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STE                 

CRT                 

LBBB   

TDI  

IM-EMG  

AFG  

EMD       

REA 

OS 

IVC 

IVR 

FDG-PET 

 

WWF 

Left ventricle 

Speckle tracking echocardiography 

Cardiac resynchronization therapy 

Left bundle branch block 

Tissue Doppler imaging  

Intramyocardial electromyograms 

Active myocardial force generation 

Electromechanical delay 

Regional electrical activation  

Onset of shortening 

Isovolumic contraction  

Isovolumic relaxation  

18F-fluorodeoxyglucose positron 

emission tomography imaging  

Wasted work fraction 
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Introduction 

 
Dyssynchrony in the heart 
In the normal heart electrical activation spreads rapidly throughout the ventricles through the 

specialized conduction system, resulting in a synchronous ventricular contraction. In some 

patients this conduction system is damaged resulting in a slower spread of electrical activation 

from myocyte to myocyte. In the left ventricle this may result in left bundle branch block 

(LBBB). Patients with LBBB commonly demonstrate left ventricular (LV) mechanical 

dyssynchrony, and the most prominent features are early contraction of the interventricular 

septum and delayed contraction of LV lateral wall during the isovolumic contraction phase. This 

abnormal contraction pattern is due to slowing of intraventricular electrical conduction with 

early activation of the septum and late activation of the LV lateral wall, subsequently reducing 

LV function. 

 

Dyssynchrony may be divided into inter-ventricular dyssynchrony i.e. between the right and left 

ventricle and intra-ventricular i.e. between different walls within the left ventricle. The relative 

importance of inter- and intra-ventricular dyssynchrony, however, is not entirely clear and data 

are somewhat conflicting regarding the clinical importance of measuring inter-ventricular 

dyssynchrony 1, 2. However, most evidence suggests that interventricular dyssynchrony is not as 

useful in the prediction of response to cardiac resynchronization therapy (CRT) as LV 

intraventricular dyssynchrony 3. In the present thesis we therefore focus on LV intra-ventricular 

dyssynchrony since this is known to decrease pump function and aggravate heart failure.  

 

Intra-ventricular dyssynchrony is defined as uncoordinated regional myocardial contractions 4 

and may in principle have the following etiologies; 1) Electrical conduction delay which 

causes non-uniform timing of myocyte depolarization (primary electrical dyssychrony), 2) 

abnormalities in excitation-contraction coupling (excitation-contraction related dyssynchrony), 

and 3) abnormal myocardial contractility or load which cause regional delay in fiber 

shortening (primary mechanical dyssychrony). This implies that observed mechanical 

dyssynchrony may have electrical as well as non-electrical etiologies, and these need to be 

differentiated since primary electrical dyssynchrony is most likely the only etiology amenable to 

CRT. 
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Cardiac resynchronization therapy 
Congestive heart failure is one of the major causes of morbidity and mortality in Norway and 

other countries. Unlike other common cardiovascular diseases, the age-adjusted mortality 

attributed to heart failure appears to be increasing. This occurs in spite of several effective drug 

treatments. Quite recently CRT has been documented to be a powerful treatment in patients with 

severe congestive heart failure, causing reverse LV remodelling, improvement of symptoms and 

reduction in mortality (Figure 1) 5, 6.  

 
Figure 1.  Right panel: The Care Heart Failure Trial showed marked reduction in mortality with 

bi-ventricular pacing in severe heart failure (Cleland JG et al, N Engl J Med 2005 14;352:1539-

49). 

 

The principle of CRT is that patients with ventricular dyssynchrony can be resynchronised and 

improve contractile function through bi-ventricular pacing. This is achieved by using a 

pacemaker with two ventricular electrodes which activates the right and the left ventricles 

simultaneously (Figure 2).  

 
Figure 2. Schematic illustration of how pacing leads are placed in the two ventricles during bi-

ventricular pacing. LBBB = left bundle branch block. Modified from  JA Jarcho. N Engl J Med 

2006;355:288. 
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This technology has evolved rapidly over a few years and is now established as effective 

treatment in selected patients with congestive heart failure, causing improvement of symptoms, 

reduction in mortality, and reverse LV remodelling reducing LV volumes. Based on current 

guidelines, patients selected for CRT must have evidence of intra-ventricular electrical delay 

with QRS > 120ms, severe congestive heart failure class III or ambulatory class IV, optimal 

medical therapy, LV ejection fraction � 35 % and evidence of LV dyssynchrony 7. Recently, 

guidelines also recommended that patients with heart failure class II and QRS >150ms be 

considered for CRT 7.  However, based on these guidelines, about one third of patients treated 

with CRT do not show clinical improvement, and in some cases aggravation of symptoms may 

occur after implantation of the CRT device 8, 9. 

 

Therefore, a major problem with CRT is that many patients are non-responders, and we 

need better methods for selection of candidates for this treatment modality.  

The greatest challenge in the selection of patients for CRT is the verification of dyssynchrony 

that may respond to resynchronization. Currently, electrocardiography is used as the main 

screening tool for dyssynchrony, and patients are selected for CRT based on morphology and 

duration of the QRS complex. In clinical trials which have documented clinical benefit of CRT, 

one of the entry criteria has been QRS duration over 120 ms and most often with left bundle 

branch block (LBBB) type morphology and sinus rhythm. 

Several trials, however, have shown that QRS duration is not a very precise marker of LV 

dyssynchrony, as patients with a wide QRS may not have LV dyssynchrony, and patients with a 

narrow QRS may actually have dyssynchrony. This may explain why a substantial fraction of 

patients with wide QRS are non-responders to CRT in the large trials 10, 11. There is therefore a 

strong interest in developing better methods for identifying patients who will benefit from CRT.  

 

Assessing regional myocardial function and dyssynchrony 
The main methods for assessing regional myocardial function are based on tissue Doppler 

imaging (TDI) or speckle tracking imaging (STE). These methods allow for analysis of 

myocardial strain and velocity and have been described and validated in previous studies 12-14. In 

short, myocardial strain is a measure of deformation and is defined as fractional change in tissue 

length expressed as a percentage, and myocardial velocities are measured as rate of myocardial 

movement relative to a fixed position, usually the apex. A number of echocardiographic indices 

based on TDI and STE have been introduced and appear to give reliable measures of ventricular 

mechanical dyssynchrony. The majority of indices use either timing of peak shortening velocity 

or peak strain (peak shortening) (Figure 3) 15.  
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Figure 3. Representative traces from a 4 chamber view in a patient with left bundle branch block. Left panel: 

traces showing peak strain by speckle tracking echocardiography (yellow arrows). Right panel:  traces 

showing peak ejection velocity (white arrows) by tissue Doppler velocity. 

 

However, when tested against QRS-width in prospective clinical trials none of the 

echocardiographic indices have been proven to give clinical benefit in patient selection for CRT 
16, 17. Although QRS duration is an imperfect marker of responders to CRT, there is yet no other 

consensus definition of dyssynchrony that has been sufficiently evaluated. Therefore, current 

international guidelines do not recommend routine quantification of dyssynchrony by 

echocardiography in the evaluation of patients who are considered potential candidates for CRT 
7, 18.  

One reason for the apparent failure of echocardiography to provide added value in selection of 

patients for CRT may be that suboptimal methodological approaches have been used. Since it is 

primarily dyssynchrony caused by electrical conduction delay which will respond to CRT, 

methodology to differentiate between electrical and non-electrical etiologies of dyssynchrony is 

important. Furthermore, timing based dyssynchrony indices may not always reflect the 

hemodynamic consequence of the dyssynchrony, as a dyssynchronous contraction pattern is not 

only based on the differences in activation between segments but also on differences in regional 

function i.e. differences in regional work 15, 19, 20.  

Assessing regional myocardial work  
In the normal heart all segments contract almost simultaneously. This means that all segments 

contract against a similar LV pressure. However, when segmental contraction is delayed i.e. one 

segment contracts after another, this is not the case. In these cases regional contraction within 

the LV occurs against different pressures and therefore one needs information about both the 

degree of shortening and LV pressure during shortening to compare regional work done by the 

segments.  
Shortening indices, such as strain, do not incorporate load and do therefore not reflect 
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myocardial work or oxygen demand. As shown by Suga 21 in an experimental study, the area of 

the LV pressure-volume loop reflects stroke work as well as myocardial oxygen consumption 

and the clinical validity of this concept was later confirmed 22. According to the same principle, 

the area of the myocardial force-segment length loop reflects regional myocardial work and 

oxygen consumption 23. Because calculation of myocardial force is challenging, pressure is used 

as a substitute for force and the area of the LV pressure-dimension loop is used as an index of 

regional work 24-27. The introduction of strain by echocardiography has allowed for non-invasive 

assessment of regional deformation and may be combined with LVP to assess pressure-strain 

loops which is likely to provide important insights into cardiac mechanics for assessing 

myocardial function. However, clinical use of this index is limited by the need for invasive 

pressure.  

Wasted Work 

As discussed above a normal heart will have a synchronous LV contraction of all segments. 

However, in patients with regional differences in contractility as in ischemia, or delay in 

electrical conduction as in LBBB, some segments are stretched while others contract, resulting 

in a dyssycnhronous contraction pattern. The result of this dyssynchrony is that substantial 

amounts of LV work is “wasted” on stretching opposing segments and does not contribute 

effectively to LV ejection.  Left ventricular electrical dyssynchrony (LBBB) is associated with 

marked intersegment differences in myocardial work 28. During LBBB the septum performs 

little or even negative work, whereas the LV lateral wall is hyperactive due to pre-systolic 

stretching (increased preload) caused by the early-activated septum. When work is wasted due 

to electrical dyssynchrony it should in theory, provided the myocardium is viable, be possible to 

convert the wasted work into effective work if ventricular contractions become resynchronized. 

Therefore, calculation of wasted work may be an important clinical tool for quantifying the 

mechanical impact of dyssynchrony on regional and global LV function. Analysis of regional 

work during electrical dyssynchrony may provide important insights into mechanisms of 

remodeling and LV dysfunction29, 30. Furthermore, abnormal intersegmental work distribution 

during LBBB is associated with differences in regional blood flow and oxygen demand and may 

also account for remodeling of the left ventricle 26, 31-33 .  
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Aims of the thesis 
General Aims 
The general aim of the present studies was to investigate mechanisms of dyssynchrony 

and based on this, develop better methods for assessment of patients with dyssynchrony 

in the heart.  

Specific Aims 

1. The aim of paper 1 was to establish a method which can differentiate between electrical 

and non-electrical etiologies of left ventricular (LV) dyssynchrony, because primary electrical 

dyssynchrony is most likely the only etiology amenable to CRT.  

