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Background

Despite improved medical treatment and more emphasis on primary prevention, 
death from cardiac causes remains one of the leading causes of death in the 
Western world [1,2]. With the improved prognosis of coronary artery disease, 
patients get older with more extensive coronary artery disease and more co-
morbidity. Since invasive diagnostic approaches require admission into the 
hospital and subsequent recovery from the procedure, are expensive [3,4] and 
carry a certain risk for complications [5], non-invasive diagnostic and prognostic 
approaches of the patients with chest pain suspected of coronary origin, are 
important [6]. Despite the development of new and more sophisticated non-
invasive techniques like cardiac MRI [7-9] and CT coronary angiography [10-

13] myocardial perfusion SPECT is still a powerful tool for diagnostic and 
prognostic purposes of patients with chest-pain suspected of coronary origin 
for a wide variety of patients [6,14-23]. 

Consideration of specific patient populations with left bundle 
branch block and right ventricular apical pacing 
The left bundle branch block (LBBB) induces an abnormal left ventricular 
electrical activation pattern frequently associated with abnormal wall motion 
[24,25]. LBBB is associated with hypertension and thought to result in a worse 
cardiac prognosis compared with patients with right bundle branch block and 
normal left ventricular activation [26]. Especially heart failure [27] was more 
frequently observed in patients with LBBB compared with non-LBBB activation 
patterns, but also cardiac events from coronary artery disease (CAD) related 
causes [26,28-32]. 

Pacing from the right ventricular apex (RVA) results in an LBBB like pattern on 
the surface ECG. The long-term effects of chronic pacing are less well established 
than that of intrinsic LBBB. RVA pacing is thought to result in a worsening of 
left ventricular function [33-35] and is associated with a higher burden of atrial 
fibrillation [36-38]. Left ventricular function impairment is thought to be caused 
by the abnormal electrical activation pattern with possible subsequent heart 
failure as result [39]. In order to avoid these deleterious effects other pacing 
sites in the right ventricle have been proposed with a more physiological left 
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ventricular activation pattern and a narrower QRS-complex on the surface ECG 
[40-42]. Although theoretically these pacing sites may be efficient to reduce the 
side effects of RVA-pacing, the results of these approaches are still conflicting 
[34,41,43-48]. 

Principle of myocardial perfusion SPECT
The studies in this thesis are predominantly carried out with myocardial 
perfusion SPECT. Myocardial perfusion SPECT offers perfusion and functional 
data. The technique is valuable for diagnostic and prognostic purposes. 

The principle of the technique is to create a mismatch between myocardial 
blood supply and demand. The technique does not look at anatomy but assesses 
perfusion. Therefore no information is obtained about the diameter reduction 
of coronary artery obstructions but rather on the flow limiting effects of 
coronary stenosis. To increase the oxygen demand of the heart, either exercise 
or pharmacological stress can be used [49,50]. The preferred stress method is 
exercise but when exercise is not possible pharmacologic stress can be used [50]. 
This is done by stressing the heart and thus increasing the oxygen demand. 
When a flow limiting coronary obstruction is present the demand increases with 
stress, but the supply falls short. This results in a reduced uptake of nuclear 
tracer at peak stress. By comparing the stress with the resting images a possible 
flow limiting obstruction can be detected. 

Ischemia is defined as a reduced perfusion at stress because of flow limiting 
coronary artery disease that normalizes at rest when coronary flow demand is 
reduced. Abnormal tracer uptake at rest is suggestive of the inability of myocytes 
to take up tracer and therefore of a myocardial scar. This is most likely caused by 
a previous myocardial infarction. 

Functional information
With ECG gating, the cardiac cycle can be divided into 8 or 16 segments [51]. 
Images are acquired at each step in the cycle (Figure 1). All acquired images are 
added to produce one single dynamic cycle. With ECG-gated imaging not only 
information on the flow limiting effects of suspected coronary obstructions is 
available, but also information on the left ventricular function [52-54]. These data 
are derived from the sequential acquired images in the cardiac cycle. By then 
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tracing the endocardial border on all acquired images, the volume of the left 
ventricle at each frame in the cycle can be calculated. Based on the information on 
the timing in the cardiac cycle, the end-diastolic image and end-systolic images 
can be identified. The left ventricular ejection fraction is then calculated with the 
formula LVEDV – LVESV / LVEDV. The advantage gated of cardiac SPECT is 
an automated calculation of left ventricular volumes and ejection fraction with 
a high reproducibility [53,55-57]. This allows for both visual and quantitative 
evaluation of the several parameters. These functional parameters increased the 
diagnostic and prognostic value of the perfusion studies [58-60]. 

Figure 1. The figure demonstrates how gating is performed. Based on the ECG the 

cardiac cycle is divided into 8 segments of similar duration. At each step in the 

cycle an image is acquired. The 8 images are summed to one dynamic image. Based 

on endocardial border delineation on the short axis images a volume-time loop is 

constructed.
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Myocardial perfusion SPECT tracers
Two SPECT tracers are most commonly used to image myocardial perfusion, 
Thallium-201 (Tl-201) and Technetium-99m (Tc-99m). Both Tl-201 and Tc-
99m are not taken up exclusively by the myocardium but also in surrounding 
tissue. To minimize the contribution of the uptake in surrounding tissue, a high 
as possible target-to-background ratio is needed. For instance, to stimulate a 
quick release of Tc-99m from the gallbladder, nowadays a fatty meal is issued to 
increase release of Technetium by the gallbladder. 
 TI-201 has a principal photon electron peak of 68-80 KeV and a half-life 
of 73.5 hours. The low photon energy results in a relatively increased scatter 
fraction that reaches the collimator. This, in combination with the absorption of 
photons in surrounding tissue, creates more pronounced attenuation artifacts 
with less enhanced images as a result.
 TI-201 crosses the cell membrane in a similar way as potassium and 
redistributes freely after initial uptake in the cell. Redistribution occurs 
independent of blood-flow but is dependent of concentration differences 
between compartments. Since transport across the cell membrane is a necessity 
for redistribution, this phenomenon relies on intact cell membranes and 
therefore viable tissue. The redistribution of TI-201 allows for resting imaging 
with inherent information on viability. However, the downside of TI-201 for 
stress imaging is that because the redistribution process starts soon injection of 
the tracer imaging must be performed as soon as possible after completion of the 
stress test.

Tc-99m has a much higher photon electron peak of 140 KeV. This results in 
a sharper image and accounts for less scatter and attenuation than for TI-201. 
Unlike TI-201, technetium does not redistribute freely after initial uptake. The 
tracer is taken up by mitochondria and therefore resembles active mitochondrial 
function. Therefore tracer uptake resembles active mito-chondria and thus 
viable myocardium. Tc-99m demonstrated little to no redistribution [61]. 

Acquisition protocols
At present, essentially three methods to compare stress and rest are most 
frequently used. The eldest is the conventional Tl-201 stress-redistribution 
technique. Tc-99m sestamibi or Tc-99m tetrofosmin may be used in a one-day 
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protocol (high stress dose and low rest dose) or on separate days. Usually the 
stress images are acquired first. When these are normal no resting images are 
then needed. When the stress images are not normal and thus the suggestion of 
possible ischemia is present, resting images are acquired on separate day after 
decay of Technetium used for the stress acquisition. As mentioned earlier, when 
the resting images that are also not normal suggests LV scar, and thus previous 
myocardial infarct rather than ischemia of the left ventricle. 

Dual isotope separate acquisition with Tl-201 at rest and Tc-99m agents 
during stress is completed in one day [62]. The most important characteristic 
that allows for this acquisition protocol is the difference in the photon electron 
peaks of the two tracers. 

Myocardial perfusion SPECT for risk-stratification
An accurate division of patients with chest pain into low and high-risk groups 
for adverse cardiac events remains a major issue in clinical decision making [63]. 
Myocardial perfusion SPECT it is a powerful technique for risk stratification 
of patients with suspected or known coronary artery disease. The technique is 
validated in various patient populations with different pre-test probabilities 
for coronary artery disease and co-morbidity [14,15,22,64-70]. A normal stress 
myocardial perfusion SPECT study is associated with low cardiac event-rate 
of < 1%/year [17,19,23,71,72]. The severity of ischemia detected with myocardial 
perfusion SPECT has an additional prognostic value [17,66,69,73]. Functional 
parameters add to the diagnostic and prognostic data of the perfusion studies 
[74-79].

Diagnostic difficulties in patients with LBBB or RVA pacing
Myocardial perfusion SPECT is a well accepted technique for the evaluation 
of patients with chest pain suspected of obstructive coronary artery origin 
[15,19,22,66,69,80]. However, in patients with intrinsic LBBB or LBBB from RVA 
pacing the diagnostic accuracy of this method is much less well accepted. 
 The management of patients with one of the aforementioned activation 
patterns and chest pain is troubled because all non-invasive techniques fall short 
in diagnostic accuracy [81]. It is impossible to rule out ischemia on the exercise 
ECG due to the inherently abnormal repolarization [82]. Moreover, due to resting 
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wall motion abnormalities the value of dobutamine stress-echocardiography is 
also reduced [83-85]. The same holds true for any other diagnostic test aiming at 
demonstrating stress induced wall motion abnormalities. 

Specific difficulties of myocardial perfusion SPECT, dilemmas in 
LBBB and RVA pacing
The diagnostic accuracy of myocardial perfusion SPECT is also debatable. In the 
specific population of patients with LBBB or RVA pacing, perfusion defects are 
frequently observed which are not related to obstructive coronary artery disease 
[86-92]. These defects are primarily found in the septum and adjacent walls in 
LBBB [88,89,93] and inferoseptal and adjacent walls in RVA pacing [92,94]. These 
false positive perfusion defects trouble the diagnostic accuracy of myocardial 
perfusion SPECT. Several explanations are described that may, at least in part, 
explain part of the false positive images. 
 In animal models a role of shift in myocardial work from the early activated 
septal regions to the late activated lateral wall was described [95]. Also, a shift 
of myocardial blood-flow from the early activated regions to the late activated 
regions was observed [96]. With ventricular pacing also a reduction in glucose 
metabolism was observed in the septum [97]. 
 In human studies it is demonstrated that the perfusion abnormalities 
previously described were more prominent with exercise compared with 
pharmacologic stress with dipyridamole or adenosine [86]. This finding is 
incorporated in the ACC/AHA/ASNC guideline for myocardial perfusion 
SPECT [50] and resulted in the nowadays accepted vasodilator stress for patients 
with abnormal left ventricular activation patterns. 
 To cope with these false positive findings alterations to the SPECT 
acquisition and reading protocols have been proposed [86,98,99]. Although 
sole pharmacological stress improved the diagnostic accuracy of myocardial 
perfusion SPECT in LBBB and RVA pacing, doubt remains about the value of 
this technique both for diagnostic as well as prognostic purposes in this specific 
patient population. However, because of the reduced diagnostic accuracy, it 
was even proposed to not perform non-invasive evaluation at all but rather 
refer patients with LBBB and reduced LVF for immediate invasive coronary 
angiography in stead [100]. Despite this proposition, the non-invasive assessment 
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remains important for the evaluation of patients with chest-pain. Even in the 
presence of an abnormal left ventricular activation pattern [6].

Outline of the thesis
The work in this thesis is carried out in a specific patient population. All studies 
are conducted in the presence of an abnormal left ventricular activation pattern. 
Both left bundle branch block as well as right ventricular pacing are studied. 
 This thesis aims to assess the diagnostic as well as prognostic value of 
myocardial perfusion SPECT in a specific patient population that until now is 
not well suitable for non-invasive risk assessment. The work presented in this 
thesis will address the various aspects of the question: “How does abnormal left 
ventricular conduction affect myocardial perfusion SPECT imaging.” In order to 
address these questions several studies are carried out. 
 The implanted pacemaker allows for pacemaker stress to replace 
pharmacologic stress. Exercise stress demonstrated more and more severe 
perfusion defects compared with vasodilator pharmacologic stress. The effects 
of pacemaker stress are not well known [101]. In Chapter 2 we assess the effects 
of paced heart-rate increase on myocardial perfusion, because it appears an 
easier method than other stress methods in elderly patients with a pacemaker 
and a sedentary lifestyle. The size, location and severity of perfusion defects are 
compared with that of adenosine-induced coronary flow augmentation.
Debate exists on the effects of right ventricular apical stimulation on left 
ventricular function. As mentioned before different right ventricular pacing sites 
have been introduced. We address the question of the optimal right ventricular 
pacing site in Chapter 3. Pacing from the right ventricular apex is compared 
with pacing from the right ventricular outflow tract to assess whether either 
one results in a better preservation of left ventricular function compared with 
normal atrio-ventricular conduction. Left ventricular function is assessed with 
echocardiography.
 Exercise results in more perfusion defects compared with pharmacologic 
stress in the absence of obstructive coronary artery disease. Pacemakers are 
capable of increasing the heart rate depending on the patient’s demand. The 
effect of ventricular pacing on myocardial blood-flow is scarcely studied and the 
effects of increased paced heart rates are unknown. For a better understanding 
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of the changes of increased heart rates on myocardial blood-flow we assess 
global and regional myocardial blood-flow at low and higher heart rates using 
H2

15O positron emission tomography (PET) in Chapter 4. 
 RVA pacing and LBBB both result in false positive perfusion defects on 
myocardial perfusion SPECT. These defects reduce the diagnostic and prognostic 
value of the technique. In Chapter 5 we study a model that is defined to assess 
the contribution of motion artifact on abnormal perfusion due to ventricular 
pacing. We studied a population with bradytachycardia syndrome and RVA-
pacing leads to assess the influence of wall motion abnormality induction on the 
occurrence of perfusion defects.
 Based on the results found in Chapter 5, a model is defined that accounts 
for defects that are related to abnormal activation only. In Chapter 6 we validate 
the efficacy of this model of the abnormal activation related defects (AARD) 
against patients with the same left ventricular activation pattern characteristics 
but normal myocardial perfusion. After the validation of our model of AARD 
and the verification that AARD do not negatively influence prognosis we further 
evaluated the prognostic value of myocardial perfusion SPECT in a patient 
population with chest pain and abnormal left ventricular activation in Chapter 
7. 
 In Chapter 8 we present a review of the literature of myocardial perfusion 
SPECT in this specific patient population. We describe the further management 
of our own patients and propose possible changes in management that may 
improve the outcome. 
 In the general discussion, Chapter 9, we discuss the implications of right 
ventricular pacing and LBBB on left ventricular function and for the prognostic 
value of myocardial perfusion SPECT. Also we present future perspectives and 
raise questions for new studies derived from the results present in this thesis.
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Abstract

Objective: To assess distribution, extent and severity of myocardial perfusion 
defects with right ventricular apical pacing (RVA) with low and high rates as 
well as increased coronary blood-flow with adenosine.

Background: Asynchronous activation resulting from RVA pacing can adversely 
affect left ventricular function and myocardial perfusion despite normal coronary 
arteries. This troubles the detection of coronary heart disease in paced patients. 

Methods: Fourteen patients with permanent RVA pacing with angiographically 
normal coronary arteries underwent myocardial perfusion SPECT at rest with 
low and high pacing rate, and with pacing at low rates with adenosine. Data 
were analysed semi-quantitatively using a 20 segment scoring model and coded 
using a 4-point scoring system. 

Results: At rest, 23 of 42 (55%) coronary flow territories showed abnormal 
perfusion and 52 of 280 (19%) corresponding segments demonstrated abnormal 
perfusion; mean perfusion score 0.22. After high rate pacing, perfusion was 
abnormal in 31 of 42 (74%) flow territories and 122 of 280 (44%) segments: mean 
perfusion score 0.67. Adenosine infusion resulted in 28 of 42 (67%) abnormal 
flow territories and 90 of 280 (32%) abnormal segments; mean perfusion score 
0.44. Perfusion defects were most often observed in close proximity to the origin 
of the pacing site.

Conclusion: RVA pacing results in myocardial perfusion defects. The false-
positive findings are present at rest and more outspoken with high rate pacing 
than during adenosine infusion. Detection of coronary artery disease should be 
carried out with caution in RVA paced patients because of the high number of 
perfusion defects in the absence of coronary artery disease.



Pacemaker related perfusion defects

27

Introduction

Chronic dual chamber pacing for conduction disorders and the bradytachycardia 
syndrome with a right ventricular apical (RVA) lead and atrial lead is currently 
the standard therapy. Although most patients benefit from this therapy, chronic 
right ventricular apical pacing causes asynchronous ventricular electrical 
activation and asynchronous contraction. Therefore the abnormal ventricular 
activation can adversely affect myocardial function [1,2] which appears 
responsible for an increased morbidity and mortality in paced patients [3-5]. 
Furthermore, several reports point at perfusion defects of the left ventricular 
myocardial wall after exercise [2,6] and after pharmacological stress [7,8] in 
paced patients despite absence of coronary artery disease (CAD). These defects 
mainly occur in the apical and inferior walls but reduced perfusion has also 
been described in other left ventricular regions [2,7,8]. Myocardial perfusion 
SPECT is an accepted test for the detection of CAD. Both adenosine and exercise 
have been studied thoroughly as stress modalities. An alternative diagnostic 
stress modality for exercise or pharmacological stress in pacemaker patients is 
the increase of pacing rate with the implanted pacemaker. Currently no data of 
the effects of high pacing rates with regard to size, location and severity of the 
perfusion defects are available. Our objective was to study the effects of paced 
heart-rate increase on myocardial perfusion. Because this method appears 
easier to perform than other stress methods in aged pacemaker patients with 
a sedentary lifestyle, we studied the size, location and severity of perfusion 
defects and compared the results with those of adenosine-induced coronary 
flow augmentation. 

Patients and Methods

Patients
Patients followed at our pacemaker department who presented with chest pain 
were eligible. Forty-one consecutive patients with a DDDR or VVIR pacemaker 
with pacing in the right ventricular apex were studied. All underwent both 
perfusion imaging and coronary angiography. For this study only patients 
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with a normal coronary angiogram were included. The presence of idiopathic 
cardiomyopathy, recent myocardial infarction or percutaneous coronary 
intervention, heart failure or unstable angina pectoris was reason for exclusion. 
The study conformed to the principles outlined in the Declaration of Helsinki 
and was approved by the local ethics committee. All patients gave informed 
consent.

Methods 
Patients underwent two 99mTc-sestamibi stress myocardial perfusion Single 
Photon Emission Computed Tomography (SPECT) protocols on two separate 
days. The first study was combined with a resting 201Tl SPECT study. On one 
occasion stress was induced by high rate pacing and on the other by adenosine 
infusion. The interval between the two 99mTc-sestamibi studies was at least 7 
days and maximally 2 weeks. The order of the 2 studies was randomized. 

Imaging methods
Prior to scanning patients fasted for 12 hours and refrained from caffeine 
containing substances for at least 24 hours. Beta-blockers, calcium antagonists, 
nitrates, and dipyridamole were discontinued for at least 48 hours.

Resting myocardial perfusion SPECT
After reprogramming the pacemaker to DDD-mode with short AV-interval 
or VVI-mode with a rate of 60 pulses per minute (ppm) and sublingual 
administration of nitroglycerine, 111 MBq of 201Tl was injected intravenously. 
After 15 minutes of normal walking and 15 minutes rest, 201Tl SPECT imaging 
was performed.

Stress myocardial perfusion with high pacing rate 
All pacemakers were programmed to DDD-mode with short AV-interval or 
VVI-mode with a rate of 60 ppm. A stepwise increment of 20 ppm every two 
minutes was carried out. The paced heart rate was increased to a maximum of 
85% of the age predicted value [(220 - age) x 0.85]. The pacemaker setting most 
fitting with the predicted heart rate was used as the peak-pacing rate. At peak 
pacing rate 540 MBq 99mTc-sestamibi was injected intravenously and pacing at 
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this rate was continued for one minute. Thereafter a stepwise decrement of 20 
ppm was carried out until the pacemaker was set back to DDD-mode with short 
AV-interval or VVI-mode with a rate of 60. The original pacemaker parameters 
were programmed after image acquisition. The pacing protocol dictated the 
test to be discontinued when severe side effects occurred: signs of heart failure, 
ventricular arrhythmias, a drop in blood pressure of ≥25 mm Hg and an increase 
of systolic pressure ≥280 mm Hg. Every minute a 3-lead ECG was acquired and 
the blood pressure was measured. Following the injection, all patients received 
a fatty meal to increase hepatobiliary clearance of the tracer, and 99mTc-sestamibi 
SPECT imaging was started 45-60 minutes after injection. 

Stress myocardial perfusion with adenosine infusion
All pacemakers were programmed to DDD-mode with short AV-interval or VVI-
mode with a rate of 60 ppm. During adenosine infusion, all patients received 
0.14 mg/kg/min i.v. in 6 minutes. At 4.5 minutes of adenosine infusion 540 MBq 
99mTc-sestamibi was injected intravenously. Following the injection, all patients 
received a fatty meal to increase hepatobiliary clearance of the tracer, and 99mTc-
sestamibi SPECT imaging was started 45-60 minutes after injection. 

SPECT acquisition protocol
Single day dual-isotope myocardial perfusion SPECT imaging was performed 
as previously described by Groutars et al. [9]. SPECT imaging was performed 
using a Toshiba triple-detector gamma camera equipped with low-energy, high-
resolution collimators. Filtering was performed for both 201Tl and 99mTc-sestamibi 
images using a Butterworth filter of order 8.0 and a cut-off frequency of 0.20 
Nyquist. Reconstruction was performed by means of filtered back projection 
with a ramp filter, to produce transverse tomograms. Short-axis, vertical and 
horizontal long-axis tomograms were produced from transverse tomograms by 
performing coordinate transformation. Myocardial perfusion SPECT acquisition 
was repeated when insufficient hepatobiliary clearance or a motion artifact was 
present on the raw images.
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Myocardial Perfusion SPECT image analysis 
Interpretation of myocardial perfusion images consisted of assessment of eight 
slices of short- and long-axis tomograms. All studies were scored by consensus 
of two observers who were blinded to the patient data, to the imaging protocol 
and the result of coronary angiography (CAG). Semi-quantitative visual analysis 
was performed using a 20 segment model, as initially proposed by Berman et 
al. [10,11], using a four-point scoring system, (0=normal uptake, 1=moderate 
reduction, 2= severe reduction, 3= absence of tracer uptake). As normal standard, 
five myocardial perfusion SPECT studies without perfusion defects of patients 
without a pacemaker were used [9]. 
 The perfusion defect score was calculated as: (Sum of segmental scores)/
(number of assessed segments). This value was calculated for each study for all 
segments combined.

Coronary angiography
Coronary angiography was performed using standard techniques. Experienced 
reviewers not involved in the study and blinded to the results of myocardial 
perfusion SPECT interpreted all angiograms. Significant coronary stenosis was 
defined as a 50% diameter reduction in any major epicardial coronary artery [12].

Statistical analysis
All data are presented as mean value ± SD. Data with an asymmetrical 
distribution are presented as median and range. The chi-square test was used 
to compare categorical data. The paired t-test was used to compare the severity 
of perfusion defects between adenosine and pacemaker stimulation. A p value 
<0.05 was considered statistically significant

Results

Patient demographics and results of coronary angiography: 14 patients with 
normal coronary arteries on angiography were included, resulting in 42 
perfusion territories. The patient characteristics are listed in Table 1. The mean 
interval between pacemaker implantation and realization of the study was 
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median 39, range 1-168 months. Paced rhythm exceeded 95% of all beats in the 
three days prior to the study, as recorded by the pacemaker memory.

Table 1. Patient Characteristics

Numer of patients 14
Age ± SD, years 70 ± 6
Female/male 7 (50%)/7 (50%0
Duration of pacing, months median 39, range 1-168
Pacing mode

VVI 4 (28.6%)
DDD 10 (71.4%)

Pacing indication
Bradytachycardia syndrome 3 (21.4%)
His-bundle ablation for refractory atrial fibrillation 6 (42.9%)
Second degree AV-block 2 (13.4%)
Third degree AV-block 3 (21.4%)

SD=standard deviation, AV=atrioventricular, Values are given as number (percent) or mean ± SD.

Hemodynamic effects 
High rate pacing
The mean pacing rate at the start of the test was 60 pulses per minute (ppm). 
The mean predicted maximal pacing rate was 127 ± 5.9 ppm and a mean peak 
pacing rate of 129.3 ± 5.5 bpm was achieved. At rest the rate pressure product 
[heart rate*systolic blood pressure: (RPP)] was 8739 ± 1344 bpm*mmHg, during 
the peak pacing rate the RPP was 19083 ± 3094 bpm*mmHg (p<0.05).

