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Abstract Objectives To compare regional left

ventricular (LV) volume curves obtained with real

time three-dimensional echocardiography (RT3DE)

with two-dimensional circumferential strain curves

obtained by MRI in cardiac resynchronization

therapy candidates. Background Several methods

using either ultrasound or MRI are used to quantify

mechanical dyssynchrony (MD). Theoretically, LV

volume and circumferential strain seem related,

since both measures are connected to the radius of

the ventricle. Methods In 21 patients with chronic

heart failure, RT3DE and tagged MRI were

performed subsequently. Regional LV volume was

computed from the ultrasound images. From the

MR images, regional circumferential strain was

calculated. Cross-correlations with time lags of 1%

of the cardiac cycle were performed to compare the

curves in corresponding LV segments. Furthermore,

peak septal to lateral (SL) delays were compared

between modalities. Results High correlations were

found between the curves (r2 = 0.65 ± 0.19), but

regional differences in time delay between modal-

ities were observed. In the septum, the volume

curve was earlier than the strain curve by

1.8 ± 17.0 time-lags (n.s.), while in the lateral

wall, the volume curve was earlier by 3.3 ± 12.0

time-lags (P \ 0.02). There was a non-significant

difference between SL delays in the two modali-

ties (volume: -1.0 ± 8.6%, strain: 3.0 ± 12.7%,

P = 0.17, a positive sign indicates that the lateral

wall is delayed). Conclusions High correlations

were observed between both modalities, but

regional differences in time-delay were found. This

is possibly inherent to the method of echocardio-

graphic volume calculation and hampers the

comparison of both measures for the quantification

of MD.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

CRT Cardiac resynchronization therapy

DCE Delayed contrast enhancement

LV Left ventricle

MRI Magnetic resonance imaging

Introduction

Since only 70–80% of chronic heart failure patients

receiving CRT respond to this therapy [1–5], better

methods for prediction of response are mandatory.

Mechanical dyssynchrony in LV contraction is

thought to predict the response to CRT better than

electrical dyssynchrony [6–8]. Both echocardiogra-

phy and MRI are used to quantify mechanical

dyssynchrony. While several measures of mechanical

dyssynchrony are commonly used in ultrasound, such

as tissue Doppler imaging (velocity [9, 10], strain

[11]) or 3D-echo (volume [12, 13]), MRI predomi-

nantly focuses on circumferential strain [6, 14].

Myocardial strain is probably a more robust param-

eter for assessing mechanical dyssynchrony than

regional wall motion or velocity, as it is less affected

by overall heart motion and tethering [15].

In an animal study, circumferential strain was

found to be a better measure of dyssynchrony than

longitudinal strain [14]. MRI can probably best

quantify circumferential strain since the heart can

be imaged in any plane. However, this is a relatively

time consuming approach.

Assessment of circumferential strain by ultrasound

is limited due to the acoustic window and the angle of

the ultrasound beam [15]. However, with the tech-

nique of real-time 3D-echocardiography, regional LV

volume can be quantified during the whole cardiac

cycle. This technique was found to provide fast and

accurate quantification of mechanical dyssynchrony

[12, 13].

Since both the strain assessment by MRI and the

volume assessment by 3D-echocardiography have

their own advantages for quantifying mechanical

dyssynchrony and seem theoretically related, a com-

parison is useful.

The relation between LV volume and circumfer-

ential strain is thought to be as follows (see also the

Appendix): End-stage heart failure is often associated

with a remodeled LV, which usually gets a more

spherical shape. Because of this change in ventricular

geometry, LV volume is probably dependent on the

radius in these patients. LV circumferential strain is

also directly related to the change in radius of the

heart, since it describes the length changes in the

circumference of the ventricle. Since both measures

are dependent on the radius of the ventricle, it is

expected that there will be a relation between (the

third root of) the measured volume and the circum-

ferential shortening of the LV. In this study, this

relation is investigated. The result will give insight in

whether it is likely that quantification of mechanical

dyssynchrony performed with the less time-consum-

ing 3D-echocardiography technique provides the

same results as quantification of dyssynchrony with

MRI circumferential strain. Furthermore, since myo-

cardial scar changes tissue properties, the influence of

the presence of scar tissue on the results is explored.