 

2. During left bundle branch block (LBBB) electromechanical delay (EMD), defined as time 

from regional electrical activation (REA) to onset shortening, is prolonged in the late 

activated left ventricular (LV) lateral wall compared to the septum. The aim of paper 2 was to 

determine the mechanism of the prolonged EMD allowing for a better understanding of 

dyssynchrony measurements that rely on timing of regional myocardial shortening. 

 

3. The main objective of paper 3 was to determine if LV pressure-strain loop area can be 

estimated with an entirely non-invasive approach by using an estimated LV pressure curve in 

combination with strain by speckle tracking echocardiography. Furthermore, to investigate if 

non-invasive pressure-strain area reflects regional work and metabolism.  

 

4. The main aim of paper 4 was to investigate if LV work that is wasted during 

dyssynchronous LV contraction can be measured and quantified non-invasively using wasted 

work fraction (WWF).  
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Materials 

 
Experimental studies 

 
In vivo study (Papers 1-4) 

A total of 15 mongrel dogs were studied. In 7 dogs LBBB was induced by radiofrequency 

ablation 34 and in 8 dogs ischemia was induced by occlusion of the left anterior descending 

coronary artery.  

 

In vitro study (Paper 2) 

Four New Zealand White rabbits were used for the papillary muscle study.  

 

The National Animal Experimentation Board approved the study. The laboratory animals 

were supplied by Center for Comparative Medicine, Oslo University Hospital, Rikshospitalet, 

Norway.  

 

 

Clinical studies 

 
Electromechanical delay group (Paper 2) 

Nine patients with heart failure (NYHA II-IV) and implanted bi-ventricular pacing devices 

were included (3 patients with ischemic cardiomyopathy and 6 patients with non-ischemic 

dilated cardiomyopathy). All patients had LBBB before implantation of the CRT pacing 

device.  
 

Invasive LV pressure group (Paper 3 and 4) 

Eighteen patients with heart failure (NYHA II-IV) underwent LV catheterization, including 

11 with ischemic cardiomyopathy and 7 with non-ischemic dilated cardiomyopathy. Twelve 

of these patients had LBBB. Four of the patients with LBBB had a CRT device allowing for 

echocardiographic measurements with CRT on and off with color tissue Doppler imaging 

(Paper 2), however, only two had image quality sufficient for STE (Paper 3).  
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Positron Emission Tomography group (Paper 3) 

Six patients with dilated cardiomyopathy and LBBB (NYHA II-IV) were included for 18F-

fluorodeoxyglucose positron (FDG-PET) analysis. In these patients coronary artery disease 

was ruled out by coronary angiography prior to investigation.  

 

Cardiac Resynchronization Therapy Group (Paper 4) 

Ten patients with heart failure (NYHA II-IV) and LBBB were included. In these patients 

coronary artery disease was ruled out by coronary angiography prior to investigation. 

Echocardiography was preformed prior to CRT implantation and at follow up 8±3 months 

after implantation.  

 

Control group (Paper 4) 

Twenty healthy individuals were age and sex matched and recruited from hospital staff. All 

had normal clinical examination, ECG and echocardiography.  

 

All studies were approved by the Regional Committee for Medical Research Ethics and all 

subjects gave written informed consent.  
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Models and Methods 
 

Experimental studies 
 
In vivo animal model (Papers 1-4) 

Animal preparation  

The dogs were anesthetized, ventilated, and surgically prepared as previously described 35. In 

addition pacemaker leads were attached epicardially on the left ventricular lateral wall and 

right atrium and endocardially in the right ventricular outflow tract close to the septum. 

Aortic, left atrial and LV pressures were measured by micromanometers 35. A fluid-filled 

catheter in the left atrium served as an absolute pressure reference.  

Sonomicrometry and regional electromyograms                                                                                  

In each dog 2 mm sonomicrometry crystals (Sonometrics Corp., London, Ontario, Canada) 

with bipolar electrodes for measuring IM-EMG were implanted sub-endocardially and sub-

epicardially as illustrated in Figure 4. In each of the dogs 4 circumferential and 2 longitudinal 

(anterior and posterior) segments were measured. In the animals with LBBB we additionally 

measured longitudinal dimension in the mid-segments in septum and lateral wall.  

 

Figure 4. Schematic illustration of placement of myocardial crystals.36     

Depending on the specific aim of the study, various combinations of crystal pairs were 

analyzed and reported (as described in the papers). Timing of regional electrical activation 

was measured at onset R in IM-EMG, defined as the onset of the first spike that lead to a 

deflection of more than 20% of total QRS amplitude. 
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Echocardiography                                                                                                                                     

A Vivid 7 ultrasound scanner (GE Vingmed Ultrasound AS, Horten, Norway) was used to 

record color-coded TDI images in apical 2, 4 and long chamber views. Conventional 2-D 

grayscale images of the LV equatorial short-axis and apical long axis, 2 and 4 chamber views 

were acquired for STE.  

 

Data analysis - Experimental studies 

Regional strain and shortening velocity (Paper 1)                                                                         

Myocardial strain was obtained by sonomicrometry calculated as a percentage of end-

diastolic length, and strain by echocardiography using STE. Myocardial shortening velocity 

by sonomicrometry was calculated as the time derivative of segment length and shortening 

velocity by echocardiography using TDI. The following time markers were measured for 

myocardial shortening velocity and strain: 

- Timing of onset of systolic shortening velocity 

- Timing of peak shortening velocity during ejection (S)  

- Timing of peak systolic strain. 

 

Onset active force generation (AFG) by sonomicrometry and LVP (Paper 1 and 2) 

The time of onset AFG was determined by analyzing myocardial pressure-segment length 

loops, and was defined as the time when the pressure-segment length coordinate was shifted 

upwards relative to the passive-elastic curve for the same segment. The calculation of onset 

AFG is illustrated in Figure 5. The passive-elastic curve was constructed by an exponential fit 

to a series of end-diastolic pressure-segment length coordinates obtained during caval 

constriction (Figure 5, left panel i-iii). End-diastolic measurements were used in order to 

ensure that the myocardium was completely relaxed. Onset AFG  was defined as the time 

when the pressure-segment length coordinate was shifted upwards relative to the passive-

elastic curve for the same segment (Figure 5, middle panel). Since the pressure-segment 

length relationship provides no timing information, onset AFG was extracted from a 

corresponding time point in either the pressure or the segment length curve (Figure 5, right 

panel).   
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Figure 5. Measurement of onset active force generation (AFG) in a representative experiment. 

Left panel. Construction of passive elastic curve. i) Pressure-segment length loops during 

caval constriction. ii) High gain LV pressure (LVP) showing end-diastolic points. iii) 

Exponential fit to end-diastolic points.  Middle panel. Onset AFG was defined as the first 

coordinate of the pressure segment length loop that leads to a deviation from the passive-

elastic curve. Right panel. Timing of onset AFG was extracted from either LVP or segment 

length traces.36 

  

Onset AFG by STE and LVP (Paper 1)  

Onset AFG was also assessed by combining LVP with strain by STE. Because strain represents 

a relative value, this analysis does not provide a range of end-diastolic pressure-dimension 

relations, and the late-diastolic portion of each loop was used to define the passive-elastic state. 

Identification of onset AFG was based on subjective, visual assessment, defined as the first 

marked upward deviation of the pressure-strain loop that resulted in a continued upward shift 

after onset of R in ECG.  

Quantification of LV dyssynchrony (Paper 1):                                                                                    

Left ventricular dyssynchrony was quantified by two different approaches;   1) as peak 

intersegment time difference, measured as time difference between the earliest and the latest 

activated segments, and 2) as standard deviation for 6-8 segments of time from onset R in ECG 

to timing of each of the indices, referred to as SD of timing. In addition we presented times 

from onset R in ECG to timing of each of the indices. The latter approach allows presentation 

of individual timing data from all segments and all animals in a single graph.  
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Electromechanical activation time (Papers 1 and 2)                                           

Electromechanical delay (EMD) for LV septal and lateral wall segments was quantified by two 

different approaches: 1) as time from regional electrical activation to onset of shortening 

(EMDOS), and 2) as time from regional electrical activation to onset of active force generation 

(EMDAFG). Timing of onset AFG (as defined above) reflects the earliest mechanical sign of 

active force and we therefore used EMDAFG as the reference method for electromechanical 

coupling time.  

 

Calculation of estimated LV pressure curve (Paper 3 and 4) 

The non-invasively estimated LV pressure curve was validated first in the dog model which 

allowed testing under a wide range of hemodynamic conditions. Thereafter, the method was 

validated in patients with various cardiac disorders. As an estimate of peak LV pressure, aortic 

pressure measured invasively was used in dogs and brachial artery cuff pressure in patients. 

The profile of the estimated LV pressure curve was determined by using an empiric reference 

curve which was adjusted according to duration of the isovolumic and ejection phases as 

determined by echocardiography. 

 

Calculating LV pressure reference curve 

The LV pressure reference curve was calculated by pooling single cycle LV pressure traces 

from all interventions and normalizing each pressure trace using timing of valvular events in 

the following three steps: 1. The timing of opening and closure of the mitral and aortic valves 

was identified by echocardiography and assigned to each of the pressure traces (Figure 6 A1 

and B1). 2. Each of the raw data traces were stretched or compressed along the time axis 

between individual valve events in order to make the valvular events coincide for all 

recordings (Figure 6 A2 and B2). 3. All traces were scaled vertically to have the same peak 

value. An averaged waveform was then calculated (black line in black Figure 6 A2 and B2). 

 

Applying LV pressure reference curve to a specific subject 

The profile of the averaged LV pressure waveform was used for predicting LVP in the specific 

subject by measuring the actual valvular timing for the relevant cardiac cycle and adjusting the 

duration of time intervals of IVC, ejection and IVR phases by stretching or compressing the 

time axis of the averaged LV pressure curve to match the measured time intervals (Figure 6 B3 

and 4). Peak arterial pressure was used to scale the amplitude of the pressure curve. Separate 

reference curves were used for dogs and patients. Note that data from all interventions in the 

dog study were used and that data from all patient observations were included in the 
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calculation of the normalized LV pressure reference curve without considering their clinical 

status. 

 

 

Figure 6. Estimation of LV pressure curve A. 1) Raw LV pressure data from dogs used for 

creating a profile of the reference pressure waveform, consisting of pressure recordings 

during different haemodynamic situations. Timing of mitral and aortic valve events are 

indicated. 2) The raw pressure waveforms (grey curves) have been stretched or compressed 

along the time axis between individual valve events in order to make the valvular events 

coincide for all recordings. The waveforms have also been vertically scaled to have the same 

peak value. The averaged waveform to be used for predicting pressure traces is indicated by 

the black curve. B. 1 and 2) Patient data: estimation of average pressure waveform as 

described in A.1 and 2. 3) The averaged waveform with arbitrary time intervals, transferred 

from panel B.2. 4) Prediction of the LV pressure waveform is based on timing of valvular 

event. The LV pressure waveform is constructed by adjusting the duration of time intervals to 

match the actual valvular timing as determined by echocardiography in the specific subject. 