Adenosine
Adenosine infusion did not affect the pacing rate that had a mean value of 
60 ppm during the infusion. Starting with the adenosine infusion, the mean 
blood pressure was 146/78 ± 22/9 mm Hg. The end mean blood pressure 
was 148/81 ± 22/9 mm Hg. After adenosine infusion the RPP was 8151 ± 1051 
bpm*mmHg. (p>0.05) 
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Safety of the tests
During high rate pacing, 8 patients complained of chest pain, 5 of shortness of 
breath, and 2 of palpitations. Arrhythmia and syncope were not observed. One 
patient experienced an asymptomatic blood-pressure drop of 20 mm Hg during 
the test. During adenosine infusion 6 patients complained of chest pain, 10 of 
shortness of breath. No palpitations were observed. All pacemakers were set 
back to original settings without complications. 

Myocardial Perfusion at Rest
Patient based analysis. Of the 14 patients with normal coronary arteries, only 
three had a normal myocardial perfusion scan at rest. 
 Segmental and flow territory analysis. Despite the presence of normal 
coronary arteries, 52 (18.6%) abnormal segments were observed. The segmental 
distribution of perfusion defects is shown in Figure 1. The majority of perfusion 
defects at rest were located in the inferior, inferoseptal and apical regions. Of 
the 42 perfusion territories, 23 (54.8%) were abnormal (Figure 2). The perfusion 
score at rest was 0.22 ± 0.49 (Figure 3).
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Myocardial Perfusion during high rate pacing
Patient based analysis: In only one patient the myocardial perfusion scan 
remained normal during high rate pacing. In two other patients with an initial 
normal perfusion scan new perfusion defects occurred.
 Segmental and flow territory analysis: The number of abnormal segments 
increased from 52 to 122 (43.6% abnormal segments, p<0.01). All apical, distal, 
mid and basal parts of the myocardium showed an increase in abnormal 
segments compared to rest scans (Figure 1).
 Territory analysis showed normal perfusion in only 26% (11/42) of flow 
territories. Of the initial 23 abnormal perfusion territories at rest, 19 increased in 
extent. Two perfusion defects improved after high rate pacing (Figure 2). Also, 
the severity of perfusion defects worsened compared to rest, from 0.22 ± 0.49 at 
rest to 0.67 ± 0.88 after paced heart rate increase as shown in Figure 3 (p<0.01). 

Myocardial perfusion during adenosine 
Patient based analysis: When flow was increased by adenosine, only 2 of 14 
patients with a normal angiogram demonstrated normal myocardial perfusion. 
 Segmental and flow territory analysis: The number of abnormal segments 
increased from 52 at rest to 90 (p<0.01) after adenosine as shown in Figure 3. The 
majority of abnormal segments were located in the inferoposterior, inferoseptal 
and apical segments. Of all abnormal segments, 62.2% were located in the 
apical and distal parts of the myocardium. However, the mid and basal parts 
also worsened. Normal perfusion was present in only 14 coronary perfusion 
territories (33.3%). In one case abnormal resting perfusion normalized after 
adenosine. Compared to rest, new perfusion defects were present in 5 out of 
19 perfusion territories (Figure 2). Of the initial 23 perfusion defects at rest, the 
extent of perfusion abnormalities increased in 17 flow territories. In three cases 
myocardial perfusion improved after adenosine infusion. Also, the severity of 
the mean perfusion defect score increased compared to rest from 0.22 ± 0.49 
to 0.44 ± 0.73 (p<0.01) (Figure 3). There was no relation between the severity of 
perfusion defects and the duration of chronic pacing. Pacing resulted in more 
(p<0.01) and more severe defects (p<0.01) than adenosine but the distribution of 
the defects was similar. An example of the effects of adenosine stress and high 
rate pacing on myocardial perfusion is given in Figure 4.
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Figure 4. Myocardial perfusion at rest, after adenosine stress, and after high-rate pacing 

in a 73-year-old woman. A pacemaker was implanted for bradycardia-tachycardia 

syndrome. Pacing duration was 41 months. The resting images show abnormal 

myocardial perfusion in the apico-inferior wall. Note the increase in extent and severity 

after adenosine stress and high-rate pacing. White arrows indicate perfusion defects.

Discussion

Key results 
In line with previous studies we observed that patients with a right ventricular 
apical pacemaker exhibit perfusion defects on resting 201Tl or 99mTc-MIBI SPECT 
images despite normal coronary arteries [2,7,8]. In only one of 14 patients with 
normal coronary arteries myocardial perfusion remained normal. 
 Novel findings include: 1) the occurrence of new perfusion defects with 
high pacing rates, 2) an increase in defect size of initially abnormally perfused 
myocardial segments with increase of the paced heart rate, and 3) increase of 
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the mean perfusion score. These observations implicate that not only the extent 
of the area with diminished perfusion increases, but also the severity of the 
perfusion defects. Adenosine mediated coronary flow increase resulted in a less 
pronounced increase of abnormal perfusion and the perfusion defects were less 
severe compared to high rate pacing.

Location of abnormal myocardial perfusion 
It is generally accepted that without any specific intervention, perfusion defects 
occur in the apical and inferior walls during chronic right ventricular apical 
pacing. These defects are most frequently observed in the distal portions of the 
myocardial wall whereas the proximal areas are relatively spared. Our study 
showed that the 2 apical segments account for 23% of all abnormal segments 
at rest. Involvement of other walls of the left ventricle is in concordance with 
the findings by Tse et al. [7] who describe perfusion defects after 18 month RVA 
pacing not only in the apical and inferior wall segments but in the lateral wall as 
well. To our knowledge, our finding of mid and basal involvement has not been 
described previously.

Mechanism of perfusion defects and effects of high paced rates
Animal and human studies showed that regional differences in myocardial blood 
flow [13-15] and oxygen consumption [14] are already found from the moment of 
onset of right ventricular apical pacing [14-16]. The regional differences in flow 
are similar to differences in mechanical work [17]. Animal studies demonstrate 
that early-activated myocardial regions such as the apex and septum, have 
a 30% lower perfusion and oxygen consumption than regions with normal 
time and sequence of electrical activation. The late-activated regions such as 
the left ventricular free wall, demonstrate a 30% higher perfusion and oxygen 
consumption [14,15]. Several observations support the assumption that these 
regional differences are caused by differences in workload as measured by lactate 
and oxygen extraction [14]. With increasing pacing rates regional differences in 
blood flow occur, probably due to impediment of perfusion by the abnormal 
contraction and relaxation patterns. At higher heart rates, perfusion becomes 
more critical and will contribute to inadequate perfusion. This could explain our 
findings after heart rate increase by pacing. 
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Changes of myocardial flow
Regional differences in workload are not the only explanation for differences 
in perfusion, as demonstrated in our adenosine findings. Increasing the total 
coronary flow by adenosine with a constant pacing rate, and thus unchanged 
workload, resulted in an increase of perfusion defects. This finding is unexpected 
and is in contradiction with the work of Amitzur et al. [18], who found that 
regional differences in flow disappeared during adenosine. The cause of this 
contradiction is unclear, but our observation is supported by previous studies 
with dipyridamole [8]. Another explanation might be micro vascular disease but 
there are no clinical or experimental data available to support this assumption. 
Nielsen et al. [13] studied myocardial blood flow with 13N-labeled ammonia. 
Patients were randomized to either atrial pacing (AAI) or atrioventricular 
(DDD) pacing, reflecting normal and abnormal ventricular electrical activation 
patterns. They showed reduced inferior and septal as well as decreased global 
myocardial blood flow in DDD mode compared to AAI stimulation in the same 
patients. After heart rate increase, myocardial blood flow increased in both 
AAI and DDD mode. The perfusion defects were located in the same area as in 
our study. Obviously, reduced coronary flow results in myocardial perfusion 
defects in the same areas. Nielsen et al. [13] also demonstrated that global mean 
myocardial blood flow decreased at a pacing rate of 90 ppm.

Limitations
This study only assessed the effects of pacing on myocardial perfusion in 
normal coronary arteries. We did not assess the effects of high rate pacing in 
patients with coronary artery disease. Second, we only studied myocardial 
perfusion without gating and therefore, possible contribution of asynchronous 
contraction to abnormal perfusion cannot be excluded. Third, patients with a 
visual coronary artery stenosis of less than 50% were considered normal, which 
is widely accepted and seems appropriate since coronary flow reserve (CFR) 
decreases starting with a 45%-50% diameter stenosis [12]. Finally, despite the 
presence of normal coronary arteries these perfusion changes suggest ischemia. 
However, the clinical and prognostic significance is unclear and deserves further 
investigation. 
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Conclusion

This study shows that right ventricular apical pacing results in myocardial 
perfusion defects in most patients. The size and the severity of the myocardial 
perfusion defects worsen during adenosine infusion and more prominently 
during heart rate increase by pacemaker stimulation. Therefore, adenosine 
stress myocardial perfusion SPECT must be interpreted with care because of 
the false-positive results with regard to the detection of coronary artery disease.

Clinical consequence
These observations clearly demonstrate that adenosine stress myocardial 
perfusion SPECT to diagnose coronary artery disease in patients with chronic 
right ventricular apical pacing must be interpreted with care and caution 
because of the false-positive results. Coronary angiography currently remains 
the standard method to diagnose correctly coronary obstructions in paced 
patients because cardiac MRI producing coronary imaging is unfortunately not 
feasible in pacemaker patients. 

Note: Abbreviations are explained in the abbreviations list in the appendix
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Nuclear myocardial perfusion imaging has become one of the most frequently 
used techniques for diagnosing coronary artery disease. In patients with flow-
limiting coronary artery lesions, isotope is preferentially taken up in regions 
of higher coronary flow compared with regions having lower flow. Increasing 
myocardial oxygen demand with exercise or dobutamine induces differences in 
regional blood flow. In addition, vasodilatation with adenosine or dipyridamole 
preferentially shunts blood flow from regions of coronary stenosis to regions 
with normal coronary perfusion. The resulting relative flow differences between 
regions of myocardium cause a perfusion defect that can be observed. Nuclear 
imaging of coronary flow in patients with ventricular pacing has demonstrated 
areas of “artifact” ischemia resulting in “false-positive” stress tests. These 
“artifacts” typically have been reported in the apical, inferior, and inferoseptal 
regions of the left ventricle [1]. In this issue of Heart Rhythm, ten Cate et al. 
[2] report their study of the extent and location of pacing-induced perfusion 
defects during increased heart rate or vasodilator stress. They performed 
nuclear imaging on 14 patients with normal coronary arteries (defined as 
stenosis <50%). First, subjects underwent nuclear perfusion imaging at rest. 
At rest, 18.6% of myocardial segments demonstrated abnormal perfusion. 
Consistent with previous data, the inferior, inferoseptal, and apical regions were 
most commonly affected. Subjects then underwent nuclear perfusion imaging 
during an infusion of the vasodilating agent adenosine. With adenosine, >32% 
of myocardial segments demonstrated abnormal perfusion. Compared with the 
rest images, the severity of perfusion abnormality also was increased. In the last 
phase of the study, the authors performed incremental pacing to achieve 85% 
of age-predicted maximum heart rate. Nuclear myocardial perfusion scanning 
was performed at peak heart rate. At increased heart rate, >43% of myocardial 
segments demonstrated abnormal perfusion, and again the severity score was 
increased. In this case, all regions of myocardium were affected. High-rate 
pacing resulted in greater numbers of affected segments and increased severity 
of perfusion defects compared with resting or adenosine infusion scans. This 
study by ten Cate et al. [2] is the first to show that high-rate ventricular pacing 
increases the severity and number of perfusion defects. The authors conclude 
that myocardial perfusion imaging must be interpreted with caution in patients 
who are ventricularly paced. Early studies examining perfusion imaging in 
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patients with right ventricular pacemakers described regional inhomogeneities 
in isotope uptake as “artifacts.” However, later studies demonstrated that they 
represent true differences in myocardial blood flow [1]. In fact, these perfusion 
defects have been demonstrated to be associated with decreases in coronary 
blood flow and myocardial work at the site of initial activation [3]. These changes 
are coupled with concomitant increases in myocardial work and blood flow in 
the surrounding regions, which are depolarized later. Skalidis et al. [1] showed 
that in patients with pacing-induced perfusion defects, coronary blood flow 
velocities in the artery supplying the inferior wall were reduced compared 
with coronary blood flow velocities supplying the anterior wall. In addition, 
patients with pacing-induced perfusion defects demonstrated reduced coronary 
flow reserve in the inferior wall compared with control subjects and with paced 
patients not having perfusion defects. Prinzen et al. [3] showed that during 
ventricular pacing, the earliest activated areas had reduced oxygen consumption 
and myocardial work compared with later activated segments. The underlying 
etiology of this reduction in myocardial blood flow in earlier activated regions 
remains unknown. In the current study, ten Cate et al. [2] describe an increased 
number and severity of hypoperfused segments during higher-rate ventricular 
pacing. The authors speculate that this difference can be explained by abnormal 
contraction and relaxation patterns. Although this could explain the differences 
observed during higher-rate pacing, it does not explain the changes seen 
during adenosine infusion. Without an increase in heart rate or blood pressure 
during the infusion, myocardial contraction or relaxation patterns likely did 
not change enough to significantly alter perfusion. In contrast, it is possible 
that vasodilation with adenosine or reducing diastolic intervals with pacing 
amplifies inhomogeneity in the perfusion scan whether the differences in flow 
are due to coronary stenosis or the “artifact” caused by alterations in coronary 
flow during ventricular pacing. 
 This study emphasizes two issues of importance. First, radioisotope 
myocardial perfusion imaging has poor specificity for diagnosing coronary 
artery disease in paced patients. Thus, physicians should consider alternative 
coronary imaging techniques in these patients. Second, significant gaps remain 
in our understanding of the physiologic changes that occur during right 
ventricular pacing and their impact on cardiac function. These questions are 
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the subject of considerable ongoing research. Reductions in coronary blood 
flow [1], myocardial work, and oxygen consumption [3] are observed in early-
activated regions. Myocardial thinning is seen in these regions, whereas 
concomitant hypertrophy is observed in regions depolarized later [4]. Whether 
these changes are adaptive or maladaptive is not clear. Although the clinical 
importance of these changes remains unclear, it has become evident that many 
patients who undergo right ventricular pacing develop worsening heart failure 
and impaired ventricular function. Further studies focusing on the underlying 
mechanisms of the effects from right ventricular pacing are needed. Are these 
changes in coronary blood flow and ventricular remodeling adaptive? If not, 
can these changes be arrested? Alternative pacing sites should be explored. 
Studies utilizing the right ventricular outflow tract have demonstrated some 
improvement, but the data are not conclusive [5]. Current approaches to 
reduce the deleterious hemodynamic consequences of right ventricular pacing 
include increasing the atrioventricular delay to allow native conduction and 
biventricular pacing. However, extending the atrioventricular delay may not 
allow native conduction in all cases, and biventricular pacing increases the risk 
and complexity of standard pacemaker implantation.
 Although right ventricular pacing is credited with saving many lives, 
asynchronous electrical activation results in significant hemodynamic and 
electrophysiologic changes in the heart. Perfusion defects seen during nuclear 
imaging are not “artifacts” at all; rather, they represent true changes in coronary 
blood flow. Further research should focus on the mechanisms of these changes 
and efforts to halt them. Perhaps someday the “artifacts” of pacing during 
nuclear imaging and the deleterious changes associated with them will no 
longer be the subject of journal articles. 

Note: Abbreviations are explained in the abbreviations list in the appendix.
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Abstract

Aim: A depressed left ventricular (LV) function is sometimes observed during 
right ventricular apical (RVA) pacing but any prediction of this adverse effect 
cannot be done. Right ventricular outflow tract (RVOT) pacing is thought to 
deteriorate LVF less frequently because of a more normal LV activation pattern. 
This study aims to assess the acute effects of RVA and RVOT pacing on LVF in 
order to determine the contribution of echocardiography for the selection of the 
optimum pacing site during pacemaker (PM) implantation. 

Methods and Results: Fourteen patients with a DDD-pacemaker (7 RVA, 7 
RVOT) and normal LVF without other cardiac abnormalities were studied. PM 
dependency because of sick sinus syndrome with normal atrioventricular and 
intraventricular conduction, was absent in all allowing acute programming 
changes. Wall motion score (WMS), longitudinal LV-strain and tissue Doppler 
imaging (TDI) for electromechanical delay were assessed with echocardiography 
during AAI pacing constituting baseline and DDD pacing. The WMS was 
normal at baseline (AAI pacing) in all patients and LV dyssynchrony was 
absent. Acute RVA and RVOT pacing deteriorated WMS, electromechanical 
delay and longitudinal LV-strain but no difference of the deterioration between 
both pacing sites was present and dyssynchrony did not emerge.

Conclusion: Both acute RVA and RVOT pacing negatively affect WMS, 
longitudinal LV-strain and mechanical activation times, without clear differences 
between both pacing sites. Thus echocardiographic techniques do not facilitate 
the selection between RVOT and RVA pacing to exclude adverse effects on LV 
function during PM implantation in patients with a normal LV function. 
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Introduction

Chronic right ventricular apical (RVA) pacing has been reported to worsen 
both left ventricular (LV) systolic and diastolic function [1,2]. Right ventricular 
outflow tract (RVOT) pacing has been introduced to avoid this apparent and 
unpredictable complication of RVA pacing, because this pacing site appears 
to deliver a more physiological electrical activation of both ventricles, visible 
with a shorter paced QRS complex than with RVA pacing [3,4]. It is assumed 
that a more normal ventricular activation brings out less worsening of the left 
ventricular function. Despite this theoretical advantage, various clinical reports 
did not show convincing data of the superiority of midterm RVOT pacing over 
RVA pacing [4-8].
 Because the decision to insert the pacing lead in the RVOT or RVA during 
pacemaker implantation remains arbitrarily and the ventricular conduction 
pattern varies widely [9,10], one would prefer to rely on easily achievable 
information about the influence of right ventricular pacing position on LV 
function in the individual patient. To explore this question we performed a pilot 
non-invasive study for assessing the influence of RVOT or RVA pacing on the 
normal LV function. For this purpose LV wall motion score, regional longitudinal 
LV strain and tissue Doppler imaging (TDI) of left ventricular wall segments 
were measured with echocardiography during normal rhythm and conduction, 
and compared with chronic DDD pacing with either a RVA or RVOT lead.
 This study intends a better understanding of how right ventricular pacing 
acutely effects LV function, and whether echocardiography contains sufficient 
information to guide the quest for the optimum pacing site during pacemaker 
(PM) implantation. 

Methods

Patients
For this pilot study we included consecutive patients followed at the pacemaker 
(PM) department of the MCRZ Clara Rotterdam, with chronic pacing for sick 
sinus syndrome and normal atrioventricular and intraventricular conduction. 
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Patients with a normal LV function on screening echocardiographic assessment 
were eligible for inclusion. In addition, the ventricular pacing percentage should 
be less than 5% in the preceding three months before the study. RVA or RVOT 
lead location was confirmed with both 12 lead ECG and bi-plane X-ray. Patients 
with cardiomyopathy, previous myocardial infarction or percutaneous coronary 
intervention, cardiac surgery, congestive heart failure or unstable angina pectoris 
were excluded. Patients with aortic valve insufficiency or stenosis >20 mm Hg, 
mitral valve stenosis or > mild regurgitation on screening echocardiogram were 
also excluded. Patients with atrial or ventricular tachyarrhythmia on the study 
date, or in who full and stable ventricular capture could not be obtained or 
without adequate echo-windows were excluded. The study complies with the 
declaration of Helsinki and all patients gave informed consent.

Pacing methods 
Baseline measurements were acquired with AAI pacing and normal intra-
ventricular conduction. RVOT or RVA pacing was programmed with DDD 
pacing and AV-interval <120 ms to obtain full ventricular capture in the same 
session. It was previously shown that increased paced heart rates decrease 
myocardial perfusion in the absence of coronary artery disease [11], but left 
ventricular function was not assessed. To evaluate any rate dependency of 
deterioration of LV function, a faster pacing rate was also evaluated. A low 
pacing rate was defined pacing with 10 pulses per minute (ppm) above the 
resting spontaneous heart rate. Faster paced heart rates were evaluated at a rate 
of 90 ppm. Thus, the study consists of 4 pacing settings; baseline (AAI) and AAI-
pacing at a faster pacing rate, and DDD pacing with full ventricular capture at 
low and faster pacing rates. After PM programming, a 5-minute waiting time 
was allowed for cardiac adaptation to the new pacing setting. Each pacing mode 
was randomized and during each pacing mode a complete cardiac ultrasound 
data set was acquired and the paced QRS duration and morphology were 
assessed on a 12 lead ECG. 

Echocardiography methods
Using a GE-Vingmed 7 ultrasound system, parasternal long axis, apical 2, 3, 
and 4 chamber images were acquired. Left ventricular end diastolic dimension, 
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interventricular septum diameter during end diastole and left atrial diameter 
were measured during the 4 pacing settings. 
1. LV wall motion abnormalities were evaluated using the standard 16-segment 

model [12]. Electromechanical delay was acquired using pulsed wave tissue 
Doppler imaging (TDI). The wall motion was scored using a four point 
scoring system, 0= normal, 1= hypokinetic, 2= akinetic, 3= dyskinetic. LV 
ejection fraction was calculated using Simpson bi-plane method at baseline 
for every pacing setting. 

2. The electromechanical delay was calculated for the septum and lateral wall 
from the apical 4-chamber image, and for the inferior and anterior wall 
using the apical 2-chamber view. The start of the S2-wave with TDI was 
considered the start of mechanical activation. An electromechanical delay 
of >40 ms in between the septum and the lateral wall or the anterior and 
inferior walls was considered to reflect dyssynchrony [13].

3. The regional longitudinal LV-strain curves as parameter of LV contractility 
were acquired for the septum, lateral, anterior and inferior walls form 
the apical 4 chamber and 2 chamber views using a narrow sector [14,15]. 
A minimum frame-rate of 200 frames per second (fps) was used. Regional 
longitudinal LV end systolic strain was measured at the mid section of each 
of the 4 LV walls. The average longitudinal LV-strain was calculated as the 
sum of the regional longitudinal LV-strain of the 4 assessed walls divided 
by 4. 

 All images were stored digitally and then assessed off-line by consensus 
of two experienced observers who were blinded to patient and pacing 
characteristics. For intra-observer variability each parameter was measured 
twice with an interval of three weeks. For all TDI measurements, the absolute 
value of Observer1 (TJFTC) – Observer2 (MGS) divided by the mean of the 
two measurements was used. For the actual study all parameters were again 
measured by consensus of the two experienced observers.

Statistical analysis
All data are presented as mean value ± SD. The chi-square test was used to 
compare categorical data. A two-sided Student T-test was used to compare 
echo-cardiography values for each pacing mode and pacing setting. The 
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unpaired t-test was performed when applicable. A p value <0.05 was considered 
statistically significant. Bland-Altman method of comparison was used to assess 
inter-observer variability.

Results

Patients
Sixty-nine patients who presented at the outpatient clinic of the MCRZ Clara 
location with sick sinus syndrome were initially screened. An abnormal left 
ventricular function on screening echocardiogram was reason for exclusion 
in 4 patients, 6 had valvular heart disease that did not meet the inclusion 
criteria, and 16 were excluded because the echowindow was inadequate for 
complete analysis. Previous myocardial infarction was present in 6 patients 
and 9 underwent a percutaneous coronary intervention. Atrial fibrillation was 
present in 8 patients at screening echocardiogram and 6 had a ventricular pacing 
percentage more than 5% of the time. The clinical and pacing characteristics of 
the 14 study patients fulfilling the intake criteria, demonstrate shorter chronic 
pacing (p<0.05) for the RVOT paced group whereas other characteristic did not 
differ significantly (Table 1). Two patients with RVA pacing could not be studied 
at faster pacing rates because full ventricular capture could not be achieved. 
Thus, the study consisted of 14 patients who were studied at low pacing rates, 
and 12 who were studied both at low and faster pacing rates.

