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Cardiac Imaging

Automated Analysis of Myocardial
Deformation at Dobutamine Stress Echocardiography
An Angiographic Validation

Charlotte Bjork Ingul, MD,*† Asbjorn Stoylen, MD, PHD,* Stig A. Slordahl, MD, PHD,*
Rune Wiseth, MD, PHD,* Malcolm Burgess, MD,† Thomas H. Marwick, MD, PHD†

Trondheim, Norway; and Brisbane, Australia

Objectives We investigated the accuracy of automated analysis of myocardial deformation during dobutamine stress echo-
cardiography (DSE).

Background The time required for segmental measurement of strain rate imaging (SRI) limits its feasibility for quantification
of DSE.

Methods Myocardial deformation was assessed at DSE in 197 patients, 76 with and 61 without coronary artery disease
(CAD) at angiography, and 60 at low risk of CAD. Automated deformation analysis was based on velocity gradi-
ent and segment length methods of measuring longitudinal motion within a region of interest tracked through
the cardiac cycle. Results were compared with independent wall motion scoring (WMS). Patients were randomly
divided; group A (n � 69) established optimal cutoffs for the parameters and group B (n � 68) tested their accuracy.

Results The feasibility of WMS exceeded that of both SRI methods at rest and at peak stress. In group A, the area under
the receiver-operating characteristics curve of the peak systolic strain rate was 0.90 by both methods, and the
optimal cutoffs for detection of CAD were �1.3 (velocity gradient) and �1.2 s�1 (segment length). The areas
under the receiver-operating characteristics curves for end-systolic strain were less (0.87) by both methods, with
respective cutoffs of 9% and 8%. In group B, the velocity and segment length methods had respective sensitivi-
ties of 87% and 84% for SR, and 87% and 88% for end-systolic strain. Both significantly exceeded that of WMS
in the same group (75%).

Conclusions Automated analysis of myocardial deformation at DSE is feasible and accurate, and may increase the sensitivity
of expert conventional reading. (J Am Coll Cardiol 2007;49:1651–9) © 2007 by the American College of
Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.01.059
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o attain published levels of accuracy, the interpretation of
obutamine stress echocardiography (DSE) requires an
xpert observer (1). A quantitative tool could reduce this
ependence and help overcome the limitations of wall
otion analysis. Quantitation using tissue Doppler mea-

urements (e.g., peak systolic velocity and displacement) is
easible during DSE and provides modest accuracy (2–6),
ut is limited by the influence of adjacent segments.
easurement of deformation with longitudinal strain (S)
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nd strain rate (SR) has been shown to be accurate in a small
tudy of 44 patients (7). The lack of publication of further
r larger studies about the accuracy of strain rate imaging
SRI) in DSE, or indeed its adoption as a clinical tool, may
eflect the time requirement for image processing. Auto-
ated postprocessing would facilitate the uptake of SRI as
practical clinical technique.
We have previously described an automated method for

nalysis of myocardial deformation that is feasible and
ime-saving, including automated segmentation, tracking
he segment motion laterally using its speckle pattern and
xially by tissue Doppler (8). The SR is measured by tissue
oppler, from the velocity gradient along a fixed distance

long the ultrasound beam, and S is measured by the
emporal integration of SR. In the segment length method,

and SR are measured directly by changes in segment
ength along the direction of the wall, not along the
ltrasound beam, and thus are angle independent. We set up

his study to evaluate the diagnostic accuracy of various
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deformation indexes as well as an
automated segmental analysis
method for SRI measurement, in
patients undergoing DSE with
normal or diseased coronary arter-
ies and patients with low risk of
coronary artery disease (CAD).
The goal of this study was to
evaluate the feasibility and diag-
nostic sensitivity of deformation
imaging in DSE, including com-
paring the accuracy of various
measurements by SRI with
wall motion score (WMS) by
2-dimensional echo.