In addition to the time axis adjustments, the waveform has been scaled according to systolic 

arterial cuff pressure 37.   
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Pressure strain loops (Paper 3) 

Strain and pressure data were synchronized using onset R in ECG as a common time 

reference. Strain by STE was converted to the same sampling rate as sonomicrometry (200 

Hz). Loop area was calculated by the following methods: 

1.Invasive method: The area of the LV pressure-strain loops by LVP and STE.   

2.Non-invasive method: The area of the LV pressure-strain loops by the estimated LV 

pressure curve and STE. 

Comparison between LV pressure-strain loop area and myocardial work  

LV pressure-strain loop area as an index and myocardial work does not take into account 

effects on work related to changes in radius of curvature or contribution from different fibre 

directions. To determine the magnitude of this effect we measured myocardial work 

incorporating LV geometry (circumferential and longitudinal) and area strain during LBBB. 

To be able to compare the two methods we correlated work done by the septum divided by 

work done by the lateral wall using the two methods. A comparison between septum and 

lateral wall was made because during LBBB the septum does less work compared to the 

lateral wall.  

 

Calculation of segmental work as a function of time 

Work for individual segments as a function of time throughout the cardiac cycle was 

calculated from the strain recordings and from measured or estimated LV pressure. This was 

done by obtaining the rate of segmental shortening (strain rate) by differentiation of the strain 

curve (Figure 7 A), and multiplying this with instantaneous left ventricular pressure (Figure 7 

B). This resulted in a measure of instantaneous power, which was integrated over time to give 

work as a function of time (Figure 7 C). Performing this calculation for the IVC, ejection and 

IVR phases of a cardiac cycle is mathematically the same as calculation of the area between 

the x-axis and the corresponding segment of the strain – pressure loop, however keeping in 

mind that areas under sections of the loop that represent elongation are counted as negative. 
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Figure 7. Work of individual segments was calculated from the strain recordings and the left 

ventricular pressure. Instead of calculating only one value of work in a completed cardiac 

cycle for each segment, equal to the area of the strain – pressure loop, work was calculated 

as a function of time throughout the cardiac cycle. This was done by obtaining the rate of 

segmental shortening (strain rate) by differentiation of the strain curve (Figure 7A), and 

multiplying this by instantaneous left ventricular pressure (Figure 7B). This resulted in a 

measure of instantaneous power, which was integrated over time to give work as a function of 

time (Figure 7C) (From Paper 4).  

 

Analysis of segment work curves  

Information was extracted from the segmental work curves over a time interval spanning from 

mitral valve closure to mitral valve opening. The following variables were calculated: 

Wpos Total positive work, sum of all work performed during shortening of the segment 

(Figure 8, red line). 

Wneg Total negative work, sum of all work performed during elongation of the segment 

(Figure 8, black line). 

WWF was calculated globally from the sum of work for all segments: 
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The net work contributing to systolic ejection for each segment was calculated as: 

 negposnet WWW ��   

A segmental Negative/Positive work ratio for each segment was also calculated: 
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Figure 8. Estimated LV pressure (upper panels), strain (middle panels) and 

calculation of wasted work for septum and lateral wall (lower panels) in a 

representative patient with left bundle branch block (LBBB) (left panel) and after 

treatment with cardiac resynchronization therapy (CRT) (right panel). Horizontal lines 

indicate valvular events measured by echocardiography. In the lower panels negative 

and positive work during systole is marked as red and black, respectively. In lower 

panels the segmental Negative/Positive work ratios are indicated. Please note that the 

ratio improved markedly in the septum with CRT, indicating a conversion to 

predominantly positive work. (From paper 4) 
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In vitro Papillary Muscle Study (Paper 2) 
Quantification of Electromechanical Delay 

The papillary muscles were extracted and prepared as described in paper 2.  

Onset of electrical activation was defined as the start of the stimulation spike. Onset of 

shortening was defined as the first data point after peak length of the papillary muscle that led 

to continued shortening.  

To assess if the load at the time of activation affected the delay from electrical activation to 

OS, we activated the papillary muscle at different isotonic loads: F= 40, 50, 60, and 70% of 

Fmax (Figure 9 A) where Fmax was peak isometric force developed by the muscle. We 

subsequently measured time from electrical activation to OS. 

To assess if rate of load rise (dF/dt) at time of activation (equivalent to dP/dt in the in vivo 

heart) affected the delay from electrical activation to OS, we activated the papillary muscle 

and applied linearly increasing load (dF/dt) at different slopes from the time of electrical 

activation (Figure 9 B), i.e. ramp loading. Different slopes were applied by linearly increasing 

F from preload to 40, 50, 60, and 70% of Fmax in a constant time interval. (Figure 9 B). 

 

 
Figure 9. Papillary muscle experiment. A. Delay in onset shortening as a function of isotonic 

load B. Delay as a function of dF/dt 38.  
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Clinical studies 

Echocardiographic and Hemodynamic measurements (Papers 2-4) 

For all patients a Vivid 7 ultrasound scanner (GE) was used to record color-coded TDI images 

in apical 2, 4 and long chamber views. Conventional 2-D grayscale images of the LV 

equatorial short-axis and apical 2, 4 and long chamber views were acquired for speckle 

tracking echocardiography (STE). In the six patients who underwent PET echocardiography 

was performed immediately after the PET.   

In the 18 patients with invasive measurements, LVP was measured by a micromanometer-

tipped catheter (Millar Mikro-Tip SPC-454F, Houston, Texas) and a fluid-filled catheter 

connected to an external pressure transducer served as absolute pressure reference. Brachial 

arm cuff pressure was measured. Pressure and imaging data were stored on the ultrasound 

scanner. All the analysis was performed offline. 

 

Assessing electro mechanical activation (Paper 2) 

Regional electrical activation for septum and lateral wall was assessed using the pacemaker 

electrodes as regional EMGs. Onset of regional electrical activation was defined as onset R in 

EMG as described above. Onset of shortening was assessed in septal and lateral wall 

segments corresponding to lead position using longitudinal strain by TDI. Time from regional 

electrical activation to OS (EMDOS) for the septum and lateral wall was then calculated for 

each patient with pacing ON and OFF. In four patients LVP was measured by 

micromanometry and simultaneous echocardiographic recordings were performed.  

FDG-PET (Paper 3)  

Patient preparation is described in paper 3 and in previous publications 39.  Gated FDG-PET 

acquisition (Simens Biograph 64) was started 60-80 min after intravenous administration of 

the FDG (370-380 MBq ), with 8 gates per RR interval. The acquisition was also gated for 

respiration. Images were reconstructed and analyzed on the Xeleris workstation (GE 

healthcare). The point in the LV myocardium with the highest FDG uptake was used as a 

reference (100%), and segmental values were reported as percentages of this value. 
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Data analysis - Clinical studies 

Pressure-strain loops (Paper 3) 

The non-invasively estimated LV pressure curve was constructed using the same approach as 

described in the experimental study section. As an estimate of peak LV pressure, brachial 

artery cuff pressure was measured in patients. The profile of the estimated LV pressure curve 

was determined by using an empiric reference curve which was adjusted according to 

duration of the isovolumic and ejection phases as determined by echocardiography (Figure 6 

B and C).  Separate reference curves were used for dogs and patients (Figure 6 A and B). 

Note that data from all interventions from all patient observations were included in the 

calculation of the normalized LV pressure reference curve without considering their clinical 

status. 

 

Wasted work fraction  

Echocardiography and estimated vs. invasive LV pressure 

In the patients with invasive LV pressure, work was analyzed by two different methods: 1. 

STE strain and measured LV pressure 2. STE strain and estimated LV pressure.  

 

Echocardiography and estimated LV pressure 

To assess responses to CRT, work analysis was performed before implantation of the CRT 

device and at 8±3  months follow up, using estimated LV pressure and strain from the 3 

apical views. Measurements were also performed in the normal control population using the 

same approach.  

 

Statistical analysis 

Values are expressed as mean±SD. Variables were compared using least-squares linear 

regression, Pearson correlation coefficients, intraclass correlation coefficients and Bland-

Altman methods. To account for multiple measurements from each animal when using Bland-

Altman we display reference intervals based on agreement between methods of measurement 

with multiple observations per individual 40.  Significance for mean difference was assessed 

using paired t-test method. For multiple comparisons we used two-way repeated 

measurements ANOVA with LSD post test (SPSS 15.0, SPSS Inc, Chicago, IL). All post hoc 

tests are compared to baseline. P<0.05 was considered significant.  

Interobserver variability was assessed using the interclass correlation coefficient (� value) and 

Bland-Altman method. 
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Summary of results 
 

Paper 1.  
In fourteen anesthetized dogs we induced ischemia by occluding the left anterior descending 

artery (n=8) and bundle branch block (LBBB) by radiofrequency ablation (n=6). LV 

mechanical dyssynchrony was evaluated by two different approaches. First, we measured 

timing of peak myocardial shortening velocity and strain. Secondly, we measured first sign of 

tension development by onset AFG as defined by myocardial pressure-segment length loops 

upward shift from its passive-elastic state (Figure 5). Electrical dyssynchrony was measured 

by intramyocardial electromyograms (IM-EMG). Dyssynchrony was quantified as peak 

intersegment time difference and as standard deviation of timing for 6-8 myocardial 

segments.  

During baseline, reduced preload and myocardial ischemia shortening velocity and strain 

indicated segmental mechanical heterogeneity, while onset AFG and onset R in IM-EMG 

indicated synchronous activation of all segments (Figure 10). After induction of LBBB all 

methods indicated dyssynchrony. Peak intersegment time difference for shortening velocity 

and strain showed moderate correlations (r=0.57 and 0.32) and weak agreements (mean 

differences, -47±27 and -28±27 ms, respectively) with IM-EMG. Onset AFG by pressure-

segment length loops, however, correlated well with IM-EMG (r=0.93), and agreement was 

good (mean difference, -0.6±6.8 ms). Results were similar for standard deviation of timing. 

Onset AFG from pressure-strain analysis by echocardiography showed accuracy similar to 

sonomicrometry. 

Onset AFG was an accurate marker of myocardial electrical activation, and was superior 

to shortening velocity and strain. Identification of electrical dyssynchrony by onset AFG may 

be feasible clinically using LV pressure-strain analysis.   

 

 
Figure 10. Peak intersegment time difference during baseline, load alteration and ischemia 

illustrating the variability in different dyssynchrony indices. Lines show mean±SD 36. 
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Paper 2.  
In an experimental LBBB dog model (n=7), in patients (n=9) with bi-ventricular pacing 

devices, in an in vitro papillary muscle study (n=6), and a mathematical simulation model we 

measured left ventricular pressures, myocardial deformation, and regional electrical activation 

(REA). In the dogs, there was a greater mechanical than electrical delay (82±12 vs. 54±8 ms, 

p=0.002) due to prolonged EMD in the lateral wall vs. septum (39±8 vs.11±9 ms, p=0.002). 