Methods

Subjects

A total of 21 patients referred for CRT were studied

(age 64 ± 10 years, 10 male, 11 female). Patients

were included according to the following selection

criteria: ejection fraction (EF) \35%, NYHA-class

III–IV despite optimal pharmacological therapy, and

sinus rhythm [16]. The patients had to be clinically

stable and received standard heart failure therapy

including diuretics, beta-blockers, angiotensin-con-

verting enzyme inhibitors and/or ATII receptor

blockers.

Furthermore, five healthy subjects (age 30 ±

5 years, 4 male, 1 female) with no history of cardiac

disease were included as a control group.

Written informed consent was obtained according

to our institutional guidelines (VU University Med-

ical Center, Amsterdam, the Netherlands).

Transthoracic real-time 3D-echocardiography

and regional volume

Ultrasound was performed using either a Sonos 7500 or

iE33 echo machine (Philips Medical Systems, Eind-

hoven, the Netherlands) with a matrix transducer.
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Transthoracic apical acquisitions were obtained during

5–7 s of breath hold, with a temporal resolution of

6–7 ms, while the patient was in left lateral position.

The entire LV volume was included in the pyramid-

shaped 3D scan-volume. For quantification of LV

volumes, specially designed software was used

(Research-Arena 1.2.2TM 4D-LV-Analysis, TomTec

Imaging Systems, Munich, Germany).

In apical long-axis planes of the LV, endocardial

contours were semi-automatically detected during the

complete cardiac cycle. Based on these contours, a LV

cast was created. The cast was divided into 16 pie-

shaped segments, pointing towards a central line

between the apex and center of the mitral valve, and

1 additional apical segment. The segments correspond

to the 17-segment model as described by the American

Heart Association [17]. For each segment, a volume

curve was generated, starting at the R-top of the ECG.

Only the first 16 segments were used for comparison.

MRI and regional circumferential strain

MR imaging was performed on a 1.5 T whole body

system (Magnetom Sonata, Siemens, Erlangen,

Germany). Complementary tagged (CSPAMM) myo-

cardial images were acquired using steady state free

precession imaging and a multiple brief expiration

breath hold scheme as described before [18, 19].

Images for 2D strain analysis were acquired in three

short-axis planes, evenly distributed over the LV, as

planned on an end-systolic 4-chamber image. A

retrospective triggered protocol was used with a

temporal resolution of 15 ms.

For analysis of scar tissue, the delayed contrast

enhancement (DCE) MRI technique was used in all

patients. A contrast agent was administered after the

tagging procedure (Gadolinium-DPTA, Magnevist,

Schering AG, Berlin, Germany) with a dose of

0.2 mmol/kg. About 10 to 15 min after contrast

application, the LV was imaged in the same orientation

as the tagged images using a segmented inversion-

recovery gradient-echo pulse sequence. The inversion

time was approximately 250 ms. Images were

acquired in late diastole. The imaging parameters are

given in Table 1.

From the tagged images, circumferential strain (ec)

curves were obtained from the 50% mid-myocardial

wall using the harmonic phase method [20] at 6

circumferential segments of each slice: inferoseptal,

anteroseptal, anterior, anterolateral, inferolateral and

inferior. The circumferential strain reflects the

percent change in length of a small line segment in

the circumferential direction over the cardiac cycle,

with respect to end-diastolic length. The segments in

the basal and mid-ventricular slice correspond to the

first 12 segments of the 17-segment model used for

echocardiography. The inferoseptal and anteroseptal

segments in the apical slice were averaged to form

one septal segment, the anterolateral and inferolateral

segments were averaged to form one lateral segment,

to become comparable to the segments 13–16 from

the 17-segment echocardiography model (with the

septal and lateral segments from MRI slightly larger

than from echocardiography). Thus, a total of 16

segments were used for comparison.

Data analysis and statistics

The data of all 336 segments (16 segments 9 21

patients) were linearly inter- or extra-polated to obtain

100 data points per cardiac cycle, such that the time

points in the cardiac cycle can be expressed as a

percentage. Only the first 80% of the cardiac cycle was

used for comparison, to eliminate the noise present in

the last part of the strain curves, due to MRI tag fading.

RR-interval times were recorded during measure-

ments with both modalities and compared using a

paired Student’s t-test.

