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Aims Three-dimensional (3D) speckle tracking echocardiography (3DSTE) has been shown to be an accurate and reliable clin-
ical tool for the evaluation of global and regional left ventricular (LV) function through strain analysis, but the absence of
normal values has precluded its widespread use in clinical practice. The aim of this prospective multicentre study was to
establish normal reference values of LV strain parameters using 3DSTE in a large healthy population.

Methods A total of 303 healthy subjects (156 males [51%], between 18 and 82 years of age, ejection fraction [EF] 61 + 3%), strati-

and results fied to provide approximately equal proportions of healthy subjects of 18—30, 31-40,41-50, 51-60, and > 60 years of
age, underwent 3DSTE. Datawere analysed for LV volumes, EF, mass, and global and regional circumferential, longitudinal,
radial, and area strain. Significant but small differences between men and women were found for longitudinal and area
strains, as well as between different age groups for all LV strain parameters. However, large differences in normal
values were observed between different segments, walls, and levels of the LV for radial and longitudinal strains,
whereas circumferential and area strains demonstrated generally consistent normal ranges across the LV.

Conclusions Normal ranges of global and regional LV strain using 3DSTE have been established for clinical use. Differences in the mag-
nitude of LV strain are present between men and women as well as different age groups. Moreover, there are differences
between different segments, walls, and levels as part of the functional non-uniformity of the normal LV that necessitates
the use of segment-specific normal ranges for radial and longitudinal strains. Circumferential and area strains demonstrate
the most consistent normal ranges overall.
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Introduction - through strain analysis in different patient populations.'"* However,
. the lack of clearly defined normal ranges of strain parameters has cur-
Three-dimensional (3D) speckle tracking echocardiography (3DSTE)  ©  rently precluded their widespread use in clinical practice. In addition to
has previously been shown to be an accurate and reliable clinical :  patient-specific factors such as age and gender that may influence strain
tool for the evaluation of left ventricular (LV) volumes and ejection parameters, previous studies have also demonstrated the presence of
fraction (EF), as well as global and segmental myocardial function functional non-uniformity of the normal LV, which may necessitate the
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use of site-specific normal ranges.>"*'* Therefore, the aim of this
prospective multicentre study was to establish reference values of
global and segmental LV strain parameters using 3DSTE in a large
healthy population.

Methods

Study population

From June 2011 to July 2013, a total of 303 healthy Caucasian subjects
were enrolledin the study from 10 different sites located in eight different
countries in Europe and the USA, namely Elisabethinen Hospital, Linz,
Austria; University Hospital Freiburg, Freiburg, Germany; University of
Szeged, Szeged, Hungary; VU University Medical Center, Amsterdam,
the Netherlands; Hospital Carlos Ill and Hospital Clinico San Carlos,
Madrid, Spain; Luzerner Kantonsspital, Luzern, Switzerland; Hammer-
smith Hospital, London, UK; Tufts Medical Center, Boston, USA; and
Cleveland Clinic, Cleveland, USA. Recruitment was stratified to
provide approximately equal proportions of healthy subjects of 18—30,
31-40, 41-50, 51-60, and >60 years of age. The sample size is based
on the width of the 95% confidence interval for the mean (precision)
of 1.11-3.88% for the different global strains and 2.77—8.30% for the seg-
mental strains based on previous work.>’ Subjects had no history of
cardiac symptoms, hypertension or diabetes, no use of medication and
normal physical cardiac examination, electrocardiogram, and echocar-
diogram. All subjects gave informed consent to participate in the study
and the ethics committee of each individual hospital approved the study.

