologist, blinded to the MR results. A significant coronary lesion was 

defined as a narrowing of > 50%. The decision for a PCI or CABG was 

made in regular consultation with cardiac surgeons and interventional car

diologists. 

Follow-up 

Follow-up was completed in October 2008. The status of the patient was 

determined by review of the hospital records, contacting the patient's gen

eral physician or by a questionnaire after informed consent. Reported clini

cal events were confirmed by contact with the treating hospital. The date of 

the hospital visit, last visit to the general physician or the date of returning 

the questionnaire was used to calculate follow-up time. 

Patients were observed for occurrence of MACE and MACE including 



coronary artery revascularization after objectified ischemia as composite 

end point and classified as composite MACE. Occurrence of noncardiac 

mortality was documented: such cases were censored for MACE evaluation 

at the time of death. 

Primary outcome 

The aim of this study was to assess the diagnostic accuracy of an adenosine 

"stress-only" perfusion MR examination in patients without a prior myo

cardial infarction as a clinical indicator for coronary angiography and to 

determine the prognosis after a normal adenosine perfusion MR examina

tion. Confirmation of the adenosine perfusion MR results was done by de

tection of a significant coronary stenosis on CAG or with at least one year 

follow-up in case of a normal adenosine perfusion MR examination. 

Statistics 

Sensitivity, specificity, negative and positive predictive values were calcu

lated, with confidence intervals. Baseline characteristics are given as mean 

or median with standard deviation or range for continuous variables and as 

number (%) for categorical variables. 

RESULTS 

139 consecutive patients entered the study. Mean age 60. 7 ± 10.5 years, 

54% male. Demographic and hemodynamic data are listed in table 1. Dur

ing adenosine perfusion MR no major adverse reactions were seen in this 

patient group. 

Fourteen out of 1 39 patients (10.1 %) had a perfusion abnormality indica

tive for myocardial ischemia, figure 1. 

On a per patient basis significant coronary artery disease was demonstrated 

by CAG in all fourteen patients, followed by revascularization in 10 patients 

(1 CABG, 9 PCI, in 4 patients revascularization was not feasible). 

The 125 patients with a negative (normal) adenosine perfusion MR exami

nation were followed up for a median period of 672 days (range 333 - 1287 

days). There was one MACE during the first follow-up year (0.8 %) due 



Figure 1: Mid-ventricular 

short-axis single frame 

with peifusion defect in 

the distribution area of 

the LCX. 

to an acute coronary syndrome complicated by ventricular fibrillation, 12 

months after the adenosine perfusion MR examination. There was one case 

of new onset chest pain 10 months after the adenosine perfusion MR ex

amination with subsequent stent implantation , giving a composite MACE 

rate of 1.6%. Both patients had a low pre-test likelihood. 

In the second follow-up year two additional revascularizations were per

formed (17 and 18 months after the adenosine perfusion MR and no ad

ditional MACE,. 

Diagnostic values calculated for MACE for sensitivity are 93.3 % (CI: 0.68 

- 0.99), specificity 100% (CI: 0.97 - 1.00), Negative Predictive Value (NPV) 

99.2 ( CI: 0.96 - 1.00), and Positive Predictive Value (PPV) of 100% (CI: 

0.77 - 1.00) Only 6 out of 32 patients (18.8%) with a high pre-test likeli

hood had a positive adenosine perfusion MR examination. 

Distribution of the pre-test likelihood of significant coronary artery disease 

is listed in figure 2 and presented in table 1. 

DISCUSSION 

The main results of this study are that prognosis after a negative adenos

ine perfusion MR examination is good in this patient group and justifies 

conservative treatment rather than performing an invasive examination. 
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Figure 2: Distribution of patients ' pre-test likelihood of significant coronary artery 

disease. 

Second, comparison between positive adenosine perfusion MR examina

tions and CAG is good on a per patient basis, and could be used in the pre

selection of patients to be examined by coronary angiography. 

Diagnostic performances reported of adenosine perfusion MR studies, vary 

widely depending on the pulse-sequence, contrast dose, the modality used 

as a reference standard, the studied patient population and the used proto

col. Besides this, coronary artery disease is a progressive disease, which to 

some extent explains the relative late occurrence of MACE or composite 

MACE after a negative adenosine perfusion MR in the few patients in this 

study. Results should in this regard also be seen as ongoing disease and not 

by definition as a false negative examination. 

For a visual, qualitative approach to adenosine perfusion MR, one needs 

an imaging protocol approach. A good, but extensive approach has been 

proposed by Klem et al. (7), starting analysis with delayed contrast imag

ing, followed by rest and stress perfusion images. For a specific population 

without prior myocardial infarction we propose an imaging strategy that 

focuses on the adenosine stress perfusion MR series, to answer the question 



Table 1 :  Demographic and hemocfynamic data. 

Variable Mean o.r % 

Age, years 60.7 ± 10.5 

Male, % 54 

Body Mass Index, kg, mean 26.3 ± 3.9 

H ypercholesterolaemia, % 86.1 

Hypertension, % 46.3 

Diabetes, % 14.9 

Current smokers, % 18.8 

Former smokers, % 44.2 

Positive family history, % 52.1 

Pre-test likelihood 

Very low, % 2.2 

Low, % 19.4  

Intermediate, % 55.4 

High, % 23.0 

Resting diastolic blood pressure, mmHg, mean 83.1 ± 10.2 

Diastolic blood pressure under adenosine , mmHg, mean 87.6 ± 10.0 

Resting systolic blood pressure, mmHg, mean 153.3 ± 25.2 

Systolic blood pressure under adenosine, mmHg, mean 146.4 ± 23.1 

Resting heart rate, bpm, mean 76.6 ± 16.0 

Heart rate under adenosine, bpm, mean 88.5 ± 17.5 

Values are expressed as mean ± SD, range or percentage 

if there is a need for coronary angiography. In a relatively lower prevalence 

population the adenosine perfusion MR examination can exclude myocar

dial ischemia in a large group of patients with a normal adenosine "stress

only" perfusion examination, saving considerable imaging time and thus 

allowing analysis of larger patient groups. The importance of this study 

is underlined by a recent assessment by Nandalur et al. (16) that relatively 

little knowledge is available on the use of stress perfusion imaging in lower 

pre-test probability groups such as in patients without prior myocardial in-



farction. 

CAG, an invasive, expensive test with a risk of complications, can in this 

strategy be reserved for patients with objectified ischemia. In this way ad

enosine perfusion MR can be used to reduce the number of pure diagnostic 

CAG's. 

The few long-term follow-up studies published so far (1;12;17), found good 

prognosis for a negative adenosine perfusion MR examinations, results we 

can confirm with our study in this patient group. To the best of our knowl

edge this is the first study to assess the long term follow-up of an adenosine 

"stress-only" approach. 

Different imaging modalities can serve as a gatekeeper for further invasive 

examinations. Exercise ECG testing results are less accurate than believed. 

A meta-analysis of 147 published reports with in total 24074 patients re

ports a mean sensitivity of exercise ecg-testing of 68% and a mean speci

ficity of 77% (15). Diagnostic accuracy is even lower when the test is per

formed only in patients without a previous myocardial infarction. 

Nuclear imaging modalities play an important role in many centers and a lot 

of experience and validation is present, but they do have some important 

drawbacks regarding limited spatial and temporal resolution, attenuation 

artefacts and the use of radiation. All issues that can be overcome with 

adenosine perfusion MR, but for MR to be able to compete with nuclear 

and other stress imaging modalities, imaging time needs to be short, im

ages easily interpretable and protocols optimised for the patient population, 

taking into account the presence of a prior myocardial infarction, and the 

need for assessment of viable myocardium. On indication a rest perfusion 

MR examination or delayed contrast enhancement can be performed. The 

optimal population for an adenosine perfusion MR examination is in our 

opinion found in the patient group without a prior myocardial infarction. 

For patients with a prior myocardial infarction viability imaging may also 

be required. 

Diagnostic performance of dobutamine stress MR examinations in this re

spect has shown good results, with a good long term prognosis (1 7-19). 

Assessment of viability can be performed in the same examination in a 



functional way, without increasing imaging time significantly and may be 

more reliable than quantification of scar tissue (20). In a patient group 

without prior myocardial infarction absence of myocardial ischemia can be 

determined with a normal, homogeneous, adenosine perfusion MR series, 

with an imaging time of only fifteen minutes. 

Some earlier studies have reported moderately high specificities, due to the 

fact that perfusion MR was not able to discriminate between perfusion de

fects caused by ischemia or other causes (2;10). Specificity is probably also 

high in this study probably due to examining patients without a prior his

tory of myocardial infarction. 

The use of CAG as a reference standard might be a limitation, because 

CAG may be a "flawed" gold standard. CAG fails to account for the effect 

of diffuse disease, length of diseased segments and serial stenoses, and the 

functional effects in terms of perfusion for the myocardium (21). Higher 

levels of diagnostic accuracy are observed when adenosine perfusion MR 

was compared with PET (22) or FFR measurements as the reference stan

dard (23). Current clinical practice regarding risk stratification and therapy 

guidance is however directed by the CAG, which makes it a clinically rel

evant reference standard. 

Rather than performing a quantitative analysis, we optimized the imaging 

protocol for a robust, visual approach. This can be regarded as a limitation, 

but previous studies have shown that quantitative and qualitative, visual 

assessment of myocardial perfusion to have similar good correlations with 

CAG (22;24;25). Delayed contrast enhancement imaging or rest perfusion 

imaging was not routinely performed. This may provide additional valu

able diagnostic information, but mostly in a post-infarct setting. This might 

therefore be regarded as a limitation, but was a choice made for a broad 

application of adenosine perfusion MR in a specific population in which 

we doubt that it is of additional value. Prior myocardial infarction, as stated 

earlier, was used as an exclusion criterion in this study. 



CONCLUSIONS 

Adenosine perfusion MR, in a"stress" -only approach has a high diagnostic 

accuracy and may have a distinct clinical role in patients without previous 

myocardial infarctions as an examination which can reliably determine the 

necessity for coronary angiography in a total protocol time of only 15 min

utes. 
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ABSTRACT 

Purpose: To assess the inter-observer agreement of adenosine "stress" -

only visual analysis of perfusion MR images in relation to experience and 

reading criteria. 

Method and materials: One-hundred and six adenosine perfusion car

diac MR examinations out of 350 examinations, 46 consecutive positive 

examinations and 60 randomly selected negative examinations were visually 

analysed by four individual readers with different levels of experience: Two 

residents with, respectively, two years and two months of experience, and 

one technician. These readings were compared with the expert reading of 

an experienced radiologist (more than five years experience). Readings were 

performed blinded for clinical information and using "stress" -only adenos

ine perfusion images. After 3 minutes of adenosine infusion (0.140 mg/ 

kg/ min) during the first pass of 0.1 mmol/kg gadolinium (infusion rate 5 

ml/ s), a perfusion sequence was started acquiring three short-axis slices. 

After at least a month the examinations were presented again in a random 

order without knowledge of the performance of the first reading. This time 

readings were performed with the systematical use of reading criteria. 

Results: Agreement with the expert reading was good for the resident with 

two years of experience (k = 0.88). Kappa was 0.48 for the resident with 

two months of experience, and 0.57 for the technician. After the second 

reading using all proposed reading criteria inter-observer agreement in

creased to 0.9, 0.68 and 0.77 respectively. Overall Pleiss kappa increased 

from 0.59 to 0.71 between both readings. The systematic use of reading 

criteria significantly improved the performance of the least experienced 

observer (p=0.01). 

Conclusion: Visual analysis of adenosine "stress" -only first-pass perfu

sion cardiac MR images is feasible with moderate to very good agreement. 

Performance is experience related, but the systematical use of reading crite

ria significantly increased performance for the least experienced observer. 



INTRODUCTION 

Adenosine stress first-pass perfusion imaging is increasingly used for the 

detection of myocardial ischemia. Diagnostic accuracies in recently pub

lished papers are good (1-7). There is however still considerable hetero

geneity in used clinical protocols, among others the use of (semi-) quan

titative analysis or a more robust visual reading, which is more often used 

in clinical routine. Previous studies have shown that quantitative analysis 

of perfusion imaging and a visual reading both have a similar good cor

relation to coronary angiography (CAG) (8-11). A visual reading is robust 

and straight forward and with currently possible resolutions it might also 

be easily performed by less experienced observers. There is however wide 

variability in used and proposed criteria for visual assessment of perfusion 

abnormalities (1;2;4-7;10;12-24), ranging from no pre-defined criteria to in 

part contradictory criteria. 