Table 1 Imaging parameters

Acquisition Voxel size (mm3) Matrix Temporal

resolution (ms)

a (�) TR/TE (ms) BW (Hz/pixel)

Tagging cines 1.2 9 3.8 9 6.0 256 9 78 15 20 3.6/1.8 850

Conventional cines 1.3 9 1.3 9 6.0–8.0 256 9 208 35–48 60 3.2/1.6 930

DCE images 1.6 9 1.3 9 5.0 208 9 256 – 25 9.6/4.4 130

Matrix: number of readout 9 phase encoding samples; a: excitation flip angle; TR: repetition time, TE: echo time; BW: receiver

bandwidth
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Subsequently, the cross-correlation r was calcu-

lated between the third root of the volume curves and

the strain curves, using 35 time-lags, where 1 time-lag

corresponds to 1% of the cardiac cycle length, in all

the segments and slices. This means that the strain

curve was shifted with respect to the volume curve for

35 time-lags in each direction. For the maximum

cross-correlations in the segments, a regression anal-

ysis was performed for every segment over all

patients. The squared maximum cross-correlation r2

was used to calculate average values over patients. For

regional information, average values were also calcu-

lated over the septal, anterior, lateral and inferior

regions and over the slices. For efficiency reasons,

results were not averaged over all segments separately.

Furthermore, times to peak volume and strain were

determined from the volume and strain curves, again,

as a percentage of the cardiac cycle. From this, the

average septal and lateral times to peak were

calculated and subtracted to give the septal to lateral

delay for each subject. Septal to lateral delays were

compared between both modalities using a paired

t-test and Bland-Altman analysis was performed.

P-values lower than 0.05 were considered signif-

icant. Results are presented as mean ± sd, unless

indicated otherwise. Subsequently, the comparison

was repeated while excluding segments that did not

reach their overall maximum cross-correlation within

the computed range of 35 time-lags. Finally, in the

patients, it was explored whether there is a relation

between these curves and the presence or absence of

fibrosis as assessed by DCE.

Results

In Table 2, characteristics and functional parameters

of the heart failure patients and the healthy subjects

are shown. Using the 3D echo 16-segment dyssyn-

chrony index previously described by Kapetanakis

et al. [13], 15 patients (71%) had significant mechan-

ical dyssynchrony ([3SD above the mean for normal

subjects, which is 5.6% in our case).

The average RR-interval during 3D-ultrasound was

934 ± 96 ms versus 881 ± 99 ms during MRI. This

was not statistically different (P = 0.09). Since each

curve has 100 data points, on average, 1 time-lag

corresponds to an intermodality delay of 9.1 ± 1.0 ms.

Cross-correlations

The average maximum cross-correlation between the

volume obtained by 3D-ultrasound and the circum-

ferential strain obtained by tagged MRI was

r2 = 0.65 ± 0.19. The mean intermodality delay at

maximum cross-correlation was -1.9 ± 12.4 time-

lags, which is significant (95% confidence interval:

-3.2 to -0.6 time-lags) and corresponds to an

average time-delay of -16.9 ± 112.8 ms. The neg-

ative sign indicates that the strain curve was delayed

Table 2 Characteristics,

medication and function

parameters of the heart

failure patients (n = 21)

and the healthy subjects

(n = 5)

Patient parameter Value patients Value healthy subjects

Age (yrs) 64 ± 10 30 ± 5

Sex (male/female) 10/11 4/1

Ischemic cardiomyopathy (n, %) 10, 48

Diuretics (n, %) 15, 71

Beta-blockers (n, %) 17, 81

ACE-inhibitors (n, %) 19, 90

ATII receptor blockers (n, %) 9, 43

QRS width (ms) 132 ± 33

QRS width C 120 ms (n, %) 13, 62

Heart rate (beat/min) during MRI 68 ± 7 69 ± 11

Heart rate (beat/min) during ultrasound 64 ± 6 69 ± 16

End-diastolic volume (ml) 172 ± 125 122 ± 35

End-systolic volume (ml) 62 ± 49 53 ± 14

Ejection fraction (%) 28 ± 6 56 ± 4

16-Segment dyssynchrony index (%) [13] 8.4 ± 3.7 3.5 ± 0.7
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with respect to the volume curve. The accompanying

average regression coefficient was 43.0 ± 5.6%cm-1

(mean ± SE), and the constant was -87.2 ± 10.9%

(mean ± SE). An example of the volume and strain

curves and cross-correlations for one patient can be

seen in Fig. 1.