Methods

Study population. Dobutamine
stress echocardiography was per-
formed in 197 patients (age 58 �
12 years, 98 women) at 2 centers.
This sample size was selected to
give an 80% power to identify a
10% improvement in the accu-
racy of wall motion scoring at a p
value of 0.05. All patients had
normal resting function (normal
WMS at rest). Coronary angiog-
raphy was performed within 6

onths of DSE. Beta-adrenoceptor blockade was discon-
inued on the day before the test. Patients with left bundle
ranch block, cardiomyopathy, severe valvular heart disease,
r ongoing atrial fibrillation/flutter were excluded. Patients
ho underwent the test for study purposes gave written

nformed consent, which was approved by the hospital
thics committees.

The clinical details of these patients are given in Table 1.
he study population was divided into 60 patients at low
robability (Framingham score �1%/year) of CAD who did
ot have coronary angiography, 61 patients with normal

Abbreviations
and Acronyms

AUC � area under the
curve

CAD � coronary artery
disease

CX � circumflex artery

DSE � dobutamine stress
echocardiography

LAD � left anterior
descending artery

PSI � post-systolic strain
index

ROC � receiver-operating
characteristic

S � strain

Ses � end-systolic strain

Sps � peak post-systolic
strain

SR � strain rate

SRs � peak systolic strain
rate

SRI � strain rate imaging

tSRs � time to peak
systolic strain rate

WMS � wall motion score

WMSI � wall motion score
index

haracteristics of Patients With Normal Angiography, With Low Pro

Table 1 Characteristics of Patients With Normal Angiography,

Normal Coronary
Angiography

(n � 61)

Low Probability
of CAD

(n � 60)

Age (yrs) 56 � 12 53 � 14

Diabetes 9 (14%) 6 (10%)

Hypertension 22 (34%) 21 (35%)

Hypercholesterolemia 33 (54%) 20 (33%)

Beta-blocker 32 (52%) 21 (34%)

Baseline systolic BP (mm Hg) 140 � 23 133 � 24

Peak systolic BP (mm Hg) 146 � 30 149 � 27

Baseline heart rate (beats/min) 67 � 12 76 � 11

Peak heart rate (beats/min) 132 � 16 142 � 13
P � blood pressure; CAD � coronary artery disease.
ngiography, and 76 with �50% narrowing of at least 1
ajor vessel.
obutamine stress. A standard DSE protocol was per-

ormed with incremental dobutamine infusion rates of 5, 10,
0, 30, and 40 �g/kg/min every 3 min. Patients who did not
chieve the target of 85% of the age-predicted maximal
eart rate were given up to 2 mg of atropine until target
eart rate was achieved. Criteria for terminating the test
ere completion of the protocol, severe ischemia evidenced
y extensive new wall motion abnormalities, horizontal or
ownsloping ST-segment depression �2 mm, ST-segment
levation �1 mm in patients without prior myocardial
nfarction, severe angina, systolic blood pressure �240 or

100 mm Hg, serious ventricular arrhythmia, patient in-
olerance, or serious side effects caused by dobutamine.

oronary angiography. Coronary angiography was per-
ormed using standard techniques, with an average interval
etween DSE and angiography of 41 days (range 1 to 170
ays). The angiograms were evaluated by a single observer at
ach site, blinded to the echocardiographic results. Stenosis
everity was measured by quantitative coronary angiography
sing an automated edge detection system (Philips Medical
ystems, Eindhoven, the Netherlands). A maximal lumen
iameter stenosis of �50% in any plane was classified as
ignificant. Segmental disease was evaluated using a previ-
usly described 15-segment American Heart Association
odel of the coronary tree (9) to ensure that only stenoses

n major epicardial vessels were assessed.
chocardiography. IMAGE ACQUISITION. The examina-

ions were performed with a Vivid 7 scanner (GE Vingmed
ltrasound, Horten, Norway) using a phased-array trans-
ucer. Three cine loops from the 3 standard apical planes
4-chamber, 2-chamber, and long-axis) were recorded in
ray-scale harmonic mode and tissue Doppler mode simul-
aneously at baseline and peak stress. The pulse repetition
requency was between 1 and 1.5 kHz. The tissue Doppler
rame rate ranged from 92/s to 225/s (mean 143/s), and
-dimensional frame rate from 25/s to 70/s (mean 40/s).
he number of tissue Doppler samples along each beam

anged from 122 to 296 (mean 181), but the number of

lity of CAD, and With CAD (n � 197)

Low Probability of CAD, and With CAD (n � 197)

CAD
(n � 76)

p Value
Normal vs.