Inter and intra observer variability
Bland-Altman analysis showed a 3 ms absolute difference between observer 1 
(TJFTC) and observer 2 (MGS) and narrow limits of 95% agreement of ± 19 ms. 
Likewise, intra-observer mean difference was 1 ms with narrow limits of 95% 
agreement of ± 11 ms. In addition, variability in TDI time delay measurements 
was calculated as the absolute difference in repeated measurements, which is 
expressed as percentage of the average of these measurements. The inter- and 
intra-observer agreement was 3.1 ± 3.6% and 1.3 ± 2.0 % respectively.
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Table 1. Patient and pacing characteristics

RVA (n= 7) RVOT (n= 7)
Age (years) ± SD 69.22 ± 7.9 69.33 ± 9.7
Female / Men (n) 5 / 2 3 / 4
Spontaneous QRS duration (ms) ± SD 85 ± 9.4 91.6 ± 9.5
Paced QRS duration (ms) ± SD 135 ± 13.2 130 ± 22
Mean pacing duration (months) ± SD 53.5 ± 45 21 ± 29.3*
LVEDD (mm) ± SD 48.11 ± 6.8 40.6 ± 9.4
LVESD (mm) ± SD 30.6 ± 7.1 24.9 ± 9.9
LA diameter (mm) ± SD 34.6 ± 6.9 34.3 ± 5.5

LA= left atrium, LVEDD= left ventricular end diastolic diameter, LVESD= left ventricular 
end systolic dimension, RVA= right ventricular apex, RVOT= right ventricular outflow tract, 
SD= standard deviation, * = p<0.05

Echocardiographic results 
Low pacing rates
WMS was normal in all patients at baseline and worsened to 3.2 ± 2.6 and 
2.1 ± 1.9 during RVA and RVOT pacing respectively (p <0.01) (Table 2). Wall 
motion abnormalities were mainly located in the inferior, inferoseptal and apical 
regions during RVA pacing, and in the septum, posterolateral and posterior wall 
during RVOT pacing. 
 Compared to baseline, the LV electromechanical delay increased 
significantly in the septum and lateral wall with both RV-pacing sites and 
also in the inferior wall with RVA pacing (Table 2). TDI indices showed no left 
ventricular dyssynchrony during RVA or RVOT pacing. The average absolute 
delay between onset of mechanical activation between the septum and the 
lateral wall was 19 ms ± 6 for RVA pacing and 12.5 ms ± 8.5 for RVOT pacing. 
 The average longitudinal end systolic LV-strain, calculated as the sum of 
the 4 LV segments divided by 4, was 22.1% ± 2.4 at baseline and diminished 
to 17.2% ± 2.6 and 18% ± 1.9 for RVA and RVOT pacing respectively (p<0.01) 
(Table 2). No statistical significant difference was observed between RVA and 
RVOT pacing. Examples of the effects of RVA pacing and RVOT pacing on septal 
longitudinal strain are shown in Figures 1 and 2. 
 To summarize, all indices of left ventricular function significantly diminished 
with RVA or RVOT pacing compared with baseline, but no difference was 
observed between the two right ventricular pacing sites.
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Table 2. Echocardiographic parameters studied at low and faster pacing rates 

Baseline 
(n=14)

RVA low 
(n=7)

RVOT low 
(n=7)

RVA faster 
(n=5)

RVOT 
faster (n=7)

Wall Motion Score 0 3.2 ± 2.6** 2.1±1.9** 5.3±3** 3.6±2***
Abnormal segments 0 2.7±2.2** 1.5±1.2** 3.6±1.8*** 2.9±1.6***
LVEF (%) 58.6 54.3±3.4** 55.4±3** 52.8±2.6*** 53.9±1.7***
TDI delay septum 
± SD (ms)

92.2±15.6 132.7±8.8*** 124.1±18.5** 131.4±18.6** 119±15.8***

TDI delay lateral wall 
± SD (ms)

88.7±18.2 113.7±10.1*** 115.9±22.7* 130±22.5* 119.4±27.5*

TDI delay inferior wall 
± SD (ms)

88.8±14.5 121.8±21.7** 107.4±27.8 131±37.1* 121.4±34.8*

TDI delay anterior wall 
± SD (ms)

93.2±19.2 110.5±14.2 104 +/-28.8 118.8±23.6* 111.5±23.6*

Average LV-strain 
± SD (%)

22.1±2.4 17.2±2.6** 18±1.9*** 15.7±1.9** 16.9±2***

Septal strain ± SD (%) 22.7±4.6 17.2±2.6* 18.3±1.8** 15.1±1.6** 15.9 +/-3
Lateral strain ± SD (%) 21.3±2.4 16.8±4.1* 18.9±1.3* 15±2.9*** 16.5±1.2
Inferior strain ± SD (%) 22.8±4.9 16.3±3 17.1±3** 16.3±2.3 17.7±1.8**
Anterior strain ± SD (%) 21.2±3.9 16.8±1.7* 17.9±4.3 16.2±3 17.3±4.2**

LVEF= Left ventricular ejection fraction, RVA low= DDD pacing from the RVA at low pacing rate,  
RVOT low= DDD pacing from the RVOT at low pacing rate, SD= standard deviation, TDI= tissue 
Doppler Imaging,  SD = standard deviation, WMS= wall motion score. *= P<0.05; ** =p<0.01; *** 
p<0.001. All p-values are given for pacing versus  baseline. No significant statistical difference was 
observed between RVA and RVOT pacing at low or faster paced heart rates.

Faster pacing rates
Although the WMS further worsened at faster paced heart rates compared to 
low pacing rates of RVOT or RVA pacing (Table 2), this deterioration was not 
statistically significant between low and faster paced heart rates. However, 
pacing at faster paced heart rates significantly increased the number of affected 
segments of RVOT paced patients in contrast to RVA paced ones. 
 The electromechanical delays measured at the 4 sites did not significantly 
change between low and faster paced heart rates of RVOT and RVA pacing. 
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Figure 1. Example of regional longitudinal LV-strain curves of the mid septum for a 

patient with a DDD-pacemaker with an RVA-lead location. AAI-pacing on the left, 

RVA-pacing on the right. Regional longitudinal septum strain decreases with RVA 

pacing. Note the difference in scale for both LV-strain curves. 

Figure 2. Example of regional longitudinal LV strain curves for the mid septum in a 

patient with a DDD-pacemaker with an RVOT-lead location. AAI-pacing on the left, 

RVOT-pacing on the right. Regional longitudinal septum strain decreased with RVOT 

-pacing. Note the difference in scale for both LV-strain curves.
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Discussion

This study demonstrated that the normal LV function as assessed with three 
echocardiographic parameters worsened when right ventricular pacing was 
instigated. Faster right ventricular pacing resulted in further worsening of 
WMS with more segments being affected. The average regional longitudinal LV-
strain also further worsened. However, LV dyssynchrony was not observed at 
low or faster paced heart rates. Most importantly, no significant differences of 
LV deterioration were observed between right ventricular outflow and apical 
pacing. 
 To appreciate the results of this study in terms of clinical relevance several 
aspects need to be commented. We aimed to study patients with a normal LV 
function at baseline to compare the influence of abnormal intraventricular 
conduction elicited by pacing at two different right ventricular sites with 
normal intraventricular conduction (AAI pacing with normal atrioventricular 
and intraventricular conduction). Previous reports suggest that impairment of 
LV function in RV pacing is a time dependent effect [4,16]. In our population 
LV function and intraventricular conduction were normal despite a mean 
chronic pacing duration of >36 months. The normal LV function can be certainly 
attributed to bradytachycardia as pacing indication with a prevailing normal 
atrioventricular conduction during follow-up, and therefore a small percentage 
of ventricular pacing.
 Because studies of echocardiographic LV strain and other parameters can 
hardly be reliably conveyed during PM implantation, a pilot study comparing 
patients with either RVOT or RVA pacing lead for DDD pacing was carried 
out. We assumed that a normal intraventricular and normal interventricular 
conduction at baseline applied as inclusion criteria, would sufficiently allow for 
a fair comparison of the effects of pacing of both right ventricular pacing sites 
to compensate for the missing intra patient comparisons of the various pacing 
sites. 
 Tissue Doppler imaging is a regularly used technique to assess LV 
dyssynchrony in patients with impaired LVF that are eligible for chronic 
resynchronization therapy. It has been shown that this technique is powerful to 
predict responders of this technique in patients dilated cardiomyopathy but less 
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in patients with ischemic cardiomyopathy [13]. In the present study dyssynchrony 
was assessed using pulsed wave TDI in patients with pre-existent normal 
left ventricular function and wall motion. Using this accepted 2D technique 
dyssynchrony could not be observed during pacing from either the RV apex or 
the RV outflow tract. The concept to add dimensions to assess dyssynchrony 
seems better. Liu et al. [17] showed that RVA pacing can induce dyssynchrony 
using 3D echocardiography. However, the gain of spatial resolution by imaging 
in 3 dimensions comes at the cost of a reduced temporal resolution.
 Asynchronous LV activation has been proposed to be an important cause of 
diminished LV function in paced patients [18] reason why chronic RVOT pacing 
is thought to be a more favorable alternative pacing mode. The presumed 
beneficial effects of RVOT pacing would even be more prominent when LV 
function is impaired [16]. However, a large scale randomized trial by Stambler 
et al. [6] failed to show any advantage of RVOT pacing over RVA pacing in 
patients with pre-existent diminished LVEF and atrial fibrillation. Although in 
our acute study both RVA and RVOT pacing increased electromechanical delay 
compared to no pacing (Table 2), and lengthened the QRS duration (Table 1), LV 
dyssynchrony (see definition) could not be provoked. 
 Tops et al. [19] demonstrated using radial strain in patients with atrial 
fibrillation that underwent His-ablation and RV pacemaker implantation that 
dyssynchrony could be provoked with RV pacing and that pacing induced LV 
dyssynchrony was associated with a reduced LVF. The differences between the 
outcome of this study and the present study can be explained by differences in 
baseline characteristics and the paced QRS-complexes. Schwaab et al. [3] showed 
that not the site of pacing but the duration of the paced QRS complex was related 
to LVF. The paced QRS complexes in the study by Tops et al. [19] were >160 ms 
whereas in our study these were <140ms.This leaves the question whether in 
presence of impaired LV function dyssynchrony is more provoked by RVA than 
RVOT pacing. 

Limitations
Only patients with normal ventricles participated and thus any information 
about a reduced LV function cannot be given. Secondly, the results can be 
influenced by the short pacing intervals but resynchronization studies showed 
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an immediate and stable response after onset of pacing [20,21]. Finally, the small 
number of patients can have affected the interpretation of the data. 

Conclusion

Acute abnormal left ventricular activation form RVA or RVOT pacing results 
in an acute diminished LV function as assessed with echocardiographic wall 
motion score, traced LVEF, electromechanical delay and regional longitudinal 
LV strain. No differences were observed between RVA and RVOT pacing. This 
suggests that any RV pacing sites can negatively affect LVF and that readily 
available and non-invasive echocardiographic techniques are not helpful to 
guide the selection of the individual optimum pacing site during implantation. 

Clinical relevance 
The message of this pilot acute study includes that echocardiography as a 
guiding tool for choosing the optimal right ventricular pacing site in the 
individual patient with a normal LV function, appears ineffective. Because 
both RVOT and RVA pacing sites result in a comparable reduction of LV 
function when acute pacing is instigated, the decision cannot rely on the three 
echocardiographic parameters used in this study. In addition, the time spend 
on echocardiographic data collection and interpretation do not apply with the 
standard PM implantation because it took one hour per patient. Furthermore, 
the acquisition of the images required repositioning of the patient to obtain the 
best images depending on the desired image. Under the sterile conditions of PM 
implantation, this is difficult to carry out due to the ability to turn the patient 
into the left lateral position. 

Note: Abbreviations are explained in the abbreviations list in the appendix.
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Abstract

Background: There is little information on the effects of right ventricular 
apical (RVA) pacing on regional and global myocardial blood-flow (MBF). The 
purpose of this study was to assess the relationships between pacing rate and 
both regional and global MBF.

Methods: Four patients with selective atrial pacing (Group I) and six patients 
with complete right ventricular apical (RVA) pacing (Group II) all with normal 
left ventricular (LV) function underwent three consecutive H2

15O positron 
emission tomography (PET) scans at 60, 90 and 130 pulses per minute (ppm). 
For each pacing rate regional and global MBF was determined.

Results: In Group I mean global MBF increased from 0.94 at 60 to 1.4 mL·cm-

3·min-1 at 130 ppm. In Group II the corresponding increase in mean global MBF 
was from 1.1 to 1.5 mL·cm-3·min-1. Mean septal to lateral MBF ratio decreased 
from 1.1 to 0.8 mL·cm-3·min-1 in Group I. In contrast, mean septal to lateral MBF 
ratio increased from 0.8 to 1.0 mL·cm-3·min-1 in Group II. 

Conclusions: During atrial and RVA pacing regional and global MBF increase 
with higher pacing rates. Nevertheless, regional differences exist, as the 
corresponding septal to lateral MBF ratio decreases with atrial pacing but 
increases during RVA pacing.



PACFLOW: Blood-flow changes with pacing

63

Introduction

Right ventricular apical (RVA) stimulation is the most commonly used method 
of treating symptomatic bradycardia due to atrio-ventricular conduction (AV) 
disorders. Although RVA pacing is convenient and reliable for chronic cardiac 
stimulation, it also induces an altered activation pattern of both ventricles that 
is comparable with left bundle branch block (LBBB). Moreover, myocardial 
single photon emission computed tomography (SPECT) studies demonstrated 
perfusion abnormalities in the septal, inferior, and apical segments despite 
normal coronary arteries [1-4]. Furthermore, higher pacing rates result in larger 
perfusion abnormalities [4]. 
 Animal studies have shown that resting regional myocardial blood flow 
(MBF) is lower in early activated regions than in late activated regions [5,6]. These 
differences in perfusion were attributed to regional differences in myocardial 
work and oxidative metabolism, although global MBF and oxygen consumption 
remained unchanged [5-7]. In humans the effects on regional MBF with pacing 
are not well documented. A previous report demonstrated that global MBF 
increases with higher heart rates [8]. 
 In daily life the pacemakers are capable to increase the heart rate depending 
on the patients demand. This rate-adaptive pacing was introduced for the 
necessary increase of the heart rate depending on metabolic demand and 
exercise. To date, the effects of increased heart rate on regional perfusion is still 
not known. 
 In light of the aforementioned, we conducted the present pilot-study to 
assess the effects of increased pacing rates on quantitative global and regional 
MBF in patients with normal LV electrical activation patterns and in patients 
with RVA pacing using H2

15O positron emission tomography (PET). This allows 
for a better understanding of the changes in MBF during increased paced heart 
rates.
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Methods

Patients 
Patients with conventional DDD-pacing for sick sinus syndrome and intact AV 
conduction were eligible to participate in this study. Patients with known coronary 
artery disease or reduced left ventricular function were excluded. Patients 
without a history of coronary artery disease (CAD) underwent myocardial 
perfusion SPECT with adenosine stress using the standard protocol of our 
institution [9] to rule out obstructive CAD. To exclude the effects of ventricular 
pacing on myocardial perfusion, all patients were studied with pacemakers 
programmed to selective and stable atrial pacing, i.e. without ventricular 
pacing. This resulted in normal electrical activation of the left ventricle electrical 
activation and therefore in narrow QRS-complexes on the surface ECG. Patients 
with abnormal resting or stress myocardial perfusion SPECT were excluded. 
Patients with >5% ventricular pacing in the preceding three months prior to 
myocardial perfusion SPECT were also excluded because of the possibility that 
adenosine would induce an AV-block and/or LV remodelling due to chronic 
pacing. The study conformed to the Declaration of Helsinki and was approved 
by the local ethics committee of the St. Antonius Hospital Nieuwegein and the 
VU Medical Centre. All patients gave written informed consent. 

Pacing Protocol
Two groups of patients were studied. 
 Group I consisted of patients with atrial pacing and normal AV-conduction 
resembling physiological electrical activation. Patients were studied with 
the pacemaker programmed to exclusive atrial pacing resulting in normal 
ventricular activation. 
 Group II consisted of patients studied with full ventricular pacing. A short 
paced AV-interval of <120 ms was used. QRS duration of >140 ms on the surface 
ECG was mandatory. Patients in whom full and stable ventricular capture with 
RVA pacing could not be obtained, and those with tachy-arrhythmia on the 
study dates, were also excluded. To assess the consequences of pacing rate on 
regional and global MBF, the pacing rate was varied using the pacing algorithms 
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of the implanted pacemaker. Pacing was performed at three different rates, 60, 
90, and 130 pulses per minute (ppm). 

PET acquisition protocol
PET scans were acquired with an ECAT EXACT HR+ scanner (Siemens/CTI, 
Knoxville, TN, USA); with 32 rings of bismuth germanate crystal detectors. 
This scanner enables the acquisition of 63 planes of data over a 15.5 cm axial 
field of view. The basics of the scanning protocol have been described in detail 
previously [10]. In summary, a 10-min transmission scan, using 3 rotating 
68Germanate line sources together with sinogram windowing, was performed 
after a short transmission scan for patient positioning. After the transmission 
scan, blood-pool imaging was performed. During a 2-min period subjects 
inhaled at least 2,000 MBq C15O and a single frame was acquired for a 6-min 
duration, starting 1 min after the end of inhalation to allow for equilibration in 
the blood pool. Subsequently three dynamic 1100 MBq H2

15O PET acquisitions 
were obtained at pacing rates of 60, 90, and 130 ppm. The dynamic scan was 
acquired consisting of 40 frames with variable frame length for a total time 
of 10 min (12x5s, 12x10s, 6x20s, 10x30s). The interval between scans was 15 
minutes to allow for radioactive decay of 15O and to reset the pacemaker. All 215O 
emission scans were reconstructed using filtered backprojection (FBP) using a 
0.5 Hanning filter, resulting in a transaxial spatial resolution of ~7 mm in the 
centre of the field of view.

Data analysis
All dynamic H2

15O scan data were corrected for decay, scatter, random 
coincidences and measured photon attenuation. Reconstructed images were 
transferred to offline workstations for further analysis. Data were analysed on 
a region of interest (ROI) basis. Parametric perfusion images were generated 
according to a previously described method [11]. These images were subsequently 
used as anatomical tissue images to define ROI’s of the myocardium according to 
a 13-segment models as well as within the left ventricular and right ventricular 
cavity. The myocardium was divided into 13 segments, six basal, six mid and one 
apical segment. Once defined, ROI were projected on all frames of the dynamic 
H2

15O scans in order to generate tissue time-activity curves. These time-activity 
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curves were analysed using standard non-linear regression techniques together 
with the standard H2

15O single tissue compartment model developed for the 
myocardium [12]. Global MBF was calculated, a volume weighted average of all 
13-segments. Regional MBF was calculated for the septum, a volume weighted 
average of the basal, mid antero- and inferoseptal segments, and for the lateral 
wall, a volume weighted average of basal, mid antero- and postero-lateral 
segments. The septal to lateral MBF ratio was calculated by dividing septal MBF 
by lateral MBF. These calculations were repeated for each acquisition at each 
paced heart rate studied. Thus the analysis comprises of three calculations of 
global and regional MBF per patient.

Statistical analysis
Continuous data are expressed as mean ± standard error of the mean. Two-sided 
independent Student’s t-test was used to analyze differences between the groups 
for continuous data. Differences within the groups were analyzed by repeated 
measures ANOVA. Data with an asymmetrical distribution are presented as 
median and range. Analysis of proportions was performed using Chi-squared 
test. A p value <0,05 was considered statistically significant.

Results

Ten patients were studied, 4 patients in Group I and 6 patients in Group II. The 
patient characteristics are listed in Table 1. The mean QRS duration was 92 ± 3 
msec in Group 1 and 156 ± 7 msec in Group 2 (p<0,05). 
 Mean global MBF in Group I demonstrated a trend to increase with higher 
heart rates (Figure 1a). Regional MBF also demonstrated a trend to increase for 
all myocardial walls. The septal to lateral MBF ratio demonstrated a decrease 
from low to higher heart rates albeit not significant (p= 0,07). 
 In Group II mean global MBF increased with higher heart rates (Figure 1b). 
Regional MBF increased for all walls with increase of the heart rate from 60 to 
130 ppm. The septal to lateral MBF ratio with RVA pacing increased with higher 
heart rates (Figure 2). Table 2 shows the MBF for both Groups for each heart rate. 
No statistical significant difference was observed between Groups I and II. 
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Figure 1. Mean global myocardial blood-flow. 1A. Group I, atrial pacing. 1B. Group II, 

RVA pacing.

The figure describes the influence of rate-changes on mean global MBF for each 

individual patient and the mean for the group for normal intraventricular conduction 

with atrial pacing (Group I) and with abnormal intraventricular conduction with RVA-

pacing (Group II). For the mean MBF a significant difference between low paced heart-

rates and highest paced heart rates exist for both Group I and Group II. Group II also 

demonstrated a significant difference between a paced heart rate of 60 ppm and 90 

ppm.
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Table 1. Patient characteristics
Group I Group 2

N 4 6
Age, (years) 67.8 ± 8.1 68.5 ± 11.4
Male/Female 2/2 3/3
QRS-duration (ms) 92 ± 3 156 ± 7
Pacing duration (years) Median 1.3, 

range 0.6 – 5.4 years
Median 7.1, 

range 1.2 – 18.3 years

ms= milliseconds
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PACING-RATE

Group I Group II

Figure 2. Group mean for septal/lateral MBF ratio per paced heart-rate. Both at low and 

at high paced heart rates a statistical significant difference between Group I and Group 

II was observed. Note the inverse relation in septal/lateral MBF ratio. An increase in 

septal/lateral MBF ratio for RVA-pacing (Group II) and the decline in septal/lateral 

MBF ratio for atrial pacing (Group I) was demonstrated.

Table 2. Myocardial Blood-flow results.
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Discussion

To our knowledge this is the first study that assesses global and regional MBF 
at three different pacing rates in patients with normal and abnormal intra-
ventricular conduction. During normal intra-ventricular conduction global and 
regional MBF showed a gradual increase when pacing rates were increased from 
60 to 130 ppm. During RVA pacing a slightly higher global MBF at 60 ppm was 
maintained throughout all pacing rates.
 Regional MBF in the septal area was equal during both pacing modes at 
60 ppm. Septal MBF increased at 130 ppm to a greater extent with RVA pacing. 
Regional MBF in the lateral area was higher with RVA pacing with a trend to 
significance (p= 0,06) at 60 ppm. The relative increase was less towards 130 ppm.
 Looking at these results in a different way, the septal to lateral MBF ratio 
decreased from 60 to 130 ppm with normal ventricular activation but increased 
with abnormal left ventricular activation (p<0,05). Most of these results can be 
explained by the fact that the septal MBF during RVA-pacing increases much 
stronger than during atrial pacing and reaches the values of lateral MBF. 
Because the septal MBF increased with higher heart rates both with normal and 
abnormal left ventricular activation, this supports the suggestion that the septal 
perfusion defects on myocardial SPECT are not caused by hypo-perfusion [13]. 
 Animal studies demonstrated a reduction of global myocardial blood-flow 
of 30% [6] and a reduction of septal perfusion [14] during right ventricular pacing. 
In addition, glucose metabolism was reduced in the septum during pacing [15]. 
These findings were attributed to a reduced work in the early activated septal 
wall and increased work in the late activated lateral wall [6]. 
 The effects of pacing on MBF with short-lived PET-tracers in humans are 
scarcely studied. Nielsen et al [8] previously demonstrated that AAI as well as 
DDD pacing showed an increase in global MBF at higher paced heart rates. MBF 
also increased in all three major epicardial coronary territories with increased 
paced heart-rates [8]. This is in concordance with our results. However these 
investigators did not inform on the septal to lateral ratio of MBF. Furthermore, 
myocardial perfusion SPECT demonstrated that myocardial perfusion can be 
reduced in the septal and infero-apical area with RVA pacing [1,4,16,17]. Because 
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of different methodology it is difficult to compare the present results with 
previous studies. 
 SPECT is subject to partial volume effects [13,18-20] and attenuation effect. 
Myocardial contrast echocardiography only allows for semi-quantitative 
assessment of myocardial perfusion and is prone to attenuation artefacts. In 
addition its interpretation relies on the quality of acoustic windows. At present, 
PET using H2

15O is the most accurate method for measuring MBF [21]. Apart 
from being quantitative, the main advantage of H2

15O PET is its ability to correct 
for both right and left ventricular spill-over and for partial volume effects [12]. 
 Previously, it was demonstrated that at rest the lateral wall has a similar 
peak strain-rate in healthy subjects as the septal wall. However, increased heart 
rates induced by exercise resulted in an increase of lateral wall peak systolic 
strain that was more pronounced than that of the septal wall and therefore 
the septal to lateral ratio decreased with higher heart rates [22]. It was already 
demonstrated in animals that myocardial fiber strain and MBF show a close 
relationship with pacing [23]. Whether this phenomenon applies to the findings 
of our study remains subject of future studies. 
 The finding that the septal to lateral MBF ratio increases with higher heart 
rates is caused by a relative higher increase of septal MBF compared with 
the lateral wall. These regional differences may be attributed to changes in 
dyssynchrony. A recent report shows that the mechanical dyssynchrony, that 
is thought to contribute to the reduction in MBF in the septum, decreases with 
increase of paced heart-rates [24]. We hypothesize that a reduction of mechanical 
dyssynchrony with increased paced heart rates may explain the increase in 
septal to lateral MBF ratio in RVA paced patients with increased heart rates. 