The prolonged EMD in later activated myocardium could not be explained by increased 

excitation-contraction coupling time or increased pressure at the time of REA, but was 

strongly related to dP/dt at the time of REA (r=0.88, Figure 11 A). Results in humans were 

consistent with experimental findings. The papillary muscle study showed that EMD was 

prolonged at higher dF/dt because it took longer for the muscle to generate active force at a 

rate superior to the load rise which is a requirement for shortening (Figure 11 B) and these 

findings were also supported by a mathematical model.  

We conclude that during LBBB prolonged EMD in late activated myocardium is caused 

by a higher dP/dt at the time of activation, resulting in aggravated mechanical relative to 

electrical dyssynchrony. These findings suggest that LV contractility may modify mechanical 

dyssynchrony. 

 

 
Figure 11. A. Correlation for pooled data between dP/dt and time from regional electrical 

activation to onset of shortening. R value for animal data only. B. Correlation between dF/dt 

and time from electrical activation to onset of shortening for a representative papillary 

muscle 38.  

 

Paper 3.  
In an experimental dog model (n=12) and in patients (n=18) pressure-strain loop area was 

measured using measured left ventricular pressure (LVP) and estimated LVP. LVP was 

estimated by utilizing the profile of an empiric, normalized reference curve which was 

adjusted according to duration of LV isovolumic and ejection phase, as defined by timing of 



 26

aortic and mitral valve events by echocardiography. Absolute LV systolic pressure was set 

equal to arterial pressure measured invasively in dogs and non-invasively in patients. In 6 

patients myocardial glucose metabolism was measured by positron emission tomography 

(PET). First, we studied anaesthetized dogs and observed strong correlation (r=0.96) and good 

agreement between estimated LV pressure-strain loop area and loop area by LV 

micromanometer and sonomicrometry. Secondly, we validated the method in patients with 

various cardiac disorders, including LV dyssynchrony and confirmed strong correlation 

(r=0.99) and good agreement between pressure-strain loop areas using non-invasive and 

invasive LV pressure. Non-invasive pressure-strain loop area reflected work calculated using 

changes in LV geometry and 2-D strain (r=0.97), and showed good correlation with regional 

myocardial glucose metabolism by PET (r=0.81) (Figure 12).  

The novel non-invasive method for regional LV pressure-strain loop area corresponded well 

with invasive measurements and with directly measured myocardial work and it reflected 

myocardial metabolism. This method for assessment of regional work may be of clinical 

interest for several patient groups, including LV dyssynchrony and ischaemia. 

 
 

Figure 12. Data from one representative patient A) Bull’s-eye plot showing relative glucose 

metabolism by FDG-PET in a representative patient with LBBB. The point in the LV 

myocardium with the highest FDG uptake was used as a reference (100%), and segmental 

values were reported as percentages of this value. B) Bull’s-eye plot with similar anatomical 

distribution as in A. showing relative loop area by estimated LV pressure and STE. The 

segment with the largest loop area was used as a reference (100%), and segmental values 

were reported as percentages of this value.  C) Correlation between regional metabolism by 

FDG-PET and loop area by estimated LV pressure and STE. D) Representative pictures 

showing regional distribution of glucose metabolism by FDG-PET for short axis (left panel) 
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and four chamber (right panel) views. E) Estimated LV pressure and STE loops from septum 

and lateral wall 37. 

Paper 4. 

Segmental work was calculated by multiplying strain rate by LV pressure (LVP) to get 

instantaneous power, which was integrated to give work as a function of time (Figure 7). The 

WWF was calculated as work consumed during segmental lengthening (wasted work) as a 

fraction of work during segmental shortening. A non-invasive LVP curve was derived using 

the previously validated method described in paper 3, and was combined with strain by 

speckle tracking echocardiography (STE) to calculate WWF non-invasively. The non-

invasive WWF was validated in 6 anesthetized dogs against WWF by invasive LVP and 

sonomirometry, and in 18 patients against invasive LVP and strain by STE. Effect on WWF 

by cardiac resynchronization therapy (CRT) was studied in 10 patients with left bundle 

branch block (LBBB). 

The validity of non-invasive WWF was confirmed in the dog model by strong correlation (r 

=0.94) and good agreement with WWF by micromanometer and sonomicrometry. 

Furthermore, in patients, non-invasive WWF showed strong correlation (r =0.96) and good 

agreement with WWF using invasive LVP (Figure 13). Finally, we showed that WWF during 

LBBB was reduced from 36±16 to 17±7%, (p<0.001) in CRT responders. 

WWF quantifies "wasted work" that may contribute to global LV function if synchronized, 

and may serve as an important tool when evaluating the effect of CRT and optimizing device 

settings. 

 
Figure 13. Work analysis by LVP and speckle tracking echocardiography (STE) (solid line) 

vs. the non-invasive method by estimated LVP and STE (dashed line), for a septal and lateral 

wall segment in patient with the CRT device turned on and off. (From paper 4)  
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Discussion 

 
Differentiation between electrical and non-electrical dyssynchrony.  
In a clinical setting the differentiation between dyssynchrony with electrical and non-

electrical etiologies is essential since electrical dyssycnhrony is most likely the one etiology 

amenable to CRT. Paper 1 introduces assessment of onset of active force generation as a 

method to quantify LV electrical dyssynchrony and to differentiate between electrical and 

non-electrical dyssynchrony. Unlike the QRS duration, onset AFG gives regional information 

and allows for direct comparison between LV walls. The principle behind this novel method 

is that onset of active force generation is the first mechanical sign of actine-myosin 

interaction, and in contrast to indices based only on myocardial velocity and strain, it is 

independent of loading conditions and contractility.   

When using pressure-dimension curves, active forces are verified by showing an upward-shift 

of the LV pressure-segment length relation relative to the passive-elastic curve. An upward-

shift means that a higher pressure (or force) is needed to distend the segment to a given 

length, which implies that stiffness is increased. With this approach onset AFG can identify 

mechanical activation even in segments with systolic lengthening. 
During changes in load, myocardial ischemia and LBBB, the electro-mechanical activation 

time was essentially constant, hence, onset AFG tracked changes in timing of electrical 

activation. Accordingly, onset AFG, which primarily is a measure of mechanical activation, 

was an accurate measure of electrical activation as well. The AFG method was feasible not 

only with sonomicrometry, but also when strain by STE was used as an analog for segment 

length, suggesting a potential for measuring onset AFG clinically during left heart 

catheterization. Using onset R in IM-EMG as reference method for electrical dyssynchrony, 

we demonstrated that onset AFG was superior to conventional timing indices based on 

myocardial velocity and deformation.  

Consistent with the study of Ruffy et al 41 we observed no significant delay in subendocardial 

electrical activation during short term ischemia. Therefore, electrical delay could not account 

for the observed dyssynchrony during ischemia. Possibly, more severe and longer lasting 

ischemia could induce conduction delays. The aim of paper 1, however, was to determine if 

onset AFG could identify mechanical activation in segments with decreased regional 

contraction and we therefore used ischemia to depress myocardial function. Furthermore, the 

principle of onset AFG is such that it should identify delay in electrical activation regardless 

of etiology.  
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Electro-mechanical delay during left bundle branch block  
The finding in paper 1 that electromechanical delay remained unchanged after induction of 

LBBB is in apparent contrast to previous studies which have used epicardial sensors to 

measure electromechanical delay. Prinzen et al showed increased electromechanical delay 

(time from electrical activation to onset shortening, EMDOS) in the latest activated segments 

during pacing in the right ventricular outflow tract 42. However, the different findings in our 

study can be explained by the different definition of mechanical activation: i.e. onset AFG vs 

onset of shortening. In paper 2 we investigated the mechanism of the apparently prolonged 

electromechanical activation time in late activated LV lateral wall during LBBB. As 

described in paper 1 we did not observe any indication of prolonged excitation-contraction 

coupling time (time form electrical activation to onset AFG, EMDAFG) in the late activated 

region. Furthermore, increased load (LVP) at time of electrical activation in the late activated 

lateral wall showed a weak relationship to the increased EMDOS, and was not significant 

when adjusted for the increased dP/dt at time of activation. However, there was a strong 

correlation between dP/dt at time of activation and delay in OS. The findings from the 

different sub-studies indicate that OS is delayed until rate of rise in myocardial active force 

exceeds rate of rise of applied load. Since rate of rise of regional load in the intact heart is 

directly related to LV dP/dt, there will be a progressive increase in time from electrical 

activation to OS at higher LV dP/dt. 

Our results suggest that the prolonged delay from electrical activation to OS in late activated 

segments increases the mechanical dyssynchrony by ~40-50% relative to the underlying 

electrical dyssynchrony, e.g. electrical dyssynchrony of 54 ms vs. mechanical dyssynchrony 

of 82 ms in the dog model. In a clinical setting understanding the mechanism of the prolonged 

delay is important for two main reasons: 1. Onset of shortening may potentially influence 

almost all dyssynchrony measurements performed by echocardiography. Because time from 

electrical activation to OS differs substantially between early and late activated segments this 

means that OS may not serve as an accurate marker for electrical activation in assessment of 

dyssynchrony. 2. Mechanical dyssynchrony measured as differences in OS, is dependent on 

both electrical propagation time in the LV and differences in regional EMDOS. This means 

that prolongation of EMDOS in late activated segments may aggravate mechanical 

dyssynchrony, subsequently reducing LV function. Furthermore, since LV dP/dt reflects LV 

function and contractility, the magnitude of mechanical dyssynchrony may vary over time in 

a given patient when there are changes in LV function.  

Intuitively one may believe that it is the higher pressure at time of activation of the lateral 

wall that is responsible for the increased delay from regional electrical activation to OS. 

However, in the dog study in paper 2 we found that it was not LVP at time of regional 
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activation, but rate of pressure rise (LV dP/dt) that directly affected the delay from electrical 

activation to OS. To further investigate this we performed a papillary muscle study where 

these two mechanisms could be isolated and tested in a controlled environment. When a 

constant force was applied, OS occurred without increased delay even when applied force 

was substantially increased (70% of Fmax) (Figure 9 A). However, when we applied a rising 

force (simulating continuous rise in LVP), time to OS was progressively delayed with higher 

dF/dt (Figure 9 B).   

Segmental force is a sum of both active and passive elastic forces which is equal to the 

external load according to Newton's 3rd law. Prior to activation a higher pressure stretches 

and hence increases the passive force of a late activated segment, thus maintaining the 

balance of external and internal forces. Subsequent activation and addition of active force 

should therefore result in instantaneous OS of the segment. However, a late activated segment 

does not contract against a static pressure, but a pressure that has already started to rise. The 

pressure rise continues to stretch the segment until the generation of opposing contractile 

force is faster than the load rise. Active force development is nonlinear, i.e. it initially 

increases at a slow rate and gradually accelerates to peak rate 43. Therefore, the higher the LV 

dP/dt, the longer it takes before active force is generated at a rate equal to and subsequently 

faster than load rise, which delays OS and prolongs EMDOS. 