The assessment of adenosine "stress" perfusion imaging only, for a visual 

reading, has a number of advantages. Imaging time is reduced as well as 

analysis time. There is no waiting time between stress and rest perfusion, 

and a second bolus of contrast media can be avoided. Therefore no in

fluence of the first contrast administration on the signal intensity of the 

second perfusion images exists. Using only stress perfusion imaging also 

eliminates the necessity to spatially match stress and rest perfusion imag

ing. Unfortunately perfusion imaging may suffer from artefacts, which may 

sometimes resemble ischemic perfusion defects (25). 

The aim of this study is to assess the inter-observer variability of a visual 

reading of adenosine stress-only perfusion imaging. Additionally the im

pact of experience and the use of systematic reading criteria was assessed. 

MATERIALS AND METHODS 

Patient population 

Forty six consecutive patients with a positive adenosine first-pass myocardi

al perfusion MR examination, together with 60 randomly selected patients 

with a negative adenosine first-pass myocardial perfusion MR examination 

were included. These patients were selected out of 355 patients that were 



referred to our institution between January 2005 and May 2007. 

The studied population consisted of 59 men and 4 7 women; mean age 

61.2 ± 9.9 years. All patients had a clinical necessity to exclude myocardial 

ischemia and patients did not have a prior myocardial infarction. Exclu

sion criteria were: patients with an acute coronary syndrome, atrial fibrilla

tion, severe arterial hypertension (>220/120), CMR-incompatible metallic 

implants, known claustrophobia, asthma, chronic obstructive pulmonary 

disease and patients using dipyridamol. 

MR imaging protocol 

All anti-anginal medication was stopped 4 days before the adenosine perfu

sion MR examination. Scanning was performed at 1.5T using a Magnetom 

Avanto MRI system (Siemens Medical Solutions, Erlangen, Germany). Af

ter the patient was positioned on the scanning table, intravenous access was 

established via an anticubital vein. ECG monitoring leads, a phased-array 

surface coil covering the heart and a brachia! blood pressure cuff were ap

plied. A single lead ECG was continuously monitored on the MRI-console. 

Systolic and Diastolic blood pressures were recorded using an automatic 

device (Welch-Allyn, Emro-medical) at baseline and during adenosine infu

sion. Blood pressure and heart rate were recorded.After 3 minutes of ad

enosine infusion (0.140 mg/kg/ min) during the first pass of 0.1 mmol/kg 

gadopentetate dimeglumine Omniscan® with a flow rate of 5 ml/ s flushed 

with 15 ml 0.9% NACL (flow rate 5ml/s) a perfusion sequence was started: 

TrueFisp: TR, 150.5; TE 1.03 ms; TI 100ms; □ 45°; FOV 300 X 300; slice

thickness 6 mm; matrix 76 X 128; iPAT 2. or TSENSE: TR, 163.1 ms; TE 

1.03 ms; TI 103 ms; □ 50°; FOV 300 X 300; slice-thickness 6 mm; matrix 

7 6 X 128; iPAT 2. During the examination a radiologist and a cardiologist 

were present in the MR suite, to monitor the condition of the patient and 

to evaluate the images directly. 



Image analysis 

Perfusion series were visually analysed by an experienced radiologist, using 

a 16 segment model, defining a relevant perfusion defect as a perfusion ab

normality in at least two segments at consecutive planes of the left ventricle 

or one segment of the most apical slice. 

The selected examinations were archived and viewed on a dedicated work

station (ViewPro versie 3.2.0.12, Rogan Delft, Veenendaal, the Nether

lands). The examinations were anonimized and randomized. Three observ

ers with different levels of experience performed a visual reading of the 

examinations (two residents, one with two years, one with two months of 

experience did a visual reading, and a reading was performed by a techni

cian). The observers were fully blinded to clinical information, CAG results 

and adenosine stress MR related information. The observers had to state 

whether there was a perfusion abnormality indicative of myocardial isch

emia. The observers were blinded to the results obtained by the other ob

servers. Furthermore studies were presented to the observers in a different, 

random order. No prior joint training session was organized. All individual 

readings were compared to the expert reading. After the first reading all 

examinations were presented again, this time using the systematic reading 

criteria as proposed in the literature(1;2;4-7;10;12-24), see table 1, Readers 

were kept uninformed regarding there results and there was at least one 

month between both readings. 

Statistical analysis 

Summary values are expressed as mean with standard deviation. 

Agreement was measured between readers and consensus reading using 

Cohen's Kappa. Pleiss kappa (26) was used to evaluate overall agreement. 

Grading of Kappa values was set at poor for 0 - 0.2; fair for 0.21 - 0.41; 

moderate for 0.41 - 0.6; good for 0.61 - 0.8 and very good for 0.81 - 1.0. 

Comparison for statistical significance between both readings for all ob

servers was performed with the McNemar test (p<0.05). Data analysis was 

performed using SPSS 14.0 for windows and R (version 2.5.0) for Pleiss 

kappa calculations 



Table 1. Reading criteria 

Important reading criteria proposed in the literature 

• Perfusiondefect (PD) more than 1 /3 of wall thickness (more than 

subendocardium) 

• At least two neighbouring segments involved 

• > 5 heartbeats after maximum signal intensity in LV cavity 

• PD definetely darker than surrounding myocardium 

• > 3 heartbeats after peak enhancement of most normal appearing 

region 

• PD is region of interest with lowered peak signal intensity 

• Focal region of myocardium with lowered contrast enhancement 

• PD in at least two segments 

• PD more than 50% of wall thickness 

• 4 point scale (0 normal; 1 probably normal; 2 probably abnormal; 3 

abnormal) 

• Hypo-enhancement in coronary flow areas 

• Ischemic PD does not fluctuate in signal intensity 

• Lowered signal intensity in at least one segments 

• Perfusion defects persits beyond the point of peak enhancement 

RESULTS 

Clinical and haemodynamic data of all patients is presented in table 2. Mean 

heart rate at the time of adenosine stress perfusion imaging was 88.3, com

pared to 7 5,3 in rest. Systolic blood pressure at the time of adenosine per

fusion imaging is 146.1, compared to 152.4 in rest. This is a normal and 

expected reaction to the adenosine, making it diagnostic studies. 

Overall Average Fleisch kappa coefficient of reading adenosine stress-only 

perfusion images, regarding the question if there is a perfusion abnormal-



ity suggestive of myocardial ischemia was 0.59 for all readers and average 

Cohen's kappa was 0.64. Individual kappa values were 0.88 for the most 

experienced resident, 0.48 for the less experienced resident and 0.57 for the 

technician. 

Then a second reading was performed, this time with the systematical use 

of all the reading criteria as proposed in the literature, table 1. Overall Pleiss 

kappa value after this reading was 0.71 Individual readings: 0.90 for the 

most experienced resident, 0.68 for the less experienced and 0. 77 for the 

technician. In total 30 mismatches were present out of 31 8 readings. 

Figures 1 to 3 illustrates different scenarios of agreement on visual analysis 

of adenosine stress first-pass perfusion imaging. 

Comparison between the first and second reading of all observers showed 

no significant difference for the most experienced observer (p=l .00) and 

the technician (p=0.1 86). The least experienced observer however signifi

cantly improved (p=0.01 ). 

Table 2. Clinical and haemoefynamic data 

Variable Mean or % 

Age, years 61 ,2 ± 9,94 

Male, % 56 

Body weight, kg 77,4 ± 1 4,3 

Resting diastolic blood pressure 87,0 ± 1 1 , 1  

Adenosine diastolic blood pressure, mmHg 83,4 ± 1 0,3 

Resting systolic blood pressure, mmHg 152,4 ± 25,7 

Adenosine systolic blood pressure, mmHg 146,1 ± 22,4 

Resting heart rate, bpm 75,3 ± 1 6,8 

adenosine heart rate, bpm 88,3 ± 1 6,5 

Values are expressed as mean ± SD or percentage 



Figure 1: Three images from a basal short-axis peifusion run. With contrast arn·val in 

the LV cavity on the left. Myocardial enhancement in the middle image and washout in 

the last image. Clear peifusion defect in the lateral wall identified correctfy by all observ

ers. 

Figure 2: Normal Myocardial peifusion identified correctfy by all observers despite small 

artefact. 

Figure 3: Adenosine-stress first pass peifusion images with discrepanry between readers. 

Image with motion artefact and some what larger susceptibility artefact, occuring earfy. 



DISCUSSION 

The main finding of this study is that visual assessment of adenosine 

stress-only first-pass myocardial perfusion imaging has moderate to very 

good agreement. This agreement is experience related and increases with 

the systematical use of reading criteria for less experienced observers. More 

experienced readers probably already use more of the criteria published in 

the literature that help differentiate between real perfusion defects and arte

facts. This does imply that visual analysis of adenosine stress-only images is 

easily learned and may help increase clinical implementation. To the best of 

our knowledge this is the first study to specifically look at the inter-observer 

variability of adenosine stress- only first pass myocardial perfusion imag

ing. 

Standardized visual reading criteria need to be set, due to the only moderate 

overall agreement. This is supported by the fact that agreement increas

es considerably after the second reading using the proposed criteria to an 

overall good agreement. This compares quite favorably with other sreening 

methods, like for instance mammography (27-29). 

Some proposed reading criteria presented in the literature may not always 

be applicable, for instance defining that a perfusiondefects indicative of 

myocardial ischemia has to be present in more than one segment fails to de

tect a significant distal stenosis of the left circumflex (LCX). Similar results 

have been found in nuclear stress perfusion imaging (30). 

This study was set-up for relatively less experienced readers to little experi

ence. It can be assumed that this lowered overall agreement. However for 

an examination to be easily implemented in to routine clinical practice and 

more widespread acceptance an examination also needs to be interpretable 

for less experienced readers. With the use of specific reading criteria and 

training by more experienced readers it can be assumed that overall agree

ment will increase. 

Delayed contrast enhancement imaging (DCE) was not routinely per

formed. We believe stress-only analysis should be reserved for patients with 

unknown CAD, and no previous myocardial infarctions. As proposed by 

Klem et al. (5), image analysis should when, DCE clinically indicated, be-



gin with DCE images. In other patient categories, like the one studied in 

this paper, image analysis should start with the adenosine stress first-pass 

perfusion imaging, since this will save unnecessarily prolongation of the 

examination for patients. Stress perfusion analysis can in this regard be used 

as an arbiter for additional series. If normal, with noticeable effect of the 

adenosine, a rest perfusion is unnecessary. 

Results from the second reading may be influenced by a general learning 

effect, to minimize this effect we used a relatively large data set and there 

was at least one month between both readings. Images were presented in a 

different order on both occasions. Furthermore observers were kept unin

formed regarding their results of the first reading. 

CONCLUSION 

With relative little experience in the visual interpretation of stress perfusion 

MR images there is only moderate overall agreement, the use of systematic 

reading criteria considerably increases agreement with an expert reading, 

making the examination available for less experienced readers. 
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ABSTRACT 

Purpose: To assess whether accurate global left- ventricular (L V) functional 

parameters can be obtained by analyzing every second short-axis magnetic 

resonance imaging cine serie instead of consecutive slices, in order to re

duce post-processing time. 

Materials and methods: Forty patients, were scanned on a 1.5 T MRI

system (.Magnetom Sonata, Siemens Medical Systems, Erlangen, Germany) 

using a steady-state free precession (SSFP) sequence. A stack of short-axis 

cine series from above the mitral valve through the apex was acquired. Post

processing was started at the most basal slice of the left ventricle, in which 

at least 50% of the circumference was myocardium. End-diastolic volume 

(EDV), end-systolic volume (ESV), stroke volume (SV), ejection fraction 

(EF) and LV mass (LVM), were calculated. Data analysis was repeated, but 

now only every second slice was analyzed. 

Results: Bland-Altman analysis showed slightly lower values for all LV pa

rameters when only every second slice was analyzed, ranging from 1. 7% 

difference for EF (limits of agreement -3.5 to 5.0) to 4.6% for SV (limits 

of agreement -7.2 to 15.0). 