In Table 3 and Fig. 2, the results for the separate

regions are shown. Only in the lateral region of the mid-

slice the cross-correlation delay was statistically

different from 0 (95% confidence interval: -7.1 ± 3.1

time-lags (mean ± SE)). Furthermore, regional differ-

ences in time-delays can be seen; some regions show

negative delays, while others show positive delays. For

example, the average intermodality delay in the septal

region was -1.8 ± 17.0 time-lags (not significant),

while the delay in the lateral region was -3.3 ± 12.0

time-lags (P \ 0.02).

Septal to lateral delay

The average septal to lateral delay in the subjects was

-1.0 ± 8.6% of the cardiac cycle in the volume

curves, and 3.0 ± 12.7% in the strain curves. The

negative sign indicates that the septum was delayed

with respect to the lateral wall in the volume curves,

while the positive sign indicates that the lateral wall

was delayed with respect to the septum in the strain

curves. The difference between both modalities in

septal to lateral delay was not significant: P = 0.17. A

schematic illustration of regional differences and

septal to lateral delays can be found in Fig. 3.

Pearson correlation between septal to lateral delay in

both modalities was non-significant (r = 0.34,

P = 0.13), and the mean difference between both

measures was 4.0 ± 12.7 ms.

Fig. 1 Strain, volume and cross-correlation curves of all

segments in one patient. From top to bottom: base, mid, apex.

From left to right: inferoseptal, anteroseptal, anterior, antero-

lateral, inferolateral and inferior segments (apex: septal,

anterior, lateral, inferior). In the cross-correlation curves, a

positive peak cross-correlation value depicts that the strain

curve reached its peak before the volume curve. Cross-

correlation curves marked with * indicate a segment with DCE

Table 3 Maximum cross-correlation results between 3D-

echocardiography derived volume and 2D MRI derived cir-

cumferential strain per region for 336 segments

Base Mid Apex

Septal

r.c. (%cm-1) 42 ± 8 37 ± 4 33 ± 6

Con (%) -85 ± 16 -72 ± 9 -65 ± 11

r2 0.71 ± 0.19 0.71 ± 0.19 0.62 ± 0.20

Delay (lags) -0.1 ± 16.4 -3.3 ± 16.3 -1.9 ± 17.9

Anterior

r.c. (%cm-1) 37 ± 4 33 ± 4 34 ± 4

Con (%) -78 ± 8 -69 ± 8 -69 ± 8

r2 0.68 ± 0.18 0.69 ± 0.20 0.66 ± 0.26

Delay (lags) 1.8 ± 15.6 0.8 ± 15.1 -1.6 ± 15.3

Lateral

r.c. (%cm-1) 67 ± 6 53 ± 5 41 ± 4

Con (%) -138 ± 11 -109 ± 10 -86 ± 9

r2 0.76 ± 0.22 0.73 ± 0.23 0.66 ± 0.25

Delay (lags) -1.8 ± 11.1 -7.1 ± 10.1 -0.9 ± 13.9

Inferior

r.c. (%cm-1) 53 ± 8 27 ± 3 34 ± 6

Con (%) -99 ± 14 -55 ± 6 -66 ± 12

r2 0.70 ± 0.21 0.66 ± 0.22 0.53 ± 0.26

Delay (lags) -1.5 ± 12.7 -1.4 ± 13.5 -0.6 ± 20.1

Values are mean ± SE for r.c.: regression coefficient; con:

constant. Values are mean ± sd for r2 and the delay
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Segments with low cross-correlation

In 38 of the 336 segments (from 16 out of 21

patients), predominantly present in the septal region

(Fig. 4), the cross-correlation curve did not reach its

overall peak within the calculated time-lags. In 5 of

the segments, this was due to an unusual volume

curve, whereas in 33 segments, this could be

explained by the presence of a strain curve with very

low or positive strain (‘‘bulging’’).

Cross-correlation after exclusion of ‘abnormal’

segments

The newly obtained average r2 over 170 segments and

time-delay values (Table 4) were not significantly

different from the values obtained with 336 segments

(P = 0.28). The standard deviation of the time delay,

however, was significantly lowered (P \ 0.0001).

The mean maximum cross-correlation with 178

segments was r2 = 0.70 ± 0.21, with an average

delay of -2.2 ± 10.7 time-lags, corresponding to

-20.1 ± 96.6 ms. The accompanying average regres-

sion coefficient was 42.6 ± 5.1%cm-1 (mean ± SE),

and the constant was -86.3 ± 9.8% (mean ± SE). In

Table 3 and Fig. 2, regional results are presented.