 

In summary papers 1 and 2 introduce assessment of onset of active force generation as a 

method to quantify LV electrical dyssynchrony and to differentiate between electrical and 

non-electrical dyssynchrony. Furthermore, they show that electro-mechanical activation time 

was essentially constant during changes in load, myocardial ischemia and LBBB, however, 

time from regional electrical activation to onset of shortening depended on rate of LV 

pressure rise at time of activation suggesting that timing of onset shortening may be affected 

by LV contractility. 

 

A non-invasive index of myocardial work 
In paper 3 we demonstrate that LV pressure-strain loop area, which is an index of regional LV 

work, can be measured clinically by an entirely non-invasive approach. This was feasible by 

combining a non-invasive LV pressure analog with strain by STE. The validity of this method 

was confirmed in the experimental part of the study by an excellent correlation and good 

agreement with loop area by pressure-segment length analysis. In the clinical study LV 

pressure-strain loop area using the non-invasive LV pressure analog showed strong 

correlation and good agreement with loop area using invasive LV pressure. When the non-

invasive pressure-strain assessment was applied in patients with LBBB we observed marked 
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non-uniformity in regional work distribution with reduced work in the septum and increased 

work in the LV lateral wall, suggesting that the work analysis may represent a means to 

explore the hemodynamic impact of electrical dyssynchrony and to monitor responses to 

CRT. Non-uniformity in work distribution was also apparent when comparing ischemic vs. 

non-ischemic segments. Furthermore, we show that this non-invasive method reflects both 

regional metabolism and work calculations incorporating changes in LV geometry which 

strongly supports its use as a regional work index.  

Calculation of work 

In principle, the area of the myocardial force-dimension loop represents regional LV work 

and may also be used as a mechanical index of regional myocardial oxygen consumption 23. 

In the present study we used pressure as a substitute for force and the area of the LV pressure-

strain loop was used as an index of regional work. This index does not provide a measure 

which has units of work, and does not incorporate the modifying effect of local radii of 

curvature or contributions from different fiber orientations on force. To address these issues 

and in particular to explore how changes in septal curvature during LBBB would modify the 

ability of septal pressure-strain loop area to reflect the force-strain loop area, we performed 

additional analysis. There was a good correlation between relative work using the two 

methods (r=0.97), indicating that the pressure-strain loop area gives adequate clinical 

information regarding relative differences in work distribution within the same heart. 

Furthermore, in our laboratory we have previously demonstrated that changes in segmental 

pressure-dimension loops approximate changes in the stress-dimension loops during 

myocardial ischemia 44.  

The ability of pressure length area to reflect myocardial oxygen consumption has been shown 

previously 26. In the present study we found that the non-invasive LV pressure-strain loop 

area had good correlation and agreement with regional glucose metabolism using FDG-PET. 

Previous studies have shown that glucose metabolism reflects myocardial work 45, and this 

finding therefore supports our conclusion that pressure-strain loop area reflects differences in 

myocardial work distribution. The present findings of regional changes in work distribution in 

patients with LBBB are in keeping with the observations by Prinzen et al 46 in a dog model 

with right ventricular pacing.  

 

Estimated LV pressure curve 

There are numerous techniques which can provide a more accurate central aortic pressure 

than just using brachial artery cuff pressure, and these may be applied in combination with the 

present method. However, when the non-invasive pressure method is used for comparing 

work between segments, the main issue is the abnormal distribution of work and not the 

absolute values.   
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It is important to note that the only application of the non-invasive pressure curve proposed in 

this study was to serve as a pressure estimate when calculating LV pressure-strain loop areas, 

and for this application it served its purpose very well, as indicated by the excellent 

relationship to reference methods for pressure-loop area. It does not have sufficient accuracy, 

however, to provide a measure of LV diastolic pressure or peak rate of rise or fall in LV 

pressure. 

Whereas correct timing of peak LV pressure was of little importance for pressure-strain loop 

area, errors in timing of early systolic rise in pressure (IVC) and early-diastolic fall in LV 

pressure (IVR) would be expected to have effects on loop area, in particular when there is 

pre-ejection or post-ejection shortening. Thus, the pre-ejection septal shortening during 

LBBB which occurs against low LV pressure, and therefore represents little work, would 

appear erroneously as a more substantial work if timing of aortic valve opening was set 

prematurely. Similarly, the work represented by post-systolic shortening in ischemic 

myocardium would be overestimated if timing of aortic valve closure was set too late. The 

error in timing of IVC and IVR, however, was minor as demonstrated by testing sensitivity to 

errors in timing of AVO and AVC.  

 

Assessing Wasted Work 
In paper 4 we introduce wasted work fraction as a novel principle for quantifying function in 

ventricles with dyssynchronous contraction patterns. The WWF measures how much 

mechanical energy is used by the ventricle to do work which does not contribute to ejection, 

and therefore is considered as wasted. Wasted work fraction is total negative work as a 

fraction of total positive work calculated as a global measure for all segments. The method 

also gives segmental information about positive and negative work allowing for regional 

assessment of local energetic efficacy. The strong relation between regional LV pressure-

strain loop area and regional myocardial glucose uptake shown previously by our group 37 

supports that WWF also reflects a waste in myocardial metabolism and oxygen consumption.  

Furthermore, we show that wasted work can be measured clinically by an entirely non-

invasive approach by combining a non-invasive LV pressure curve with strain by STE. The 

validity of this method was confirmed in the experimental part of the study. In the clinical 

study LV work analysis using the non-invasively estimated LV pressure and strain showed 

that significant work was wasted during LBBB and was subsequently recruited when CRT 

was introduced, suggesting that the work analysis may represent a means to explore the 

hemodynamic impact of electrical dyssynchrony and to monitor responses to CRT. 

 

 



 33

Wasted work 

In a normal heart, contraction of all segments occur almost simultaneously and they therefore 

contract against a similar LV pressure. However, in a ventricle with regional differences in 

timing of contraction, regional contraction occurs against different pressures and information 

about both the degree of shortening and LV pressure during shortening is therefore needed to 

compare regional work done by the segments. The same is true for calculation of energy 

losses during elongation/stretching of a segment, since the energy loss depends on both 

elongation distance and the instantaneous LV pressure during elongation.  In ventricles where 

timing of relaxation is different between segments, some segments will start relaxing at 

elevated LV pressure while others are still contracting. This means that a substantial amount 

of work done by the contracting segments is wasted on stretching of other segments. 

Measuring wasted work is therefore a method for quantifying work that is being done by the 

ventricle but does not contribute to LV ejection, and provided the myocardium is viable, 

should represent a measure of contractile reserve. This was supported by our data in the 

patient population with LBBB which showed a decrease in WWF and increased ejection 

fraction when CRT was introduced. 

When we are assessing LV function we are interested in quantifying how the myocardium 

contributes to LV function globally and regionally. Strain imaging has given us a unique tool 

for this, however, in patients with regional differences in timing of shortening peak strain may 

not reflect work. Typically, during LBBB much of septal contraction occurs during the pre-

ejection phase at a time when the LVP is low, and therefore the septum performs little work. 

As seen in the present study peak septal strain during LBBB in the animal model is only 

marginally reduced compared to the lateral wall, but net work done by the septum is 

approximately one third relative to the lateral wall. In the patients with LBBB peak strain for 

the septum was on average half of that for the lateral wall which is in keeping with previous 

studies 47. Segmental Negative/Positive work ratio, however, was over 1.5, indicating that 

instead of the septum contributing to the hemodynamic performance of the LV, external work 

was done on the septum which thereby “absorbed” work done by other segments. 

Since the metabolism of myocardial segments is unable to recycle chemical energy when the 

segments are stretched, this energy will instead be converted to heat in the tissue. 

Measurements of WWF will for this reason indicate the overall efficacy of the LV 

myocardium in converting metabolic substrates into cardiac work. A high WWF indicates that 

the myocardium requires a disproportionately high coronary blood supply. 

 
In summary papers 3 and 4 introduce a novel non-invasive method for work analysis by LV 

pressure-strain loop areas. Furthermore, we introduce wasted work fraction, a method that 
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allows for us to quantify how much mechanical energy is used by the ventricle to do work 

which does not contribute to ejection, and therefore is considered as wasted.  
 

 

Limitations 
The in vivo experiments in the thesis utilized a heavily instrumented animal model and this 

preparation may not always represent normal physiology. Although the open-chest condition 

and instrumentation may have induced some degree of LV dysfunction during baseline, this 

should not modify the main conclusions from this study. In the in vivo model we investigated 

isolated mechanical and electrical dyssynchrony. In a clinical situation, however, one may 

encounter concomitant electrical conduction delay and regional impairment of contractility.  

The small sample size in the studies may be viewed as a limitation, however, the consistency 

in our findings support our conclusions. 

A limitation of the AFG method is that it requires invasive pressures. However, many patients 

undergo left heart catheterization as part of a work up prior to CRT and this would give 

access to LV pressure and pressure-strain loops can be constructed. 

Speckle tracking echocardiography measures motion in the image plane while 

sonomicrometry measures motion of material points in the myocardium. Therefore, a 

misalignment of the ultrasound plane vs. the crystals may account for some of the 

discrepancies between the two measurements.  

FDG-PET assesses glucose metabolism and will show increased uptake in areas both with 

aerobic and anaerobic (ischemia) metabolism. Therefore only patients with a normal coronary 

angiography and no history of coronary artery disease were included. The observed abnormal 

changes in LV glucose metabolism during LBBB is in keeping with previous findings 48. The 

use of a reference curve to define the LV pressure waveform is in principle a limitation of the 

estimated pressure curve method since patients have different timing of peak LV pressure and 

the timing varies from time to time in a given patient, however, the good correlation and 

agreement with invasively measured data support our conclusion.  

Strain analysis has limitations, both when using TDI and STE, such as angle dependency and 

the need for good image quality for the software to track the speckles 49. All methods 

described in the present thesis require echocardiographic image quality that allows for strain 

analysis and are therefore limited to patients were this is possible. 

In the present thesis novel methods have been introduced and further studies should be 

performed to investigate the clinical benefit of onset AFG and work analysis. 
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Main conclusions 
Through the studies in the present thesis we have made a contribution to the understanding 

and assessment of dyssynchrony in the heart. 

 

Paper 1.  
Paper 1 demonstrates that onset AFG is an accurate marker of timing of regional electrical 

activation, allowing for differentiation between primary electrical and primary mechanical 

dyssynchrony, independent of regional differences in load and contractility. Furthermore, it 

shows that current indices based on myocardial shortening velocity and strain have significant 

limitations, and although they measure dyssynchrony, they have limited ability to establish 

underlying etiology.  