Limitations
The main limitation of this pilot study is the relatively low number of patients 
making firm conclusions with regard to differences in flow rates difficult. For 
example the fact that not more than clear trends are measured with regard to 
differences in MBF may be due to a power effect. Also, only the effect of different 
heart rates was assessed in the same patients. We did not assess MBF within the 
same patient with different pacing modes. This was done because of the intense 
study protocol the patients were exposed to. 
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Conclusions

For both atrial pacing and RVA pacing, increasing the rate of pacing results in 
an increase in global mean MBF. However, the relative increase in MBF in the 
septum and lateral wall is different between atrial and RVA pacing. In case of 
RVA pacing the septal to lateral MBF ratio is reduced at rest but increases with 
higher pacing rates, whilst for atrial pacing the reversed pattern is seen.

Future perspectives
The results of this study provide more information on the patho-physiological 
effects of different pacing modes and paced heart rates on MBF. The clinical 
consequences of the findings of our study deserve further investigation. First, 
whether the uneven distribution of MBF is indeed related with a deterioration 
of left ventricular function. Second if programming the pacemaker at heart rates 
with a more even distribution of MBF results in a better preservation of left 
ventricular function when chronic right ventricular pacing is necessary.
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Abstract

Background: Myocardial perfusion defects have been demonstrated in patients 
with abnormal intraventricular conduction. These defects have been ascribed to 
regional differences in myocardial blood flow caused by the abnormal activation. 
This proof of the concept study assesses the effects of abnormal electrical 
activation and subsequent wall motion abnormalities of the left ventricle on 
myocardial perfusion in a pacing model.

Methods: Fourteen patients with normal atrio-ventricular and intraventricular 
conduction with a RVA pacemaker for brady-tachycardia syndrome were 
studied to allow for intra patient comparison. 99mTc-sestamibi was injected in 
AAI pacing mode allowing uptake during normal intra-ventricular conduction. 
Imaging was performed with AAI pacing and the second image was acquired 
directly after the first scan with atrio-ventricular pacing with a short AV-interval 
ensuring complete atrio-ventricular pacing with abnormal ventricular activation 
patterns. Left ventricular ejection fraction (LVEF), wall motion score (WMS) 
and myocardial perfusion score (SSS) were assessed with gated-SPECT during 
normal conduction (AAI) and with right ventricular apical (RVA) pacing. 

Results: LVEF was normal in all patients. During AAI 3 of 14 patients showed 
wall motion abnormalities, mean WMS 0.9 ± 1.8 with a mean SSS 0.6 ± 1.5 
increasing to 4 ± 6.2 and 3.6 ± 5.8 (p<0.01) respectively during RVA pacing. Wall 
motion abnormalities were found in the apex, inferior, inferoseptal and septal 
walls. 

Conclusion: Despite a fixed amount of tracer activity in the myocardium, 
larger and more perfusion defects were visible during RVA-pacing compared 
to normal conduction. The site and severity of the perfusion defects correlates 
with abnormal wall motion due to this pacing mode. This implies that abnormal 
wall motion is at least partly responsible for the apparent myocardial perfusion 
defects.
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Introduction

Rest and stress myocardial perfusion defects are present in many patients with 
intrinsic left bundle branch block (LBBB) and right ventricular apical (RVA) pacing 
in the absence of coronary artery disease [1-5]. Previously, it was demonstrated 
that these defects find their origin in the altered electrical activation of the left 
ventricle (LV). In LBBB the earliest activated regions are the basal segments 
and the latest activated areas are the posterior and inferior lateral segments [6]. 
Myocardial blood-flow differences between these areas have been demonstrated 
in an experimental study [7]. In RVA pacing the electrical activation starts in the 
apex and spreads over the myocardium with the earliest mechanical activated 
parts in the septum [8,9]. Myocardial blood-flow is decreased in the early activated 
regions and increased in the late activated regions [10]. In intrinsic LBBB it was 
demonstrated recently that the heterogeneity of myocardial perfusion was also 
related to differences in wall thickening [11] and wall motion [12]. Wall thinning 
and LV wall motion abnormalities may cause false positive defects on SPECT 
perfusion imaging that may be interpreted as coronary artery disease related 
[12]. Perfusion defects associated with wall motion abnormalities were attributed 
to partial volume effects due to the physical characteristics of the gamma-camera 
[12,13]. 
 Since abnormal wall motion has also been described [14] in patients with 
RVA pacing the question arises whether this phenomenon is also of influence in 
RVA pacing. 
 As a proof of concept we designed a model that allows for an intra-patient 
comparison of myocardial images during normal conduction (RVA pacemaker 
off) and during atrio-ventricular pacing (RVA pacemaker on). 
 For this purpose we studied patients with normal atrio-ventricular 
and intraventricular conduction, in whom a pacemaker was implanted for 
bradytachycardia syndrome. 
 The study assesses the relation between the occurrence of perfusion defects 
and regional wall motion abnormalities caused by RVA pacing.
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Patients and Methods

Patients
Patients with a pacemaker for a bradytachycardia syndrome and normal atrio-
ventricular and interventricular conduction with a RV-apical pacing lead were 
eligible. To rule out the effect of prior myocardial infarction on perfusion imaging, 
patients with documented myocardial infarction or significant Q-waves in 2 or 
more successive ECG leads during normal atrio-ventricular conduction were 
excluded. Furthermore, patients with chest-pain, a history of congestive heart 
failure, significant valvular disease, cardiac surgery, or a known left ventricular 
ejection fraction <50% were also excluded. Patients with atrial or ventricular 
tachy-arrhythmia on the study date were also excluded. Finally, patients in 
whom selective atrial pacing (AAI) with a rate of more than 70 ppm was needed 
(see below) were also excluded. This study conformed to the Declaration of 
Helsinki.

Pacing settings
In the AAI setting only atrial paced complexes were present and all QRS 
complexes were less than 90 msec. RVA pacing was achieved by resetting the 
pacemakers to atrio-ventricular pacing at the same fixed pacing rate as during 
AAI pacing with a fixed AV-interval of 120ms. All patients showed a wide paced 
QRS complex of at least 140 msec with a positive complex in lead I and a QS 
pattern in leads V1 and V2 with left axis deviation indicative of RVA pacing. 
Pacing was performed at a fixed rate of 70 ppm. Rhythm observation was 
present throughout the study. After the last acquisition, all pacemakers were 
set back to the original values. The test was discontinued when atrio-ventricular 
conduction disorders occurred or when atrial or ventricular arrhythmias were 
observed. 

Study protocol
Prior to the study patients fasted for 12 hours. After resetting the pacemaker to 
AAI-pacing with a fixed rate of 70 ppm a 12 lead ECG was taken. To observe 
possible AV-conduction disorders a 15-minute interval was allowed. When no 
conduction disturbances were observed, 750 MBq 99mTc-sestamibi was injected. 
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Injection of tracer during AAI pacing and thus a narrow QRS-complex allows 
the tracer to distribute throughout the myocardium during normal electrical 
activation and minimizes the possible detrimental contribution of asynchronous 
activation, as expected with RVA-pacing. Following injection, all patients 
received a fatty meal to stimulate hepato-biliary clearance. 
 Patients underwent two SPECT acquisitions: one during normal intra-
ventricular conduction (AAI) and the second with abnormal intraventricular 
conduction with RVA pacing. The patients received only one injection of 99mTc-
sestamibi during the study, the amount of tracer activity in the myocardium 
remained unchanged and only the pacemaker settings were altered. The 
sequence of the pacing modes was randomized. 

t= 0

Pacemaker
reset to

AAI-mode

t= 15

99m-Tc
sestamibi
injected

t= 60-75

1st Image
acquisition. 

Pacing mode 
randomized

t= 85-100

2nd Image
acquisition. 

Other pacing 
mode 

t= 110-125

Pacemakers
reset to initial

seings

End
of

test

Figure 1. Study protocol. All pacemakers were reset to atrial inhibited (AAI) pacing 

with consequently normal ventricular activation. Then 99mTc-sestamibi was injected. 

After a 45–60 min wait, the two acquisitions were carried out. Both acquisitions were 

carried out with either normal ventricular activation with AAI pacing or with abnormal 

ventricular activation with right ventricular apical pacing. The two pacing modes were 

randomized. After the acquisitions, the pacemakers were set to the original values.

SPECT acquisition protocol
SPECT imaging was performed using a Toshiba triple-detector camera equipped 
with low energy, high-resolution collimators. All images were acquired 
gated for assessment of LV wall motion, LVEF and LV volumes. Filtering and 
reconstruction was performed using a standard protocol of our institute [1]. 
Myocardial perfusion SPECT acquisition was repeated when insufficient hepato-
biliary clearance or motion artifacts were present on the raw images.
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Gated myocardial SPECT image analysis
Myocardial perfusion images were interpreted by consensus of three observers 
who were blinded to the patient data and the pacing protocol. Semi-quantitative 
visual analysis was performed using a 17 segment scoring model [15]. Perfusion 
was graded in a 5 point scoring scale. (0= normal, 1= mild decrease, 2= moderate 
decrease, 3= severe decrease, 4= absence of tracer). The summed perfusion 
score (SSS) was calculated as the sum of perfusion for all segments for AAI and 
for RVA. Wall motion was assessed visually for each segment using a 4-point 
scoring scale for both types of LV activation also (0= normal, 1= hypokinetic, 
2= akinetic, 3= dyskinetic).

Statistical analysis
Continuous data are expressed as mean ± SD. Two-sided independent Student’s 
t-test was used to analyze continuous data. Data with an asymmetrical 
distribution are presented as median and range. Analysis of proportions was 
performed using Chi-squared test. The paired t-test was used to compare 
differences between AAI and RVA pacing. A p value <0.05 was considered 
statistically significant.

Results

Patient characteristics
Eighteen patients were eligible for the study. Four patients were excluded. 
One for atrial fibrillation on the study date, one because of physical inability to 
undergo two subsequent myocardial SPECT acquisitions because of back-pain, 
and in one patient normal atrio-ventricular conduction could not be established 
because of a complete AV-block. In one patient complete RVA pacing was not 
possible due to persistent fusion complexes despite shortening of the paced 
AV-interval to 80ms. RVA-pacing was not possible with QRS complexes with 
a duration of >140 ms. This patient was consequently excluded from analysis.
 In the 14 remaining patients the median pacing duration was 38 months, 
range 1 – 280 months (Table 1). The QRS duration increased from 89 ± 4 msec 
during AAI to 152 ± 7 msec during RVA pacing. 
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Table 1. Patient Characteristics

Overall AAI RVA
Male / Female (n) 6 / 8
Age (years) ± SD 68 ± 11
Pacing duration (months), 
median (range)

38 (1 – 280)

QRS (ms) ± SD 89 ± 4 152 ± 7*

LVEF (%) ± SD >70 ± 11 >70 ± 13
LVEDV (%) ± SD 66 ± 25 68 ± 30
LVESV (%) ± SD 21 ± 15 23 ± 19

AAI=normal ventricular activation, RVA= abnormal ventricular activation with RVA pacing, 
LVEF= left ventricular ejection fraction, LVEDV = left ventricular end diastolic volume, LVESV= 
left ventricular systolic volume, SD= standard deviation, *=p<0.05

Gated myocardial SPECT 
AAI-pacing: motion abnormalities were observed in 3 patients, despite a narrow 
QRS-complex (Table 2). Two of these patients also showed abnormal perfusion, 
the third patient showed normal perfusion. Wall motion abnormalities were 
observed in 9 segments (9/238) and perfusion was abnormal in 6 segments (6/238). 
The wall motion abnormalities were located in the apical segments (6 segments), 
mid-inferior wall (2 segments) and mid-inferoseptal wall (1 segment). Abnormal 
wall motion was not observed in other areas. Perfusion abnormalities were only 
observed in the apical segments.
 RVA-pacing: 7 of 14 patients showed wall motion abnormalities. In all 
patients with wall motion abnormalities during AAI-pacing the WMS worsened 
with more severe wall motion abnormalities and more adjacent segments being 
affected. In 4 patients new wall motion abnormalities appeared. 
 Perfusion defects were found in 7 patients. Two of these patients showed an 
increase of perfusion abnormalities compared with AAI-pacing and in 5 patients 
perfusion defects appeared in areas with normal perfusion during AAI-pacing. 
The number of segments with abnormal wall motion increased from 9 to 31 
(p<0.05). The number of abnormal perfused segments increased from 6 to 23 
(p<0.05). The perfusion and wall motion characteristics are listed in Table 2. In 6 
of 14 (43%) patients no changes occurred at all.
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Table 2. Results of myocardial perfusion SPECT per patient

Patient SSS AAI
(number of 
segments)

WMS AAI 
(number of 
segments)

SSS RVA (number 
of segments)

WMS RVA
(number of 
segments)

1 0 0 0 0

2 4 (3) 6 (4) 18 (8) 22 (11)

3 0 0 0 0

4 0 0 2 (1) 3 (2) 

5 0 0 6 (3) 8 (4)

6 0 0 0 0

7 0 0 3 (2) 4 (3)

8 0 0 0 0

 9 0 0 0 0

10 0 0 4 (2) 3 (2)

11 4 (3) 3 (2) 15 (6) 10 (5)

12 0 0 2 (1) 0

13 0 0 0 0

14 0 3 (3) 0 6 (4)

Mean ± SD 0.6 ± 1.5 0.9 ± 1.8 3.6 ± 5.8* 4 ± 6.2*

AAI =normal ventricular activation, RVA =abnormal ventricular activation with RVA pacing, SSS 
=summed stress score, WMA =wall motion abnormalities. *=p<0.05

Discussion

The study demonstrates that right ventricular apical pacing results in apparent 
myocardial perfusion defects in half of the patients. Despite the fact that the 
amount of tracer in the myocardium remained completely the same during 
acquisition with the pacemaker on and off, we observed apparent myocardial 
perfusion defects in the area of ectopic stimulation that were absent or smaller 
during physiological stimulation (AAI). The observed perfusion defects must 
thus be regarded as artifactual and can only be attributed to the wall motion 
abnormalities. One may assume that the dispersion of myocardial activity over a 
larger area appears as lower count density e.g. hypoperfusion. A prerequisite to 
prove our hypothesis is the linkage of wall motion abnormalities and apparent 
hypoperfusion.
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Figure 2. Effect of pacing mode on wall motion abnormalities and myocardial perfusion. 

Note the increase of both wall motion abnormalities and perfusion defects with 

abnormal ventricular activation. AAI, normal ventricular activation; RVA, abnormal 

ventricular activation with RVA pacing; SSS, perfusion score; WMS, wall motion score.

 The novelty of this study is the creation of a model to assess the influence 
of wall motion abnormalities caused by pacing on count density in myocardial 
perfusion SPECT. The examined patients had an incompetent sinus node 
function or a bradytachycardia syndrome with normal atrio-ventricular and 
intra-ventricular conduction. Thus, AAI-pacing where the stimulus originates in 
the right atrium and elicits ventricular activation through the native conduction 
system resulting in a narrow QRS-complex and RVA-pacing where abnormal 
ventricular activation occurs with a wide QRS-complex were possible. 
 In this model only the activation sequence was altered between image 
acquisitions. Because of the tracer characteristics, two subsequent image 
acquisitions during both ventricular activation patterns could be acquired 
while absolute tracer activity and distribution at any given site within the 
myocardium remained unchanged [16]. Because of the intra-patient comparison, 
all confounding factors that may contribute to abnormal wall motion and 
perfusion could be ruled out. This approach therefore indicates that any 
observed change in count density and thus perfusion between AAI and RVA can 
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only be attributed to the change in counts acquired by the gamma camera. This 
can then be ascribed to a partial volume effect when wall motion abnormalities 
are also present.

Partial Volume
Because of the limited resolution of the gamma camera, myocardial perfusion 
SPECT is sensitive to partial volume effects. As a result of the limited resolution 
the systolic and diastolic movement of the myocardium directly influences the 
counts measured in a region of interest (ROI). When a ROI shows wall motion 
abnormalities this region is characterized by a changed recovery coefficient 
during acquisition [11]. When a ROI shows hypokinesia or worse, this region 
has less systolic thickening and the gamma camera will acquire less myocardial 
counts. Thus the reconstructed image will show decreased myocardial perfusion 
despite the presence of a normal amount of activity in the ROI. The importance 
of the partial volume effect in other forms of wall motion abnormalities, e.g. 
due to myocardial infarction, remains to be determined. Hence, when normal 
wall motion is present during both the resting and stress phase of acquisition 
this will not result in different partial volume effects and potential false-positive 
perfusion defects. Even if heart rates are different between rest and stress 
acquisition.

Limitations
The concept that a partial volume effect may be responsible for perfusion defects 
related to abnormal wall motion could only be studied in a small number of 
patients. Second, perfusion and wall motion were assessed semi-quantitatively 
and information on systolic wall thickening could not be provided. Finally, the 
study was performed with gated-SPECT and thus with SPECT tracers. Whether 
these results also apply for cardiac nuclear imaging with PET cameras and PET-
tracers with a better spatial and temporal resolution deserves further exploration. 
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Conclusion

Abnormal electrical activation elicited by RVA pacing can induce wall motion 
abnormalities resulting in regions with abnormal perfusion as compared to 
normal electrical activation in a substantial proportion of patients (50%). Despite 
an identical amount of tracer activity in the myocardium during AAI and RVA 
image acquisition, RVA pacing results in artifactual reduced tracer activity with 
the visual aspect of reduced perfusion. The location of these artifactual defects 
correlates well with the presence of wall motion abnormalities and seem to be 
caused by partial volume effects of the gamma camera.

Clinical implications
Awareness of the partial volume effect is important for assessing myocardial 
perfusion SPECT in patients with wall motion abnormalities due to intrinsic 
LBBB or RVA pacing. Whether these effects may be relevant in other situations 
with myocardial perfusion defects and wall motion abnormalities, e.g. 
myocardial infarcts, remains to be determined. 

Note: Abbreviations are explained in the abbreviations list in the appendix.
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Abstract

Purpose: Left bundle branch block (LBBB) and ventricular pacing may induce 
typical artefacts that appear as perfusion defects in myocardial perfusion SPECT 
(MPS). We assessed the prognosis of patients with LBBB or RVA pacing who have 
chest pain and a MPS with only abnormal activation related defects (AARD).

Methods: All patients with LBBB or ventricular pacing referred for vasodilator 
stress MPS between April 2002 and January 2006 were analyzed. AARD were 
defined as small, non-transmural, fixed defects and small reversible defects 
in well-defined regions always accompanied by concomitant wall motion 
abnormalities. 

Results: Ninety-seven patients were included, with a mean follow-up period 
of 3 +/- 1.3 years. MPS showed AARD in 57, MPS was completely normal in 
40 patients. No significant difference in cumulative cardiac event-free follow-
up was observed between patients with AARD (93%) and normal MPS (85%). 
The average annual cardiac event-rate was not significantly different between 
the groups (1.7%/year and 4.3%/year respectively). No difference was found 
between patients with LBBB and RVA pacing. 

Conclusions: Patients with chest-pain and LBBB or RVA pacing who show AARD 
on MPS have a comparable prognosis as patients with abnormal activation and a 
normal MPS. This justifies MPS for risk-stratification of patients with chest-pain 
and LBBB or RVA pacing.
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Introduction

The non-invasive evaluation of patients with chest-pain and a left bundle branch 
block (LBBB) or right ventricular apical pacing (RVA) is challenging [1]. Due to 
the abnormal left ventricular activation pattern, perfusion defects are frequently 
found on myocardial perfusion SPECT (MPS) which cannot be differentiated 
from reduced perfusion due to obstructive coronary artery disease (CAD) [1-3].

Myocardial imaging of patients with chest-pain and LBBB or RVA pacing 
is only of clinical value when the typical defects related to the abnormal left 
ventricular activation pattern (AARD) can reliably be distinguished from 
CAD related defects. In most patients with LBBB the uptake of Technetium-
99m-sestamibi (99mTc) is reduced in the septal area, but absolute blood-flow 
measurements with 15O-water PET reveal that perfusion is homogeneously 
distributed over the ventricular wall [4]. Moreover, recent studies demonstrate 
that abnormal motion and thickening of the septal area contributes to the visual 
appearance of the defects on MPS [4-6]. These data suggest partial volume effects 
to also contribute to the observed defects. To our knowledge this is not yet 
documented in right ventricular pacing.

Assuming a close relation between abnormal left ventricular electrical 
activation, concomitant abnormal wall motion and the specific site of the 
myocardial perfusion defect [4,5,7,8], AARD can be identified on gated myocardial 
SPECT. The assumption implies that AARD is strictly related to abnormal 
ventricular activation and, consequently, that the cardiovascular prognosis of 
these patients is primarily determined by the perfusion of the rest of the left 
ventricular myocardium. 

The aim of this study was to assess the prognosis of patients with chest-pain 
and LBBB or right ventricular apical pacing and a MPS with only AARD and 
secondly to compare the prognosis with that of patients with a normal MPS in 
patients with similar characteristics. 
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Patients and Methods

Patients
The data of all patients from the St. Antonius Hospital, Nieuwegein, the 
Netherlands and the Beatrix Hospital, Gorinchem, the Netherlands, with a LBBB 
or chronic right ventricular apical pacing referred for vasodilator stress MPS 
between April 2002 and January 2006 were retrospectively analyzed. LBBB was 
defined using standard criteria [9]. Ventricular pacing was always performed 
in the right ventricular apex, yielding a pacing spike followed by a paced 
QRS complex of >120ms with full ventricular capture. Only normal MPS and 
MPS with perfusion abnormalities attributed to the abnormal left ventricular 
activation pattern, see below, and otherwise normal myocardium were selected. 
Patients were divided into two groups: Group 1 with a completely normal MPS 
and Group 2 with only AARD (see “Definitions”). This study conformed to the 
Declaration of Helsinki.

Myocardial perfusion SPECT protocol
Patients underwent rest Thallium-201 (201Tl) / stress 99mTc single-day dual isotope 
MPS using the standard protocol of our Department [10]. Because an increase in 
heart rate during exercise stress may cause perfusion defects in the absence of 
CAD, all patients received vasodilator stress [8,11,12]. Prior to scanning patients 
fasted for 12 hours and refrained from caffeine containing substances for at least 
24 hours. Beta-blockers, calcium antagonists, nitrates, and dipyridamole were 
discontinued for at least 48 hours.

Myocardial perfusion SPECT acquisition
Post-stress images were acquired gated to assess left ventricular ejection 
fraction (LVEF), left ventricular end diastolic volumes (LVEDV), left ventricular 
end systolic volumes (LVESV) and wall motion analysis. Sixteen frames per 
cardiac cycle were acquired. MPS acquisition was repeated when insufficient 
hepatobiliary clearance or a motion artefact was present on the raw images. 
No attenuation correction or scatter correction was used. Patients in whom no 
full and stable ventricular pacing was recorded during the MPS protocol were 
excluded.
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Myocardial Perfusion SPECT image analysis
Interpretation of myocardial perfusion images consisted of assessment of eight 
slices of short- and long-axis tomograms. Semi-quantitative visual analysis 
was performed using a 17 segment model as initially proposed [13], using a 
five-point scoring system (0=normal uptake, 1=mild reduction 2=moderate 
reduction, 3=severe reduction, 4=absence of tracer uptake). The analysis of MPS 
was done by consensus of two experienced observers with knowledge of ECG 
and clinical history. The summed stress score (SSS) and summed rest score (SRS) 
was calculated as the sum of perfusion scores during stress or rest images. The 
summed difference score (SDS) was calculated as the difference between the 
SSS and SRS (SSS-SRS=SDS). LVEF, LVEDV and LVESV were calculated with the 
QGS program (version 3.0; Cedars-Sinai Medical Center, Los Angeles, Ca, USA). 
Wall motion was examined visually for each segment using the QGS program 
(version 3.0; Cedars-Sinai Medical Center, Los Angeles, Ca, USA) to correlate 
the site of abnormal wall motion with that of reduced count density.

Definitions

Typical abnormal activation related defects (AARD)
AARD were not previously defined. We defined the limits of AARD based on 
information from previous reports of the site of perfusion defects without CAD 
in LBBB and RVA pacing [3,8] and the information of the relation between the 
presence of wall motion abnormalities and abnormal perfusion [4]. Our definition 
of AARD includes a triad of conduction disturbances (LBBB or RVA pacing), 
wall motion abnormalities and perfusion abnormalities. Figure 1 describes the 
triad of perfusion abnormalities, wall motion abnormalities and abnormal left 
ventricular activation pattern. AARD includes perfusion defects in segments 
4,5,10,11,15 and 16 in patients with LBBB or in the segments 4,5,10,11,15,16 
and 17 in patients with right ventricular apical pacing. In the area of AARD 
wall motion abnormalities are found, which cover almost the same area of the 
perfusion defect. In the remaining myocardium a homogeneous uptake pattern 
is visible without perfusion defects [4,5]. 
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Figure 1: Triad of abnormal left ventricular activation, abnormal wall motion, and 

abnormal perfusion. Location of abnormalities for intrinsic left bundle branch block 

(LBBB), above and LBBB by right ventricular apical pacing below. Activation pattern 

on the left, site of abnormal wall motion in the middle, and abnormal perfusion on the 

right. Segments 1-6 are the basal segments, segments 7-12 the midcavity segments, 

segments 13-16 the distal segments, and segment 17 is the apex.