Low Probability

p Value
Low Probability

vs. CAD

p Value
Normal
vs. CAD

63 � 9 0.4 �0.001 0.006

12 (16%) 0.4 0.3 0.9

27 (36%) 0.003 0.001 0.9

51 (67%) 0.02 �0.001 0.1

55 (72%) 0.009 �0.001 0.02

142 � 21 0.3 0.07 0.8

141 � 28 0.8 0.3 0.6

63 � 3 �0.001 �0.001 0.3

128 � 17 0.06 �0.001 0.01
babi

With
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eams ranged from 8 to 24 (mean 15), giving a high axial
ut low lateral resolution. Echocardiographic data were
tored digitally and subsequently analyzed offline.

NALYSIS OF 2-DIMENSIONAL ECHOCARDIOGRAPHY. Re-
ional wall motion analysis was assessed with a 16-segment
odel according to the American Society of Echocardiog-

aphy by 2 experts blinded to the angiographic and patient
ata (10). Each segment was scored as: 1) normal, 2)
ypokinetic, 3) akinetic, or 4) dyskinetic. The sum of
MSs, averaged over the number of segments with inter-

retive scores, gave the wall motion score index (WMSI).
schemia was identified in the presence of new wall motion
bnormality during DSE.

UTOMATED IDENTIFICATION OF MYOCARDIAL SEG-

ENTS. For the automated measurements, we used a cus-
omized postprocessing system programmed in an engineer-
ng interface (GcMat, GE-Vingmed, Horten, Norway) that
uns under Matlab (Math Works Inc., Natick, Massachu-
etts). This automated method of analyzing SRI has re-
ently been described (8). In each apical view, the apex and
itral ring points were identified and the endocardial

order was drawn automatically (11). The myocardium was
ivided into 6 equal segments, subject to manual adjust-
ent. A speckle tracking method, using a pattern matching

lgorithm of the gray-scale data (12) combined with tissue
oppler velocities, was applied to kernels at the segment

orders, enabling the motion of the myocardium to be
ollowed in 2 dimensions throughout the cardiac cycle.
racking was done axially (along the ultrasound beam) by

issue Doppler data, and laterally by speckle tracking. This
earch procedure resulted in tracking of segment position,
egment orientation, and segment length throughout the
ycle. The strain length (distance for velocity gradient

Figure 1 Strain and Strain Rate Profiles With Automated Veloc

Strain rate and strain estimated with the 2 different methods (red curve � segme
in the left image, and strain traces are shown in the right image. The traces are f
strain values. The traces in the lowest images show postsystolic strain. Note
ferent shape compared with the blue trace. The red trace is smoother, probab
alculation) was 10 to 15 mm for the tissue Doppler
ethod, and axial averaging 1 mm and temporal averaging

f 10 ms were used for the analysis.

ORTIC VALVE OPENING AND CLOSURE. The timing of
ortic valve opening and closure were automatically defined
y an algorithm developed at our department using tissue
oppler imaging (13,14). The SRI parameters were mea-

ured in 2 different ways, using either velocity data or
egment length, but tracking was performed in the same way.

ELOCITY GRADIENT METHOD. A region of interest was
laced automatically in the center of the segment at end-
iastole, and the midpoint of the segment was tracked
hroughout the cardiac cycle. The SR was calculated from
he velocity gradient along the ultrasound beam and strain
as calculated as the temporal integral of SR, corrected

rom Eulerian SR to Lagrangian S, thus both being angle
ependent.

EGMENT LENGTH METHOD. Strain was calculated directly
rom the variation of the segment length using the tracked
nd points: strain � (L � L0)/L0. The SR was calculated as
he temporal derivative of strain, with correction to Eulerian
R. This enabled angle-independent measurements of SR
nd strain. Segment tracking was done as in the velocity
radient method, and the segment was discarded if the
peckle pattern region failed to track properly or if the
ray-scale image showed regions with missing ultrasound
ata (dropouts) or larger reverberations. The displacement
f the kernel region was used to check the tracking—ideally,
his should be 0, because the kernel returns to the same
aseline position by the end of the cardiac cycle. A displace-
ent �2 mm indicated poor tracking. Figure 1 illustrates