 

Paper 2.  
Prolonged delay from regional electrical activation to onset of shortening in late activated 

segments during LBBB is due to increased rate of pressure rise (LV dP/dt) at the time of 

activation. Therefore, a late activated segment needs more time to generate active force at a 

higher rate than the rise of the applied load (LV dP/dt), which in turn leads to shortening of 

the segment. The prolonged delay substantially increased mechanical dyssynchrony relative 

to the underlying electrical dyssynchrony in LBBB patients which implies that shortening 

indices may overestimate the extent of electrical dyssynchrony in these patients. These 

findings also suggest that changes in LV contractility may modify mechanical dyssynchrony. 

We conclude that during LBBB prolonged EMD in late activated myocardium is caused by a 

higher dP/dt at the time of activation, resulting in aggravated mechanical relative to electrical 

dyssynchrony. These findings suggest that LV contractility may modify mechanical 

dyssynchrony. 

 

Paper 3.  
In paper 3 we introduce a novel non-invasive method for LV pressure-strain analysis which 

may serve as a means to quantify regional myocardial work. Furthermore we show that non-

invasive pressure-strain area reflects regional work and metabolism. Assessing work 

distribution will give the clinician additional information when assessing patients with 

ischemia and selecting patients for CRT. Work analysis may also play an important part in 

optimizing CRT settings and improve responder rate.  
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Paper 4. 
Paper 4 introduces WWF as a non-invasive clinical method to quantify the negative impact of 

dyssynchrony on myocardial work and energy utilization. Furthermore, we show that 

significant work was wasted during LBBB and was subsequently recruited when CRT was 

introduced, suggesting that the work analysis may represent a means to explore the 

hemodynamic impact of electrical dyssynchrony and to monitor responses to CRT.  
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area: a non-invasive index of myocardial work
Kristoffer Russell1,2,3, Morten Eriksen1,3, Lars Aaberge2,3, Nils Wilhelmsen2,
Helge Skulstad1,2, Espen W. Remme1,3,4, Kristina H. Haugaa1,2,3, Anders Opdahl1,2,
Jan Gunnar Fjeld5, Ola Gjesdal1,2, Thor Edvardsen1,2,3, and Otto A. Smiseth1,2,3*

1Institute for Surgical Research, Oslo University Hospital, Rikshospitalet, University of Oslo, Oslo, Norway; 2Department of Cardiology, Oslo University Hospital, Rikshospitalet,
University of Oslo, N-0027 Oslo, Norway; 3Center for Cardiological Innovation, Oslo University Hospital, University of Oslo, Oslo, Norway; 4KG Jebsen Cardiac Research Centre,
Oslo, Norway; and 5Department of Radiology and Nuclear Medicine, Oslo University Hospital, University of Oslo, Oslo, Norway

Received 9 November 2011; revised 22 December 2011; accepted 16 January 2012

Aims Left ventricular (LV) pressure–strain loop area reflects regional myocardial work and metabolic demand, but the clin-
ical use of this index is limited by the need for invasive pressure. In this study, we introduce a non-invasive method to
measure LV pressure–strain loop area.

Methods
and results

Left ventricular pressure was estimated by utilizing the profile of an empiric, normalized reference curve which was
adjusted according to the duration of LV isovolumic and ejection phases, as defined by timing of aortic and mitral
valve events by echocardiography. Absolute LV systolic pressure was set equal to arterial pressure measured inva-
sively in dogs (n ¼ 12) and non-invasively in patients (n ¼ 18). In six patients, myocardial glucose metabolism was
measured by positron emission tomography (PET). First, we studied anaesthetized dogs and observed an excellent
correlation (r ¼ 0.96) and a good agreement between estimated LV pressure–strain loop area and loop area by LV
micromanometer and sonomicrometry. Secondly, we validated the method in patients with various cardiac disorders,
including LV dyssynchrony, and confirmed an excellent correlation (r ¼ 0.99) and a good agreement between pres-
sure–strain loop areas using non-invasive and invasive LV pressure. Non-invasive pressure–strain loop area reflected
work when incorporating changes in local LV geometry (r ¼ 0.97) and showed a strong correlation with regional
myocardial glucose metabolism by PET (r ¼ 0.81).

Conclusions The novel non-invasive method for regional LV pressure–strain loop area corresponded well with invasive measure-
ments and with directly measured myocardial work and it reflected myocardial metabolism. This method for assess-
ment of regional work may be of clinical interest for several patients groups, including LV dyssynchrony and ischaemia.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Heart failure † Dyssynchrony † Cardiac resynchronization therapy

Introduction
Clinical assessment of left ventricular (LV) systolic function is com-
monly performed by measuring indices of myocardial fibre shorten-
ing such as LV ejection fraction which is a global index, and LV wall
thickening, myocardial velocity, and strain which reflect regional
function. The shortening indices, however, do not reflect myocardial
work or oxygen demand. As shown by Suga1 in an experimental
study, the area of the LV pressure–volume loop reflects stroke

work as well as myocardial oxygen consumption, and it was
later confirmed that this concept is valid clinically.2 According to
the same principle, the area of the myocardial force–segment
length loop reflects regional myocardial work and oxygen consump-
tion.3 Because calculation of myocardial force is challenging, pres-
sure is used as a substitute for force and the area of LV
pressure–dimension loop is used as an index of regional work.4–7

In the present study, we introduce a non-invasive method for LV
work analysis which is based upon an estimated LV pressure curve
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in combination with strain by speckle-tracking echocardiography
(STE). The estimated pressure curve is generated by adjusting
the profile of a reference LV pressure curve according to the dur-
ation of the isovolumic and ejection phases as measured by echo-
cardiographic timing of aortic and mitral valve events. Peak LV
pressure was estimated non-invasively from brachial artery cuff
pressure. The main objective of the present study was to deter-
mine whether LV pressure–strain loop area can be estimated
with an entirely non-invasive approach by using the estimated pres-
sure curve in combination with strain by STE. First, we tested the
principle in a dog model under a wide range of haemodynamic
conditions with LV micromanometer and implanted ultrasonic di-
mension crystals as reference methods. Secondly, we validated
the non-invasive method in patients and used invasive LV pressure
in combination with strain by STE as a reference method for pres-
sure–strain loop area. Finally, to determine whether pressure–
strain loop area reflects regional myocardial metabolism, we com-
pared loop area with glucose turnover measured by positron emis-
sion tomography (PET).

Methods

Experimental study
Animal preparation
Twelve mongrel dogs of either sex and body weight 36+2 kg were
anaesthetized, ventilated, and surgically prepared as previously
described,7 including induction of left bundle branch block (LBBB,
n ¼ 6) by radiofrequency ablation8 and regional ischaemia (n ¼ 6) by
left anterior descending coronary artery (LAD) occlusion. The study
was approved by the National Animal Experimentation Board. The la-
boratory animals were supplied by Centre for Comparative Medicine,
Oslo University Hospital, Rikshospitalet, Norway.

Haemodynamic measurements and sonomicrometry
Ascending aortic pressure, left atrial pressure, and LV pressure (LVP)
were measured by micromanometers (MPC-500, Millar Instruments
Inc., Houston, TX, USA). Segment lengths were measured using sono-
micrometry crystals implanted endocardially (Sonometrics Corp.,
London, Ontario, Canada). In dogs with LBBB, longitudinal crystal
pairs were placed in the septum and LV lateral wall, and a circumfer-
ential pair was placed in the posterolateral LV free wall. In the ischae-
mia group, a longitudinal pair was placed in the perfusion territory of
the LAD. Strain was calculated as the percentage of end-diastolic
length. Data were sampled at 200 Hz.

Echocardiography
A Vivid 7 ultrasound scanner (GE Vingmed Ultrasound AS, Horten,
Norway) was used to record two-dimensional (2D) grey-scale
images and strain by STE. Recordings were done in the LV equatorial
short-axis and two- and four-chamber views (frame rate 63+ 13 s21),
and recordings were also done corresponding to the location of ultra-
sound crystals. Strain was measured successfully at all interventions,
except for one dog during ischaemia.

Experimental protocol
In six dogs, measurements were performed at baseline and after induc-
tion of LBBB. In the remaining six animals, recordings were done
before and after LAD occlusion for 60 min. Data were recorded
with the ventilator temporarily switched off.

Clinical study
The study population included 24 patients with mean age 66+8 years
(25% females). All patients had chronic heart failure (NYHA II– IV). A
total of 18 patients underwent LV catheterization, including 11 with is-
chaemic cardiomyopathy and 7 with non-ischaemic dilated cardiomy-
opathy. Twelve of these patients had LBBB (QRS 160+20 ms).
Two of the patients with LBBB had a cardiac resynchronization
therapy (CRT) device allowing for measurements with CRT on and off.
The six remaining patients were studied with 18F-fluorodeoxyglucose

PET imaging (FDG-PET). These patients had dilated cardiomyopathy and
LBBB (QRS 165+ 16 ms). Coronary artery disease was ruled out by
coronary angiography. In these patients, only the non-invasively
estimated pressure curve was used for calculation of work. The study
was approved by the Regional Committee for Medical Research
Ethics. All subjects gave written informed consent.

Haemodynamic and echocardiographic measurements
Left ventricular pressure was measured by a micromanometer-tipped
catheter (Millar) and a fluid-filled catheter connected to an external
pressure transducer served as an absolute pressure reference. Brachial
artery cuff pressure was measured. Myocardial strain was measured by
STE in apical long-axis and two- and four-chamber views (frame rate
67+ 7 s21), and 2D images with a narrow sector over the valves
(frame rate 91+23 s21) were used to define opening and closure
of the aortic and mitral valves. Pressure and strain data were recorded
in a synchronized fashion and stored on the scanner for offline analysis.
Echocardiography was performed immediately after the PET study.
Patients with echocardiography images not amenable for speckle track-
ing were excluded prior to invasive pressure measurements (n ¼ 2).
An average of 16+ 2 segments were analysed in each patient.

Fluorodeoxyglucose positron emission tomography
To reduce myocardial fatty acid metabolism and stimulate insulin-
dependent glucose uptake, plasma glucose levels were titrated with
oral glucose and i.v. insulin as described previously.9 Gated FDG-PET
acquisition (Simens Biograph 64) was started 60–80 min after i.v. ad-
ministration of the FDG (370–380 MBq), with eight gates per RR
interval. The acquisition was also gated for respiration. Images were
reconstructed and analysed on the Xeleris workstation (GE Health-
care). The point in the LV myocardium with the highest FDG uptake
was used as a reference (100%), and segmental values were reported
as percentages of this value.