Limits of AARD
Because a MPS with a SSS ≤4 is considered normal [14], AARD are calculated 
on top of this accepted value. MPS with an SSS ≤10 and SDS ≤5 are considered 
MPS with AARD when a non-transmural perfusion defect with concomitant 
wall motion abnormalities and otherwise normal myocardium was found in ≤4 
adjacent segments (segments 2,3,8,9,14 and 15 in LBBB; segments 3,4,9,10,14,15 
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and 17 in RVA pacing). MPS with fixed non-transmural defects and a SRS ≤6 
are considered AARD when concomitant wall motion abnormalities are present 
in segments 2,3,8,9,14 and 15 in LBBB; segments 3,4,9,10,14,15 and 17 in RVA 
pacing.

Abnormal myocardial perfusion SPECT 
MPS with a reversible defect with a SDS >5 were considered of ischemic nature. 
MPS with a fixed defect that did not conform to the definition of a MPS with AARD 
was considered myocardial infarction. A MPS with perfusion abnormalities 
without concomitant wall motion abnormalities was also considered abnormal.

Follow-up
Follow-up data were collected by review of hospital record and by interview 
of the general practitioner when follow-up data were incomplete. Cardiac 
events were cardiac death, acute myocardial infarction (AMI) and coronary 
revascularization (PCI or CABG). Patients that underwent coronary angiography 
were tracked. Performance of coronary angiography was not considered an 
event. Myocardial infarction was diagnosed with a history of prolonged chest 
pain, positive Troponin-t and typical ECG changes [15,16]. When ventricular 
paced rhythm was not present on admission, acute myocardial infarction was 
diagnosed according to the standard definitions [17]. Sudden unexpected death 
was considered cardiac death. The annual event rates were calculated as the 
number of events / sum of follow-up of each individual patient. Without events, 
patients were censored to end of follow-up at July 1, 2007.

Statistical analysis 
Continuous data are expressed as mean ± SD. Two-sided independent Student’s 
t-test was used to analyze continuous data. Data with an asymmetrical 
distribution are presented as median and range. Analysis of proportions was 
performed using Chi-squared test. The event-free survival was calculated using 
the Kaplan-Meier method. Possible differences between the survival curves 
were tested using log-rank statistical analysis. A p value < 0.05 was considered 
statistically significant. 
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Results 

Patients
Between April 2002 and January 2006, 2672 adenosine stress myocardial 
perfusion SPECT studies were performed. A normal MPS or MPS with AARD 
was found in 97 patients with LBBB or right ventricular apical pacing, 40 with a 
true normal MPS and 57 with AARD (Table 1). Overall, the mean age was 67.5 ± 
9.8 and 59 were females. LBBB was present in 63 patients. The median duration 
of pacing was 5.1 years, range 0.2 – 18.5. The baseline characteristics show a 
positive family history for cardiovascular disease in 54 patients (56%) (Table 1). 
A total of 24 (25%) patients had known CAD and 14 patients (14%) had a high 
pre-test likelihood for CAD [18]. Other baseline characteristics are listed in Table 
1. The median SSS for normal MPS was 0 (range 0 – 4), for AARD the median SSS 
was 5 (range 5 – 10) (p<0.05). 

Follow-up
Follow-up was complete in all patients. The mean duration of follow-up was 
3 ± 1.3 yrs. Eleven events occurred after a mean follow-up of 1.6 ± 1 yrs (Table 
2). Two deaths were considered of cardiac, and three of non-cardiac origin. Two 
patients suffered from a non-fatal myocardial infarction. Both patients later 
underwent percutaneous coronary intervention (PCI), one of the left anterior 
descending artery (LAD) and one of the right coronary artery (RCA). A total 
of 13 patients underwent coronary angiography. Two patients in both Groups 
had a visual significant stenosis and subsequently underwent PCI. The other 9 
patients did not have a visual coronary stenosis that required revascularisation. 
No significant difference in cumulative cardiac event-free follow-up after 4 years 
of follow-up was observed between patients with AARD (93%) and normal MPS 
(85%) (Figure 2). The average annual cardiac death and AMI free follow-up also 
was not significantly different. Overall, the annual cardiac event-free follow-up 
was 90% (Figure 3). Other follow-up results are listed in Table 3. 
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Table 1. Baseline characteristics

Overall Normal AARDa

N 97 40 57
Age (years) 67.5 ± 9.8 70.4 ± 6.7 65.4 ± 11.1*

Females / Males 59 (61%) / 38 (39%) 26 (65%) / 14(35%) 33 (58%) / 24 (42%)
BMI (kg/m2) 25.9 ± 3.4 25.7 ± 3.8 26 ± 3.2
CV Risk Factors:

None 5 (5%) 2 (5%) 3(5%)
BMI >25 kg/m2  51 (53%) 17 (43%) 34 (60%)
Smoking 15 (15%) 6 (15%) 9 (16%)
Hypertension 54 (56%) 21 (53%) 33 (58%)
Hypercholesterolemia 41 (42%) 18 (45%) 23 (40%)
CV Family history 54 (56%) 26 (65%) 28 (49%)
Diabetes 7 (7%) 3 (8%) 4 (7%)

Pre-test probability for CAD
Low 11 (11%) 2 (5%) 4 (7%)
Intermediate 48 (49%) 22 (55%) 26 (46%)
High 14 (14%) 4 (10%) 10 (18%)
Known CAD 24 (25%) 12 (30%) 12 (21%)

LV characteristics:
LVEF (%) 59.3 ± 13.3 59.6 ± 15.3 59.2 ± 11.8
LVEF >50% (n) 77 (79%) 29 (73%) 48 (84%)
LVEF 40-49% (n) 12 (12%) 6 (15%) 6 (11%)
LVEF <40% (n) 8 (8%) 5 (13%) 3 (5%)
LVEDV (ml) Median 75, range 

25 – 295 
Median 68, range 

25 – 295
Median 77, range 

42 – 236
LVESV (ml) Median 32, range 

10 – 254 
Median 28, range 

10 – 254
Median 33, range 

10 – 132
Activation pattern:

LBBB 
PM

63 (65%) 26 (65%) 37 (65%)
34 (35%) 14 (35%) 20 (35%)

Duration of pacing 
(years) 

Median 5.1, range 
0.2 – 18.5 

Median 3.6, range 
0.2 – 18.5

Median 6.3, range 
0.3 – 13.5 

aAARD as defined in ‘Definitions’, Values are given as number (percent) or mean ± SD unless 
otherwise specified. * p<0.05 between AARD and Normal. Because percentages were rounded up 
or down to the nearest round figure, the total of the percentages can add up to be more or less 
than 100%. BMI= body mass index; CV= cardiovascular; LBBB= left bundle branch block; LV= left 
ventricle; LVEDV= left ventricular end diastolic volume; LVEF= left ventricular ejection fraction; 
LVESV= left ventricular end systolic volume; MPS= myocardial perfusion SPECT; PM= pacemaker; 
SD= standard deviation. 
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Figuur 2. Follow-up free from cardiac death, acute myocardial infarction (AMI), and 

percutaneous coronary intervention (PCI) for patients with a completely normal 

myocardial perfusion single photon emission computed tomography (group 1 =85%) 

and patients with typical abnormal activation patternrelated defects (group 2=93%), 

P=NS. The curves are truncated at 4 years because there were fewer than 10 patients 

followed for 5 years.
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Table 3. Event-rates and follow-up 

Overall  
(n=97)

Normal  
(n=40)

AARD  
(n=57)

Mean follow-up (years) 3.0 ± 1.3 2.9 ± 1.4 3.1 ± 1.3
Annual all Cardiac event-rate (%/yr) 2.7 4.3 1.7
Annual cardiac death rate (%/yr) 0.7 1.7 0
Annual AMI/Cardiac death rate (%/yr) 1.4 2.6 0.6
Annual all event rate (%/yr) 3.8 6 2.3

Cumulative Cardiac event-free follow-up (%) 90 85 93
Cumulative Cardiac survival (%) 97 93 100
Cumulative AMI and Cardiac death free follow-up (%) 94 90 97
Cumulative all event free follow-up (%) 86 77 92

AMI= Acute Myocardial Infarction. Cardiac events were: cardiac death, AMI and coronary 
revascularization.
No statistical significant difference between Groups 1 and 2 was observed for any of the follow-up parameters.

Discussion

To our knowledge this study is the first that defines typical abnormal activation 
related defects (AARD) in patients with chest pain and LBBB or right ventricular 
apical pacing. For the definition of AARD it is obligatory to have knowledge 
of the conduction pattern. A blinded analysis of these patients is not feasible. 
Patients with similar wall motion abnormalities and perfusion abnormalities but 
without conduction disturbances do not follow the definition of AARD. 

Since our assumption implies that AARD is strictly related to abnormal 
activation alone, the validation involves several steps. This study assesses the 
first step. The prognosis of patients with normal conduction patterns and a 
similar extent of perfusion defects accepted as AARD is known [14]. Therefore 
we assumed that when the prognosis of patients with AARD is not different 
from patients with true normal MPS and the same conduction characteristics 
that the defects are not caused by obstructive coronary artery disease but rather 
artificial. Especially when this observed prognosis is better than that of patients 
with normal conduction and similar extent of perfusion defects as accepted as 
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AARD. Only when the prognosis of AARD is not different from that of patients 
with normal perfusion and the same conduction disturbances can AARD be 
reliably tested against patients with other defects.

The annual cardiac event-rate in patients with AARD and patients with 
normal MPS and normal abnormal left ventricular activation was not statistically 
different. The relative better prognosis of patients with AARD compared with 
normal MPS can be attributed to the differences in baseline characteristics. 
Multivariate analysis was not performed because of the limited number of 
events recorded. Obviously, the cardiovascular prognosis is thus not influenced 
by the presence of AARD. Overall, patients with LBBB or RVA pacing and 
otherwise normal perfusion demonstrated an average annual any event-rate 
of 3.8% and annual cardiac event-rate of 2.7% year during a mean follow-up 
of 3 years. Because of the relatively small patient population, no comparison 
between patients with fixed defects and patients with reversible defects could 
be made. Furthermore no difference was observed between patients with LBBB 
or right ventricular apical pacing.

Profile of the patient population 
Comparison with the results of normal MPS in patients with normal left 
ventricular activation
To understand the relevance of this study, the characteristics of the population 
in this study should be taken into account. In comparison with patients with a 
normal ventricular activation and normal MPS, the incidence of cardiac death 
and acute myocardial infarction appears high (0.6% versus 1.4%/year) [10,19-

21]. It is important to realize that studies of patients with a normal ventricular 
activation pattern and normal MPS were carried out in a younger population 
with a mean age 60 years or less and a lower pre-test probability of CAD [10,20,21]. 

The annual incidence of non-fatal acute myocardial infarction of Dutch 
individuals aged 70 years and over is 3 times higher compared with individuals 
ages 45-65 years, whereas the annual mortality from acute myocardial infarction 
is 14 times higher in the 70+-population compared with the age group 45-65 [22]. 
These figures indicate that a higher cardiac event rate could have been expected 
in our study population, since the mean age was 68 years and 38% had a high 
pre-test likelihood of CAD or known CAD. The risk factors as presented in Table 
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1 show a low incidence of diabetes (7%) and smoking (15%), but a high incidence 
of positive family history for CAD (56%) and hypertension (56%). The elderly 
population with a higher pre-test probability of CAD serves as an explanation 
for the observed higher incidence of cardiac events.

Cardiac event rate and prognosis of patients with abnormal left 
ventricular activation
The presence of LBBB in itself is also a factor that negatively influences the 
prognosis. Although CAD does not seem to play a major role in the pathogenesis 
of LBBB [23]. Isolated LBBB is associated with an increased risk of developing 
cardiovascular disease and increased cardiac mortality [24,25]. This is most 
outspoken in patients with congestive heart failure [26]. Other investigators 
reported that the reduced prognosis is predominantly caused by fatal myocardial 
infarction [24,25]. 

The prognosis of a normal or low-risk MPS in this population is also 
related to a higher incidence of cardiac events. A normal or low-risk MPS for 
patients with a LBBB showed annual event-rates between 1%/year and 5.2%/
year depending on the selected events, the methods and patient characteristics 
[27-32]. Low event-rates were found by Gil et al. [27] with an average annual 
cardiovascular event-rate of 1% in a relatively young patient population with a 
mean age of 59 years showing a mild to moderate pre-test likelihood of CAD. 
Nigam et al. [28] also reported a relatively low average annual cardiac event-rate 
of 1.7%/year, but only studied cardiac death. Higher event-rates were reported 
when more types of events were evaluated in a elderly patient population [29,30]. 
With respect to right ventricular apical pacing, two studies [31,32] found an 
average annual cardiac death and AMI rate of 1.4% to 2.5%, and annual any 
cardiac event-rates of 2.3% to 4% after a mean of 6 years follow-up.

In view of the aforementioned arguments, a higher event-rate could be 
expected. Thus, for this elderly population with a higher pre-test probability for 
CAD the observed event-rates are acceptable. Furthermore, the cardiac-event 
rate in this study concurs with previously reported event-rates [27-32]. 
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Limitations
AARD were not previously defined. AARD are well-defined perfusion defects 
with concomitant wall motion abnormalities in patients with LBBB or RVA pacing. 
Not all patients underwent coronary angiography to prove that the defects were 
strictly defects that are typically related to the abnormal activation pattern. 
Therefore, concomitant LAD disease that involves the same areas of perfusion 
cannot fully be ruled out. But the prognosis of patients with limited perfusion 
defects due to obstructive CAD and a similar SSS at our institution is worse [14]. 
Thus strengthening validation of AARD. Second, this is a retrospective study 
using the original clinical assessment made by the two observers in a single 
institution. Third, the observers were not blinded to the results of the adenosine 
stress test and patient characteristics at the time of the analysis. Forth, the follow-
up is relatively short and the study group is relatively small. Thus it is unknown 
whether after a longer period of follow-up in a larger study population the same 
results would have been found. Fifth, coronary angiography was not routinely 
performed. Thus, this study does not provide information on the sensitivity and 
specificity of MPS with these new criteria for typical abnormal activation related 
defects. Finally, this study aimed to validate the definition of AARD. Further 
prognostic studies that compare AARD with MPS that show more defects are 
needed to assess the value of incorporating AARD for risk stratification of 
patients with LBBB or RVA pacing and chest-pain.

Conclusion

The prognosis of patients with chest pain and LBBB or right ventricular apical 
pacing and AARD in a furthermore normal pharmacological-stress test is 
comparable with patients with a completely normal scan. The overall annual 
average cardiac event rate is 2.7% with a cumulative cardiac event-free follow-
up of 90%. 

Clinical perspectives
Nowadays gated-SPECT is the standard technique for acquisition of myocardial 
perfusion and left ventricular function. With the presented definitions, AARD 
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can be identified in any institution. Because the prognosis of AARD and normal 
MPS are comparable, patients with LBBB or RVA pacing can undergo adenosine 
stress myocardial perfusion SPECT for cardiovascular risk assessment. 
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Abstract

Background: The value of myocardial perfusion SPECT (MPS) for patients with 
LBBB or right ventricular apical (RVA) pacing seems reduced. The prognosis of 
patients with only abnormal activation related perfusion defects (AARD) due 
to LBBB or RVA-pacing is similar to those with a normal MPS. We assessed the 
prognostic value of MPS in patients with LBBB or RVA pacing.

Methods: Patients with LBBB or RVA pacing referred for vasodilator stress MPS 
between April 2002 and January 2006 were analyzed. Group 1 are patients with 
normal MPS and MPS with AARD. Group 2 are patients with an MPS with a 
perfusion defect extending outside the AARD-area. Events were cardiac death, 
acute myocardial infarction and coronary revascularization. 

Results: In Group 1 (101 patients) 12 events and in Group 2 (96 patients) 45 
events occurred during a mean follow-up of 2.6 ± 1.5 years. The prognosis of 
Group 2 was significantly worse (49%) compared with Group 1 (91%). The 
annual cardiac death rate was 0.7%/year in Group 1 and 6.4%/year in Group 
2 (p<0.001). The prognosis of patients with LBBB was not different from those 
with RVA pacing.

Conclusion: Group 2 had a significantly worse cardiac prognosis compared to 
Group 1. The annual cardiac death rate of < % in Group 1 warrants a watchful 
waiting strategy whereas the cardiac death rate in Group 2 warrants aggressive 
invasive coronary strategies.
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Introduction

Epidemiological and clinical observations demonstrate that patients with left 
bundle branch block (LBBB) have a worse cardiovascular prognosis compared 
to patients with a normal QRS complex [1]. LBBB is associated with increased 
age, hypertension, diabetes mellitus and congestive heart failure [1,2]. 
 Right ventricular apical (RVA) pacing, commonly resulting in a LBBB-pattern, 
may evolve in unpredicted deterioration of left ventricular function (LVF) [3,4]. 
Even after pacemaker implantation, the cardiac prognosis of chronically paced 
patients is unclear. 
 Non-invasive coronary risk-stratification of patients with chest pain and 
LBBB or RVA pacing is challenging because ventricular conduction is intrinsically 
abnormal and delayed [5]. The abnormal activation pattern frequently induces 
wall motion abnormalities [5,6], abnormal wall thickening [7-9] and myocardial 
perfusion defects [10], which hampers the diagnostic accuracy of non invasive 
coronary risk-stratification with stress-testing [9,11-13].
 We recently demonstrated that combined perfusion/contraction defects due 
to abnormal activation can easily be defined with gated myocardial perfusion 
single photon emission computed tomography (MPS) and in most cases can be 
distinguished from other causes of decreased regional myocardial [14] perfusion.
 The cardiac prognosis of patients with only abnormal activation related 
perfusion defects in otherwise normal perfused hearts is the same as in patients 
with the same conduction characteristics but completely normal myocardial 
perfusion [14]. Obviously, the specific myocardial perfusion defects are strictly 
related to abnormal electrical activation. 
 We hypothesized that the worse cardiovascular prognosis of patients 
with chest pain and an LBBB-pattern can solely be determined by perfusion 
abnormalities outside of the myocardial area surrounding the abnormally 
activated area.
 The aim of our study was to demonstrate the relationship between the 
occurrence of stress-induced myocardial perfusion defects and the cardiovascular 
prognosis in patients with abnormal activated myocardial perfusion defects due 
to LBBB or RVA-pacing.



Chapter 7

108

Methods

Data of consecutive patients with LBBB or RVA pacing and chest-pain who 
were referred for vasodilator stress MPS between April 2002 and January 
2006, were retrospectively analyzed. Further treatment after MPS was left to 
the discretion of the treating cardiologist. Excluded were patients with instable 
ventricular pacing during the MPS protocol, patients with bi-ventricular pacing, 
and patients in whom gated acquisition was not technically feasible. Patients 
were categorized according to the MPS results. This study conformed to the 
Declaration of Helsinki and was approved by the local ethics committee.

MPS protocol
Patients underwent rest Thallium-201 (201Tl) and stress Technetium-99m-
sestamibi (99mTc) single day dual isotope MPS using the standard adenosine stress 
protocol of our department [10]. In summary, after sublingual administration of 
nitroglycerine, 111 MBq 201Tl was injected intravenously, 201Tl SPECT imaging 
was performed after 15 minutes of normal walking and 15 minutes of rest. Only 
pharmacologic stress with adenosine was used. All patients received 0.14 mg/kg/
min adenosine intravenously in 6 minutes. At 4.5 minutes of adenosine infusion, 
540 MBq 99mTc-sestamibi was injected. Following injection, all patients received 
a fatty meal to increase hepatobiliary clearance of the tracer, and 99mTc-
sestamibi SPECT imaging was started 45 to 60 minutes after injection. Prior to 
scanning patients fasted for 12 hours and refrained from caffeine containing 
substances for at least 24 hours. Beta-blockers, calcium antagonists, nitrates, and 
dipyridamole were discontinued for at least 48 hours.

MPS acquisition and image analysis
SPECT imaging was performed using a Toshiba triple detector gamma camera 
equipped with low-energy, high resolution collimators. Filtering was performed 
for both 201Tl and 99mTc-sestamibi images using a Butterworth filter with order 
8.0 and cutoff frequency 0.20 Nyquist. Reconstruction was performed by filtered 
back projection with a ramp filter to produce transverse tomograms.
 The stress-images were acquired gated for assessment of wall motion 
analysis, left ventricular ejection fraction (LVEF), left ventricular end diastolic 
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volumes (LVEDV) and left ventricular end systolic volumes (LVESV). Sixteen 
frames per cardiac cycle were acquired. MPS acquisition was repeated when 
insufficient hepatobiliary clearance or a motion artifact was present on the 
raw images. No attenuation correction or scatter correction was used. Semi-
quantitative visual analysis was performed using a 17 segment model as 
initially proposed [15], using a five-point scoring system (0= normal uptake, 
1= mild reduction 2= moderate reduction, 3= severe reduction, 4= absence of 
tracer uptake). The summed stress score (SSS) and summed rest score (SRS) 
were calculated as the sum of perfusion scores during stress or rest images. The 
summed difference score (SDS) was calculated as SSS minus SRS. MPS were 
analyzed by consensus of two experienced observers with knowledge of ECG 
and clinical history. LVEF, LVEDV, LVESV were calculated and wall motion was 
analyzed with the QGS program (version 3.0; Cedars-Sinai Medical Center, Los 
Angeles, California, USA). Wall motion was examined visually for each segment 
to correlate the site of abnormal wall motion with that of reduced count density. 

Definitions
Group 1 consisted of all patients with a MPS with a SSS ≤5 and who were classified 
as normal. Also patients with not more than AARD demonstrating the triad of 
abnormal conduction, abnormal wall motion and perfusion defect were included. 
By definition AARD are perfusion abnormalities with a SSS≤11 and a SRS≤7 
in less than 5 adjacent segments with concomitant wall motion abnormalities 
(Figure 1). Within the area of AARD, wall motion abnormalities are found, 
which cover a similar area as the perfusion defect. So, perfusion abnormalities 
without concomitant wall motion abnormalities were not considered AARD, 
but true abnormal perfusion. No minimum number of segments with abnormal 
wall motion are required for AARD. However, any segment with abnormal 
perfusion must be accompanied by abnormal wall motion in the same segment. 
Thus for the definition of AARD knowledge of the ECG is a pre-requisite. Group 
2 consisted of all patients with a MPS with a reversible defects with a SDS≥5 
and classified of ischemic nature. Also included were patients with fixed defects 
with a SRS≥6 representing previous myocardial infarctions and patients with a 
combination of fixed defects and reversible defects with a SSS≥10 and a SRS≥6 
representing previous myocardial infarction with additional ischemia. 
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Figure 1. Triad of abnormal left ventricular activation, abnormal wall motion, and 

abnormal perfusion. Location of abnormalities for intrinsic left bundle branch block 

(LBBB), above and LBBB by right ventricular apical pacing below. Activation pattern 

on the left, site of abnormal wall motion in the middle, and abnormal perfusion on the 

right. Segments 1-6 are the basal segments, segments 7-12 the midcavity segments, 

segments 13-16 the distal segments, and segment 17 is the apex.

Follow-up
Data were collected by review of hospital records and by interview of the 
general practitioner if follow-up data were incomplete. Coding of events was 
performed without knowledge of the MPS results. Without events, patients 
were censored to end of follow-up at July 1, 2007. Cardiac events were cardiac 
death, acute myocardial infarction (AMI) and coronary revascularization by 
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means of percutaneous coronary intervention (PCI) or coronary artery by-pass 
grafting (CABG). Non-cardiac death was also scored. Myocardial infarction was 
diagnosed by a history of prolonged chest pain and positive troponin-t. Sudden 
unexpected death was considered as cardiac death. Patients were censored at 
the time of the first event. The annual event rates were calculated as the number 
of events divided by the sum of the follow-up for each group. 

Statistical analysis
Continuous data are expressed as mean ± SD. Two-sided independent Student’s 
t-test was used to analyze continuous data. Continuous variables were compared 
between groups using ANOVA when applicable. Data with an asymmetrical 
distribution are presented as median and range. Analysis of proportions was 
performed using Chi-squared test. The event-free cumulative survival was 
calculated for occurrence of cardiac events and compared by means of the log-
rank statistic. Univariable and multivariable analysis using Cox-regression 
analysis was performed. All univariable tested variables with a p<0.10 were 
entered in a multi-variable Cox-proportional hazard regression analysis. A p 
value <0.05 was considered statistically significant.
 