R and S traces for both methods.

d Segment Length Methods

th method, blue curve � velocity gradient method). Strain rate traces are shown
patient at peak dose showing ischemia in apical septum with low strain rate/
fferences in the curves, the red trace has in general reduced value and a dif-
ause of lower temporal resolution. AVC � aortic valve closure.
ity an

nt leng
rom a
the di
ly bec
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EASUREMENTS. Peak systolic strain rate (SRs) was deter-
ined as the maximal negative SR value during ejection

ime, end systolic strain (Ses) as the magnitude of strain at
ortic valve closure, and peak post-systolic strain (Sps) as the
reatest value after end systole. Delta SR and delta strain
ere measured as the difference between baseline and peak

evel values of DSE. Time to peak systolic strain rate (tSRs)
as measured from aortic valve opening to maximal nega-

ive SR value during ejection time. A post-systolic strain
ndex (PSI) was calculated for all segments (Sps � Ses)/Sps)
15). Coronary territories were identified as abnormal if any
onstituent segment had SRs less than the specified mini-
um value (see the following text). All segments supplied

y a stenosed coronary artery were labeled “at risk”, and the
resence of a minimum SRs value less than the normal range
efined the territory as abnormal.
Measurements were made in 18 segments from 3 apical

iews, for all 197 subjects, all blinded to the angiographic
esults. When SRI parameters were compared with the

MS, the 2 apical long-axis segments were deleted from
he automated analysis to permit comparison in the 16
egments used for wall motion scoring.

Intraobserver and interobserver variability were tested in
0 randomly selected patients. We reanalyzed 18 segments
rom each, for a total 360 segments. The measurements
ere made at the same examinations, but not necessarily the

ame loop.
erivation of cutoff values of SRI. DERIVATION OF CUT-

FF VALUES. Patients with angiography were randomly
ivided; group A (n � 69) established a cutoff for the
ifferent parameters and group B (n � 68) tested the
ccuracy of the cutoff. To determine the clinical utility of
he cutoffs, the sensitivity, specificity, and accuracy of

MS, SRs, Ses, PSI, delta SR, delta S, and tSRs in each
atient and within each vascular territory (WMS, SRs) were
erived by cross-tabulation against the overall or regional
esults of coronary angiography. The defined cutoff values
or ischemia at peak stress for the 6 parameters were applied
or each segment, and patients were defined as having
schemia on the basis of having any number of abnormal
egments within the 18 segments. The same system was
pplied on a vascular territory basis, and the presence of any
bnormal segment within a vascular territory marked that
erritory as abnormal. A similar approach was used for visual
all motion scoring. Left ventricular wall segments were

ssigned to vascular territories as follows: left anterior
escending artery (LAD); the entire apex, midseptum, basal
nd midanterior wall, basal and mid anteroseptum; left
ircumflex artery (CX); basal and midlateral wall, basal and
idposterior wall; right coronary artery; basal septum and

asal and midinferior wall. A fixed pattern of correspon-
ence between coronary arteries and walls was used because
f the difficulties in accounting for the exact coronary
istribution.
tatistical analysis. Normalcy rate was examined as a

eferral bias-independent estimate of specificity, and was d
efined as the proportion of the 60 patients with a low
retest probability of CAD events (�1%/year) who had a
ormal response to DSE.
Measurements are presented as mean � SD. Analysis of

ariance was used to compare continuous variables between
roups, taking account of multiple segmental measurements
nd using the Scheffe method to correct for multiple
omparisons. The Pearson chi-square test was used for the
ategorical data. The area under the receiver-operating
haracteristic (ROC) curve was used for comparison of
ensitivity and specificity between methods. For comparison
f the areas under the curves (AUCs) from paired ROCs,
he standardized difference between the AUCs was used.
he optimal ROC cut point was defined as the value having

he highest sum of sensitivity and specificity. The McNemar
est was used for paired categorical data, for example the
airwise comparison of sensitivity and specificity of WMS
nalysis against SRs, Ses, PSI, delta SR, delta S, and tSRs on
vascular and patient basis. Multiple regression analysis was
sed to establish that parameters were independent corre-
ates of SRs. The method of Bland and Altman was used for
ariability analysis. A value of p � 0.05 was considered
tatistically significant.

esults

obutamine echocardiography and coronary angiography.
able 1 summarizes the hemodynamic response to dobut-

mine stress. Target heart rate was achieved in 159 (81%) of
he patients. In the remaining 39 patients, the protocol was
erminated at a submaximal heart rate because of severe
schemia or side effects (hypotension, hypertension, ventric-
lar arrhythmia, patient intolerance), or inability to attain
arget heart rate despite dobutamine and atropine.