Calculation of estimated left ventricular
pressure curve
The non-invasively estimated LV pressure curve was validated first in
the dog model which allowed testing under a wide range of haemo-
dynamic conditions. Thereafter, the method was validated in patients
with various cardiac disorders. As an estimate of peak LV pressure,
aortic pressure measured invasively was used in dogs and brachial
artery cuff pressure in patients. The profile of the estimated LV pres-
sure curve was determined by using an empiric reference curve which
was adjusted according to the duration of the isovolumic and ejection
phases as determined by echocardiography.

Calculating left ventricular pressure reference curve
The LV pressure reference curve was calculated by pooling single cycle
LV pressure traces from all interventions and normalizing each pres-
sure trace using timing of valvular events in the following three
steps: (i) the timing of opening and closure of the mitral and aortic
valves was identified by echocardiography and assigned to each of
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the pressure traces (Figure 1A1 and B1). (ii) Each of the raw data traces
was stretched or compressed along the time axis between individual
valve events in order to make the valvular events coincide for all
recordings (Figure 1A2 and B2). (iii) All traces were scaled vertically
to have the same peak value. An averaged waveform was then calcu-
lated (black line in Figure 1A2 and B2).

Applying left ventricular pressure reference curve
to a specific subject
The reference curve was used for predicting LVP in a specific subject
by measuring the actual valvular timing and adjusting the duration of
time intervals of isovolumic contraction (IVC), ejection, and isovolumic
relaxation (IVR) phases by stretching or compressing the time axis of
the averaged LV pressure curve to match the measured time intervals
(Figure 1B3 and 4). Peak arterial pressure was used to scale the amp-
litude of the pressure curve. Separate reference curves were used
for dogs and patients. Note that data from all interventions in the
dog study were used and that data from all patient observations
were included in the calculation of the normalized LV pressure refer-
ence curve without considering their clinical status.

Data analysis: experimental study
Strain and pressure data were synchronized using onset R in electro-
cardiogram as a common time reference. Strain by STE was converted

to the same sampling rate as sonomicrometry (200 Hz) by bandlimited
sinc interpolation. Loop area was calculated by the following methods:

(i) Invasive method. The area of the LV pressure–strain loops by LVP
and STE.

(ii) Non-invasive method. The area of the LV pressure–strain loops by
the estimated LV pressure curve and STE.

Comparison between left ventricular pressure–strain
loop area and myocardial work
Left ventricular pressure–strain loop area as an index and myocardial
work does not take into account effects on work related to changes in
the radius of curvature or contribution from different fibre directions.
To determine the magnitude of this effect, we measured myocardial
work incorporating LV geometry (circumferential and longitudinal)
and area strain during LBBB (for methods described in detail, see Sup-
plementary material online, Appendix S1). To be able to compare the
two methods, we correlated work done by the septum divided by
work done by the lateral wall using the two methods. A comparison
between the septum and the lateral wall was made because during
LBBB, the septum does less work compared with the lateral wall.

Statistical analysis
Values are expressed as mean+ SD. Variables were compared using
least-squares linear regression, Pearson’s correlation coefficients, and
the Bland–Altman plots with calculations of limits of agreement. To

Figure 1 Estimation of left ventricular pressure curve. (A, 1) Raw left ventricular pressure data from dogs used for creating a profile of the
reference pressure waveform, consisting of pressure recordings under different haemodynamic situations. Timing of mitral and aortic valve
events is indicated. (A, 2) The raw pressure waveforms (grey curves) have been stretched or compressed along the time axis between individual
valve events in order to make the valvular events coincide for all recordings. The waveforms have also been vertically scaled to have the same
peak value. The averaged waveform to be used for predicting pressure traces is indicated by the black curve. (B, 1 and 2) Patient data: estimation
of average pressure waveform as described in (A, 1) and (A, 2). (B, 3) The averaged waveform with arbitrary time intervals, transferred from (B,
2). (B, 4) Prediction of the left ventricular pressure waveform is based on the timing of valvular event. The left ventricular pressure waveform is
constructed by adjusting the duration of time intervals to match the actual valvular timing as determined by echocardiography in the specific
subject. In addition to the time-axis adjustments, the waveform has been scaled according to systolic arterial cuff pressure.
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account for multiple measurements from each animal or patient when
using the Bland–Altman plots, we display reference intervals based on
agreement between methods of measurement with multiple observa-
tions per individual.10 For multiple comparisons, we used two-way
repeated-measurements ANOVA with least significant difference
post-test (SPSS 15.0, SPSS Inc., Chicago, IL, USA). All post hoc tests are
compared with baseline. A value of P, 0.05 was considered significant.
To assess interobserver variability, loop area using estimated LV

pressure for six randomly selected patients was analysed by two inde-
pendent observers, using the interclass correlation coefficient
(a value) and the Bland–Altman method.

Results

Experimental study
Haemodynamic variables at baseline, LBBB, and LAD occlusion are
displayed in Table 1. There was a strong correlation between

measured LVP and the estimated LV pressure curve for all
animals during all interventions with mean r ¼ 0.99 (range 0.98–
1.0; Figure 2A and B). Figure 2C shows a good agreement
between measured LV pressure vs. the estimated LV pressure
curve as a function of time (limit of agreement 28.9–8.9 mmHg).

Pressure–strain loops
When comparing the areas of the pressure–strain loops using the
estimated LV pressure curve and the LV pressure–segment length
loop, there was an excellent correlation (r ¼ 0.96) and a good
agreement (Figure 3A and B). There was also an excellent correl-
ation (r ¼ 0.99) and a good agreement between areas of the pres-
sure–strain loop using the estimated LV pressure curve and the
pressure–strain loops using measured LVP (Figures 4A and 5A
and B). Induction of LBBB was associated with a marked decrease
in LV pressure–strain loop area in the septum and there was an
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Table 1 Haemodynamic variables and loop areas in experimental study

LBBB group Ischaemia group

Baseline (n 5 6) LBBB (n 5 6) Baseline (n 5 6) Ischaemia (n5 6)

Haemodynamic variables and ECG

Heart rate (b.p.m.) 121+17 122+13 107+16 134+9*

QRS width (ms) 68+5 116+7* 69+9 67+8

LV dP/dtmax (mmHg/s) 1284+198 1098+189 1794+337 1737+102

LV EDP (mmHg) 10+3 10+4 8+1 10+2

Peak LVP (mmHg) 96+12 94+9 111+11 114+9

Loop areas

Septum Lateral wall Septum Lateral wall Anterior wall Anterior wall

Invasive method

Loop area by LV pressure–strain
(mmHg %)

693+256 659+264 155+289* 1024+486* 932+239 322+250*

Non-invasive method

Loop area by estimated LV
pressure–strain (mmHg%)

839+230 770+269 227+278* 1031+475* 914+242 295+221*

Values are mean+ SD. LBBB, left bundle branch block; EDP, end-diastolic pressure; anterior wall affected by ischaemia. Strain was measured by speckle tracking
echocardiography.
*P, 0.05 vs. baseline.

Figure 2 Comparison between estimated and measured left ventricular pressure. (A) Traces from a representative dog. (B) Point-for-point
correlation between measured left ventricular pressure and the estimated left ventricular pressure curve for the same animal as in (A). (C)
There was good agreement between measured left ventricular pressure vs. estimated left ventricular pressure as a function of time for all
the animals (limits of agreement 28.9–8.9 mmHg).
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Figure 3 (A) Correlation and agreement between area of the pressure–strain loops by estimated left ventricular pressure and speckle track-
ing echocardiography vs. measured left ventricular pressure and sonomicrometry. (B) Representative traces showing pressure–strain loops by
left ventricular pressure and sonomicrometry (black line) vs. estimated left ventricular pressure and echocardiography (red dotted line). Mea-
surements during baseline (left panel) and ischaemia (right panel). Sono, sonomicrometry; echo, speckle tracking echocardiography.

Figure 4 Correlation and agreement between area of the pressure–strain loops by estimated left ventricular pressure and speckle tracking
echocardiography (STE) vs. measured left ventricular pressure and STE. (A) Experimental data. (B) Clinical data. Note that the same strain data
are used for calculation by the two methods to show the isolated variation in loop area by using the non-invasive left ventricular pressure curve
vs. measured left ventricular pressure. RI, reference interval.
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increase in loop area in the LV lateral wall (Figure 5A and Table 1).
As predicted, the LV pressure–strain loop area decreased signifi-
cantly in the segments affected by ischaemia compared with base-
line (Figures 3B and 5B, and Table 1).

Relationship between myocardial work
and pressure–strain loop area during LBBB
Induction of LBBB was associated with flattening of the septum
relative to the lateral wall. This was expressed as a decrease in
mean systolic curvature for the septum relative to the LV free
wall: reduction in septal curvature/reduction in lateral wall
curvature ¼ 1.14. Furthermore, work done by the septum relative
to the lateral wall was greater when calculated using curvature data
and area–strain compared with calculations done using the non-
invasive method with ratios of 0.54+ 0.60 and 0.43+0.67, re-
spectively, but these differences were not statistically significant
(P ¼ 0.202). There was, however, an excellent correlation
between the two methods (r ¼ 0.97, y ¼ 0.73x + 0.15, P,
0.0001) when comparing relative values between the septum and
the LV lateral wall.

Clinical study
The patients had a QRS width of 140+40 ms, a peak LVP of
128+ 22 mmHg, and a heart rate of 73+ 29 b.p.m. The peak bra-
chial systolic pressure was 131+19 mmHg.

Left ventricular pressure–strain loops
There was an excellent correlation (r ¼ 0.99) and a good agree-
ment between areas of the pressure–strain loops using measured
and estimated LV pressure (Figure 4B). Similar to observations in
the experimental study, patients with LBBB demonstrated marked-
ly reduced work in the septum compared with the lateral
wall (358+ 512 vs. 1308+495 and 402+539 vs.1315+

473 mmHg %, by the invasive and non-invasive methods, respect-
ively). Pressure–strain loops from a representative patient are dis-
played in Figure 6 and show how CRT alters loop areas. Also in the
ischaemic cardiomyopathy patients without LBBB, findings were
similar to those in the experimental study. The pressure–strain
loop area was significantly reduced in areas supplied by an
occluded coronary artery compared with areas with normal perfu-
sion assessed by angiography (248+629 vs.1181+626 and
223+636 vs.1186+ 583, by the invasive and non-invasive
methods, respectively).

Relationship between myocardial glucose metabolism
(fluorodeoxyglucose positron emission tomography) and
pressure–strain loop area during left bundle branch block
Glucose metabolism in the patients with LBBB showed significant
regional differences and was highest in the lateral wall and
lowest in the septum. The non-invasive LV pressure–strain loop
area showed a pattern of regional work distribution which was
very similar to the distribution of glucose uptake (Figure 7). The
correlation between segmental values of the loop area and FDG
uptake for all the patients was strong with average r ¼ 0.81 and in-
dividual values ranging from 0.70 to 0.87.