Conclusion: Analysis of every second slice for quantification of global LV 

function is time-saving and as accurate as analysis of consecutive slices. 



INTRODUCTION 

L V functional parameter analysis is performed in a variety of cardiovascular 

diseases. It provides direct quantitative information about the patients' cur

rent cardiovascular health status and may be useful as a prognostic marker. 

A diminished LV function or a LV hypertrophy is associated with an in

creased risk of cardiovascular mortality (1;2). 

Echocardiography is currently the most widely used imaging modality for 

assessment of LV functional parameters, but it is limited by its operator de

pendency, acoustic window, poor contrast, and requires a geometric model. 

MR does not require geometrical assumptions and is at present considered 

to be the reference standard for functional imaging (3-10). As a conse

quence the number of patients referred for LV functional parameter analy

sis by MR is increasing. 

Reduction in scanning-time has been achieved over the years, and visually 

good recognisable endocardial borders for contour delineation are provid

ed by steady state free precession (SSFP) (11-14). Post-processing still takes 

considerable time, up to 30 minutes. Therefore, time-saving methods can 

be useful in clinical practice. 

Since short-axis cine MR series can be obtained in subsequent slices with a 

3D representation no geometric assumptions have to be made. Analyzing 

every second slice might still give accurate measurements. The purpose of 

this study is to assess whether accurate LV functional parameters can be 

obtained by analyzing every second short-axis magnetic resonance images 

series in order to reduce post-processing time. 

MATERIALS AND METHODS 

Study population 

Forty consecutive patients (22 men, mean age 45 years, range 15-72) were 

referred for analysis of L V function. All patients had a history of cardiac 

disease: 13 patients had a congenital heart disease, 9 patients had a previous 

myocardial infarction, 10 patients had cardiomyopathy, and 8 patients were 

referred after an impaired L V function was found by echocardiography. 



Image acquisition 

Image acquisition was performed on a 1.5 T MRI-system (Magnetom So

nata, Siemens Medical systems, Erlangen, Germany) using a steady state 

free precession (SSFP) sequence, with the following parameters: 2.8/1.28 

(repetition time ms/ echo time ms), 35.8 ms temporal resolution. Flip angle 

80°, field of view 320, matrix 156 x 192, voxelsize 1. 7 x 1. 7 x 6, bandwidth 

930, half Fourier acquisition, 25 phases per cycle, using retrospective ECG

triggering. In case of an irregular rhythm prospective ECG-triggering was 

used with the following parameters: 3. 1/1.55 (repetition time ms/echo time 

ms), 47.5 ms temporal resolution. Flip angle 58°, field of view 340, matrix 

164 x 256, voxelsize 1. 7 x 1.3 x 6, bandwidth 930, half Fourier acquisition. 

Slice thickness was set at 6 mm, with an inter-slice gap of 4 mm. Images 

were acquired at repeated end-expiratory breath-holds. A standard two by 

six channel body coil was used. 

In order to plan the short-axis views, first standard survey images were ac

quired. The short-axis volume set was planned using the vertical long axis 

(VLA) and the four-chamber view ( 4CV), ensuring that the imaging plane 

runs parallel to the mitral valve annulus. ECG gated short-axis cine series 

were acquired subsequently. A full stack of short axis images was always 

acquired in order to look for myocardial dyssynchrony, or an abnormal 

shaped heart. 

Post-processing: Software analysis 

The short-axis cine series were analyzed using commercially available soft

ware (QMASS version 6.1.2, Medis Medical Imaging Systems, Leiden, The 

Netherlands). The end-diastolic phase was defined as the phase with the 

greatest visually estimated luminal cavity, and the systolic phase as the phase 

with the smallest luminal cavity. Analysis was started at the most basal slice 

of the left ventricle in which at least 50% of the circumference was myocar

dium. A difference of one section position was possible between the most 

basal slice in end-diastolic phase and end-systolic phase due to the influence 

of through-plane motion (15). Epi- and endocardial contours for the left

ventricle were drawn manually in all slices. Papillary muscles and trabeculae 



were included in the lumen of the left ventricle. 

The same procedure was repeated but only every second slice was ana

lyzed, starting again from the most basal slice in which both end-diastolic 

and end-systolic phase contours could be drawn. every second slice was 

analysed towards the apex of the heart. Analysis was essentially performed 

on 6 mm slices, skipping 14 mm. Figure 1 gives a representation of both 

methods. 

Figure 1 :  End-diastolic sho rt-axis im ages. 

Representation when consecutive slices are 

ana!Jzed (.A.) en when every second slice is 

ana!Jzed (B). 



Left ventricular functional parameters 

The obtained parameters of the left ventricle consisted of the end-diastolic 

volumes (EDV) and end-systolic volumes (ESV) of all slices, and the EDV 

and ESV when every second slice was selected. From these parameters 

stroke volumes (SV) and ejection fraction (EF) were calculated for all slices 

and the every second slice analysis method respectively. Stroke volume was 

calculated by subtracting the end-systolic volume from the end-diastolic 

volume (SV=EDV-ESV). The ejection fraction was calculated by dividing 

the stroke volume with the end-diastolic volume, multiplied with 100% 

(EF= (SV /EDV) * 100 %). Left ventricular mass (LVM) measurements 

were calculated from the area between epicardial and endocardial contours 

in the end-diastolic phase. These parameters were directly calculated by 

QMASS software. Analysis of all slices and analysis of every second slice 

was performed by a single experienced investigator. Length of time nec

essary for analysis of all slices versus analysis of every second slice was 

measured. 

Statistical analysis 

Data from all functional parameters are presented as mean ± SD. The mean 

differences between both analyzing methods are presented together with 

SD. Mean differences were calculated by measurements of all slices mi

nus measurements from analysis of every second slice, and expressed in 

ml for the EDV, ESV, and SV. EF is expressed as a percentage and L VM 

in grams The Bland-Altman method was used to assess the agreement 

between both methods. (16) A percentage difference is described and the 

limits of agreement are given. Length of time necessary for analysis was 

measured in minutes. Mean duration was calculated for both methods, and 

compared using student's T-test, in which p <.01 is considered to indicate a 

significant difference between both methods. Results are expressed as mean 

duration of analysis ± 2SD. It can be hypothesised that a method needing 

more geometrical assumptions may be flawed in the case of locally defined 

wall motion abnormalities. Therefore, a sub-analysis is performed, without 

patients in which regional wall motion abnormalities are present or can be 
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expected. For instance: regional akinetic regions, left or right bundle branch 

blocks and ventricle septumdefect. 

RESULTS 

Average number of slices in post-processing analyzed for "the all slices

method" is 9.2 ± 1.2. Number of slices analyzed with post-processing ev

ery second slice is 5.0 ± 0.6. 

Data from all functional parameters and SD's are shown in table 1, which 

also shows the percentage differences and the limits of agreement. 

Figure 2 shows the Bland-Altman plots for all functional parameters. 

Mean EDV for analysis of all slices is 198.0 ml, for every second slice 192.2 

ml. The absolute difference is 5.8 ml. Mean ESV for analysis of all slices is 

113.3 ml, for every second slice 111.4 ml. The absolute difference is 1.9 ml. 

Mean SV is 84.7 ml for analysis of all slices, and 80.8 ml for every second 

slice. The absolute difference for SV is 3.9 ml. Mean EF when all slices 

are analyzed is 45.2 %, whereas analysis of every second slice resulted in a 

mean of 44.4%. The absolute difference is 0. 7 6%. L VM measurement for 

analysis of all slices is 112.9 g, and 108.8 g for analysis of every second slice. 

The absolute difference is 4.1 g. 

Table 1: Measurements of left ventricular functional parameters. 

Alt e r n a t e  Ab s olu t e  Percentage Limits of 
Parameterte All slices 

slices cliffetences diffetelil.ce agreement 

EF (%) 45. 1  ± 1 1 .4 44.4 ± 1 2.5  0.76 ± 2.2 1 .7 -3.5 to 5.0 

sv (ml) 84.7 ± 25.1 80.8 ± 27.3 3.9 ± 5.7 4.6 -7.2 to 1 5.0 

M (g)  1 1 2.9 ± 39.4 108.8 ± 37.6 4. 1 ± 4.8 3.5 -5.3 to 1 3.5 

EDV (ml) 1 98.0 ± 66.5 1 92.2 ± 64.7 5.8 ± 5.7 2.9 -5.4 to 1 6.9 

ESV (ml) 1 1 3.3 ± 59.2 1 1 1 .4 ± 59.0 1 .9 ± 3.8 1 .7 -5.5 to 9.2 

Data for both ana!Jsing methods, and the absolute difference are presented as the mean ± 
SDs. EF = dection fraction, SV = stroke volume, M = mass, EDV = end-diastolic 

volume, ESV = end-systolic volume 



Table 2 shows a sub analysis when patients with akinetic regions, left or 

right bundle branch and ventricle septum defects are excluded. 

On average analysis of all slices takes 13 min ± 2.5, whereas analyzing every 

second slice takes 8 min ±  2 (p<0.01). 
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Figure 2: Bland-Altm an plo ts depict agreem ent between ana!Jsis of all slices versus every 

second slices. So lid lines on plo t represent the average between ana/yzing all slices versus 

every second slices,for: EDV (2a), ESV (2b), SV (2c), EF (2d), Mass (2e). Dotted 

lines represent ± 2 SDs. EF = ejection fraction, SV = stroke vo lum e, EDV = end

diasto lic vo lum e, ESV = end-systo lic vo lum e. 



Table 2: Measurements of left ventricular functional parameters} after exclusion of pa

tients with myocardial qys!)lnchrof!Y or regional deformities from anafysis (n=33) 

Absolute Percentage Limits of 
Parametetf¢ 

differences difference agreement 

EF (%) 0.55 ± 1.9 1.2 -3.2 to 4.3 

sv (ml) 3.6 ± 5.2 4.1 -6.6 to 13.8 

M (g) 4.4 ± 5.0 3.9 -5.4 to 14.2 

EDV (ml) 5.3 ± 5.6 2.7 -5.7 to 16.3 

ESV (ml) 2.2 ± 3.7 2.1 -5 .1  to 9.5 

Data are presented as the mean ± SDs. EF = efection fraction} SV = stroke volume} 

M = mass} EDV = end-diastolic volume} ESV = end-!)lstolic volume 

DISCUSSION 

This study demonstrates that analysis of every second slices is as accurate as 

analysis of consecutive slices, although it slightly underestimates LV func

tional parameters. The mean difference for EF, which clinically is the most 

important variable, is less than 1 %, with narrow limits of agreement. The 

results for the other left ventricular functional parameters are also small, 

and may not be of clinical relevance. Agreement between both methods 

is high. As proposed by Bland and Altman we have not performed a test 

of significance, because this is not relevant for the question of agreement. 

Results show that the limits of agreement are small. Image acquisition with 

an intersection gap 5-10 mm did not result in a significant loss of accuracy 

in a homogeneous population (17). To the best of our knowledge this is 

the first study to describe that analysis of every second obtained short-axis 

slices is accurate and reduces post-processing time. 

Results are obtained in a clinical population with a wide range of cardiac 

diseases and are therefore applicable in clinical use. Results differed more in 

case of a myocardial dyssynchrony or an abnormal shaped heart, due to the 

method used. Therefore, consecutive slices should be acquired, and time 

reduction preserved for post-processing only. Acquiring every other short 



axis slice would also save considerable imaging time, but in this way one is 

not informed qualitatively on all short axis slices. Limitation of our study is 

the fact that measurements were obtained by one observer, but reported in

tra- and inter-observer variability in the literature are small (18-21). Besides 

this analysis was performed on 6 mm slices, with a 4 mm gap, the acquisi

tion protocol in our routine clinical practice. It might be worth acquiring 

contiguous images between 6-10 mm, but this will prolong imaging time. 

This study aimed solely at time savings in post-processing. 

Another limitation is that the study was not blinded for the observer, which 

could influence the time needed for analysis. On the other hand, measuring 

the time necessary for analysis is almost certainly observer dependent, and 

dependent on the time-point from which analysis is started. Therefore, em

phasis should not be on the absolute time one can save by analyzing every 

second slices, but on the fact that accurate measures can be obtained by 

analyzing half the slices, which would certainly save time. 