Of the 76 patients with coronary stenoses, 35 (46%) had
ingle-vessel disease, 31 (41%) had 2-vessel disease, and 10
13%) had 3-vessel disease. A significant stenosis was
resent in the LAD in 49 patients (65%), in the left CX in
1 patients (41%), and in the right coronary artery in 42
atients (55%). Only 2 of the patients had a left dominant
ystem.
easibility of deformation analysis. In all, 3,546 myocar-
ial segments were analyzed. The segment length method
ielded the greatest number of analyzable segments both for
Rs and Ses at baseline and peak compared with the velocity
radient method. Visual wall motion assessment had a
ignificantly higher feasibility compared with the SRI meth-
ds (p � 0.001). The feasibility of WMS at baseline was
9%, significantly higher (p � 0.001) than 86% for SRs and
9% for Ses by the segment length method, and 80% for SRs
nd 65% for Ses by the velocity gradient method. At peak,
he feasibility was 98% for WMS, but still significantly
igher (p � 0.001) than 84% for SRs and 77% for Ses by the
egment length method, and 80% for SRs and 65% for Ses
y the velocity gradient method. There were no significant

ifferences between baseline and peak for any of the 3
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ethods. The differences between the segment length and
elocity gradient methods were all significant (p � 0.001).

The interobserver and intraobserver variability was tested
n 10 patients (180 segments) and is shown in Table 2.

OC curves for cutoff values and accuracy. Figure 2
llustrates the results of the ROC analysis for group A for
he 6 parameters, and Figure 3 summarizes sensitivity,
pecificity, and accuracy for group B for the 3 parameters
ith the highest AUC. The greatest area under the ROC

urve to distinguish the presence or absence of CAD (0.90
or both velocity gradient and segment length methods) was
btained for SRs for both methods (Fig. 2), significantly
xceeding the areas for Ses (p � 0.001). The AUCs were
ignificantly lower for PSI, delta S, and tSRs (p � 0.001) and
ot significantly different for the rest.
The optimal cutoffs for peak SRs were ��1.3 and �1.2 s�1

or velocity gradient and segment length, which gave a
ensitivity of 84% and 86%, specificity of 93% and 89%,
nd accuracy of 87% and 87%, respectively. For WMS for
he same group, sensitivity was 72% (p � 0.02), speci-
city 87% (p � 1.0), and accuracy 78% (p � 0.17). Use
f the cutoffs in group B gave an accuracy of 90% for the
elocity gradient method and 87% for the segment length
ethod. Peak SRs and Ses did not differ with respect to

ccuracy to identify CAD for either method (Fig. 3). The
MS for this group showed a sensitivity of 73% (p �

.02), specificity of 81% (p � 0.69), and accuracy of 76%
p � 0.07).

The following cutoffs were derived for the remaining
elocity gradient and segment length parameters from group
: Ses ��9% and �8%; PSI � 0.27 and 0.30; delta
R �0.1 and 0.1; delta S ��9 and �8, and tSRs �0.115 ms
nd 0.125 ms. On the basis of sensitivity and specificity, the
esults for peak SRs and Ses were analogous (Fig. 3). For the
elocity gradient method, the sensitivity of PSI was signif-
cantly lower than SRs (p � 0.04), and for specificity, delta
R (p � 0.02) and delta S (p � 0.0002) were significantly

ower. The specificity was lower for delta S (p � 0.02)

Intraobserver and Interobserver Variability for SRat Baseline and Peak for Velocity Gradient and