Again, in the lateral region of the mid-slice the cross-

correlation delay was significantly different from

0 (95% confidence interval: -4.9 ± 2.2 time-lags

(mean ± SE)). The regional differences in time-delays

were reduced (septal: -2.5 ± 12.0 time-lags (n.s.),

lateral: -2.4 ± 8.8 time-lags (P \ 0.03).

Septal to lateral delay after exclusion

of ‘abnormal’ segments

After exclusion of the segments, the difference in

septal to lateral delay between the modalities was also

reduced. The septal to lateral delay in the volume

Fig. 2 Averaged regional r2 and time-delay values. Averaged

regional r2 values for the maximum cross-correlations of the 5

healthy volunteers and 21 patients shown before and after

exclusion of the 38 segments that did not reach a peak within the

calculated time-lags. Also, the regional differences in time-delay

between both modalities are shown. The error bars correspond to

the SD. Sept: septal, ant: anterior, lat: lateral, inf: inferior

Fig. 3 Schematic illustration of regional differences between

modalities and differences in septal to lateral delays. In both

the septum and the lateral wall, the volume curve was delayed

with respect to the strain curve. In the strain curves, the septum

reached its peak before the lateral wall, whereas in the volume

curves, the lateral wall reached its peak earlier
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curves was -0.7 ± 7.3% of the cardiac cycle and

0.5 ± 12.7% in the strain curves (P = 0.64). Pearson

correlation between septal to lateral delay in both

modalities remained the same after exclusion of the

segments (r = 0.35, P = 0.12), but the mean difference

between both measures decreased to 1.3 ± 12.2 ms.

Healthy subjects

In the healthy subjects, 80 segments (16 seg-

ments 9 5 subjects) were compared. RR-intervals

were not significantly different between the two

measurements (Table 2, P [ 0.98), and the 16-seg-

ment dyssynchrony index was similar to the value

reported by Kapetanakis et al. [13] (3.5 ± 0.7% vs.

3.5 ± 1.8%, respectively).

The average maximum cross-correlation was

r2 = 0.88 ± 0.09, and the mean intermodality

delay was 1.9 ± 4.3 time-lags, corresponding to

16.5 ± 37.3 ms. The regression coefficient was

35.2 ± 1.6%cm-1 (mean ± SE), and the constant

-65.5 ± 2.7% (mean ± SE). Regional r2-values and

intermodality time-delays can be found in Fig. 2.

The septal to lateral delay in the healthy subjects

was 4.5 ± 4.2% of the cardiac cycle in the strain

curves, and 1.2 ± 3.0% in the volume curves

(P = 0.20). Pearson correlation between the septal to

lateral delays was not significant (r = 0.13, P = 0.83),

and the mean difference was 3.3 ± 4.9 ms.

DCE

In 10 of the patients, scar tissue was identified based

on observed DCE in the MR images. In general, the

location of the DCE seemed not to be related to the

location of the excluded segments (Fig. 4). DCE was

Fig. 4 Bulls-eye plots. Bulls-eye plots of the number of

excluded segments (left) and number of segments with DCE

(right). From the outside to the inside of the bulls-eye, the base,

mid and apex slices are shown. Excluded segments are

predominantly located in the septal region. Segments showing

DCE seem to be more evenly distributed, with a slight

preference for the lateral region. Ant: anterior, lat: lateral, inf:

inferior, sept: septum

Table 4 Maximum cross-correlation results between 3D-

echocardiography derived volume and 2D MRI derived cir-

cumferential strain per region for 298 segments

Base Mid Apex

Septal

r.c. (%cm-1) 41 ± 8 37 ± 3 29 ± 4

Con (%) -84 ± 16 -71 ± 6 -58 ± 8

r2 0.72 ± 0.19 0.71 ± 0.19 0.64 ± 0.20

Delay (lags) -0.9 ± 11.8 -5.2 ± 10.4 -1.5 ± 13.7

Anterior

r.c. (%cm-1) 39 ± 4 33 ± 3 34 ± 5

Con (%) -85 ± 8 -67 ± 5 -68 ± 8

r2 0.70 ± 0.17 0.71 ± 0.16 0.65 ± 0.26

Delay (lags) 0.9 ± 11.0 -0.7 ± 8.4 -4.3 ± 13.3

Lateral

r.c. (%cm-1) 67 ± 6 54 ± 5 43 ± 5

Con (%) -137 ± 11 -112 ± 9 -91 ± 9

r2 0.78 ± 0.18 0.77 ± 0.20 0.69 ± 0.25

Delay (lags) -1.7 ± 8.9 -5.0 ± 6.9 -0.6 ± 10.3

Inferior

r.c. (%cm-1) 47 ± 6 27 ± 3 32 ± 5

Con (%) -92 ± 13 -53 ± 6 -60 ± 9

r2 0.72 ± 0.20 0.66 ± 0.23 0.54 ± 0.27

Delay (lags) -1.6 ± 9.4 -1.4 ± 8.8 -0.5 ± 15.6

Values are mean ± SE for r.c.: regression coefficient; con:

constant. Values are mean ± sd for r2 and the delay

Int J Cardiovasc Imaging (2009) 25:1–11 7

123



observed in only 4 of the excluded segments (out of 3

patients), while a total of 59 segments showed DCE

(out of 10 patients). Segments with DCE showed

normal cross-correlation curves (Fig. 1).

Discussion

In this study, the curves of regional change in LV

volume and circumferential strain as obtained with

3D-ultrasound and tagged MRI, respectively, were

compared. In addition, the influence of scar tissue on

the relation was explored. The results show that the

correlation between the curves is relatively high, but

that there are regional differences in time-delay

between curves derived from both techniques. Fur-

thermore, there is a difference between septal to

lateral delays measured with both modalities (Fig. 3).

The presence of abnormal, positive circumferential

strain, indicating stretch or ‘‘bulging’’, causes poor

cross-correlation curves. Areas of delayed enhance-

ment, indicating scar tissue, seem not related to these

curves. Exclusion of these curves led to a significant

reduction in the standard deviation of the time-delay,

less regional difference in time-delay and more

similarity in septal to lateral delay between the

methods, but not to better correlation. In healthy

volunteers with no signs of dyssynchrony, correlation

was higher and less regional difference in time-delay

was observed.

Heart rate

The difference in heart rate of the subjects between

the subsequent measurement modalities might have

influenced the results. The time points in the cardiac

cycle were expressed as a percentage. Since it is

known that shortening or lengthening of the RR

interval mainly influences the length of the diastolic

part of the cardiac cycle [21, 22], some shifts between

the curves from the two modalities could have been

expected. However, the differences in heart rate were

not found to be statistically significant. Furthermore,

this would only lead to a shift in one direction, not to

the observed regional differences in time-delay.

However, it is not fully known how the different

parts of the cardiac cycle are altered at varying heart

rates in patients with a dyssynchronous contraction.

Cross-correlations

Even though the measured maximum cross-correla-

tions were high, it is no proof of equality. For the

quantification of mechanical dyssynchrony, regional

information on time delay, such as the septal to

lateral delay, is by far more important. Intermodality

delays differed between the tested regions, and had a

negative sign on average (Fig. 2). This implicates

that the values of mechanical dyssynchrony might be

over- or under-estimated with respect to the other

imaging modality. This was shown by the septal to

lateral delay, which surprisingly had a different

sign in both modalities, but was not found to be

significantly different. Furthermore, the standard

deviations of the maximum cross-correlations and

accompanying time-delays were relatively large,

indicating a substantial amount of variation between

the comparisons.

In the healthy subjects, there was also some

regional variation in time-delay (Fig. 2). However, in

this case the delays had a positive sign and the

standard deviations were very low compared to the

patient group. The regional time-delay differences

might have been caused by the non-fixed reference

centerline used for the volume calculations. It is

known from literature [23], that circumferential strain

is somewhat larger in the anterior region. Our results

show that the largest intermodality delay occurs in

this region. If the regional volume curves become

more balanced because of the moving reference

centerline, this may result in regional variation in

time-delay between both measurements.

The same effect might have played a role in the

measured septal to lateral delays. In the healthy subjects,

this delay was larger in the strain measurements.

Segments with low cross-correlation

The most striking finding was the poor cross-corre-

lation between the volume curves and the segments

with little or positive circumferential strain, indicat-

ing dyskinesia or ‘‘bulging’’, which are commonly

found in CRT candidates. Apparently, there is little

resemblance between regional lengthening (‘‘bulg-

ing’’) and change in volume. This discrepancy seems

to have great influence on the observed regional

differences in time delay and on the septal to lateral

delay as shown in Fig. 3.
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Once again, a possible explanation for this finding

could be the non-fixed center line in the 3D LV volume

cast of the ultrasound measurements. Circumferential

lengthening in patients with a dyssynchronous contrac-

tion can be caused by the counteracting opposite region.