Interobserver variability
Measurements of 22 loop areas by two independent observers
showed a mean difference of 246 mmHg % with an average loop
area of 765 mmHg %. The intraclass correlation coefficient
between the twoobserverswas 0.99, indicating good reproducibility.

Discussion
In the present study, we demonstrate that LV pressure–strain loop
area, which reflects regional LV myocardial work, can be measured

Figure 5 Representative traces showing pressure–strain loops by left ventricular pressure and speckle-tracking echocardiography (solid line)
vs. estimated left ventricular pressure and speckle-tracking echocardiography (dashed line). Measurements during baseline and left bundle
branch block (A) and during baseline and ischaemia (B) in the experimental dog model.
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clinically by an entirely non-invasive approach. This was feasible by
combining a non-invasively estimated LV pressure curve with strain
by STE. The validity of this method was confirmed in the experi-
mental part of the study by an excellent correlation and a good
agreement with loop area by invasive pressure–segment length
analysis. In the clinical study, LV pressure–strain loop area using
the non-invasive LV pressure curve showed a strong correlation
and a good agreement with loop area using invasive LV pressure.
When the non-invasive pressure–strain assessment was applied
in patients with LBBB, we observed a marked non-uniformity in
work distribution with reduced work in the septum and increased
work in the LV lateral wall, suggesting that the work analysis may
represent a means to explore the haemodynamic impact of
electrical dyssynchrony and to monitor responses to CRT.
Non-uniformity in work distribution was also apparent when com-
paring ischaemic vs. non-ischaemic segments. Furthermore, we
show that non-invasive pressure–strain loop area reflects regional
metabolism, which further supports its use as an index of myocar-
dial work.

Calculation of work
In principle, the area of the myocardial force–dimension loop
represents regional LV work and may also be used as a mechanical
index of regional myocardial oxygen consumption.3 Regional work
by force–dimension analysis can be measured in animal prepara-
tions using LV pressure in combination with sonomicrometry or

cardiac magnetic resonance imaging and by taking local geometry
into consideration.11,12 There is, however, no easily accessible
clinical method to record myocardial force–dimension loops
since calculation of force requires measurements which are diffi-
cult to obtain simultaneously and continuously throughout the
heart cycle. In the present study, we used pressure as a substitute
for force and the area of the LV pressure–strain loop was used as
an index of regional work. This index does not provide a measure,
which has units of work, and does not incorporate the modifying
effect of local radii of curvature or contributions from different
fibre orientations on force. To address these issues and in particu-
lar to explore how changes in septal curvature during LBBB would
modify the ability of septal pressure–strain loop area to reflect the
force–strain loop area, we performed additional analysis. This ana-
lysis showed that induction of LBBB was associated with a decrease
in mean systolic (circumferential and longitudinal) curvature for
both the septum and the lateral wall, compared with baseline. Al-
though the septum flattens during LBBB as a result of its initial
rapid contraction during IVC,8 the relative difference in mean sys-
tolic curvature between the septum and the lateral wall was not
statistically significant because after this initial contraction, the
septum was stretched and maintained its curvature during ejection
relative to the lateral wall. We also observed a tendency, although
not significant, that the relative difference in work done by the
septum compared with the lateral wall was greater when calcu-
lated using curvature data and area–strain compared with

Figure 6 Loop areas by left ventricular pressure and speckle-tracking echocardiography (solid line) vs. the non-invasive method by estimated
left ventricular pressure and speckle-tracking echocardiography (dashed line), for a septal and lateral wall segment in a patient with the cardiac
resynchronization therapy device turned on and off.
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calculations done using pressure–strain loop area. However, there
was a strong correlation between relative work using the two
methods (r ¼ 0.97), indicating that the pressure–strain loop area
gives adequate clinical information regarding relative differences
in work distribution within the same heart. Furthermore, in our la-
boratory, we have previously demonstrated that changes in seg-
mental pressure–dimension loops approximate changes in the
stress–dimension loops during myocardial ischaemia.13

The ability of pressure length area to reflect myocardial oxygen
consumption has been shown previously.6 In the present study, we
found that the non-invasive LV pressure–strain loop area had a
strong correlation and agreement with regional glucose metabol-
ism using FDG-PET. Previous studies have shown that glucose me-
tabolism reflects myocardial work,14 and this finding therefore
supports our conclusion that pressure–strain loop area reflects
differences in myocardial work distribution. The present findings
of regional changes in work distribution in patients with LBBB
are in keeping with the observations by Prinzen et al.12 in a dog
model with right ventricular pacing.

Estimated left ventricular pressure curve
There are numerous techniques which can provide a more accur-
ate central aortic pressure than just using brachial artery cuff

pressure, and these may be applied in combination with the
present method. However, when the non-invasive pressure
method is used for comparing work between segments, the main
issue is the abnormal distribution of work and not the absolute
values.

It is important to note that the only application of the non-
invasive pressure curve proposed in this study was to serve as a
pressure estimate when calculating LV pressure–strain loop
areas, and for this application, it served its purpose very well, as
indicated by the excellent relationship to reference methods for
pressure loop area. It does not have sufficient accuracy,
however, to provide a measure of LV diastolic pressure or peak
rate of rise or fall in LV pressure.

Whereas correct timing of peak LV pressure was of little im-
portance for pressure–strain loop area, errors in timing of early
systolic rise in pressure (IVC) and early-diastolic fall in LV pressure
(IVR) would be expected to have effects on loop area, in particular
when there is pre-ejection or post-ejection shortening. Thus, the
pre-ejection septal shortening during LBBB which occurs against
low LV pressure, and therefore represents little work, would
appear erroneously as a more substantial work if timing of aortic
valve opening (AVO) was set prematurely. Similarly, the work
represented by post-systolic shortening in ischaemic myocardium

Figure 7 Data from one representative patient. (A) Bull’s eye plot showing relative glucose metabolism by fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) in a representative patient with left bundle branch block. The point in the left ventricular myocardium with the
highest FDG uptake was used as a reference (100%), and segmental values were reported as percentages of this value. (B) Bull’s eye plot with
similar anatomical distribution as in (A), showing relative loop area by estimated left ventricular pressure and speckle-tracking echocardiography.
The segment with the largest loop area was used as a reference (100%), and segmental values were reported as percentages of this value. (C)
Correlation between regional metabolism by FDG-PET and loop area by estimated left ventricular pressure and speckle-tracking echocardiog-
raphy. (D) Representative pictures showing regional distribution of glucose metabolism by FDG-PET for short-axis (left panel) and four-
chamber (right panel) views. (E) Estimated left ventricular pressure and speckle-tracking echocardiography loops from the septum and
lateral wall.
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would be overestimated if timing of aortic valve closure (AVC) was
set too late. The error in timing of IVC and IVR, however, was
minor as demonstrated by testing sensitivity to errors in timing of
AVO and AVC (see Supplementary material online, Appendix S2).
Strain by STE is dependent on image quality to be able to accurately
track the speckles from frame to frame. Therefore, work analysis
may not be feasible in all patients. Furthermore, in patients with
valvular pathology such as aortic stenosis, the pressure gradient
over the valve will invalidate peripheral systolic arterial pressure as
an estimate of peak LV pressure, and in these patients, the use of
the estimated non-invasive pressure does therefore not apply.

Limitations
The use of a reference curve to define timing of peak systolic pres-
sure is in principle a limitation of the estimated pressure curve
method since patients have different timing of peak LV pressure
and this may vary from time to time in a given patient. This
might have been improved by using brachial artery tonometry or
a similar method to define timing of peak pressure and the pres-
sure profile during LV ejection. However, additional analysis
described in Supplementary material online, Appendix S2, showed
that accurate timing of true peak pressure did not really matter
since the impact on work of under- or overestimating LV pressure
during the first part of the LV ejection phase was essentially com-
pensated for by the opposite effect during the last part. For detec-
tion of more subtle differences in regional work, however, the use
of a tonometrically recorded pressure curve may be of value. Mea-
sured LVP data from the analysed subject was not excluded from
the average curve, as doing so did not significantly alter the esti-
mated LV pressure waveform.
Speckle-tracking echocardiography measures motion in the

image plane while sonomicrometry measures motion of material
points in the myocardium. Therefore, a misalignment of the ultra-
sound plane vs. the crystals may account for some of the discrep-
ancies between the two measurements. When calculating area
strain and curvature, we used circumferential and longitudinal mea-
surements obtained from two separate 2D echocardiographic pro-
jections. This method assumes that the projections are orthogonal
and misalignment is a potential source of error.
Fluorodeoxyglucose positron emission tomography assesses

glucose metabolism and will show increased uptake in areas
both with aerobic and anaerobic (ischaemia) metabolism. There-
fore, in the present study, we included only patients with a
normal coronary angiography and no history of coronary artery
disease. The observed abnormal changes in LV glucose metabolism
during LBBB are in keeping with previous findings.15

The sample size in the present study is small and further valid-
ation of the findings should therefore be performed in a larger
cohort; however, the consistency of the data support our findings.

Potential for clinical application
As suggested by previous studies,12,16,17 analysis of cardiac
mechanics and regional work during ventricular dyssynchrony
may provide important insights into mechanisms of remodelling
and LV dysfunction. During LBBB, the early-activated septal seg-
ments produce little or negative work, while the late-activated

segments are hyperstretched by the early septal contraction, and
therefore generate more work than normal segments.8,12 The dif-
ference in intersegmental work distribution during LBBB is asso-
ciated with differences in regional blood flow and oxygen
demand and may also account for remodelling of the left ven-
tricle.6,15,17,18 A clinical method which can assess regional work
is therefore likely to provide important insights into cardiac
mechanics and may be useful when evaluating patients who are
candidates for CRT.

Because the proposed method uses LVP as a surrogate for force,
it does not reflect changes in force that result from individual dif-
ferences in LV geometry, and therefore, comparison between
hearts is difficult. The most important application of the method
would be to compare work between segments in a given ventricle.
Such insight might be used to explore how non-uniformity of work
distribution contributes to LV remodelling. Furthermore, studies
should be done to determine whether work distribution during
LV dyssynchrony may be used to identify responders to CRT
and serve as a means to optimize electrode placement. Similar in-
formation cannot be obtained by just measuring strain, as illu-
strated by septal pre-ejection shortening and post-systolic
shortening in the ischaemic myocardium which represent substan-
tial shortening, but little work since LV pressure is low.

Conclusions
In the present study, we introduce a novel non-invasive method for
LV pressure–strain analysis which may serve as a means to quantify
regional myocardial work and may also provide information
regarding metabolic demand. Assessing work distribution will
give the clinician additional information when assessing patients
with ischaemia and might be useful for selecting patients for
CRT. Furthermore, work analysis may play an important part in op-
timizing CRT settings and improve responder rate. Further studies
are needed to define the clinical role of the proposed method.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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