Table 2 Intraobserver and Interobserver Var
at Baseline and Peak for Velocity G

Velocity Gradient,
Rest

V

Intraobserver COV (%) 10

Total mean SRs (s�1) �1.27

Range �1.32 to �1.22 �

95% limits of agreement �0.23, 0.28

Bias 0.02

Interobserver COV (%) 16

Total mean, SRs (s�1) �1.28

Range �1.33 to �1.22 �

95% limits of agreement �0.42, 0.42

Bias 0.01

COV � coefficient of variation; SRs � peak systolic strain rate.
ompared with SRs in the segment length method. In w
atients with a low probability of CAD, normalcy of SRs
sing the same cutoff was 82%.
egments at risk, SRs (velocity gradient method) com-
ared with WMSI. The SRs at peak stress was signifi-
antly greater in the normal segments (�2.6 � 0.8 s�1)
ompared with the segments at risk (�2.3 � 1.1 s�1) (p �
.001). By WMS, 177 segments were classified as ischemic
ith a mean SRs of �0.8 � 0.2 s�1. The same applied to

ingle-vessel disease using minimum SRs with a value of
1.7 � 0.4 s�1 in the normal segments and �1.1 � 0.6 s�1

n the segments at risk (p � 0.001). The sensitivity in
ingle-vessel disease by minimum SRs value was 78%
ompared with 68% for WMSI. The sensitivity for mul-
ivessel disease was 92% for minimum SRs (�0.85 s�1) and
0% for WMSI.
omparison of WMS (expert reading of gray-scale data)

nd SRs for detecting CAD and coronary territory. The
ensitivity, specificity, and accuracy of WMS and the SR
echniques in all patients are compared in Figure 4. The

MS was less sensitive, but the techniques showed
imilar specificity and overall accuracy. The sensitivity for
ingle-vessel disease was 68% with WMS compared with
1% and 80% for velocity gradient and segment length
p � 0.12). For the identification of disease in patients
ith multivessel disease, the sensitivity of WMS was
2%, not significantly different from 92% for velocity
radient SRs and 89% with segment length SRs (p �
.22). The ability to recognize the involvement of more
han 1 vessel in multivessel disease was 49% for SRs
velocity gradient), 50% for SRs (segment length), and
2% for WMS (p � 0.16).
The sensitivity for WMS and SRs for the velocity

radient method and the segment length method were
ompared for the 3 main coronary arteries in 35 patients
ith single-vessel disease, including 16 with disease in

he LAD, 9 in the CX, and 10 in the right coronary
rtery. Sensitivity was highest in the LAD territory with
he automated methods (88% for velocity gradient
ethod and 87% for segment length method) compared

ent Length Methods

y for SRs
nt and Segment Length Methods

Gradient,
eak

Segment Length,
Rest

Segment Length,
Peak

5 13 17

2.34 �1.17 �2.11

to �2.17 �1.22 to �1.13 �2.21 to �2.03

2, 0.80 �0.29, 0.29 �0.75, 0.75

0.09 0 0

5 17 22

2.30 �1.14 �2.05

to �2.21 �1.20 to �1.11 �2.14 to �1.97

8, 1.23 �0.42, 0.39 �0.8, 1.0

0.02 0.01 0.10
sSegm

iabilit
radie

elocity
P

1

�

2.50

�0.6

2

�

2.48

�1.1
ith wall motion analysis (75%). Wall motion analysis
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howed the lowest sensitivity (56%, p � 0.5) in the left
X and was highest for the velocity gradient method

78%) followed by the segment length method (77%).
he right coronary artery showed similar sensitivity of
0% for all 3 methods.
etection of disease in individual coronary arteries. The
AD supplied 49 territories with a sensitivity by WMS
f 61% compared with 82% for the velocity gradient
ethod and 76% for the segment length method. The left
X supplied 31 territories, and the sensitivities for
MS, velocity gradient method, and segment length
ethod were 62%, 65%, and 46%, respectively. The right

Figure 2 Receiver-Operating Characteristic Curves and Optimal

The receiver-operating characteristic curves and area under the curve (AUC) at pea
post-systolic strain index (PSI), end systolic strain, delta strain, delta strain rate, a
oronary artery supplied 42 territories, with WMS having c
sensitivity of 77%, compared with 56% for the velocity
radient method and 60% for the segment length method.