In other words, the region that shows lengthening, is

pushed away by the opposite wall. When in this case the

center line of the LV volume cast moves to the center of

both walls, no regional increase in volume will be

observed and the volume curve will appear more normal.

Therefore, it might be concluded that the postu-

lation of a direct relationship between circumferential

strain calculated from MRI tagging and regional

volume calculated from 3D ultrasound is not valid in

patients these patients, and that 3D echo and MRI

strain represent different, not directly related mea-

sures of mechanical dyssynchrony.

Clinical implications

After the exclusion of the segments with low cross-

correlation, no significant change in maximum cross-

correlation was observed. The SD of the time delay

on the other hand, decreased significantly, and the

septal to lateral delay became more similar, indicat-

ing that exclusion of the poorly correlating segments

had a positive effect on the overall comparison of

MRI derived LV circumferential strain and 3D-

ultrasound derived LV volume. Nevertheless, the

need to exclude segments to make good comparisons

is undesirable in clinical practice, and the difference

seems to be caused by the regional volume calcula-

tion in 3D ultrasound. Moreover, these regional

contraction patterns are characteristic for patients

with a dyssynchronous contraction pattern. Consid-

ering the much better results obtained in the control

group, MRI strain and 3D echo volume might

represent different measures of mechanical dyssyn-

chrony, which are intrinsic to the regional volume

calculation. On the other hand, the finding that the

presence of DCE did not influence the cross-corre-

lation between the two measurement methods could

be considered an advantage, because comparison

seems correct in segments with scar tissue.

Limitations

A possible limitation is the inter- or intra-observer

variability in the contouring of the myocardium. For

the ultrasound measurements, this variability was

found to be low [24]. For the tagged MR images, a

study using the harmonic phase method showed good

inter- and intra-observer variability [25]. We only

included the midwall layer in the strain analysis,

since this region is expected to contain mainly

circumferentially oriented myofibers [26]. In the

reproducibility study [25], it was shown that inter-

and intra-observer agreement were best in the mid-

wall layer and increased with improved image

quality. In our study, only subjects with good image

quality on both modalities were included.

3D-echocardiography and MRI

In previous studies comparing ultrasound and MRI

dyssynchrony measurements, good correlations were

found [27, 28]. However, in contrast to this study, in

these cases no different measures were compared.

Both studies compared the similarity of velocity

measurements in ultrasound and MRI. In the com-

parison of real-time 3D-echocardiography and MRI,

global LV function and regional wall motion were

found to correlate well between the two modalities

[29, 30]. It requires further study, which modality or

technique will be superior for predicting the response

to CRT. Furthermore, strain analysis is focusing on

the deformation in the cardiac wall, whereas in the

volume measurements in 3D-ultrasound, only the

endocardial border is used. Besides, regional change

in LV volume seems influenced by the moving

centerline in the volume measurement.

Conclusion

High cross-correlations were observed between

regional MRI derived LV circumferential strain and

real-time 3D-echocardiography derived regional LV

volume. However, regional differences in time

delay between the curves were found, leading to

discrepancies in the quantification of mechanical

dyssynchrony. This could mainly be ascribed to the

poor correlation between regions with little or

positive circumferential strain (dyskinesia or ‘‘bulg-

ing’’) and the accompanying regional volume curves,

and is probably inherent to the calculation method of

regional LV volume. Therefore, both modalities
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might represent different measures of mechanical

dyssynchrony.
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Appendix

The relation between LV volume and circumferential

strain is thought to be as follows:

The remodeled, more spherical heart will have a

volume V as a sphere:

V ¼ 4

3
pr3 ð1Þ

Circumferential strain describes the length changes in

the circumference of the LV (2pr). Assuming a circular

ventricle with homogeneous strain, the circumferential

length change ec can be represented as:

ec ¼
rn � r1

r1

; ð2Þ

where r is the radius and n a time point in the cardiac

cycle. In this equation, r1 can be considered as a

constant term.

Since both volume and circumferential strain are

dependent on the radius of the heart, a relation between

the third root of the volume and the circumferential

strain is expected.
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