Attempts to reduce post-processing time have focused on (semi) automatic 

contour detection of endocardial borders (22-24). Until now, manual or 

semi-automatic contour detection is still preferred to automatic contour 

detection. Although promising, automatic contour detection requires a 

large learning data-set, and is not feasible in all circumstances (22;23). An

other attempt to reduce post-processing time is inclusion of trabeculae in 

the cavity volume. This indeed has shown to reduce post-processing time 

considerably (24;25). Even though it affects the absolute measure, it has 

increased the reproducibility (25;26). Still, on average 9.2 ± 1.2 short-axis 

series need to be analyzed 

In conclusion, accurate determination of left ventricular functional param

eters can be obtained by analyzing every second short-axis slice in approxi

mately half of the time compared to analysis of all slices. 
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ABSTRACT 

Purpose: To assess the additional value of first pass myocardial perfusion 

imaging during peak dose of dobutamine stress Cardiac-MR (CMR). 

Materials and methods: Dobutamine Stress CMR was performed in 115 

patients with an inconclusive diagnosis of myocardial ischemia on a 1.5 

T system (Magnetom Avanto, Siemens Medical Systems). Three short-axis 

cine and grid series were acquired during rest and at increasing doses of 

dobutamine (maximum 40µg/kg/min). On peak dose dobutamine fol

lowed immediately by a first pass myocardial perfusion imaging sequence. 

Images were graded according to the sixteen-segment model, on a four 

point scale. 

Results: Ninety-seven patients showed no New (Induced) Wall Motion 

Abnormalities (NWMA). Perfusion imaging showed absence of perfu

sion defects in 67 of these patients (69%). Perfusion deficits attributable 

to known previous myocardial infarction were found in 30 patients (31 %). 

Eighteen patients had NWMA, indicative for myocardial ischemia, of 

which 14 (78%) could be confirmed by a corresponding perfusion defect. 

Four patients (22%) with NWMA did not have perfusion defects. In these 

four patients NWMA were caused by a Left Bundle Branch Block (LBBB). 

They were free from cardiac events during the follow-up period (median 

13.5 months; range 6-20). 

Conclusion: Addition of first-pass myocardial perfusion imaging during 

peak dose dobutamine stress CMR can help to decide whether a NWMA 

is caused by myocardial ischemia or is due to an (inducible) LBBB, hereby 

preventing a false positive wall motion interpretation. 
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INTRODUCTION 

Dobutamine stress Cardiac MRI (CMR) is used to detect myocardial isch

emia of the left ventricle by means of wall motion analysis during the in

fusion of high-dose dobutamine (1-4). Previous studies have reported a 

broad range of sensitivity (83-91 %) and specificity (80-86%) of dobutamine 

stress CMR for the detection of myocardial ischemia (1;3;5;6). It has been 

proven to be more accurate than dobutamine stress echocardiography. The 

addition of myocardial tagging even further increased the sensitivity (96%) 

of dobutamine stress CMR ( 4). False positive dobutamine stress CMR's 

were described for left bundle branch block (LBBB) or an incidental low 

interpretability. ( 4) Means to overcome for these false-positive dobutamine 

stress CMR's could increase specificity even further. 

Assessment of myocardial perfusion is used to provide information on the 

hemodynamic significance of a coronary artery stenosis. Segments with 

New Wall Motion Abnormalities (NWMA) detected with dobutamine 

stress CMR should also show perfusion defects, since perfusion abnormali

ties precede wall motion abnormalities in the ischemic cascade (6). 

Normal stress perfusion SPECT-results predict a less than 1 % annual risk 

of cardiac death or myocardial infarction, thereby yielding a high negative 

predictive value (7-10). High negative predictive values are also reported for 

MR perfusion imaging combined with MRI cine-angiography (100%) in a 

small study of 15 patients (11). 

The addition of a perfusion sequence on peak-dose dobutamine may fur

ther enhance the interpretation of dobutamine stress CMR, by ruling out 

false positive findings, through the combined strength of both methods. 

The purpose of this study is to assess whether the addition of perfusion 

imaging to dobutamine stress CMR at peak-dose dobutamine reduces the 

number of false-positive dobutamine stress CMR examinations. 

MATERIALS AND METHODS 

Patient population 

Between September 2004 and April 2006, 124 consecutive patients were 

referred from the department of Cardiology for a dobutamine stress CMR. 



The study was approved by the local ethical committee. Informed con

sent was obtained prior to the study, after the nature of the procedure had 

been explained. All patients had chest pain and an inconclusive diagnosis of 

coronary artery disease by means of history, ECG recordings at rest and, 

if performed, during a bicycle exercise test. Patients with an acute coronary 

syndrome, atrial fibrillation, severe arterial hypertension (>220/120), CMR

incompatible metallic implants or known claustrophobia were not eligible. 

Protocol for dobutamine stress CMR with myocardial perfusion on 

peak-dose dobutamine 

To ensure cardiac response to dobutamine, all anti-angina! medication was 

stopped 4 days before the dobutamine stress CMR examination. After the 

patient was positioned on the scanning table, intravenous access was estab

lished via an anticubital vein. ECG monitoring leads, a phased-array surface 

coil covering the heart, and a brachia! blood pressure cuff were applied. A 

single lead ECG was continuously monitored on the MRI-console. Sys

tolic and diastolic blood pressures were recorded using an automatic device 

(Welch-Allyn, Emro-medical) at baseline and every 3 minutes throughout 

the procedure. Blood pressure and heart rate were recorded. The imag

ing methodology of dobutamine stress CMR has been described in detail 

previously (4). Dobutamine stress CMR was performed on a 1.5 T system 

(Magnetom Avanto, Siemens Medical Systems, Erlangen, Germany). Three 

short-axis cine breath-hold CMR images of the left ventricle, with and 

without myocardial tagging, were acquired at rest and during incremental 

dosage of dobutamine up to 40 µg/kg/ min. An ECG-triggered segmental 

gradient-echo pulse sequence was used: TrueFisp: TR 57.64, ms; TE, 1.1 

ms; a, 59°; FOV, 284 X 350 mm; slice-thickness 6 mm; and matrix 125 X 

192; iPAT 2. Tagging was performed with a standard FLASH grid-sequence: 

TR, 46 ms; TE, 3.8 ms; a, 14°; FOV, 284 X 350 mm; slice-thickness 6 mm 

and matrix 141 X 256. The basal plane was taken 1.5 cm below the mitral 

valves. The midventricular and apical short-axis views were divided equally 

over the remaining part of the left ventricle. When a wall motion abnormal

ity (WMA) was detected at baseline, infusion was started at 5 µg/kg/ min, 



after which the dose of dobutamine was increased to 10, 20, 30 and 40 µg/ 

kg/ min. Starting dose of dobutamine was 10 µg/kg/ min when no WMA 

was detected at baseline. Imaging started 6 minutes after each dose increase 

and required 3 minutes per dose increase. 

Termination criteria for dobutamine stress CMR were the development of 

new wall motion abnormalities (NWMA) or worsening WMA, a fall of sys

tolic blood pressure of more than 40 mmHg, marked hypertension above 

240 / 120 mmHg, severe chest pain, ventricular arrhythmias and intolerable 

side effects. NWMA are indicative of myocardial ischemia. 

On peak dose dobutamine a bolus injection of 0.1 mmol/kg gadolinium

DTPA (Omniscan® )was given and a perfusion sequence was started: True

Fisp: TR, 150.5 or 163.1 ms; TE 1.03 ms; TI 100/103 ms; a 45/50°; FOV 

300 X 300; slice-thickness 6 mm; matrix 76 X 128; iPAT 2. The same three 

slices as the cine and tagging series were acquired. 

During the examination a radiologist and a cardiologist were present in the 

MR suite, to monitor the condition of the patient and to visually evaluate 

the images. When NWMA's with a corresponding perfusion defect were 

seen, a coronary angiography (CAG) was performed within 3 weeks. Pa

tients with NWMA's and a normal first pass perfusion on peak stress en

tered follow-up. 

Image analysis 

Wall motion was scored on six segments of the basal plane, six on the 

midventricular plane and four on the apical plane. Segmental wall motion 

was qualitatively graded as 1 = normal or hyperkinesis; 2 = hypokinesis; 

3 = akinesis; and, 4 = dyskinesis. Myocardial ischemia was defined as a 

new (induced) or worsening WMA in at least two segments at consecutive 

planes of the left ventricle during infusion of dobutamine. Analysis was 

performed using both cine and tagging images as described in detail previ

ously (4). 

Wall Motion Score Index (WMSI) was derived as the mean score of all seg

ments of all short-axis images. WMSI data from the combined analysis of 

the cine and tagging images were determined from baseline and peak stress 



images. 

The first pass perfusion images on peak dose dobutamine were visually ana

lyzed by an experienced radiologist and cardiologist in a consensus reading 

after the wall motion analysis by the same physicians. A perfusion abnor

mality, corresponding to the coronary artery distribution areas, in at least 

two segments at consecutive short-axis slices or one segment of the most 

apical slice of the left ventricle was defined as myocardial ischemia. 

Follow-up 

Follow-up data were obtained in September 2006. The present status of the 

patient was determined by review of the hospital records or contacting the 

patient's general physician. The date of the last review was used to calculate 

follow-up time. 

Evaluated end points were nonfatal myocardial infarction (angina of > 30 

minutes duration and either 2 mm ST segment elevation in two consecutive 

ECG leads or a rise in creatine kinase level and its myoglobine fraction two 

times the upper limit of normal), cardiac death (death in the presence of 

acute myocardial infarction, significant cardiac arrhythmias or refractory 

congestive heart failure) and coronary revascularization. 

RESULTS 

Patient population 

From the 124 consecutively included patients, in nine patients the examina

tion could not be completed due to: intolerable side effects (nausea, vomit

ing) in four patients, claustrophobia in three patients. Two patients were 

excluded due to insufficient image quality, one of whom had an irregular 

rhythm with triggering difficulties, and the other patient was unable to sus

tain breath holds. 

Therefore, 115 patients all with good image quality were analysed (93%) 

with a mean age 61 ± 11 years, 20 women (30%). Demographic and hemo

dynamic data are listed in table 1. 



Table 1: demographic and hemotfynamic data 

Variable Mean or % 

Age, years 61 ±11 

Female, % 29.6 

Previous myocardial infarction, % 38.0 

Revascularization, % 31.0 

Rest wall motion abnormalities (RWMA) 40.9 

Body weight, kg 78 ±12 

Resting diastolic blood pressure, mmHg 87 ±11 

Peak diastolic blood pressure, mmHg 78 ±12 

Resting systolic blood pressure, mmHg 152 ±26 

Peak systolic blood pressure, mmHg 151 ±31 

Resting heart rate, bpm 79 ±15 

Peak heart rate, bpm 119 ±21 

Rate-pressure product* at rest 12,030 ±3545 

Rate-pressure product at peak stress 17,935 ±4807 

Wall Motion Score Index (WMSI) at baseline 1.18 ±0.32 

Wall Motion Score Index (WMSI) at peak dose 1.21 ±0.34 

Demographic and Hemotfynamic Data Vaittes are expressed as mean ± SD or percent

age . *R.ate-pressure product=(heart rate)x(.rystoiic blood pressure) RWMA = Rest 

Wail Motion Abnormaiiry; WMSI = Wail Motion Score Index 

Dobutamine stress CMR with myocardial perfusion on peak-dose 

dobutamine 

Eighteen of the 115 patients (16%) had NWMA of whom 14 (78%) showed 

perfusion deficits on peak dose dobutamine in the corresponding segments. 

Four patients (22%) with NWMA did not have a perfusion defect. In these 

four patients, NWMA were attributable to a LBBB as could be confirmed 

with an independent (stress) ECG. Two of these were inducible LBBB, not 

known prior to the examination. CAG was positive for the corresponding 

segments in the 14 patients (100%) with NWMA and a corresponding per

fusion deficit. 



Ninety-seven patients (84%) had no NWMA. The perfusion images on 

peak dose dobutamine showed absence of perfusion defects in 67 of these 

97 patients (69%) and perfusion defects in 30 (31 %). Of these patients 29 

(97%) were attributable to a known previous myocardial infarction in the 

patients history combined with the presence of RWMA's and 1 patients 

(3%) had a small perfusion defect inferior which could not be assigned to a 

known previous event in the patients history. Figure 1 illustrates the course 

and outcome of the study. 