Results

Patients
Between April 2002 and January 2006 a total of 2454 adenosine stress MPS studies 
were performed. In 226 (9.2%) patients a LBBB pattern or right ventricular 
pacing was present. Six patients were excluded because no ventricular pacing 
was present at the time of the MPS, 8 patients because gating was not possible, 
6 patients due to atrial arrhythmia, and 2 patients were excluded because of 
frequent ventricular ectopy during MPS acquisition and seven patients were 
excluded because the MPS was performed in the presence of bi-ventricular 
pacing. The characteristics of the 197 included patients are listed in Table 1. The 
mean age was 68.7 ± 9.6 years, and 63% were women. A total of 86 (44%) patients 
had previously documented CAD and 92 (47%) patients had an intermediate 
to high pretest likelihood for CAD. Overall Group 2 was at higher cardiac risk 
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compared with Group 1. Especially a previously myocardial infarction was 
present more often in Group 2 than in Group 1. The MPS characteristics are 
listed in Table 2. The mean LVEF was lower in Group 2 and the median LV 
volumes were higher (p<0.05). The mean follow-up of Group 2 was significantly 
shorter 0. 3 ± 1.4 years (p<0.01, Table 3). Sixty-eight patients underwent coronary 
angiography, 13 in Group 1 and 54 in Group 2. Further invasive treatment was 
left to the discretion of the treating cardiologist.

Follow-up
Follow-up was complete in all patients during a mean follow-up was 2.6 ± 1.5 
yrs. A total of 57 events were observed: 12 in Group 1 and 45 in Group 2 (p<0.001, 
Table 3). The median interval between the MPS and events was 0.7 years (range 3 
days – 3.9 years). Cumulative cardiac death and AMI free follow-up was 94% in 
Group 1 and 67% in Group 2 (p<0.001, Figure 2). The annual cardiac event rate 
was 2.6%/yr vs. 20.8%/yr in Groups 1 and 2 respectively, with an annual cardiac 
death rate of 0.7%/yr vs. 6.4%/yr respectively. Analysis of the patients in Group 2 
shows that the cardiac death and AMI free follow-up of patients with the highest 
SSS scores (SSS>31) was 63% compared with 91% for those in Group 1 (p<0.001). 
Also patients with AARD demonstrate a clear difference in follow-up free from 
acute myocardial infarction and cardiac death compared with patients in Group 
2 with SSS scores <31 (p<0.001). AARD also demonstrated a clear difference in 
outcome compared with patients in Group 2 with a SSS score of <21 (p<0.01).
 Other follow-up results are listed in Table 3. In Group 2 revascularization 
was performed in 24 patients. Of these 13 were done within 60 days of the MPS. 
 Uni- and multivariable analysis results demonstrate that an abnormal MPS 
shows additional risk for future cardiac death or AMI even in patients with a 
previous history of coronary artery disease (Table 4). The prognosis of patients 
with LBBB was not different from those with RVA pacing.
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Table 1. Baseline characteristics

Overall Group 1 Group 2 P-value
N 197 101 (51%) 96 (49%) Ns
Age (years) 68.7 ± 9.6 68.1 ± 9.4 69.8 ± 9.6 Ns
Female / Male 124 (63%)/ 

73 (37%)
62 (61%) / 
39 (39%)

62 (65%)/ 
34 (35%)

<0.05

BMI (kg/m2) 26.3 ± 3.5 25.8 ± 3.3 26.7 ± 3.7 Ns
CV risk factors

BMI >25 kg/m2 111 (56%) 52 (51%) 59 (61%) Ns
Smoking 32 (16%) 15 (15%) 17 (18%) Ns
Hypertension 99 (50%) 56 (56%) 43 (44%) Ns
Hypercholesterolemia 90 (46%) 52 (51%) 48 (49%) Ns
CV family history 99 (50%) 55 (55%) 44 (45%) Ns
Diabetes 26 (12%) 8 (8%) 18 (19%) <0.05

Activation pattern
LBBB 130 (66%) 66 (65%) 64 (66%) Ns
PM 67 (34%) 35 (35%) 32 (33%) Ns

Duration of pacing (months)
55 (1.6 – 355) 55 (1.6 – 232) 36 (2.4 – 355) Ns

History of CAD
Myocardial infarction 49 (25%) 3 (3%) 46 (47%) <0.01
PCI 44 (22%) 13 (13%) 31 (32%)
CABG 44 (22%) 16 (16%) 28 (29%)
None 110 (56%) 72 (71%) 38 (39%)

Pre-test likelihood of CAD
Low 19 (10%) 11 (11%) 8 (8%) <0.01
Intermediate 64 (32%) 50 (50%) 14 (14%)
High 28 (14%) 15 (15%) 13 (13%)
Known CAD 86 (44%) 25 (25%) 61 (63%)

Values are given as number (percentage) or mean ± SD or median (range). BMI= body mass index; 
CABG= coronary artery bypass graft; CAD= coronary artery disease, CV= cardiovascular; LV= 
left ventricle; LBBB= left bundle branch block; PM= pacemaker; MI= myocardial infarction; PCI= 
percutaneous coronary intervention; SD=standard deviation. 
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Figure 2. Cardiac death and acute myocardial infarction free survival curve. The 

Kaplan-Meier survival curve demonstrates survival free from cardiac death and 

acute myocardial infarction.  The event-free prognosis of Group 1, low risk MPS, was 

significantly better compared with Group 2, high risk MPS (p<0.001).

Table 2. Results of myocardial perfusion SPECT

Total population 
(n= 197)

Group 1 
(n= 101)

Group 2 
(n= 96)

P-value

LVEF (%) 49 ± 18 59 ± 17 38 ± 15.9 <0.001
LVEDV (ml) 107 (25 – 443) 77 (25 – 327) 138 (38 – 443) <0.01
LVESV (ml) 50 (10 – 363) 30 (10 – 256) 84 (10 – 363) <0.05
SSS 8 (0 – 43) 4 (0 – 10) 17 (7 – 43) <0.05
SDS 3 (0 – 32) 3 (0 – 6) 8 (0 – 32) <0.05
SRS 4 (0 – 39) 0 (0 – 4) 6 (0 – 39) <0.05
Normal (n) 40 (20%) 40 (40%) 0
AARD (n) 61 (31%) 61 (61%) 0
Ischemia (n) 28 (14%) 0 28 (29%)
Infarct (n) 16 (8%) 0 16 (17%)
Infarct with additional 
ischemia (n)

52 (26%) 0 52 (54%)

Data are presented as number (percentage) or mean ± SD or median (range). AARD= abnormal 
activation related defect, LVEDV= left ventricular end diastolic volume; LVEF= left ventricular 
ejection fraction; LVESV= left ventricular end systolic volume; SDS= summed difference score, 
SRS= summed rest score, SSS= summed stress score.
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Table 3. Event-rates and follow-up

Total population 
(n= 197)

Group 1 
(n= 101)

Group 2 
(n= 96)

P-value

Mean follow-up (years) 2.6 ± 1.5 3.0 ± 1.4 2.1 ± 1.7 <0.01

Cumulative cardiac death free 
follow-up (%)

89 97 77 <0.001

Cumulative AMI/Cardiac death 
free follow-up (%)

83 94 67 <0.001

Cumulative Cardiac event free 
follow-up (%)

70 91 49 <0.001

Annual cardiac death rate (%/yr) 2.9 0.7 6.4 <0.001

Annual AMI/Cardiac death rate 
(%/yr)

4.1 1.3 8.4 <0.001

Events (n)

Cardiac Death 15 (8%) 2 (2%) 13 (14%) <0.001

AMI 6 (3%) 2 (2%) 4 (4%) Ns

PCI 21 (11%) 4 (4%) 17 (18%) <0.001

CABG 8 (4%) 0 8 (8%) <0.001

Non-cardiac death 7 (4%) 4 (4%) 3 (3%) Ns

Total 57 (28%) 12 (12%) 45 (46%) <0.001

AMI= acute myocardial infarction, CABG= coronary artery bypass grafting, PCI= percutaneous 
coronary intervention. Percentages of events are given as percentage per studied group.
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Table 4. Uni-variable and multi-variable analysis for cardiac death and AMI

Univariable 
analysis

Multivariable 
analysis

P-value P-value Hazard ratio CI (95% - limits)

Age 0.004 0.03 1.07 1.01 – 1.13

Results of MPS  
(Normal/Abnormal)

0.001 0.01 4.17 1.35 – 12.5

Known coronary artery 
disease (previous 
AMI, previous 
revascularization)

<0.001 0.01 5 1.64 – 14.3

SSS <0.001 Ns Ns Ns

LVEF <0.001 Ns Ns Ns

Diabetes 0.003 Ns Ns Ns

SRS 0.012 Ns Ns Ns

BMI >25 kg/m2 0.32 Ns Ns Ns

Hypertension 0.13 Ns Ns Ns

Current smoker 0.12 Ns Ns Ns

Hypercholesterolemia 0.61 Ns Ns Ns

Activation pattern 
(LBBB/PM)

0.97 Ns Ns Ns

Sex (m/f) 0.11 Ns Ns Ns

AMI= acute myocardial infarction, BMI= Body mass index, CI= confidence interval, LBBB= left 
bundle branch block, LVEF= left ventricular ejection fraction, MPS= myocardial perfusion SPECT, 
Ns= not significant, PM= pacemaker, SRS= summed rest score, SSS= summed stress score.

Discussion

Our hypothesis was that myocardial perfusion SPECT in patients with LBBB 
or RVA pacing can differentiate between those with a low or with a high risk 
for future cardiac events. From the results of our study it became obvious that 
the cumulative cardiac event-free follow-up was significantly worse in patients 
with perfusion defects extending outside the area related to abnormal activation 
compared to patients with a normal perfusion or just AARD. Secondly, despite 
more coronary interventions cardiac death rate was much higher in patients 
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with extended perfusion defects. Hence, cumulative cardiac survival was much 
shorter.

Previous studies
MPS is a recognized technique for risk-stratification of patients with a normal 
left ventricular activation pattern [16-19]. Previous reports demonstrated that an 
abnormal MPS is associated with an increased event rate depending on baseline 
characteristics [18-21]. 
 The presence of LBBB and LBBB-pattern related to RVA pacing, hampers 
non-invasive analysis and risk stratification of patients with chest-pain [13]. The 
surface ECG is abnormal and ischemic changes during exercise are difficult 
to detect or interpret [13]. Because of frequently present left ventricular wall 
motion abnormalities the value of dobutamine-stress testing is also reduced [22]. 
Furthermore, perfusion defects are frequently visible on MPS in the absence of 
CAD [10-12]. These specific perfusion defects are at least partly caused by partial 
volume effects, thus limiting the value of this method [9]. In a previous study we 
demonstrated that the cardiac prognosis of patients with LBBB and RVA-pacing 
is similar when AARD are present [14]. Using the provided criteria these AARD 
may be easily recognized. 
 For adequate risk stratification it is necessary to differentiate between 
patients at low and high risk for future cardiac events. Overall, patients with 
LBBB or LBBB-pattern related to RVA pacing, show worse event-rates compared 
to patients with normal left ventricular activation [23-27]. First, the natural 
history of patients with LBBB is worse compared to patients with a normal left 
ventricular activation pattern [1,2]. Second, the higher event rates can be explained 
by the differences in the studied patient populations. Studies that evaluated the 
value of MPS in patients with normal left ventricular activation were carried 
out in younger patient population with a relatively low pre-test probability 
compared to the studies performed in patients with an abnormal left ventricular 
activation pattern [17,19-21,23-28]. In view of the aforementioned considerations, 
a higher event rate for patients with LBBB or RVA pacing could be expected 
a priori compared with the known results of low-risk MPS when normal left 
ventricular conduction is present. Also, the relatively high cardiac event-rates 
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in patients with low-risk MPS but abnormal left ventricular activation patterns 
may be explained by the higher mean age and the pre-test cardiac risk in the 
studies that assessed patients with LBBB or RVA pacing. 
 Because we previously demonstrated that the prognosis of patients with 
AARD is similar to that of patients with a normal MPS and the same conduction 
characteristics [14], both MPS results were considered as low-risk MPS. A 
normal or low-risk MPS in patients with LBBB or RVA pacing is associated 
with a cumulative event-rate between 3%/year and 23%/year depending on the 
selected events [23-27], the applied methods and patient characteristics. These 
rates increase to between 12% and 35% for abnormal and high-risk MPS [23-

28]. Most of these studies were carried out in an era when gated myocardial 
perfusion SPECT was not yet widely available. 

Advantages of detecting AARD
The presence of AARD can be identified with the concomitant analysis of the 
myocardial perfusion SPECT images and wall motion analysis based on the 
gated-SPECT information. With the triad of: a. abnormal activation pattern by 
presence of LBBB or RVA pacing, b. wall motion abnormalities and c. perfusion 
abnormalities in pre-defined regions and otherwise normal myocardial 
perfusion, AARD can be appreciated [14]. Since our assumption implies that 
AARD is strictly related to abnormal activation alone, the validation involves 
several steps. Previously, patients with AARD on MPS were shown to have a 
similar prognosis as patients with the same conduction characteristics and a 
normal MPS [14]. Therefore, AARD can be accepted as low-risk defects. In the 
present study the value for prognostic purposes was tested against defects that 
do not follow the limits of AARD and are therefore considered as high-risk 
defects. Because the statistically significant worse prognosis of patients with 
these additional defects and thus high risk MPS, the present study demonstrates 
the powerful prognostic value of MPS for a patient population previously not 
well suitable for non-invasive analysis with myocardial perfusion SPECT.

Limitations
This is an observational retrospective outcome study using the original 
assessment made by the two observers in a single institution. Secondly, the 
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patient characteristics of our study show a relatively old age and high pre-test 
probability for CAD (Table 1). Therefore, whether this also holds true for a patient 
population at lower cardiac risk remains to be determined. Third, patients in 
Group 1 and Group 2 demonstrated different baseline characteristics. Because 
patients were categorized based on the MPS results, this could be expected. 
However, this may have influenced the difference in cardiac events between 
the groups. Also, patients were only analyzed on Group comparison basis. 
The number of patients with fixed defects only was to limited to allow for a 
comparison on reversible or fixed defects basis. Forth, the follow-up is relatively 
short. Finally, treatment of the patients after MPS was left to the discretion of the 
treating cardiologist. Therefore bias can be present in the occurrence of events 
in both Groups. 

Conclusions and clinical implications

The results of this study show that in patients with LBBB or LBBB related to right 
ventricular apical pacing, adenosine stress gated-SPECT can distinguish between 
patients with a low risk for future cardiac events and patients at high risk for 
future cardiac events. The cumulative cardiac death and AMI free follow-up was 
94% in patients with a normal scan or not more than AARD and 67% in patients 
with perfusion defects extending outside this specific area after a mean follow-
up of 2.6 ± 1.5 years. The annual cardiac death and acute myocardial infarction 
rate was 1.3%/yr in low-risk patients and 8.4%/yr in high-risk patients. Since the 
cardiac death rate for a low risk MPS was <1%/yr no further invasive analysis is 
justified [29]. In patients with a high-risk scan a vigorous cardiac diagnostic and 
treatment strategy seems warranted. The multivariable analysis demonstrates 
that an abnormal MPS has an additional risk for future cardiac death or AMI 
even for patients with a history of coronary artery disease. 

Note: Abbreviations are explained in the abbreviations list in the appendix.
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Abstract

Introduction: Myocardial perfusion single photon emission computed 
tomography (SPECT) (MPS) is a frequently used method for risk stratification. 
The significance of MPS in patients with abnormal electrical left ventricular 
activation is often obscure. The purpose of this review is to assess the value 
of MPS for risk-stratification of patients with intrinsic left bundle branch block 
(LBBB) or that due to right ventricular apical (RVA) pacing. The results were 
analyzed to recommend on possible changes in treatment based on the MPS 
results. 

Methods: We reviewed the literature by a search of the MEDLINE database 
(January 1980 to September 2008). The terms prognosis or prognostic value were 
combined with SPECT and LBBB or pacing or pacemakers. 

Results: We identified 11 studies suitable for review. The data show that a 
low-risk MPS is associated with a low risk of cardiac death and non-fatal acute 
myocardial infarction whereas patients with a high-risk MPS are at a 4.8 fold 
increased risk 95% CI [3.2 – 7.2] (p<0.0001). Despite secondary prevention and 
an improved medical and interventional care these figures hardly change over 
time.

Conclusion and clinical implications: A low-risk MPS ensues a policy of 
watchful waiting whereas a high risk MPS accounts for further analysis and 
treatment. The persistent high cardiac death and acute myocardial infarction 
rate after an abnormal MPS may suggest that a different treatment regimen 
based on the MPS results has to be considered.
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Introduction

Myocardial perfusion single photon emission computed tomography (SPECT) 
is a well accepted method for diagnosis of coronary artery disease [1-4] and the 
prognostication of patients [5-7]. However in patients with an intrinsic left bundle 
branch block (LBBB) and in patients with right ventricular apical (RVA) pacing, 
the diagnostic accuracy and prognostic value is reduced [8-12]. False positive 
perfusion defects in the septal region in intrinsic LBBB and in the inferoseptal 
wall in RVA pacing are the main causes of decreased diagnostic accuracy [10-12]. 
 The work-up of chest pain in patients with these specific ECG patterns 
is cumbersome because all non-invasive techniques fall short in diagnostic 
accuracy [13]. It is impossible to rule out ischemia on the exercise ECG due to the 
inherently abnormal repolarisation [14]. Moreover, due to resting wall motion 
abnormalities the accuracy of dobutamine stress-echocardiography is also 
disputed [15-17]. The same holds true for any other diagnostic test aiming at 
demonstrating stress induced wall motion abnormalities. In several prognostic 
myocardial perfusion SPECT studies, the clinical consequences of the probably 
to abnormal activation related defects were evaluated. Several authors claimed 
that these specific defects were small, located in well defined regions and were 
classified as perfusion defects with a low-risk for future cardiac events [18-21]. 
Addition of functional data from gated myocardial SPECT refined prognostic 
accuracy by enabling to easily recognize abnormal activation related defects 
(AARD). Patients with these AARD and otherwise normal perfusion in the 
remaining myocardium had a similar favorable prognosis as patients with 
normal MPS [22].
 The present review assesses the value of myocardial perfusion SPECT in 
patients LBBB or RVA for risk stratification. Moreover, from the results of the 
review comments are given on the work-up of these patients and advise on 
possible treatment options to reduce cardiac risk. 
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Methods

Potential studies were identified by several search strategies. 
1. Search of the MEDLINE database (January 1980 to September 2008). The 

terms “prognosis” and “prognostic value” were combined with SPECT and 
LBBB. This strategy was repeated with pacing or pacemakers in stead of 
LBBB.

2. The reference lists of the reports obtained through these searches were 
screened for additional articles that may have been missed. Only articles 
written in the English language and a follow-up of at least 1 year were 
selected whereas reviews and abstracts were excluded. 

Studies that used myocardial perfusion SPECT for prognostic purposes in (1) 
patients with intrinsic LBBB, and (2) patients with LBBB due to permanent right 
ventricular (apical) pacing were selected. The two groups were studied together 
since both exhibit similar conduction characteristics on the ECG and second due 
to perfusion abnormalities not related to coronary artery disease that trouble 
SPECT analysis [8,10,23]. Only reports that carried information on the number 
of cardiac events in terms of prognosis were selected, whereas reports on the 
diagnostic accuracy of SPECT were left out. 
 From all selected studies, the number and types of events were listed. 
When annual event-rates were reported these figures were also noted. For 
each study the following baseline characteristics were recorded: Age, gender, 
stress protocol, and year of publication. These baseline characteristics were then 
calculated into a mean for each report. Myocardial perfusion SPECT results were 
categorized as low-risk and high-risk. During follow-up only cardiac death and 
acute myocardial infarction were recorded. Heart transplant recipients were 
categorized as cardiac death.
 We discuss the results of our own study in more detail to comprehend 
whether the nowadays instigated treatment strategies suffices for the presented 
patient populations.
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Statistical analysis
A statistical meta-analysis was performed on the combined acute myocardial 
infarction (AMI) and death event rates for the high and low risk group with 
the odds ratio as measure of effect. To obtain the average odds ratio, fixed and 
random effects models were calculated and the I2 statistic was computed as 
measure of heterogeneity between studies. For the computations the statistical 
program R was used (www.R-project.org). 

Results

A total of 33 reports were identified. Of these 2 were not written in the English 
language, 19 did not assess the prognosis of patients with LBBB or RVA pacing 
with SPECT and 1 study could not be retrieved from the journal [24]. This left 11 
articles for review that were carried out in patients with known or suspected 
CAD [19-22,25-29]. Two studies from the same investigators with possible double 
counting or overlap of patients, described the prognostic value of MPS in patients 
with RVA pacing [20,21]. Two studies were carried out in a mixed population of 
LBBB and RVA pacing [22] Chapter 7. Only the study that assessed both low and 
high risk MPS in this patient population was used for this review (Chapter 7). 
The remaining 10 studies are listed in Table 1.

Prognosis of MPS in RVA-pacing
Two reports with a total of 201 [20,21] patients and possible overlap were identified 
that assessed the prognostic value of MPS with permanent RVA-pacing. Patients 
underwent either pharmacologic of exercise stress. The mean age in both studies 
was >65years. The authors defined a low risk MPS as normal scans, scans with 
small to medium reversible or fixed defects, those with normal cardiac size, and 
those with normal lung uptake and ejection fractions. The risk of cardiac death 
and non fatal AMI was 3 times increased risk after a high-risk MPS compared 
with a low-risk MPS. Patients that underwent exercise MPS with a low risk MPS 
were at a 10% risk of major cardiac events compared to 14% when adenosine 
stress was performed. High risk MPS with exercise had a 28% risk of major 
cardiac events compared with 30% in the pharmacologic stress group. The 
annual cardiac death rates are listed in Table 1. 
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Table 1. Study characteristics.

Author Year Events Stress Patients 
(n)

Mean 
age 

(years)

Follow-up 
(years)

Males 
(%)

LBBB / 
Pacing

SPECT 
result

CD CD and 
AMI

CD and AMI 
free survival  

(%)

Annual  
CD rate  
(%/yr)

 High Risk (n, %) Low Risk High Risk Low Risk High Risk Low Risk High Risk Low Risk High Risk

Lapeyre 2005 CD, AMI, 
Revasc.

Ph. 93 74 5.6 ± 2.4 77 Pacing 23, 25% n.a. n.a. 10 7 97 63 1.4 6

Lapeyre 2004 CD, AMI, 
Revasc

Ex. 108 68 7.1 ± 2.8 66 Pacing 29, 27% 3 8 8 8 93 81 0.3 3.8

Nigam 1998 NCD, CD both 96 66 3.4 ± 2.1 55 LBBB 26, 27% 4 8 n.a. n.a. 90 65 1.8 10
Nallamothu 1997 CD, AMI, 

Revasc., HTx
both 293 58 2.8 ± 2.3 59 LBBB 167, 57%  n.a. n.a. 11 47 91 72 n.a. n.a.

Gil 1998 CD, AMI, 
Revasc.

Ph. 69 59 2.8 48 LBBB n.a. 0 n.a. 0 n.a. 100 n.a. 0 n.a.

Wagdy 1998 CD, AMI, 
Revasc, NCD, 
CAG, HTx

Ph. 245 69 3 ± 1.4 51 LBBB 84, 34% 6 20 9 27 93 55 n.a. n.a.

America 2007 CD, AMI, 
Revasc

Ph. 101 65 1.24  
(max 2.48)

67 LBBB 101, 100% n.a. 14 n.a. 15 n.a. n.a. n.a. n.a.

Krishnan 1993 CD, Revasc both 69 68 2 (1.5 - 2.7) 61 LBBB n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Usmani 2009 CD, AMI Ph. 76 56 24 ± 8 

(months)
58 LBBB 24, 32% 1 5 3 8 98 79 1 11

ten Cate 2010 CD, AMI, 
Revasc

Ph. 197 69 2.6 ± 1.5 37 Both 96, 49% 2 13 4 17 97 77 0.7 6.4

Total    1347 65 3,2  550, 41% 16 68 45 129

AMI =acute myocardial infarction, CAG=coronary angiography, CD= cardiac death, Ex.=exercise, 
HTx= heart transplant, LBBB=left bundle branch block, n.a.=not available, NCD=non cardiac 
death, Ph.=pharmacologic, Revasc.=coronary revascularization, SPECT=single photon emission 
computed tomography

Prognostic value of MPS in LBBB
Several reports studied the prognostic value of MPS for patients with LBBB 
[18,19,26-29]. One report used the exercise characteristics during the MPS for the 
prognostic value assessment and does not describe the MPS results. This study 
was subsequently not further evaluated in this review [30]. A total of 949 patients 
were evaluated. Patients underwent either pharmacologic stress or exercise 
stress (Table 1). The follow-up duration was between 1.2 yr to 6 yrs. The studies 
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Table 1. Study characteristics.