iscussion

he results of this study document the feasibility of an
utomated method for quantifying SRI at peak DSE, by
ither the velocity gradient or the segment length method.
hese findings increased the sensitivity of DSE compared
ith expert conventional reading.
efinition of abnormal range. We defined the optimal

ff Points for Various Deformation Indexes

tamine stress echocardiography for peak systolic strain rate,
e to peak systolic strain rate for velocity gradient and segment length methods.
Cuto

k dobu
nd tim
utoff for abnormal range from the coronary angiography
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roup A, which designated as abnormal any SR value
�1.3 for the velocity gradient method and �1.2 s�1 for

he segment length method.
There was no significant difference for either method

etween the normal group and the low probability group at
eak stress for SRs or Ses, indicating that the normalcy rate
as a referral bias-independent estimate of specificity.
etection of coronary disease. The use of SRs and Ses in

his study permitted a higher sensitivity than was obtainable
ith WMS for an expert reader. The diagnostic accuracy of
SE depends on several factors: the threshold for defining

ignificant CAD (extent and severity), the criteria for a
ositive test, the presence or absence of prior infarction, and
eferral bias. Groups with a high prevalence of multivessel
oronary disease and previous myocardial infarction are
ore likely to develop ischemia in response to stress (16).
he accuracy of WMS in this study (77%) was slightly

Figure 3 Accuracy of Stress Deformation
Parameters for Diagnosis of CAD

The sensitivity, specificity, and accuracy of the 3 most important strain rate
imaging parameters during peak stress are shown in the 2 figures for the
patients with coronary angiography. Values for the segment length method and
the velocity gradient method are given in the 2 figures. The sensitivity, specific-
ity, and accuracy for the optimal cutoffs values are based on receiver-operating
characteristics curves in group A and are evaluated here in group B. CAD �

coronary artery disease; PSI � postsystolic strain index; Ses � end-systolic
strain; SRs � peak systolic strain rate.
ower than in earlier studies, in which a sensitivity of 81%
nd a specificity of 80% were reported (16), and this
robably reflects the selection of patients without infarction
17). Posttest referral bias might tend to increase the
ensitivity in patients among whom angiography was per-
ormed after the patient had undergone a positive test (18),
ut only 28% of patients were in this group.
The process of attributing myocardium to coronary ter-

itories is inexact, potentially influenced by collaterals, and
ifficult in patients with stenoses of intermediate severity.
he angiographic model was used to define the location of

he stenoses in the main coronary arteries; the 15-segment
ngiographic model and the 16-segment echocardiographic
odel do not correspond. To simplify the imprecise process

f defining segmental accuracy, we approximated a fixed
attern between coronary arteries and the myocardial seg-
ents they supplied, recognizing that this could make the

egional specificity appear worse than it actually was.
etection of single-vessel disease and recognition of
ultivessel disease. The detection of single-vessel disease
ith DSE can be challenging with standard interpretation,
ith reported sensitivities averaging 66% (range 10% to
1%) (19). In this study, the sensitivity was 68% for WMS
nd 81% for SRs, and the lack of significant difference likely
eflected a relatively small number of patients with single-
essel disease. Detection of left CX disease was poor for

MS, concordant with earlier studies showing a mean
ensitivity of 55% (20), probably most attributable to poor
esolution of the lateral wall. Importantly, the performance
f SRs was also poor in the posterior circulation, with
ensitivity being highest in the LAD territory.

Figure 4 Comparison of Accuracy
of SRs and Strain With WMS

Wall motion score (WMS) and peak systolic strain rate are compared for veloc-
ity gradient and segment length methods in 136 patients with an angiogram.
Sensitivity (Sens), specificity (Spec), and accuracy (Acc) are compared as well
as the sensitivity for the 3 main coronary arteries in single-vessel disease (n �

35): left main artery (n � 16), circumflex artery (n � 9), and right coronary
artery (n � 10). SR � peak systolic strain rate.
s
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Although stress echocardiography is a sensitive technique
or the recognition of multivessel disease in patients with
revious myocardial infarction (20), it is much more difficult
o recognize the involvement of more than 1 territory in a
atient with normal resting function, with sensitivities more
n the order of 50% (16). Both WMS and SR techniques in
his study had a sensitivity of 40% to 50% for this purpose,
upporting the contention that patients are limited by the
nset of ischemia, thus detecting mainly the area with the
owest ischemic threshold, and this represents an inherent
imitation of using wall motion irrespective of method,
ather than perfusion reserve (21). However, the inability to
etect multivessel disease as well as perfusion-based meth-
ds might not be as great a limitation as it might seem,
ecause most patients with positive examinations for isch-
mia subsequently undergo cardiac catheterization.
election of the optimal SRI parameter. Our study
howed the optimal parameters of stress-induced ischemia
o be SRs, with an AUC of 0.90 for both velocity gradient
nd segment length techniques and end-systolic strain with
n AUC of 0.87 for both velocity gradient and segment
ength techniques. Minimum SRs was used to characterize
egments as normal or abnormal, and gave a higher sensi-
ivity compared with WMS. End-systolic strain also showed
significantly higher sensitivity compared with WMS.
Earlier experimental studies have suggested SR to be a

etter quantitative parameter for DSE compared with
train, based on the association of SR with regional con-
ractile function (or dP/dt) rather than the association
etween strain and ventricular geometry (22). However,
oigt et al. (7,23) have reported postsystolic index, a marker
f postsystolic thickening, to offer the optimal results (AUC
.95). The reason for this disparity is unclear; conceivably,
he automated process for selection of the velocity gradient-
ased SRI curves was based on optimizing the SR profile,
nd this may have compromised the Ses profile. From the
tandpoint of speckle tracking, the use of a lower frame rate
which is necessary to optimize tracking of the speckle
ignal) may compromise the ability to gather timing data.
lthough the change in SR might be expected to offer the

reatest accuracy for identifying ischemia, this did not
erform as well as SRs, possibly reflecting the potential for
ombining errors from both measurements.
tudy limitations. Coronary angiography was used as the
eference standard in this study; although widely accepted
or this purpose, some discrepancies arise from the compar-
son of coronary anatomy and physiology. Coronary lesion
everity can be overestimated and underestimated by an-
iography, and the physiological effect of stenoses varies
ith site, length, and vessel size.
The balance between adequate frame rate (temporal

esolution) and the number of beams (spatial resolution) is
n ongoing issue with important implications (24). Over-
mphasis on temporal resolution results in the use of too few
eams, with low spatial resolution in the basal segments,

eading to the possibility of contamination of the tissue
ignal by Doppler shifts from the ventricular blood pool.
he temporal resolution of speckle tracking is a particularly
ifficult balance between undersampling at low frame rate
leading to lower peak values and difficulty with tracking the
peckle pattern because of excessive change from one frame to
he next) and reduced line density at a high frame rate,
ompromising lateral resolution and giving poor transverse
racking. This study included a range of frame rate and line
ensity for the gray-scale and tissue Doppler data, reflecting
n increasing understanding of the importance of these
ettings in the course of acquiring these data. The combined
cquisition of tissue Doppler and B-mode represents a
ompromise from optimal settings of each, and acquisitions
t the range of frame rate may have compromised the
easibility and accuracy of the segment length method.

Although we applied an automated method of SRI
easurement, this does not yet allow entirely objective

ssessment of regional myocardial function. There remains a
eed for an educated user to overcome the limitations of
oppler-derived deformation analysis. Angle deviation, re-

erberations, drop-outs, and misalignment have to be taken
nto consideration when accepting or rejecting a curve.
peckle tracking has limitations because of the dependence on
ood image quality for the gray-scale data. Tissue Doppler has
isadvantages concerning reverberations, angle deviation, and
oise (random and nonrandom). Thus, the SRI curve still
equires interpretation in the context of the gray-scale
mage, and uncritical use of SRI data may be misleading if
he image is of poor quality and especially if the SRI
aveform is suboptimal.

onclusions

he results of this study confirm that SRI with both
egment length and velocity gradient techniques is feasible
uring DSE. Automated analysis seems more practicable
han manual analysis on the basis of time requirement, at
he cost of a small reduction in feasibility. In this study,
utomated SRI measurement increased the sensitivity of
SE compared with expert conventional reading. There-

ore, automated SRI may be a valuable supplement to wall
otion scoring when analyzing DSE in the clinical setting.
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