In figure 2 the additional value of cine or grid tagging images combined 

with stress first-pass perfusion images is illustrated. 

Follow-up results (median 13,5 months, range 6-20 months) were obtained 

from all patients with NWMA's and a normal first-pass perfusion. None of 

these patients had cardiac events or revascularizations at follow-up. 
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Figure 1: Flow chart illustrating course if the stucfy and outcome. 
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NUfMA = New Wall Motion Abnormaliry; LBBB = Left Bundle Branch Block; 

CA G = Coronary angiogram 



Figure 2: Short axis views at peak-dose dobutamine. Cine image illustrating a NTPMA 

inferior (A). 2A. Peifusion abnormality in the corresponding segment (BJ. Dyskinetic 

septa! wall in another patient (C). No peifusion abnormalities in the corresponding seg

ment (D ). Dys kinetic septa! wall in C was due to a LBBB, this differentiation could be 

made t!J a perfusion sequence on peak dose dobutamine. Arrows indicate the wall motion 

abnormality or peifusion abnormality. 

NWMA = New Wall Motion Abnormality; LBBB = Left Bundle Branch Block 

DISCUSSION 

This study demonstrates that adding first-pass myocardial perfusion imag

ing during peak-dose dobutamine has direct clinical relevance for the in

terpretation of dobutamine stress CMR examinations, by increasing the 



interpretation of possible wall motion abnormalities (NWMA) of the left 

ventricle. The addition of first pass perfusion relies on the conceptual use 

of the ischemic cascade. Ischemic wall motion abnormalities are preceded 

by perfusion abnormalities, therefore a visualized NWMA due to myocardi

al ischemia should also show perfusion abnormalities. A normal perfusion 

study is used to identify wall motion abnormalities not due to myocardial 

ischemia, and an abnormal corresponding perfusion deficit is used to con

firm NWMA, indicative for myocardial ischemia. 

This is the first study to assess the additional value of a first pass myocardial 

perfusion imaging sequence on peak-dose dobutamine during a dobutamine 

stress CMR. Previous studies have reported a broad range of sensitivity and 

specificity for dobutamine stress CMR in the detection of myocardial isch

emia (4). In this protocol we have chosen for a prolonged infusion time of 

dobutamine from 3 to 6 minutes without atropine and the use of the target 

heart rate rule, as described before (4;12-17). 

The use of the target heart rate rule from a physical exercise based concept 

can not be generalized to a pharmacological stress setting and has been 

questioned in several reports (12-14;18) It has also been shown that the 

target heart rate rule can not be extrapolated to a pharmacological stress ex

amination (19). In a recent overview of published dobutamine stress CMR 

examinations by Strach et al. (20) , the approach we used ( 4) showed to pro

vide the highest diagnostic accuracy for significant coronary artery disease 

defined by a > 50% luminal stenosis on a coronary angiogram. Specificity, 

although already high, was lowered, according to our opinion, in part due 

to LBBB. This could be overcome with a perfusion sequence, taking into 

account the high negative predictive value of normal myocardial perfusion 

imaging. The additional value of myocardial perfusion MRI could be used 

for this purpose and may add significant diagnostic information. 

In this study we added a perfusion sequence on peak dose dobutamine in 

all patients. The results show a good agreement between the absence of 

NWMA and myocardial perfusion. The main purpose of this study was 

to assess the additional value of first-pass perfusion imaging in the pres

ence of NWMA. Our recommendation for future clinical use is to add a 



first pass perfusion sequence on indication, namely if there is doubt on 

whether a NWMA is due to myocardial ischemia. In this way, the specificity 

of dobutamine stress CMR can be even further increased. By combining 

dobutamine stress CMR with myocardial perfusion, one still has the op

portunity to examine for viability, which seems even superior to scar quan

tification (24). 

Absolute specificity values can not be given with this study, because a CAG 

was not performed in case of a negative dobutamine stress CMR examina

tions. The outcome of the dobutamine stress CMR and myocardial perfu

sion on peak dose dobutamine was used as a direct arbiter for subsequent 

clinical follow-up. In this respect follow-up was considered the reference 

standard. None of the patients with NWMA's and a normal myocardial 

perfusion had an adverse outcome at follow-up. Therefore, it is reasonable 

to state that adding first pass myocardial perfusion imaging on peak-dose 

dobutamine increases the specificity of dobutamine stress CMR in this pa

tient group. 

Our data could have been influenced by a referral bias, but in light of 

previous results, we found it not justifiable to perform a CAG in case of a 

negative examination (12). Furthermore, the high negative predictive value 

of dobutamine stress CMR examination without perfusion imaging has 

been proven before (12;22). Mahrholdt et al. (23) examined 139 patients 

with a LBBB. All 139 patients had fixed perfusion defects with SPECT, 19 

could not be confirmed with CAG. Rest wall motion analysis and myocar

dial perfusion (between 5 and 30 minutes after contrast administration) was 

performed on these 19 patients using MRI. All 19 patients showed septal 

wall motion abnormalities, but none showed subendocardial or transmural 

contrast enhancement. This also indicates that contrast enhanced imaging 

can help differentiate between WMA on the basis of coronary artery dis

ease or a LBBB. 

Long term follow-up will provide information about the case in which a 

small perfusion abnormality was seen inferior without NWMA. Whether 

this abnormality is a "true" abnormality or an artefact is unclear. This pa

tient did not have any adverse cardiac event at 14 months follow-up. 



Another limitation of our study is the fact that images were analysed semi

quantitatively. Quantitative wall motion analysis could possibly provide ad

ditional information, but due to the time-consuming nature this is not yet 

feasible in clinical practice. Furthermore, no decisions can be made during 

the examination, which we believe is crucial, since overstressing may lead to 

serious complications (13). 

Visual analysis of wall motion and perfusion images was performed in 

a consensus reading by an experienced radiologist and cardiologist. This 

can be regarded as a limitation since the observers are not blinded for the 

previous wall motion images. However, this does represent routine clinical 

practice and is fundamental to the underlying concept of using first-pass 

perfusion imaging in the presence of NWMA. In recent studies the inter

observer agreement of dobutamine stress CMR were investigated and good 

agreement was found (24;25). 

In a clinical post-infarct setting, delayed contrast enhancement imaging may 

provide valuable diagnostic information. To our opinion, this would in our 

study not have provided additional information regarding the fact whether 

a NWMA was caused by myocardial ischemia or a non-ischemic cause, and 

guide the necessity for an invasive coronary angiogram. Cine and grid tag

ging images were acquired at rest to look for rest wall motion abnormalities. 

New wall motion abnormalities in this setting would represent myocardial 

ischemia (whether or not in the presence of a previous myocardial infarc

tion). Delayed contrast enhancement imaging was therefore not performed 

in this protocol. 

In this protocol we only acquired stress first-pass perfusion images. Perfu

sion imaging at rest may be very useful in stress-rest perfusion imaging 

studies, but the main focus in this protocol is on a normal perfusion in case 

of NWMA. A rest perfusion exam would in this context not provide addi

tional information (the rest perfusion exam will also be normal). In this way 

the protocol is not unnecessarily prolonged and a second bolus injection of 

gadolinium-DTPA can be omitted. 



CONCLUSION 

Good agreement exists between the absence of NWMA and a normal myo

cardial perfusion. Furthermore, a perfusion sequence on peak-dose dobu

tamine can help decide whether a NWMA is caused by ischemia or is due 

to a LBBB. First pass myocardial perfusion during peak-dose dobutamine 

can be used as an additional tool to reduce the number of false-positive 

NWMA's, to improve the detection of myocardial ischemia. 
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ABSTRACT 

Purpose: Two parallel imaging methods used for first-pass myocardial 

perfusion imaging were compared in terms of signal-to-noise ratio (SNR), 

contrast-to-noise ratio (CNR) and image artifacts. 

Materials and methods: One used adaptive Time-adaptive SENSitivity 

Encoding (fSENSE) and the other used GeneRalized Autocalibrating Par

tially Parallel Acquisition (GRAPPA), which are both applied to a gradient

echo sequence. Both methods were tested on 12 patients with coronary ar

tery disease. The order of perfusion sequences was inverted in every other 

patient. Image acquisition was started during the administration of a con

trast bolus followed by a 20-ml saline flush (3 ml/ s), and the next perfusion 

was started at least 15 min thereafter using an identical bolus. An accelera

tion rate of 2 was used in both methods, and acquisition was performed 

during breath-holding. 

Results: Significantly higher SNR, CNR and image quality were obtained 

with GRAPPA images than with TSENSE images. GRAPPA, however, did 

not yield a higher CNR when applied after the second bolus. G RAPPA 

perfusion imaging produced larger differences between subjects than did 

TSENSE. 

Conclusion: Compared to TSENSE, GRAPPA produced significantly bet

ter CNR on the first bolus. More consistent SNR and CNR were obtained 

from TSENSE images than from GRAPPA images, indicating that the di

agnostic value of TSENSE may be better. 



INTRODUCTION 

The use of myocardial perfusion imaging in cardiology is gaining more and 

more interest (1). Magnetic resonance imaging (MRI) is an attractive tool 

with potentially high spatial and temporal resolutions that is used for the 

coverage of the entire heart during first-pass contrast-enhanced MRI with 

a single heartbeat. Two contradicting factors limiting the widespread clini

cal application of perfusion MRI are its speed and spatial resolution, which 

is primarily due to constraints on the signal-to-noise ratio (SNR). Recently, 

an integrated parallel acquisition technique (iPAT) based on temporal low

pass filtering and spatial sensitivity encoding with multicoil arrays [Time

adaptive SENSitivity Encoding (TSENSE)] has been applied to first-pass 

contrast-enhanced cardiac magnetic resonance to provide coverage of the 

heart with a single-heartbeat temporal resolution (2). This acceleration is 

realized by reducing the number of acquired phase-encoding lines to com

bine temporally interleaved k-space lines (Figure 1) to generate coil sensitiv

ity maps directly from image data. 
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Figure 1: An example of a rate of 2 far TSENSE acquisition (Q. Zhang} private 

communication} 2005} MR R&D Siemens} Chicago). Solid lines represent acquired 

phase-encoding lines} and dotted lines represent those not acquired. A series of image 

frames is sequential!J acquired, alternate!J sampling even and odd lines of k-spaces. 

Coil sensitivity is calculated from a number of combined frames} while on!J even or odd 

k-space lines are used to reconstruct a,ry particular image. A sliding window method is 

used to update the coil sensitivity estimation far every frame. 



Another well-known parallel imaging method, called GeneRalized Auto

calibrating Partially Parallel Acquisition (GRAPPA) (3), on the other hand, 

reduces the number of acquired phase-encoding lines and reconstructs im

ages by still fully sampling central k-space lines. Sampling these additional 

central k-space lines reduces, however, the effective acceleration rate. 

Thus, with respect to GRAPPA, TSENSE offers the advantage of recon

structing images with high temporal resolution. However, evaluations of 

image quality and artifacts are still to be performed. The purpose of the 

present study was to compare image quality in terms of SNR, contrast-to

noise ratio (CNR) and the presence of artifacts in gradient-echo sequences 

between TSENSE and GRAPPA for cardiac perfusion imaging, in con

junction with perfusion order. 

The study was set up for both methods to produce the number of slic

es currently used for clinical purposes in our institution. The ability of 

TSENSE to achieve greater spatial coverage has not been utilized in this 

study in order to keep experimental results as similar as possible. 

MATERIALS AND METHODS 

Study population 

First-pass myocardial perfusion MRI was performed in 12 patients with 

documented coronary artery disease who were scheduled for percutaneous 

transluminal coronary angioplasty (six men, six women; mean age, 65 years; 

age range, 41-78 years). Prior to scanning, intravenous access was estab

lished with the catheterization of an antecubital vein. Written informed 

consent was acquired in advance from all 12 patients. 