Author Year Events Stress Patients 
(n)

Mean 
age 

(years)

Follow-up 
(years)

Males 
(%)

LBBB / 
Pacing

SPECT 
result

CD CD and 
AMI

CD and AMI 
free survival  

(%)

Annual  
CD rate  
(%/yr)

 High Risk (n, %) Low Risk High Risk Low Risk High Risk Low Risk High Risk Low Risk High Risk

Lapeyre 2005 CD, AMI, 
Revasc.

Ph. 93 74 5.6 ± 2.4 77 Pacing 23, 25% n.a. n.a. 10 7 97 63 1.4 6

Lapeyre 2004 CD, AMI, 
Revasc

Ex. 108 68 7.1 ± 2.8 66 Pacing 29, 27% 3 8 8 8 93 81 0.3 3.8

Nigam 1998 NCD, CD both 96 66 3.4 ± 2.1 55 LBBB 26, 27% 4 8 n.a. n.a. 90 65 1.8 10
Nallamothu 1997 CD, AMI, 

Revasc., HTx
both 293 58 2.8 ± 2.3 59 LBBB 167, 57%  n.a. n.a. 11 47 91 72 n.a. n.a.

Gil 1998 CD, AMI, 
Revasc.

Ph. 69 59 2.8 48 LBBB n.a. 0 n.a. 0 n.a. 100 n.a. 0 n.a.

Wagdy 1998 CD, AMI, 
Revasc, NCD, 
CAG, HTx

Ph. 245 69 3 ± 1.4 51 LBBB 84, 34% 6 20 9 27 93 55 n.a. n.a.

America 2007 CD, AMI, 
Revasc

Ph. 101 65 1.24  
(max 2.48)

67 LBBB 101, 100% n.a. 14 n.a. 15 n.a. n.a. n.a. n.a.

Krishnan 1993 CD, Revasc both 69 68 2 (1.5 - 2.7) 61 LBBB n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Usmani 2009 CD, AMI Ph. 76 56 24 ± 8 

(months)
58 LBBB 24, 32% 1 5 3 8 98 79 1 11

ten Cate 2010 CD, AMI, 
Revasc

Ph. 197 69 2.6 ± 1.5 37 Both 96, 49% 2 13 4 17 97 77 0.7 6.4

Total    1347 65 3,2  550, 41% 16 68 45 129

AMI =acute myocardial infarction, CAG=coronary angiography, CD= cardiac death, Ex.=exercise, 
HTx= heart transplant, LBBB=left bundle branch block, n.a.=not available, NCD=non cardiac 
death, Ph.=pharmacologic, Revasc.=coronary revascularization, SPECT=single photon emission 
computed tomography

Prognostic value of MPS in LBBB
Several reports studied the prognostic value of MPS for patients with LBBB 
[18,19,26-29]. One report used the exercise characteristics during the MPS for the 
prognostic value assessment and does not describe the MPS results. This study 
was subsequently not further evaluated in this review [30]. A total of 949 patients 
were evaluated. Patients underwent either pharmacologic stress or exercise 
stress (Table 1). The follow-up duration was between 1.2 yr to 6 yrs. The studies 

were carried out mostly in a relatively old patient population with a mean age 
of more than 65 years and mixed MPS results. One report describes the results of 
abnormal MPS [26] and another studied only normal MPS results in a relatively 
young patient population (59 years) [28]. The end-points differ between the 
reports. The cardiac death rate was <2% after a low-risk MPS compared with up 
to 15% after a high risk MPS. The combined end-point cardiac death and non 
fatal AMI was up to 7% after a low-risk MPS. A high risk MPS carried a 25% risk 
for cardiac death and non fatal AMI.
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Myocardial perfusion SPECT in a mixed population of LBBB and 
RVA pacing
More recently the prognostic value of MPS in 197 patients with LBBB or RVA 
pacing (Chapter 7) was assessed. As with the previous mentioned reports, the 
patient population was elderly. Unlike earlier reports [18,19,27], wall motion 
analysis acquired with gated SPECT was used to define a low-risk MPS. The 
combined analysis of perfusion data and wall motion data allowed for a 
definition of abnormal activation related defects (AARD). Patients with only 
AARD and otherwise normal myocardial perfusion demonstrated a similar 
prognosis as patients with the same conduction characteristics and normal 
myocardial perfusion on MPS [22] and hence both MPS results were considered 
as low risk. In a later study patients with these low-risk MPS were compared 
with those with a high risk MPS (Chapter 7). 
 A high risk MPS demonstrated a much higher cardiac death and acute 
myocardial infarction rate of 18% compared with 4% after a low risk MPS 
(p<0.001) (SPECT). Also the annual cardiac death rate of a low-risk MPS was 
<1%/yr. No difference between patients with LBBB or RVA pacing was observed. 

Meta-analysis
Based on the results derived from the studies that reported the number of 
cardiac death and non-fatal acute myocardial infarction (Table 1) a meta-
analysis was performed. The average OR over the 6 studies was 4.8 [95% CI , 
3.3 – 7.2] (p<0.0001) for the fixed effects model and 4.8 [95% CI , 3.3 – 7.1] for the 
random effects model (p<0.0001). The I2 was 0% [95% CI , 0 – 66]. This implies 
that patients with a high risk MPS were at a 4.8 fold increased risk of cardiac 
death or non-fatal AMI as compared with patients with a low-risk MPS. 

Discussion

Myocardial perfusion SPECT is a well established method to stratify patients at 
low or higher risk for cardiac events to come. This is especially true when the left 
ventricular activation pattern is normal [5-7]. The present review demonstrates 
that for patients with abnormal left ventricular activation patterns, this also 
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holds true. The described annual cardiac death rates for a low-risk MPS varied 
between 0 and 1.8% in this patient population, whereas a high risk MPS was 
associated with an annual cardiac death rate between 3.8 and 10%/yr.

The definition of low-risk MPS in LBBB or RVA pacing
Several reports defined a low-risk MPS for the aforementioned patient population 
in the pre-gated SPECT era as completely normal scans, small to medium 
reversible or fixed defects, normal ventricular volumes and ejection fractions 
[18,20,21,27,28]. Since the introduction of gated-SPECT it was demonstrated that 
these low-risk MPS in a LBBB and RVA pacing population can be defined on the 
basis of combined perfusion and wall motion analysis. With the use of gated 
SPECT abnormal perfusion could be attributed to the abnormal left ventricular 
activation pattern. 
 A triad of abnormal left ventricular activation pattern, perfusion 
abnormalities in well defined regions and concomitant wall motion abnormalities 
in the same regions were considered to be only of abnormal activation related 
origin (AARD) and not related to coronary artery disease [22]. These AARD 
demonstrated to have a similar prognosis as normal MPS in patients with the 
same LV conduction characteristics. Therefore, it was concluded that these 
AARD are not of prognostic importance and possibly artificial. 

The prognostic value of MPS
Perspective on cardiac event rates in patients with LBBB or RVA pacing
Several issues arise when studying the results of the prognostic studies in more 
detail. First, reports on the prognosis of MPS for patients with either LBBB or RVA 
pacing are scarce. While several thousands of patients are studied with normal 
LV activation patterns, only about 1250 patients with abnormal left ventricular 
activation patterns were previously examined. Most studies describe a period 
that starts before 1993 and, therefore the prognostic value may have changed 
over time with improved pharmacological and invasive treatment. Furthermore, 
most studies were carried out without gating [18-21,27,28]. In addition, various 
events were assessed. The patient population was relatively old with a mean 
age of >65 years and most patients showed a relatively high pre-test probability 
for coronary artery disease. A normal or low-risk MPS demonstrated a lower 
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event-rate than a high risk MPS in these patients (Table 1) [18-21,27]. These 
figures are higher compared with low- and high risk MPS in patients with a 
normal left ventricular activation [5,6,31]. This difference may be explained by 
several important findings. First, the prognosis of MPS in patients with LBBB 
or RVA pacing was assessed in patients with a higher mean age compared with 
studies that assessed the prognostic value of MPS in patients with normal left 
ventricular conduction. Also, patients with LBBB are known to have a higher 
cardiac event rate than patients with right bundle branch block or normal left 
ventricular activation patterns [32-34]. For RVA pacing this is less well known. 
The presence of ventricular pacing does not seem to influence mortality [35,36], 
but atrial fibrillation and heart failure are more often observed with chronic RVA 
pacing [37,38].

High risk MPS in patients with LBBB and RVA-pacing
Despite treatment in all reports was done based on the MPS results, the presence 
of an abnormal MPS in these patients carries a very high cardiac event rate 
[18,19,26,27]. These figures are significantly higher than those of patients with 
a low-risk MPS and the same conduction characteristics [18,19,22,27,28]. This 
suggests that MPS is capable to identify patients at low and high risk for future 
cardiac events. This suggestion is strengthened by the OR of 4.8 between a low 
and high risk MPS and the finding that the OR showed little heterogeneity 
between the studies. 
 Despite improvements in therapeutic care over time, the observed 
cardiac death and non fatal MI rates hardly differ over time (Table 1). Even 
though treatment options have clearly ameliorated in the past decade. As a 
consequence, one would assume that the event-rates would diminish in more 
recent reports, since patients are treated based on the results of the MPS. The 
reasons for this lack of improved outcome in more recent years remains unclear. 
This raises the question whether the treatment of patients with LBBB or RVA 
pacing and a high risk MPS should differ from that of patients without these 
conduction abnormalities. Because detailed data about the treatment in the 
cited reports are missing we were left to examine the management of these 
patients in our institution (Chapter 7). The choice of the medical, invasive or 
combined treatment was left to the discretion of the cardiologist in charge (Table 
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2a). In the high risk group, medical treatment was the predominant choice 
of therapy, only 44% (n= 42) were referred for further invasive assessment. 
After CAG, 57% underwent revascularization. The majority of patients were 
on a treatment regime of aspirin, statin treatment and beta-blockers (Table 3) 
(p<0.001). Nevertheless, cardiac death and non fatal AMI still occurred in about 
18% of patients and most cardiac deaths could be classified as sudden cardiac 
death. Only two patients died of heart failure, and one died of fatal myocardial 
infarction. However, if coronary revascularization was performed in patients 
with a high risk MPS, cardiac death or non fatal AMI were not observed. When 
patients underwent coronary angiography but were treated medically one non 
fatal AMI was observed. Compared with patients with a low-risk MPS, the 
patient population with a high risk MPS had a lower mean LVEF (59% vs. 38% 
respectively). Also a previous myocardial infarction was observed more in the 
group with a high risk MPS compared with group with a low-risk MPS. Even 
though this might explain the high incidence rate of cardiac death and non fatal 
AMI in the high risk MPS group, it does not explain why the incidence rate 
remains high over the years [19-21,25-27]. It does however indicate that patients 
with an LBBB or RVA pacing and an abnormal MPS who subsequently cannot be 
treated with coronary revascularization are especially at a high risk of ‘sudden’ 
cardiac death or non-fatal AMI (Table 2b. 0 hard events after revascularization 
vs 17 events after medical treatment).
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Table 2a. Post SPECT strategy

SPECT result CAG Medical treatment
Reason

Revasc. Medical treatment Small 
ischemic 
burden

Good 
response 

to medical 
therapy

Risk of 
CAG or 

subsequent 
revasc. 

considered 
to high

Reason
Revasc. 

not 
possible

Coronary 
artery 

disease  
< 70%

Infarct  only 
(N=16)

 2 1 1  9  1 2

Infarct and 
ischemia (N=52)

15 4 3 13 11 6

Ischemia only 
(N=28)

 7 4 5  5  4 3

Revasc.=Revascularization

Table 2b. Events after revascularization or when medical treatment was the chosen 

strategy

SPET result Events Events Events
Infarct  only 
(N=16)

CABG  = 1
NCD = 1
CD = 3

Infarct and 
ischemia  
(N=52)

PCI = 2
CABG = 1

NCD = 1 PCI = 2
NCD = 1
CD = 1

CD = 6
PCI = 1

CD = 2
MI = 1

Ischemia only 
(N=28)

CABG = 2
PCI = 1

MI = 1 PCI = 1
MI = 1

PCI = 1 CD = 1
MI = 1

AARD= abnormal activation related defects, AMI= acute myocardial infarction, CABG= coronary 
artery bypass graft, CAG= coronary angiography, NCD= non-cardiac death, PCI= percutaneous 
coronary intervention, Revasc.= Revascularization, SPECT= single photon emission computed 
tomography. 
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Table 3. Medical strategy after MPS

Low-risk (n=101) High-risk (n=96)
B-blocker (n, %) 54 (53%) 86 (90%)
Aspirin (n, %) 66 (65%) 69 (72%)
Warfarin (n, %) 31 (31%) 36 (36%)
Statin (n, %) 58 (57%) 88 (92%)

Patients could be on Aspirin, Warfarin or Aspirin and Warfarin therapy.

Conclusion

Several reports assessed the prognostic value of MPS for patients with LBBB or 
RVA pacing. A normal or low-risk MPS is associated with a relatively uneventful 
follow-up. In the presence of an abnormal left ventricular activation pattern, 
myocardial perfusion SPECT remains a powerful technique for risk stratification. 
Despite treatment based on the MPS results, the cardiac event-rates of patients 
with an abnormal or high-risk MPS are significantly higher than that of patients 
without LBBB or RVA pacing.
 
Clinical implications
Because cardiac death in the medically treated high-risk MPS group was mainly 
acute and unexpected, one could argue whether treatment should focus on 
prevention of sudden cardiac death. Especially when coronary revascularization 
is not feasible or indications for ICD implantation are absent. Whether this 
approach for this specific patient category would improve the outcome remains 
a future study target. 

Note: Abbreviations are explained in the abbreviations list in the appendix.
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1. Myocardial perfusion imaging for the work-up of 
patients with an abnormal left ventricular conduction 
pattern and chest-pain 

Introduction 
In this chapter we discuss the effects of abnormal left ventricular conduction 
due to intrinsic LBBB and LBBB caused by RVA pacing on myocardial perfusion 
imaging and their impact on the assessment of cardiac risk. In the remainder of 
the discussion both patient populations are considered as a single entity unless 
otherwise specified.
 The diagnostic as well as prognostic work-up of patients with chest-
pain and abnormal left ventricular conduction pattern on the surface ECG 
is challenging. The primary goal is to exclude CAD with a low cardiac risk, 
and also to identify patients with CAD with a high cardiac risk; in the latter 
category the outcome can contribute to optimal patient management. Two 
types of strategies have been developed, functional imaging that focuses on 
the assessment of the hemodynamic consequences of coronary artery disease, 
and anatomical imaging that focuses on the visualization of obstructions in 
the coronary arteries. It remains uncertain what level of visual obstruction is 
of hemodynamic consequence while only flow limiting obstructions deserve 
treatment [1]. With the limited financial resources available it is apparent that 
a less expensive but equally effective strategy is preferable [2]. Since invasive 
diagnostic approaches are expensive, require hospital admission and subsequent 
recovery from the procedure [2,3] and carry a certain risk for complications [4], 
non-invasive assessment of patients with chest pain is advised, before invasive 
strategies should be performed [5]. Non-invasive cardiac imaging can serve 
as a gatekeeper to prevent unnecessary invasive coronary angiography. The 
non-invasive assessment of obstructions in coronary arteries by MSCT-CA 
demonstrated that the predominant value is to rule out coronary artery disease 
[6-9]. For the detection of flow limiting obstructions however, as expressed in i.e. 
the positive predictive value, the technique does not yet suffice.
 For the non-invasive assessment of the hemodynamic consequences of CAD 
several techniques are available. All techniques focus on a specific part of the 
ischemic cascade (Figure 1). In the specific population subject of this thesis, all 
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functional non-invasive techniques carry a reduced diagnostic accuracy [10] 
caused by one or more aspects related to the abnormal electrical activation 
pattern. Because of repolarisation changes on the surface ECG, the diagnostic 
value of the exercise ECG is reduced [11]. The abnormal left ventricular activation 
pattern results in wall motion abnormalities at rest. Techniques that focus on 
wall motion abnormalities have a limited diagnostic value because it is difficult 
to differentiate between worsening of pre-existing wall motion abnormalities 
versus new wall motion abnormalities caused by ischemia [12-14]. In addition, 
the use of MRI is contra-indicated when a pacemaker is implanted because of 
possible damage of the leads. Perfusion defects due to ventricular ischemia can 
be assessed by means of nuclear and echocardiographic studies as well as MRI. 
Of these, stress perfusion echocardiography is not readily available and not 
frequently used. Furthermore, perfusion stress-echocardiography and MRI are 
hardly studied in the described population.
 Only nuclear imaging is widely available, well studied and available for 
the complete patient population with abnormal left ventricular activation. 
The diagnostic accuracy of nuclear imaging is also reduced in this population 
because of the high prevalence of perfusion abnormalities that cannot be related 
to obstructive coronary disease [15-19]. The predictive value of myocardial 
perfusion SPECT (MPS) would improve if abnormal activation related perfusion 
defects could be distinguished from defects due to true obstructive coronary 
artery disease. 

Causes of abnormal activation related defects
The cause of these myocardial perfusion defects is a challenging subject and 
several physiologic explanations are proposed [20-22]. Recently the abnormal 
activation related perfusion defects were thought to be an artificial effect and 
not a lack of coronary flow [23-26]. 

Coping with false positive defects
To account for these false positive perfusion defects several options have been 
proposed. First, vasodilator stress reduces the extend and severity of false positive 
perfusion defects [15,27]. Second, the predominant region of the false positive 
perfusion abnormalities with LBBB is the septum. This area corresponds with 
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the territory that is supplied by the LAD. To deal with this problem, different 
reading algorithms have been proposed to increase the diagnostic accuracy 
[17,28-30]. It was demonstrated that fixed septal defects were not of diagnostic 
significance. However, alternative reading algorithms showed no improvement 
of the diagnostic accuracy and therefore are not used in daily practice. 

the technique is very capable to use for assessment of this part of the ischemic cascade.

the technique is theoretically capable to assess this part of the ischemic cascade. Or the value for 
assessment of this part of the ischemic cascade is under research.

the technique is not capable to assess this part of the ischemic cascade.

Angina

ECG changes

Systolic dysfunctions

Diastolic dysfunctions

Metabolic changes

Perfusion abnormalities

Time of ischemia

Figure 1. The ischemic cascade. Depending on the duration of ischemia changes in left 

ventricular performance occur. All non-invasive techniques to assess possible obstructive 

coronary artery disease focus on a part of the ischemic cascade. Nuclear imaging 

(SPECT and PET) mainly focus on perfusion and metabolism. Echocardiography and 

MRI mainly focus on assessment of diastolic and systolic ventricular function. Both are 

capable to also assess perfusion but are not frequently used in clinical practice.
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False positive defects: Partial Volume Effects 
Partial Volume Effect is an artifact on images caused by a reduced spatial 
resolution of the imaging technique. For SPECT this is caused by the spatial 
resolution of the Gamma camera of ~8mm. For a moving organ like the heart 
this resolution is even worse. With SPECT imaging, the gamma camera acquires 
counts from electrons that are emitted by the SPECT tracer. These counts are 
translated into an image. The amount of tracer in a volume corresponds with a 
certain amount of counts. It is important to understand that in a moving subject, 
i.e. the heart, the counts are smeared out over several detectors. When wall motion 
abnormalities exist the amount of tracer acquired can change. Especially when 
dyssynchrony of the ventricles (movement of the myocardial wall in the opposite 
direction) is present, this effect becomes more outspoken. In this situation less 
counts are acquired despite an equal tracer activity present in a in a myocardial 
volume. The myocardium moves outward instead of inward during the cardiac 
cycle, therefore the counts are acquired by more detectors. Thus fewer counts 
are acquired by the gamma camera per detector with a lower count-rate per 
ROI. Because less activity is acquired in a ROI, the computer translates this into 
a reduced activity on the subsequent perfusion images despite a normal tracer 
uptake. The false positive defects are predominantly found in the septum with 
LBBB and in the inferior wall with RVA pacing. Recently we have demonstrated 
that induction of wall motion abnormalities results in the visual perception of 
perfusion defects despite an equal tracer amount [25]. 

Correction for false Positive Defects
Based on the information that wall motion abnormalities are a major contributor 
to the false positive defects [23-26] an algorithm was constructed to account for  
abnormal activation related defects (AARD) [31]. This algorithm is based on a 
triad of abnormal activation, abnormal wall motion and abnormal perfusion 
in well-defined regions and normal myocardial perfusion in the rest of the 
myocardium. It was demonstrated that the cardiac prognosis of patients with 
AARD is the same as that of those with the same activation characteristics but 
normal myocardial perfusion. This indicates that patients with AARD can be 
considered to be at low-risk for future cardiac events.
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Prognostic value of myocardial perfusion SPECT 
MPS is scarcely studied for risk stratification of patients with abnormal left 
ventricular activation [32-39]. The prognostic value of the test is hardly known 
due to the frequently observed false positive perfusion defects. To deal with 
the false positive perfusion defects several criteria were described to define a 
low risk MPS [33,35,37-39]. These studies were not carried out with gated SPECT. 
Notwithstanding, MPS can discriminate between patients at low and higher 
risk for future events also in this specific patient population [33-35,37-39]. We 
demonstrated that gated MPS enables to identify defects that are only related 
to the abnormal activation pattern and not of prognostic significance [31]. The 
discriminative value of MPS for patients at low and at high cardiac risk was 
described (Chapter 7). The cardiac death and non-fatal MI rate was 1.3%/yr for 
the patients with a low-risk MPS, compared with 8.4%/yr for the population 
with a high risk MPS. This figure of 1.3% is slightly higher than the accepted 
value of 1% for a low risk patient group [5]. But, because of the relatively old 
population and the known worse natural history of these patients, the annual 
event-rate is low enough to warrant a watchful waiting strategy for the low-risk 
patients.
 
Approach for high risk patients
The apparently worse prognosis of patients with a high risk MPS demonstrates 
that an aggressive and invasive strategy is justified [5]. Nevertheless, despite 
improvements in pharmaceutical care and revascularization options the cardiac 
event-rates of recent studies with a high risk population with abnormal left 
ventricular activation patterns has not improved (Chapter 8). This suggests that 
today’s standard applied strategies do not suffice. We showed that patients who 
underwent invasive additional assessment and revascularization when possible, 
had an uneventful prognosis. This indicates that patients with an abnormal 
MPS who subsequently cannot be treated with coronary revascularization are 
especially at a high risk of ‘sudden’ cardiac death or AMI. Because, most cardiac 
deaths were classified as sudden unexpected deaths, it is a debatable whether 
the prognosis of these patients should improve with the focus on prevention 
of sudden cardiac death, especially when coronary revascularization is not 
possible for whatever reason. A possible approach to the work-up of patients 
with LBBB or RVA pacing and chest-pain is given in Figure 2.
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Nuclear Perfusion Imaging

LBBB/RVA

Non invasive strategies

Exercise ECG
Stress Echocardiography
MRI
MSCT-CA

Reduced 
Value

Low-Risk

Cardiac Risk 1.3%/yr

Watchful waiting

Invasive strategies

High-Risk

Cardiac Risk 8.4%/yr

Chest pain

Figure 2. The figure provides a possible approach to the work-up of patients with LBBB 

or RVA pacing and chest-pain. The clear difference in cardiac event-rates between 

patients at low and high risk for future cardiac events based on the myocardial 

perfusion SPECT results demonstrates, that patients with a low risk MPS allow for 

a watchful waiting strategy whereas patients with a high risk scan deserve invasive 

future assessment and possible treatment.