MRI 

Cardiac MRI was performed on all 12 patients with a 1.5-T whole-body MR 

scanner (Magnetom Sonata; Siemens Medical Systems, Germany) equipped 

with high-performance gradients (maximum amplitude, 40 mT / m; slew rate, 

200 T / m/ s). Patients were positioned headfirst in supine position. Cardiac 

MRI signals were received by a standard coil system for cardiac imaging (a 

2X6-channel body array). Fast scout images were acquired during breath-



holding to determine the true short axis of the left ventricle. Then, first

pass perfusion imaging was planned as follows: three short-axis and one 

long-axis first-pass perfusion MR images were obtained (TR=158/172 ms, 

TE=1.3 ms, flip angle=100, slice thickness=12 mm, bandwidth=460/490 

Hz/pixel) using prospective electrocardiography triggering. An in-plane 

data acquisition matrix of 192X 115 was used, with a maximum field of 

view of 40X40 cm2, which yielded a resolution of 3.4X2.1 x 12 mm3. 

Image acquisition was started upon the administration of a half dosage 

of contrast bolus (Dotarem, 0.2 mmol/kg, 3 ml/s) followed by a 20-ml 

saline flush to prevent blood coagulation in the catheter. Acquisitions were 

performed during breath-holding for as long as possible, followed by shal

low breathing for a total acquisition time of 60-80 s. After completing a 

first-pass perfusion imaging study, the second half of the bolus was admin

istered at least 15 min after the first administration, and a second perfusion 

imaging sequence was started. This time interval was necessary to obtain 

the greatest amount of contrast agent washed out of the myocardium at 

the time of the second dose (4). 

The order of perfusion sequences was inverted in every other patient. In 

both sequences, an acceleration rate of 2 was used to obtain a 128-line reso

lution using 64 phase encodes acquired in a single heartbeat. For TSENSE, 
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Figure 2: (A) GRAP PA curve depicting signal intensi-ry as a function of midventricular 

short-axis slices measured within the lumen. (B) TSENSE curve depicting signal inten

sity as a function of midventricular short-axis slices measured within the lumen. 



a sliding window over eight 64-phase-encoded measurements was used to 

derive SENSE coefficients, which were then used to obtain a full 128-line 

resolution image. A GRAPPA factor of 2 was used to reduce data acquisi

tion. Both iPAT techniques were applied to a gradient-echo sequence fast 

low-angle shot. 

SNR and CNR measurements 

Quantitative analysis was based on measurements of SNR and CNR. First, 

the maximum mean intensity of the lumen was searched through images 

using slice-intensity curves, as shown in figure 2. The SNR and CNR values 

on the image were then measured with the maximum mean intensity of the 

lumen. In this study, we used the maximum mean intensity of the three 

short-axis sections to define the maximum contrast. The purpose of this 

approach was twofold: (a) to avoid signal intensity variations across slices; 

and (b) to minimize the effects of different blood circulation times in both 

sequences. 

For SNR evaluation, the mean signal intensity within the left ventricu

lar myocardium (Smyo) was measured within a single region( s) of inter

est (ROI). Noise was measured from the mean±standard deviation (S.D.) 

of pixel values from small ROI placed within ghost-free regions of back

ground outside the patient (Figure 3). The average S.D. from these noise 

regions was used in the calculation of SNR and CNR. 

Figure 3: Short-axis image found using the maxi

mum mean intensity cn"terion. The circles (ROIi ,  

ROI2 and ROI3) in the image indicate the ROI 

far the measurement of noise outside the bocfy. The 

ROI within the myocardium is used far the measure

ment of signal intensity. The contrast is measured 

by subtracting the mean intensity of the myocardium 

(ROI4) from that of the lumen (ROI5). 



For CNR, the mean blood signal (Sblood) was measured in the lumen of 

the ventricular cavity of midventricular short-axis images, again by using 

the maximum mean intensity. The ROI was placed within the boundaries 

of the ventricular cavity. Contrast was then defined as the mean difference 

between the lumen and myocardium signal intensities. Based on these data, 

SNR and CNR were calculated as 

(1) SNR = S111yo 

Nair 

(2) CN R = Stilood - Smy,1 

Nair 
where Nair is the mean±S.D. of the signal in air derived from ROI posi-

tioned anterior to the chest wall, as demonstrated in Figure 3. The order 

of perfusion was alternated, and measurements were classified into two ex

periments. Mean±S.D. values were computed for both experiments. Com

paring the outcome of the total variation between the first experiment and 

the second experiment allowed us to draw conclusions on the effects of 

perfusion order on image quality. 

RESULTS 

As an illustration, Figure 4 depicts 12 (of 50) short-axis cine images ac

quired using TSENSE, where a perfusion defect in the left circumflex ar

tery (LCX) flow area is shown. Figure SA and B shows short-axis images 

Figure 4: Twelve of 50 first-pass myocardial peifusion short-axis images at the mid

ventricular level of a 50-year-old male patient with LCX occlusion. Arrows indicate 

peifusion defects in the LCX flow area. 



obtained with GRAPPA and TSENSE, respectively. Note the slight (visual) 

improvement in contrast with better depiction of the myocardium on the 

GRAPPA image (Figure SA). 

Table 1A and B summarizes the SNR and CNR measurements for both 

methods in two different perfusion orders. A paired t test was performed 

to determine significant differences between measurements, with P being 

the measure of significance level. The calculations for SNR and CNR com

parisons are summarized below 

(1) SNR<:it,wr,, I -'- 23 ·8 = 1 .35 · 1101 sign i fic.im 
SNRrn ,sE GRA1·1•,, r,r,1 1 7.4 

(2) SNRGk,\Pl',\ I - 28.0 = 1 .7 1 : P<.02 
SNR J'SI ,�, TSL'NSE Jir..1 I 6.4 

(3) CNRGKAl'I',\ I 95 .5 - 1 . 75 · P<.000 I 
CN RTSl:NSI: GK,WJ',\ lit" 54 .5 

(4) CNRr.R '""•' I = 67·2 = I .  I ; nol �ignilicanl 
CNRTSJ:NSJ; TSl!NSL lir.,1 6 I .Cl 

Some things are worth noting. First, the S.D. of CNR tended to grow for 

both methods when it was used on the second bolus. Second, the S.D. of 

A Figure 5: Short-axis slice of a midventricular slice 

of a patient with septa/ myocardial infarction. 

First-pass perfusion imaging with (A) GRAPPA 

and (BJ TSENSE. 



SNR, in contrast, tended to decrease when the method was used on the 

second bolus. 

Figure 2A and B also shows that measurements in Table 1 agree with the 

signal intensity in the lumen across slices for both methods. Significant 

differences between sequences used for the first time and sequences used 

for the second time are obvious on a GRAPPA image (Figure 2A), while a 

TSENSE image gives more consistent signal intensities (Figure 2B). 

Comparing the artifact levels of both scans, a distinct reduction of image 

artifacts is observed in TSENSE images, as depicted in Figure 6. This im

age artifact, known as ghost artifact, occurred in almost every TSENSE 

data series caused by local signal modulation in amplitude or phase between 

different phase-encoding processes (5) and (6). 

DISCUSSION 

In the current study, we compared two parallel imaging methods and in

vestigated the influence of perfusion order. The main findings are outlined 

below.First, although TSENSE lowers SNR, it produces a more consistent 

signal distribution across an image. This finding was based on the fact that 

TSENSE produced significantly lower S.D. than did GRAPPA, as demon

strated in Figure 2. A possible explanation for this is that the background 

noise is generally correlated in a parallel imaging scheme, which contributes 

to the low scatter in SNR and CNR measurements. In addition, for practical 

Figure 6: Ghosting artifact (arrows) caused 

by local signal modulation in amplitude and 

phase between different phase-encoding steps. 



Table 1: Quantitative results of GRAPPA and TSENSE in SNR and CNR in 

two different peifusion orders: (A) GRAPPA followed 01 TSENSE; (B) TSENSE 

followed 01 GRAPPA 

A GRA.PPA TSENSE 

Patient SNR CNR SNR CNR 

1 36.0 97.4 1 7. 8  59 .1 

2 27.9 105.5 1 6 .3 67.6 

3 22.5 98.4 1 8.8  53.4 

4 1 9.4 1 07.3 1 6 .5 54.3 

5 20 .1  1 04.5 1 6.8  56.8 

6 1 5 . 1  60.0 1 8.2 35.6 

Mean 23.5 95.5* 1 7.4 54.5 

SD 7.4 1 7.8  1 .0 1 0.6 

B TSENSE GRAPPA 

Patient SNR CNR SNR CNR 

1 1 6.5 69.8 32.6 53.4 

2 1 6 .7 66.7 43. 1  79.9 

3 1 6.3 61 .2 33.4 79.2 

4 1 5 .4 47.8 20.5 70.8 

5 17 .5 62. 1 20. 1 60.2 

6 1 5 .8  58.2 1 8.2 59.5 

Mean 1 6.4 6 1 .0 28.0* 67.2 

SD 0.7 7.7 9.9 1 1 . 1 

* P<.02. 

** P<.0001. 

in vivo implementation at high heart rates, the latter is suboptimal because 

of its poor time resolution. 

The SNR of TSENSE was at least 30% lower than that of GRAPPA 

with the same acceleration factor. This percentage was expected as SNR 

loss would be approximately R, where R is the acceleration rate (7), while 

GRAPPA achieved gains due to central k-space lines. 



Second, TSENSE is desirable because it provides reasonable acquisition 

times and minimizes the effects of patient motion. This acquisition scheme, 

however, is more sensitive to EPI ghosts (7) caused by both temporal and 

spatial low-pass filtering than it is to GRAPPA ghosts (Figure 6). These im

age artifacts were not unexpected as Kellman et al. (7) have reported that 

one of the drawbacks of an adaptive method for coil sensitivity estimation 

was that k-space acquisition was optimized for speed rather than for image 

quality. 

Third, the effect of the order of bolus administration on image quality has 

played an important role in the determination of CNR. From Table 1A, it 

can be seen that, when GRAPPA was started first, CNR values were found 

to be higher than average. This phenomenon can be viewed from two 

different perspectives: (a) GRAPPA is more sensitive to the blood signal 

difference between the presence of contrast and the absence of contrast; 

and/ or (b) GRAPPA performs suboptimally when the contrast has been 

first passed through the heart even after a washout period of at least 15 

min. This is the first association to report on the effect of perfusion order 

on image quality. 

Lastly, one may argue that the high S.D. values in Table 1 could possibly be 

due to the different amounts of contrast bolus administrated to each pa

tient, as this amount is weight-dependent. However, the S.D. of the weights 

of all patients in this study was <1.0, indicating that this factor could be 

neglected. 

Our results suggest that TSENSE may be an attractive myocardial perfusion 

MRI technique that allows simultaneous acquisition at high heart rates with 

sufficient spatial coverage for clinical evaluation. Additionally, TSENSE 

yields robust high-quality data irrespective of the study performed before

hand. 

A major advantage of iPAT used in TSENSE over GRAPPA is that the 

former allows faster image acquisition at the same acceleration factor by 

deriving coil sensitivity maps from acquired data rather than from addition

ally sampled central k-space lines (Q. Zhang, private communication, 2005, 

MR R&D Siemens, Chicago). For demonstration purposes, we simulated 



Figure 7: Four k-space measurements within several R-R intervals: 1000 ms (top), 800 

ms (middle) and 600 ms (bottom) using GRAPPA (left) and TSENSE (right), both 

with the same acceleration factor R=2. Red bars show a part of the measurement that 

did not ftt into the R-R interval 

three R-R intervals using the pulse sequence software package Integrated 

Development Environment for Applications (8) on our MRI scanner, as 

illustrated in Figure 7: 1000 ms (top), 800 ms (middle) and 600 ms (bot

tom) . Four measurements were then performed using GRAPPA 0eft) and 

TSENSE (right) , both with an acceleration factor R=2. With respect to 

GRAPPA, it can be seen that TSENSE requires substantially less time to 

perform four measurements within one R-R interval. Moreover, at a very 

short R-R interval of 600 ms (Figure 7, bottom), TSENSE would still do 



the job reasonably as GRAPPA would fail, as the red bar shows the part of 

the measurement that did not fit into the R-R interval. Acquisition at short 

R-R intervals is especially of importance for stress perfusion imaging. 

It is also worth noting that TSENSE may achieve approximately twice the 

spatial coverage (7) of GRAPPA - a point that certainly adds clinical value 

to the assessment of any heart disease. 

CONCLUSION 

Gradient-echo-based sequences, with and without coil sensitivity, for first

pass myocardial perfusion imaging purposes were compared. Regardless 

of acquisition time, one may consider using GRAPPA for better image 

quality. However, the major advantage of TSENSE is its high temporal 

resolution and spatial coverage, which are approximately twice as high as 

those of GRAPPA, implying that TSENSE still performs well at high heart 

rates (shorter R-R intervals) when GRAPPA would fail. Particularly for 

stress perfusion imaging, TSENSE shows excellence. When used for the 

first time, GRAPPA produced significantly better CNR than did TSENSE, 

but showed insignificant differences in SNR. In contrast, when GRAPPA 

was applied after the second bolus, it produced insignificant differences in 

CNR. Further studies are required to investigate the added value of higher 

temporal resolution and/ or greater spatial coverage for clinical use. 
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Chest pain accounts for a large number of patients seeking care from a 

physician. The differential diagnosis, however, can be broad. The need to 

diagnose or exclude ischemic heart disease is important in this respect. Se

verity and extent of myocardial ischemia are for instance directly related to 

prognosis. Besides, coronary revascularization is guided not only by coro

nary stenosis morphology but also by its hemodynamic consequences. Of 

course in a large number of cases myocardial ischemia can be made im

probable by means of history, physical examination and resting ECG. 

This still leaves a large number of patients with stable chest pain for whom 

the existence of significant coronary artery disease (CAD) or the severity 

and extent of myocardial ischemia is unclear. Non-invasive methods deter

mine the need for invasive coronary angiography (CAG) combined with 

revascularization, thereby reducing the pure number of diagnostic CAG's. 

In this respect, the assessment of function has incremental value over mor

phology alone. Methods resembling physical exercise or inducing a stress 

response (by means of a pharmacological stressor) are widely used for this 

indication. 

Wellknown "stress"-tests for the detection of myocardial ischemia, such as 

for instance bicycle exercise testing or SPECT-imaging are limited in their 

diagnostic accuracy, radiation burden and/ or spatial resolution. The current 

status of MRI enables us to overcome these problems. 

ECG alterations, left ventricular wall motion abnormalities and perfusion 

abnormalities under stress conditions are all means of objectifying myocar

dial ischemia, which can be performed with different imaging modalities. 

The advantage of perfusion imaging lies in the earlier occurrence of per

fusion abnormalities in the ischemic cascade as compared to wall motion 

abnormalities or ECG changes. Myocardial perfusion imaging with Car

diovascular Magnetic Resonance Imaging (CMR) is a dynamic technique to 

analyse the first-pass of a bolus of contrast agent through the myocardium. 

A heavily Tl-weighted perfusion sequence is used, acquiring multiple slice 

positions of the left ventricle, with 40-60 images per slice position. Report

ed diagnostic accuracies over the last three years for adenosine perfusion 

CMR range from 78-100% for sensitivity, 68-93% for specificity, Negative 



Predictive Value (NPV) from 77-100% and Positive Predictive Value (PPV) 

from 71-95%. Differences in these reported accuracies are caused by dif

ferences in the studied population, the used sequence and used protocols, 

the contrast dose, spatial coverage and the used reference modality and the 

stenoses grade defined as significant. 

Different strategies apply when creating a stress perfusion CMR protocol 

and performing the examination. The building blocks for these protocols 

are stress perfusion imaging, rest perfusion imaging, cine wall motion imag

ing and Delayed Contrast Enhancement (DCE). 

Choices have to be made concerning the pharmacological stressor, the per

fusion sequence, contrast dose and injection speed and, very importantly, 

the used protocol in relation to the patient population. 

Protocol improvements and considerations for Cardiac "stress" MR perfu

sion examinations are the object of study in this thesis. 

The use of an adenosine "stress" -only approach in patients without a prior 

myocardial infarction and a clinical necessity to exclude significant myocar

dial ischemia is described in Chapter 3. The study analyses 134 consecutive 

patients referred for an adenosine perfusion MR examination. The patients 

with a perfusion defect suspected to be caused by myocardial ischemia 

were referred for a CAG, which confirmed a significant stenosis of a coro

nary artery. The patients with a normal or negative adenosine 'stress" -only 

examination were followed for at least a year. With a Negative Predictive 

Value of 99.2%, this justifies, in our opinion, not performing an invasive 

examination or extended MR perfusion protocol for this selected patient 

group. 

Besides a continuous infusion of adenosine for three minutes, a bolus of 

gadolinium is necessary to detect a relevant perfusion defect. The contrast 

dose for a perfusion examination is dependent on whether one wants to 

perform a visual or a (semi-) quantitative analysis. For a (semi-) quantitative 

approach a low dose of 0.05 mmol/kg is required to maintain a linear rela

tionship between signal intensity change and contrast dose. Interpretation 

of these perfusion images is however most of the time performed visu

ally or qualitatively. For routine clinical practice this is the most often used 



analysis. The optimal gadolinium dose for visual analysis is 0.1 mmol/kg, 

with significantly more artefacts at higher gadolinium doses. 

Artefacts are important to discriminate from "true" perfusion defects. 

They occur early and are subendocardial real focal defects, occurring dur

ing the upslope of signal intensity change, after which they disappear. They 

are caused by a high gadolinium concentrations or low spatial resolution. 

Chapter 4 assesses the inter-observer variability of visual analysis of ad

enosine "stress" -only perfusion examinations in relation to experience and 

the systematic use of reading criteria. The readings of three different ob

servers, with varying degree of experience and knowledge concerning per

fusion examinations, are compared to an expert reading. 106 perfusion ex

amination were read twice by all observers. After the first reading there was 

moderate to good agreement compared to the expert reading, depending on 

the level of experience. Readers were kept blind for their performance and 

after at least a month a second reading was performed, this time with the 

systematical use of reading criteria as proposed in the literature. By using 

a systematic visual analysis one can differentiate between a normal perfu

sion, a defect caused by myocardial ischemia, and an artefact. This includes 

a systematical analysis for a relationship with a coronary distribution area, 

whether it involves neighboring segments. Changes in signal intensity are 

looked for, knowing that especially artefacts may cause these fluctuations 

and assessment to whether the defect persists after peak enhancement is an 

important criterium, which is more suggestive for a "true" perfusion defect. 

The systematic use of these reading criteria improved agreement with the 

expert reading for all observers, most for the least experienced observer. 

Besides using adenosine perfusion MR for patients without a prior myo

cardial infarction (and a possible need for viability assessment), it can be 

used in a post-infarct setting. In this respect, the comparison with a rest 

perfusion examination and/ or Delayed Contrast Enhancement (DCE) is 

important. This approach, using a comprehensive Adenosine perfusion MR 

examination, has been studied thoroughly in the literature. It is important 

to realize that between both perfusion series ( adenosine perfusion and rest 

perfusion) there is a "waiting time" to allow for the signal intensity influ-



ences of the first contrast bolus to decrease. This time is usually filled with 

the acquisition of a stack of short-axis cine (wall motion) images to allow 

for the determination of global left ventricular functional parameter as

sessment, which can provide additional prognostic information. Chapter 5 

focuses on the post-processing of global left ventricular functional param

eter assessment. Hypothesizing that the analysis (drawing of epicardial and 

endocardial contours with dedicated software) of every second short-axis 

slice is as accurate as analysing consecutive short-axis slices. Bland-Altman 

analysis shows narrow limits of agreement, confirming that in the post

processing stage, analysing every second short-axis slice is as accurate as 

analysing consecutive short-axis slices in a normal shaped heart, hereby 

reducing post-processing time with approximately 50%. 

Viability assessment and ischemia detection can, besides by a comprehen

sive adenosine perfusion MR examination, be performed with a Dobu

tamine Stress MR examination (focussing on wall motion abnormalities). 

Contra-indications for adenosine or dobutamine and local expertise can be 

a reason to choose for either one. Because of perfusion abnormalities oc

cur before wall motion abnormalities, perfusion-imaging can be performed 

on peak dose dobutamine in case of an atypical wall motion abnormality to 

confirm that it is indeed myocardial ischemia, or not. Chapter 6 focuses on 

this issue, in which a perfusion series is performed at peak dose dobutamine 

in 115 patients. It proved technically possible and furthermore showed that 

the addition of first-pass myocardial perfusion imaging at peak dose dobu

tamine can help prevent a false positive wall motion analysis for myocardial 

ischemia. 

When performing perfusion imaging at really high heart rates, such as un

der peak dose dobutamine infusion, perfusion series can be compromised 

by limited spatial coverage. The single shot acquisition technique of a per

fusion sequence allows the acquisition of a slice position in a certain point 

in the R-R interval, with the acquisition of different slice positions in other 

points of the same R-R interval. Shortening of the R-R interval (such as 

when the heart rate increases) therefore potentially decreases the number 

of possible slice positions which can be acquired with single heart beat 



temporal resolution, hence spatial coverage. Shortening of data acquisition 

time per slice position, such as with parallel imaging techniques, might over

come this problem. Chapter 7 compares a novel parallel imaging technique 

for first-pass perfusion imaging (TSENSE), which allows data acquisition 

with higher temporal resolution and potentially more spatial coverage, with 

a "conventional" parallel imaging sequence (GRAPPA). In 12 patients both 

perfusion sequences were performed (rest perfusion), in inverted order in 

every other patient. Perfusion series were then analysed in terms of signal 

to noise ratio (SNR) and contrast to noise ratio (CNR). Higher SNR, CNR 

and image quality, were obtained with the GRAPPA technique, but more 

consistent SNR and CNR with TSENSE. These results, combined with 

the possibility of acquiring more spatial coverage, gives TSENSE a roll in 

performing perfusion imaging at high heart rates. 

In conclusion, this thesis focuses on MR perfusion in the detection of myo

cardial ischemia and used protocols in this respect. In patients with no prior 

myocardial infarction, a fast adenosine "stress"-only technique can reliably 

exclude significant myocardial ischemia in a large patient group in a proto

col time of only 15-20 minutes. Using systematic reading criteria for a visual 

analysis of perfusion images considerably improves agreement with an ex

pert reader. In a post-infarct setting, either with a comprehensive adenosine 

MR examination or a dobutamine stress MR examination, improvements 

in time can be achieved by reducing post-processing of a stack of short

axis cine images by analysing only every second short-axis series for global 

left ventricular functional parameter assessment. In this respect, specificity 

of a dobutamine stress MR examination can be increased by performing a 

perfusion sequence on peak dose dobutamine. For imaging at higher heart 

rates, a TSENSE first-pass perfusion sequence may play a role to maintain 

enough spatial coverage. 

Taking these issues into account, as well as the benefits of MR over current 

stress tests in terms of increased diagnostic accuracy and resolution and no 

radiation burden, a more widespread use and implementation into routine 

clinical can be anticipated and suggested. 









Pijn op de borst, oftewel angina pectoris, is voor velen aanleiding om de 

hulp te zoeken van een arts. De differentiaal diagnose van angina pecto

ris is echter groat. De noodzaak om ischemisch hartlijden aan te tonen, 

danwel uit te sluiten is erg belangrijk bij deze klacht. Daarnaast wordt een 

eventuele revascularisatie van een coronair arterie niet alleen bepaald door 

de morfologie van een coronair stenose, maar ook door de haemodynamis

che gevolgen voor het myocardium. Bij een groat aantal patienten wordt 

ischemie van het myocardium onwaarschijnlijk geacht naar aanleiding van 

anamnese, lichamelijk onderzoek en rust ECG. 

Desondanks blijft een aanzienlijk aantal patienten over met stabiele angina 

pectoris voor wie het bestaan danwel de significantie van eventueel coro

nairlijden onduidelijk is. Non-invasieve aanvullende onderzoeken bepalen 

de noodzaak voor een invasief coronair angiogram (CAG) en een eventu

ele revascularisatie. Hiermee wordt het aantal puur diagnostische CAG's 

gereduceerd. In deze context heeft de bepaling van functie toegevoegde 

waarde over alleen morfologie. Methoden waarbij fysieke inspanning wordt 

nagebootst, danwel een farmacologische stress respons wordt opgewekt, 

warden veelvuldig gebruikt voor deze indicatie. 