Effects of pacing mode, site and heart rate on myocardial blood-
flow and left ventricular function
Several reports showed that exercise in patients with LBBB results in more false 
positive perfusion abnormalities compared with vasodilator stress [15,27,40]. As 
an alternative method, which can be employed in patients with a pacemaker, we 
studied the value of stepwise heart-rate increase by increasing the ventricular 
pacemaker rate without exercise. In an elderly population with frequently a 
limited exercise capacity, this seems a promising option to stress these patients. 
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However, compared with the standard vasodilator stress test with adenosine, 
the ventricular paced heart rate increase resulted in more and more extensive 
false positive perfusion defects [41]. This finding shows that this technique does 
not suffice as stress method in a paced population. Moreover, it also suggests 
that with increased heart rates imposed by ventricular pacing, the regional 
myocardial perfusion is impaired to a greater extent than with vasodilator stress. 
 RVA pacing is thought to result in deleterious effects on the left ventricular 
function [42-44]. In order to prevent these effects other, more physiological 
pacing sites in the RV are introduced with various results [43,45-48]. Paced 
heart rate increase demonstrated a reduced perfusion, but LV function was not 
studied. We compared normal LV activation with RVA and RVOT pacing on 
LVF. Both resulted in a decrease of LVF [49]. This holds true for both low and 
higher pacing rates. Furthermore, increasing the pacing rates deteriorates the 
LVF in comparison with normal LV activation. This finding suggests that any 
ventricular pacing should be avoided to prevent worsening of LVF whenever 
possible. Especially because heart-failure and atrial fibrillation were more 
frequently observed with chronic ventricular pacing compared with chronic 
atrial pacing [50-53].
As mentioned earlier, false positive perfusion defects seem related with 
abnormal wall motion instead of hypoperfusion [24,26]. 
 The effects of pacing on MBF with short-lived PET-flow tracers in humans 
are scarcely studied. Previous studies with H2

15O PET demonstrated that normal 
and abnormal LV activation showed an increase in global MBF at higher paced 
heart rates. MBF increased in all three major epicardial coronary territories [54]. 
 The effects of further increased pacing rates however are unknown. We 
demonstrated (Chapter 4) that higher heart rate result in increased MBF in all 
myocardial walls. However, regional differences exist. During normal activation 
the septum shows a higher MBF compared with the lateral wall at rest. With 
increased heart rates the increase of the lateral wall is higher than the increase 
of the septum. This results in a decrease of the septal/lateral MBF ratio. Even 
more, the opposite effect is seen in patients with RVA pacing. These findings 
support the finding that septal perfusion defects on myocardial SPECT are not 
caused by hypo-perfusion but are rather artificial. The causes for this finding 
are unknown. 
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 Also, the clinical implications are unclear. Further studies are needed to 
assess whether these regional differences are the cause of the worsening of LVF 
with RV pacing [49]. Also, whether the inversed relationship between normal 
conduction and RVA pacing means that the lower rate in chronic RVA pacing 
must be increased in order to prevent LVF deterioration.

Conclusion

Our studies demonstrate that with the awareness of AARD, MPS is a valuable 
non-invasive test to distinguish between patients at low and high cardiac risk. 
These AARD are most probably artificial rather than true hypo-perfusion and 
can be easily defined. The cardiac event-rate of patients with a normal MPS or 
MPS with only AARD is low and justifies a watchful waiting strategy. However, 
the dramatically high cardiac event-rates inpatients with a MPS which extends 
outside the area of AARD necessitates aggressive invasive strategies with 
revascularization whenever possible. 
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2. Directions for future studies

Abnormal conduction of the left ventricle reduces the diagnostic and prognostic 
yield of non-invasive techniques for patients with chest-pain. However, the 
studies described in this thesis demonstrate that abnormal activation related 
defects could be defined and that the value of MPS for risk stratification of the 
studied population is good. Based on the aforementioned considerations and 
observations several future studies come to mind.

Abnormal activation related defects
AARD have been proposed and validated but only in retrospective manner in 
a single institution and by one group of nuclear cardiologists [25]. To definitely 
establish the value of AARD, this novel reading algorithm should be validated 
by 1) comparison with coronary angiography examinations and 2) in larger 
prospective studies carried out in various institutions. Also future studies seem 
justified to assess the prognostic value in patients with specific co-morbidity to 
further stratify patient risk.

Combined imaging
False positive myocardial perfusion defects account for less accuracy of 
myocardial perfusion SPECT in the patient with abnormal left ventricular 
conduction. In Chapter 5 [25] we demonstrated that wall motion abnormalities 
elicited by right ventricular pacing are strongly related to the appearance of 
abnormal perfusion as compared to no ventricular pacing, despite an absolutely 
similar tracer amount in the myocardium. Based on this information a model 
was defined to correct for these AARD [31]. The introduction of hybrid imaging 
of anatomy and perfusion even further strengthen the diagnostic as well 
as prognostic value of this technique. This method however needs further 
prospective investigations to establish the accuracy and validity in various 
patient categories. 

Perfusion and wall motion abnormalities
Myocardial perfusion imaging with SPECT was demonstrated to be susceptible 
to partial volume effects [24]. In Chapter 5 [25] we demonstrated that this is 
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caused by wall motion abnormalities. Wall motion abnormalities are also present 
in other situations with abnormal perfusion, i.e. myocardial infarction. Further 
studies are needed to assess whether wall motion abnormalities also contribute 
to perfusion abnormalities in situations with abnormal wall motion due to other 
causes than abnormal electrical activation of the ventricles. 

Myocardial blood-flow
In Chapter 4, we demonstrated a difference in myocardial blood-flow between 
normal and abnormal left ventricular activation patterns. Myocardial blood-
flow was reduced in the septum with RVA pacing compared with AAI-pacing 
reflecting normal atrioventricular and intraventricular conduction. Higher 
paced heart-rates resulted in different effects for RVA pacing and AAI pacing 
for the septal/lateral MBF ratio. The clinical significance of this finding remains 
subject for future studies to investigate the consequences of rate dependency of 
ventricular dyssynchrony and to ascertain the optimal site of long-term pacing 
to prevent the unpredictable deterioration of the left ventricular function in 
patients. 

Future prognostic considerations
Despite the strong discrimination between low and high risk groups for future 
cardiac events as described in Chapter 7, it remains troublesome to observe that 
the rate of cardiac death and acute myocardial infarction after an abnormal MPS 
remains high (Chapter 8). As previously mentioned cardiac death was mostly of 
sudden unexpected etiology. Whether an aggressive strategy to prevent sudden 
cardiac death will improve prognosis, is subject of future studies. 

Note: Abbreviations are explained in the abbreviations list in the appendix. 
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Background

Myocardial perfusion SPECT is an uncontested technique for diagnostic as well 
as prognostic purposes in patients with chest pain and a normal left ventricular 
activation pattern [1-7]. The diagnostic [3,5,8-11] as well as prognostic value [2,4,12-

20] have been documented in various patient populations. For patients with an 
abnormal intraventricular conduction delay due to LBBB or RVA pacing the 
value of this technique is not generally accepted. This is predominantly caused 
by perfusion defects that have no relation with CAD [21-27]. 

Chapter 1 offers an insight into myocardial perfusion SPECT imaging. The 
principles of the technique and the additional information that this technique 
offers are discussed. Also, the most commonly used tracers are briefly described. 
The value of this imaging technique and the various aspects that influence the 
diagnostic as well as prognostic value of SPECT for the work-up of patients with 
abnormal left ventricular conduction and chest-pain are addressed. 

In Chapter 2 the effects of paced heart-rate increase on myocardial perfusion are 
discussed. Increasing the pacemaker rate appears an easier method than other 
stress methods in elderly patients with a sedentary lifestyle. We demonstrate 
that comparable to exercise the perfusion defects with paced heart-rate increase 
are more severe and extensive than those of adenosine stress. Also, the site of 
the false positive perfusion defects demonstrated to be not limited to the well-
known infero-septal region. But all myocardial walls could be affected. Our 
results demonstrate that increasing the paced heart rate with the implanted 
pacemaker is not a valid stress technique and that pharmacologic stress remains 
the preferred stress method. Although smaller, we also found false positive 
defects with adenosine. This observation includes that myocardial perfusion 
SPECT imaging should be interpreted with caution for the diagnosis of possible 
obstructive coronary artery disease in this category of patients.

Pacing from the RVA is thought to negatively influence LV-function. Therefore 
other presumably more physiological right ventricular pacing sites have been 
introduced. In Chapter 3 we assessed the acute effects of RVA and RVOT pacing 



Summary

157

on LV function with echocardiography at various pacing rates. We demonstrate 
that both RVA and RVOT pacing both negatively affect LVF and increases the 
electromechanical delay of the LV. Higher pacing rates resulted in a worsening 
of the wall motion score and reduction of the LVF. No difference in effect on LVF 
between the two pacing sites was observed. Because acute pacing did not result 
in differences between the two pacing sites, echocardiography is not feasible to 
direct the optimal pacing site during implantation. Also, the results of this study 
seem to demonstrate that for preservation of LVF it is irrelevant from what right 
ventricular pacing site the pacing originates.

Increasing paced heart rate results in more extensive false positive perfusion 
defects compared with adenosine stress (Chapter 2). However, a comparison of 
myocardial blood-flow with and without ventricular pacing was not performed 
in Chapter 2. For a better understanding of the effects of increased heart rates on 
myocardial blood-flow with or without pacing, global and regional myocardial 
blood-flow at low and higher heart rates using H2

15O PET were assessed in a 
pilot study in Chapter 4. Normal activation of the left ventricle was studied 
in 4 patients with normal conduction of the ventricles with AAI pacing and 
abnormal LV activation was studied in 6 patients with RVA pacing. MBF 
increased in all myocardial walls with increased pacing rates both with normal 
and with abnormal left ventricular conduction. However, regional differences 
exist between the two types of activation. With AAI pacing, the septal/lateral 
MBF ratio decreased with increased heart rates whereas with RVA pacing the 
opposite was observed. The explanation of this finding is unclear. Nevertheless, 
because MBF increased in all myocardial walls with RVA pacing, also in the 
septum, this suggests that the false positive perfusion defects with SPECT 
are artificial, caused by wall motion artifact rather than caused by true hypo-
perfusion. 

The suggestion that the false positive perfusion defects with SPECT imaging in 
paced patients described in Chapter 2 are artificial is further assessed in Chapter 
5. We further assess this in a model that allows for a direct comparison of 
myocardial perfusion during normal LV activation and abnormal LV activation. 
Because the tracer is injected during normal LV activation, the contribution 
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of wall motion abnormalities and abnormal activation is eliminated. Since 
no redistribution of Technetium-99m-sestabimi occurs and the tracer remains 
fixed in the myocardium this allows for a direct comparison between the two 
conditions. Therefore, the absolute amount of tracer is similar between the 
two pacing modes. Any observed difference can therefore only be attributed to 
changes in counts acquired by the gamma-camera. It is demonstrated that when 
wall motion abnormalities are induced with RVA pacing, this results in a visual 
impression of decreased myocardial perfusion in part of the patients. However, 
when no wall motion abnormalities are present with RVA pacing the aspect of 
myocardial perfusion is also not changed. This strengthens the suggestion of 
Chapter 4 that an artifact caused by wall motion abnormalities rather than true 
hypo-perfusion is a reason of false positive perfusion abnormalities. 

Based on these results we defined the abnormal activation related defects 
(AARD) in Chapter 6. We tested our hypothesis that these AARD are not of 
prognostic significance by comparing the outcome of patients with abnormal LV 
activation pattern and a normal MPS with those with AARD. We demonstrate 
that the prognosis is similar when AARD are present as compared with patients 
with a completely normal MPS and the same conduction characteristics. These 
findings show that AARD are not of prognostic importance. Thus both MPS 
results can be considered as low-risk. To analyze the prognostic value of MPS 
for this specific patient population, we compare the prognosis of the low-risk 
MPS with those with an MPS that shows defects that cannot be attributed to 
abnormal activation but are rather the result of obstructive coronary artery 
disease in Chapter 7. In 197 patients with a mean follow-up of 2.6 years, a clear 
discrimination is possible between those at low and high risk for future cardiac 
events based on the MPS results. After a low-risk MPS the cardiac death and 
non-fatal AMI is 1.3%/yr whereas a high risk MPS carries an 8.4%/yr risk for the 
aforementioned events. This demonstrates that MPS is a powerful technique 
for risk-stratification of patients with chest-pain and abnormal left ventricular 
activation.

In Chapter 8 we provide a review of the literature about risk stratification using 
MPS in the population subject of this thesis. We show that the MPS with AARD 
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defined in Chapter 6 carry the same cardiac risk as other low-risk MPS in previous 
studies. Also, we demonstrate that in recent years the cardiac risk after a high 
risk MPS does not show a reduction in cardiac events despite improved patient 
care. Further analysis of our own high-risk patients of Chapter 7, indicates that 
the predominant cause of death is a sudden cardiac death and that patients 
that undergo revascularization have an uneventful follow-up afterwards. We 
provide suggestions for future studies to improve the prognosis of these high-
risk patients.

Finally in Chapter 9, the general discussion, the work-up of patients with chest-
pain and an abnormal left ventricular activation pattern is discussed. Also, the 
characteristics of Partial Volume Effects are discussed and we discuss future 
studies that derive from the studies presented in this thesis.
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Inleiding

Myocard perfusie SPECT, het meten van de doorbloeding van het hart, is een 
onbetwiste onderzoeksmethode voor de diagnostiek en risico inschatting van 
patiënten met een normale linker kamer activatie en pijn op de borst [1-7]. De 
waarde van myocard perfusie SPECT voor de diagnostiek [3,5,8-11] en risico 
inschatting [2,4,12-20] is bewezen in verschillende groepen patiënten. Echter, in 
de aanwezigheid van een abnormaal linker kamer activatie patroon, door een 
linker bundel tak blok of de aanwezigheid van rechter kamer apex stimulatie, is 
de waarde van deze methode niet algemeen aanvaard. Dit komt grotendeels door 
het optreden van afwijkende perfusie die niet blijkt te berusten op obstructief 
kransslagaderlijden. 

Hoofdstuk 1 biedt een inzicht in de achtergronden van myocard perfusie SPECT. 
We beschrijven de principes van de methode en laten zien wat voor aanvullende 
waarde de techniek heeft. Daarnaast beschrijven we de eigenschappen van de 
meest gebruikte nucleaire tracers. De verschillende aspecten die de waarde 
van deze methode beïnvloeden voor de diagnostiek en risico inschatting bij 
patiënten met een abnormaal linker kamer activatie patroon en pijn op de borst 
worden besproken.

In Hoofdstuk 2 beschrijven we de invloed van hartslag verhoging door de 
pacemaker op de doorbloeding van het hart tijdens myocard perfusie SPECT 
onderzoek. Het verhogen van de pacemaker frequentie om de hartslag te 
laten toenemen lijkt makkelijker dan inspanning in een oudere patiënten 
populatie. We laten zien dat, net als bij inspanning, ook hartslagverhoging 
door de pacemaker resulteert in meer en uitgebreidere perfusie afwijkingen in 
vergelijking met het gebruik van adenosine. Daarnaast tonen we aan dat de fout 
positieve perfusie afwijkingen niet beperkt blijven tot de bekende septale regio 
maar dat alle wanden aangedaan kunnen zijn. Onze resultaten tonen aan dat 
het verhogen van de hartfrequentie door de geïmplanteerde pacemaker geen 
goede manier is om inspanning na te bootsen. Ondanks dat de fout positieve 
perfusie afwijkingen kleiner waren dan met pacemaker stress, waren er ook 
fout positieve afwijkingen zichtbaar bij adenosine. Inspanning nabootsen met 
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adenosine blijft daarom de voorkeur houden. Met andere woorden, het blijft 
belangrijk om myocard perfusie SPECT onderzoeken te beoordelen met in het 
achterhoofd de mogelijkheid van fout positieve afwijkingen in deze patiënten 
populatie.
 Pacemaker stimulatie vanuit de rechter kamer apex wordt verondersteld een 
negatieve invloed op de linker kamer functie te hebben. Derhalve zijn andere 
meer fysiologische stimulatie plaatsen geïntroduceerd. In Hoofdstuk 3 bekijken 
we de acute effecten van rechter kamer apex of uitstroombaan stimulatie bij 
verschillende hartfrequenties op de linker kamer functie met echocardiografie. 
We laten zien dat stimulatie vanuit beide plaatsen een negatieve invloed op 
de linker kamer functie heeft. Er is geen verschil aantoonbaar tussen de twee 
stimulatie plaatsen. Daarom het niet mogelijk om middels echocardiografie 
tijdens implantatie de beste pacing vorm voor de individuele patiënt te 
beoordelen. Ook lijkt deze studie aan te tonen dat voor het functioneren van de 
linker kamer het niet uitmaakt vanuit welke plek er in de rechter kamer wordt 
gestimuleerd. 

Het verhogen van de hartslag door pacemaker stimulatie resulteert in meer 
en meer uitgesproken fout positieve perfusie afwijkingen in vergelijking met 
adenosine (Hoofdstuk 2). Echter er is in Hoofdstuk 2 geen vergelijking met en 
zonder pacemaker stimulatie verricht. Om een beter begrip te krijgen van de 
effecten van hartslag verhoging op de doorbloeding van het hart met en zonder 
pacing is dat onderzocht in Hoofdstuk 4 gebruikmakend van H2

15O PET. Bij 
4 patiënten zijn de effecten bij normale linker kamer activatie onderzocht en 
bij 6 patiënten met abnormale linker kamer activatie door stimulatie vanuit 
de rechter kamer apex. De doorbloeding nam toe in alle wanden van het hart 
zowel bij normale als bij abnormale linker kamer activatie. Echter er werden 
wel regionale verschillen aangetoond tussen de twee activatie vormen zowel 
in rust als bij het verhogen van de hartfrequentie. Met normale activatie nam 
de doorbloeding van de laterale wand meer toe dan die van het septum. Met 
abnormale activatie werd het tegenovergestelde effect gezien. De reden hiervan 
is onduidelijk. Desondanks kan gesteld worden dat, door het toenemen van de 
doorbloeding bij zowel normale als abnormale activatie in alle wanddelen, dus 
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ook het septum, de fout positieve afwijkingen bij SPECT onderzoek eerder door 
artefact komen dan daadwerkelijk verminderde perfusie betreffen.
De suggestie dat de fout positieve afwijkingen die gevonden worden bij SPECT 
onderzoek bij pacemaker gestimuleerde patiënten een artefact betreffen, 
onderzoeken we in meer detail in Hoofdstuk 5. We gebruiken een model dat 
een directe vergelijking mogelijk maakt tussen normale en abnormale linker 
kamer activatie. Omdat de nucleaire tracer wordt ingespoten bij normale 
activatie, wordt de mogelijke bijdrage van abnormale activatie op de opname 
van de tracer tot een minimum beperkt. De tracer, Technetium-99m-sestamibi, 
blijft in het hart blijft zitten op de plek waar het opgenomen is. Hierdoor blijft de 
hoeveelheid tracer tussen de twee bestudeerde stimulatie vormen identiek. Dit 
maakt een directe vergelijking tussen normale en abnormale kamer stimulatie 
mogelijk. Alle verschillen in de waarneming van de perfusie kunnen derhalve 
slechts worden toegeschreven aan een verschillende hoeveelheid activiteit die 
de camera meet (oplossend vermogen). 

We laten zien dat de rechter kamer apex stimulatie optredende wandbewegings-
stoornissen resulteren in een verminderde afbeelding van de perfusie. Tevens 
laten we zien dat als er geen wandbewegingsstoornissen optreden de afbeelding 
van de perfusie niet verandert. Dit versterkt de bevinding in Hoofdstuk 4 dat 
artefact, bewegingsartefact, ten grondslag ligt aan de fout positieve perfusie en 
niet een daadwerkelijke afname van de doorbloeding.

Op basis van deze resultaten definiëren we waar de door abnormale activatie 
veroorzaakte perfusie afwijkingen (AARD) aan moeten voldoen (Hoofdstuk 
6). We testen onze hypothese door de overleving van patiënten met AARD te 
vergelijken met patiënten met normale perfusie en dezelfde abnormale activatie. 
We laten zien dat de overleving van beide groepen patiënten vergelijkbaar is. 
Derhalve is het hebben van AARD niet van prognostisch belang en kan als een 
laag risico worden beschouwd. 

Om de waarde van myocard perfusie SPECT voor deze specifieke patiënten 
populatie verder te onderzoeken, vergelijken we de prognose van patiënten met 
normale perfusie en AARD, met patiënten met afwijkende perfusie die niet door 
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abnormale activatie veroorzaakt wordt in Hoofdstuk 7. In 197 patiënten, 101 
met een laag risico, met een gemiddelde follow-up van 2,6 jaar laten we zien dat 
een duidelijk onderscheid gemaakt kan worden tussen patiënten met een laag 
en diegenen met een hoog risico op cardiale gebeurtenissen in de toekomst. Een 
laag risico scan is geassocieerd met het optreden van cardiale dood of een niet 
fataal hartinfarct van 1,3%/jaar. Een hoog risico scan daarentegen is gaat gepaard 
met een risico van 8,4%/jaar op het optreden van cardiaal overlijden of een niet 
fataal hartinfarct. Dit grote verschil laat zien dat myocard perfusie SPECT een 
sterke onderzoek is om onderscheid te maken tussen patiënten met een hoog en 
laag risico op cardiale problemen in de onderzochte patiënten groep.

In Hoofdstuk 8 wordt de rol van myocard perfusie SPECT voor de cardiale 
risico inscahtting van de patienten populatie van dit proefschrift uiteen gezet.  
We laten zien dat het risico op cardiale problemen van AARD, zoals beschreven 
in Hoofdstuk 6, hetzelfde is als het risico van andere laag risico patiënten uit 
onderzoek van anderen. Daarnaast laten we zien dat het risico van patiënten 
met een hoog risico scan niet verbetert over de jaren ondanks een verbetering 
van de zorg over de jaren. Een nadere analyse van de gegevens van de patiënten 
die in Hoofdstuk 7 zijn onderzocht laat zien dat met name het optreden van 
acute hartdood het overlijden veroorzaakt. Daarnaast treedt acute hartdood 
nauwelijks op als patiënten met een hoog risico scan aansluitend een operatie 
of dotterprocedure ondergaan om de doorbloeding van het hart te verbeteren. 
We stellen veranderingen in de behandeling voor om de prognose van de hoog 
risico patiënten te verbeteren.

Tenslotte bespreken we in Hoofdstuk 9 hoe patienten met een abnormaal linker 
kamer activatie patroon en pijn op de borst, op de polikliniek het beste kunnen 
worden onderzocht. Ook gaan we dieper in op de eigenschappen van Partial 
Volume Effecten, die een mogelijke oorzaak van het optreden van de artefacten 
bij wandbewegingsstoornissen kunnen zijn. Tenslotte bespreken we wat aan 
nieuw en vervolg onderzoek voort zou kunnen komen uit de resultaten van dit 
proefschrift. 
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Examples of myocardial perfusion SPECT
Appendix 1
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Examples of myocardial perfusion SPECT
Appendix 1 Appendix 2
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Legend to appendix 1

Example of a normal myocardial perfusion SPECT of a 63 year old female with a 

complete LBBB on the surface ECG. The SSS is <4. Gated SPECT revealed no wall 

motion abnormalities. The LVEF was 66%, LVEDV 72 ml and the LVESV 23 ml.
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Legend to appendix 2

Example of an myocardial perfusion SPECT with defects attributed to the abnormal 

activation pattern in a 76 year old male with RVA pacing. The scan reveals defects 

in the inferior wall in otherwise normal myocardium with concomitant wall motion 

abnormalities on gated-SPECT. SSS= 7 with 4 segments involved and concomitant wall 

motion abnormalities on gated-SPECT. LVEF was 67%, LVEDV 67 ml and LVESV 21 ml.
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Appendix 3
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Appendix 4
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Legend to appendix 3

Example of an myocardial perfusion SPECT with defects attributed to the abnormal

activation pattern in a 61 year old male with LBBB. The scan reveals defects

in the septal wall in otherwise normal myocardium with concomitant wall motion

abnormalities on gated-SPECT. SSS= 8 with 4 segments involved and

concomitant wall motion abnormalities on gated-SPECT. LVEF was 63%, LVEDV was

104 ml and LVESV was 54 ml



Appendix

179

Legend to appendix 4

Example of an abnormal MPS in a 78 year old female with a permanent RVA pacemaker. 

SSS>11 and more than 4 segments are affected. LVEF was 55%, LVEDV was 91 ml, 

LVESV was 42 ml. Wall motion abnormalities were observed in the inferior wall.
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Wall motion abnormalities 
induced perfusion defects 
Appendix 5
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Abbreviations

Legend to appendix 5

Example of perfusion abnormalities induced by wall motion abnormalities. The top 

rows represent the images acquired with ventricular pacing, the bottom rows represent 

the images acquired with normal atrio-ventricular conduction. 

During pacing wall motion abnormalities with dyskinesia of the apex and akinesia 

of the inferior wall and inferoseptal wall are present. With normal atrio-ventricular 

conduction only hypokinesia of the apex was present. LVEF was 59% with ventricular 

pacing and 67% with normal atrioventricular conduction.
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AAI pacemaker mode. atrial sensing, atrial pacing and inhibition to an 
  atrial sense
AARD abnormal activation related defects
AMI acute myocardial infarction
CT  computed tomography
CAG coronary angiography
DDD pacemaker mode. atrial and ventricular sensing and pacing,  
  triggering of sense or inhibition of sense 
ECG electrocardiogram
KeV kilo-electron volts
LBBB left bundle branch block
LVEDV left ventricular end diastolic volume
LVEF left ventricular ejection fraction 
LVESV left ventricular end systolic volume
LVF left ventricular function
MBF myocardial blood-flow
MPS myocardial perfusion SPECT
MRI magnetic resonance imaging
MSCT-CA multi slice computed tomography coronary angiography
PET positron emission tomography
RVA right ventricular apex
RVMS right ventricular mid septal
RVOT right ventricular outflow tract
SPECT single photon emission computed tomography