Bekende "stress" -testen voor de detectie van ischemie van het myocardium, 

zoals bijvoorbeeld de fietsergometrie of SPECT warden beperkt door hun 

diagnostische accuraatheid, stralingsbelasting en/ of spatiele resolutie. De 

huidige status van MRI technologie maakt het mogelijk deze beperkingen 

te overkomen. ECG afwijkingen, wandbewegingsstoornissen van de linker 

ventrikel en perfusie afwijkingen onder (farmacologische) stress zijn alien 

methoden om myocardischemie te objectiveren. Het voordeel van beeld

vorming van perfusie ligt in het eerder ontstaan van perfusie afwijkingen 

in de ischemische cascade in vergelijking met wandbewegingsstoornissen 

en ECG veranderingen. Perfusie beeldvorming, oftewel perfusie imaging 

met Cardiovasculaire Magnetische Resonantie Imaging (CMR) is een dy

namische techniek om de eerste passage (first-pass) van een bolus contrast 

middel te vervolgen bij de passage door het myocardium. Hiervoor wordt 

een sterk T1-gewogen sequentie gebruikt, waarbij meerdere slice posi

ties warden verkregen van de linker ventrikel met 40-60 beelden per slice 



positie. Gerapporteerde diagnostische accuraatheid voor adenosine perfu

sie CMR loopt van 78-100% voor sensitiviteit, 68-93% voor specificiteit, 

negatief voorspellende waarde (Negative Predictive Value; NPV) tussen 

77-100 % en een positief voorspellende waarde (PPV) tussen de 71-95%. 

Verschillen in deze gerapporteerde diagnostische accuraatheid warden ver

oorzaakt door verschillen in de studie populatie, de gebruikte sequentie en 

protocol, de contrastdosis, spatiele "coverage" en de gebruikte modaliteit 

als referentiestandaard en ook de stenosegraad die gedefinieerd is als sig

nificant. Verschillende strategieen zijn mogelijk bij het creeeren van een 

"stress" perfusie CMR protocol en het uitvoeren van het onderzoek. De 

bouwstenen voor het protocol zijn: stress perfusie imaging, rust perfusie 

imaging, cine wandbeweging imaging en late aankleuring (Delayed Con

trast Enhancement, DCE). Keuzes moeten gemaakt warden wat betreft 

de gebruikte farmacologische stressor, de perfusie sequentie, contrast do

sis, infusie snelheid en heel belangrijk het gebruikte protocol in relatie tot 

de patientenpopulatie. Deze protocol verbeteringen en overwegingen zijn 

onderwerp van studie in dit proefschrift. 

Het gebruik van een adenosine "sress-only" benadering bij patienten zonder 

een voorgeschiedenis van een myocardinfarct en een klinische noodzaak om 

myocardischemie uit te schakelen wordt beschreven in hoofdstuk 3. Deze 

studie analyseert een groep van 134 opeenvolgende patienten verwezen 

voor een adenosine perfusie MR onderzoek. De patienten met een perfus

iedefect suspect voor myocard ischemie werden verwezen voor een CAG. 

Welke in alle gevallen een significante stenose bevestigde. De patienten met 

een normaal oftewel negatief adenosine "stress-only" onderzoek kwamen 

in de follow-up gedurende minimaal 1 jaar. Met een negatief voorspellende 

waarde van 99.2 % rechtvaardigt dit naar onze mening het niet verrichten 

van een invasief onderzoek of uitgebreider MR perfusie protocol in deze 

patientengroep. 

N aast een continue adenosine infusie gedurende drie minuten is een bolus 

paramagnetisch contrastmiddel ( extrahuppelpup gadolineum verbindin

gen) nodig om relevante perfusiedefecten te detecteren. De contrastdosis is 

afhankelijk van of men een visuele danwel een ( semi-) kwantitatieve analyse 



wil uitvoeren. Voor een (semi-) kwantitatieve benadering is een lage dosis 

van 0.05 mmol/kg nodig om een lineaire relatie te behouden tussen signaa

lintensiteitsveranderingen en contrastdosis. Interpretatie van deze perfusie 

beelden wordt over het algemeen echter visueel oftewel qualitatief gedaan. 

Voor routinematig klinisch gebruik is het de meest gebruikte methode. De 

optimale dosis voor een visuele analyse bedraagt 0.1 mmol/kg, met signifi

cant meer artefacten bij een hogere gadolineum dosis. 

Het is belangrijk om artefacten te discrimineren van "reeele" perfusie

defecten. Artefacten ontstaan vroeg en zijn zeer focale subendocardiale 

laag sginaalgebieden. Ze ontstaan gedurende de zogeheten "upslope" van 

de signaalintensitieitsveranderingen en verdwijnen daarna. Deze artefacten 

warden veroorzaakt door een plaatselijk hoge gadolineumconcentratie 

danwel lagere spatiele resolutie. Hoofdstuk 4 behandelt de inter-observer 

variabiliteit van visuele analyse van adenosine "stress-only" perfusie onder

zoeken in relatie tot ervaring en het systematisch gebruik van beoordeling

scriteria. De beoordelingen van drie verschillende beoordeelaars met een 

verschillende mate van ervaring wordt vergeleken met het oordeel van een 

expert. 106 perfusie onderzoeken werden twee maal beoordeeld door alle 

beoordeelaars. Na de eerste beoordeling was er een matig tot goede over

eenkomst in vergelijking met de expert, afhankelijk van de mate van ervar

ing. Beoordeelaars werden geblindeerd voor hun prestatie en na minimaal 

1 maand werd een tweede beoordeling gedaan, ditmaal met het system

atisch gebruik van beoordelingscriteria zoals gesuggereerd in de literatuur. 

Door middel van een systematische visuele analyse is het mogelijk om te 

differentieren tussen een normale perfusie, een defect veroorzaakt door 

myocardischemie en een artefact. Er wordt hierbij systematisch gekeken 

naar een relatie met een coronair stroomgebied, of het naburige segmenten 

betreft met een defect. Verder wordt er gekeken naar veranderingen in sig

naalintensiteit, wetende dat artefacten fluctuaties in signaalintensiteit geven. 

Daarnaast is het persisteren van een defect na piekaankleuring vooral sug

gestief voor een perfusiedefect veroorzaakt door ischemie. Het system

atisch gebruiken van deze beoordelingscriteria verbeterde de mate van 

overeenkomst met de expert voor alle beoordelaars en het meest voor de 



minst ervaren beoordeelaar. 

Naast het gebruik van adenosine perfusie MR bij patienten zonder een 

myocardinfarct ( en een mogelijke noodzaak om vitaliteit aan te tonen) in de 

voorgeschiedenis, kan het onderzoek warden ingezet in de post-infarct set

ting. In dit verband is een vergelijk met rust perfusie en/ of DCE van belang. 

Deze benadering met een uitgebreider adenosine perfusie CMR protocol is 

uitgebreid bestudeerd in de literatuur. Het is hierbij van belang om zich te 

realiseren dat tussen beide perfusie series (rust en stress) er een "wachttijd" 

is om er voor te zorgen dat de signaalintensiteits- invloeden van de eerste 

contrastbolus verminderen. Deze tijd wordt doorgaans opgevuld met de 

acquisitie van elkaar opvolgende korte as cine opnamen, waarmee globale 

linker ventrikel functionele parameter bepalingen kunnen warden gedaan, 

welke additionele prognostische informatie kunnen geven. Hoofdstuk 5 

richt zich op de post-processing van globale linker ventrikel functionele 

parameter bepalingen. Waarbij de hypothese dat de analyse (intekenen van 

epicardiale en endocardiale contouren met hiervoor ontwikkelde software) 

van iedere tweede korte as serie net zo accuraat is als analyse van opeen

volgende korte as series. Bland-Altman analyses laten in dit verband smalle 

"limits of agreement" zien, waarmee bevestigd wordt dat de analyse van 

iedere tweede korte as serie net zo betrouwbaar is als de analyse van opeen

volgende korte as series in een normaal gevormd hart. Hiermee wordt de 

post-processing tijd met circa 50% verminderd. 

Vitalitietsbepaling en ischemie detectie kan, naast met een uitgebreid ad

enosine perfusie CMR protocol, warden gedaan met een dobutamine 

stress CMR onderzoek (waarbij wordt gekeken naar regionale wandbe

wegingsstoornissen). Contra-indicatie voor adenosine of dobutamine en 

locale expertise kunnen een reden zijn om voor een bepaald onderzoek te 

kiezen. Vanwege het eerder optreden van perfusie afwijkingen voor wand

bewegingsstoornissen, kan perfusie imaging verricht warden op piek dosis 

dobutamine in het geval van een atypische wandbewegingsstoornis om te 

bevestigen dat het daadwerkelijk om myocardischemie gaat of niet. Hoofd

stuk 6 richt zich op dit thema, waarbij een perfusie serie wordt verricht bij 

115 patienten op piek dosis dobutamine gedurende een dobutamine stress 



CMR protocol. Het bleek technisch mogelijk en daarnaast bleek dat de to

evoeging van perfusie imaging op piek dosis dobutamine een fout-positieve 

wandbewegingsanalyse kan voorkomen. Bij het uitvoeren van perfusie im

aging met MRI bij zeer hoge hartslagen, zoals onder dobutamine infusie, 

kunnen de perfusie beelden beperkt zijn in hun spatiele coverage. De single 

shot acquisitie techniek van een perfusie sequentie maakt het mogelijk om 

een bepaalde slice positie in een bepaald deel van het R-R interval te ver

krijgen, met de acquisitie van andere slice posities in een ander deel van het 

R-R interval. Verkorting van het R-R interval (hetgeen optreedt bij hogere 

hartslagen) vermindert in potentie het aantal te verkrijgen slice posities met 

"single heart beat" temporele resolutie binnen een R-R interval. Verkort

ing van de data acquisitietijd per slice positie daarentegen, zoals bij parallel 

imaging technieken, kan dit probleem opvangen. 

Hoofdstuk 7 vergelijkt een nieuwe parallele imaging techniek (TSENSE), 

welke data acquisitie met een hogere temporele resolutie en potentieel 

meer spatiele coverage mogelijk maakt, met een "conventionele" parallele 

imaging sequentie (GRAPPA). Bij 12 patienten werden beide sequenties 

uitgevoerd (rust perfusie) in omgekeerde volgorde bij iedere andere pa

tient. Deze perfusie series werden vervolgens geanalyseerd in termen van 

signaal-ruis verhouding (SNR) en contrast-ruis verhouding (CNR). Hogere 

SNR,CNR en beeldkwaliteit werden verkregen met de GRAPPA techniek, 

maar meer consistente SNR en CNR met de TSENSE techniek. Deze re

sultaten gecombineerd met de mogelijkheid van meer spatiele coverage 

geven de TSENSE techniek een rol in het uitvoeren van perfusie imaging 

bij zeer hoge hartslagen. 

Concluderend, dit proefschrift richt zich op MR perfusie in de detectie van 

myocardischemie en gebruikte protocollen. In een patientengroep zonder 

voorgeschiedenis van een myocardinfarct kan een snel adenosine "stress

only" onderzoek betrouwbaar in een protocoltijd van circa 15-20 minuten 

significante ischemie uitsluiten. Het systematisch gebruik van beoordeling

scriteria in het geval van een visuele analyse van perfusie beelden verbetert 

aanzienlijk de mate van overeenkomst van beoordelaars met een expert. 



In een post-infarct setting (in geval van een uitgebreid adenosine perfusie 

CMR protocol clan wel dobutamine stress CMR) kan de analyse van elke 

tweede korte as cine serie een aanzienlijke tijdsbesparing opleveren in de be

paling van globale linker ventrikel functionele parameters. In dezelfde set

ting kan de specificiteit van een dobutamine stress CMR onderzoek warden 

vergroot door perfusie imaging uit te voeren op piek dosis dobutamine. Bij 

beeldvorming onder hoge hartslagen kan een TSENSE perfusie sequentie 

een rol spelen om voldoende spatiele coverage te behouden. 

Al deze factoren tesamen, met de voordelen van MR (verbeterde diagnos

tische accuraatheid, spatiele resolutie en zonder toepassing van ioniserende 

stralen) ten opzichte van huidige stress-testen voor de detectie van ischemie 

rechtvaardigen en indiceren een meer wijdverspreide routinematige imple

mentatie van deze techniek in de toekomst. 
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