Echocardiographic imaging

3DSTE imaging was performed from an apical position using a commer-
cial scanner (Artida 4D, Toshiba Medical Systems) with a fully sampled
matrix array transducer (PST-25SX). Wide-angled acquisitions were
recorded, in which four to six wedge-shaped sub-volumes were acquired
over consecutive cardiac cycles during a single breath-hold. While retain-
ing the entire LV within the pyramidal volume, depth and sector width
were decreased as much as possible to improve the temporal and
spatial resolution of the images, resulting in a mean temporal resolution
of 20 + 2 volumes per second. 3DSTE images were then stored digitally
and transferred to the echo core laboratory at the VU University Medical
Center, Amsterdam, the Netherlands, for offline analysis. Datasets that
excluded a portion of the LV, had indistinct endocardial borders, stitch
artefacts, or poor temporal resolution were excluded from the analysis
(n=35).

Strain analysis involved the readers to set three markers on two
orthogonal apical views, namely, two markers at the edges of the mitral
valve ring and one marker at the LV apex. The LV endocardial border
was then automatically detected by the 3D WM tracking software
(Toshiba Medical Systems), after which the reader could manually
adjust the endocardial border and myocardial thickness if necessary. The
system then automatically performed the strain analysis through the
entire cardiac cycle, providing continuous values of global and segmental
strains for all 16 segments simultaneously. The measurement of global
strain is comparable to other global functional measurements such as
LV EF, whereas segmental strain is a quantitative measurement of the
regional function of the different segments of the left ventricle that is
comparable to the qualitative visual assessment of segmental wall motion.

Studied echocardiographic parameters included LV volumes, mass, EF,
as well as global and segmental measurements of circumferential, longitu-
dinal, radial, and area strains. Measurements were taken in accordance
with the recommendations for chamber quantification of the American
Society of Echocardiography.'®

Inter- and intra-observer reliability

Observer reliability of global and segmental strains was assessed in 50
random healthy subjects in a blinded fashion as part of previously per-
formed reliability studies that also included patients.>”’ Datasets were
analysed for inter-observer reliability by two separate observers. Intra-
observer measurements were performed on average 1 week apart in a
random order.

Statistical analysis

Datawere analysed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA).
Continuous data are presented as mean + standard deviation (SD).
Categorical data are presented as a count and percentage. Normal
distribution of variables was verified using the Kolmogorov—Smirnov
test. Comparisons between subjects were made with the independent
sample t-test or analysis of variance (ANOVA) as appropriate. Com-
parisons between segments were performed with ANOVA with a
repeated-measures design. Statistical significance was defined as a prob-
ability value of <0.05. Reliability was assessed using the standard error of
measurement (SEM) as a parameter of absolute measurement error
expressed in the unit of measurement as well as the relative standard
error (RSE) expressed in percentage.

Results

Population characteristics

A total of 303 healthy subjects were included in the study in
approximately equal proportions of predefined age groups: 18—30
years (n = 65; 52% men), 31—-40 years (n = 59; 54% men), 41-50
(n = 60; 48% men), 51-60 years (n = 58; 50% men), and >60
years of age (n = 61; 52% men). Overall, the healthy subjects were
42 + 14 years old (range 18—82 years) and 51% were men. A total
of 794 segments (16%) were excluded due to inadequate image
quality or persistent poor tracking. The anterior wall was the
region most often poorly visualized. Table T summarizes measure-
ments of volumetric chamber indices and myocardial deformation
indices for all healthy subjects. All strain parameters demonstrated
a normal distribution. Circumferential, longitudinal, and area strains
also had small SDs, indicating relatively tight normal ranges, whereas
normal ranges of radial strain were quite broad.

Normal reference values stratified
according to gender and age

Unlike radial and circumferential strains, which were comparable
between both genders, longitudinal and area strains were somewhat
higher in magnitude in women than in men (Table 1 and Figure 7).
Except for longitudinal strain, all strains increased with age up to
the sixth decade, after which strains appeared to decrease again. In
contrast, longitudinal strain gradually decreased with age (Table 2
and Figure 2). These gradual changes in the mean strain between
different age groups were significant for all strains.

Functional non-uniformity

Table 3 demonstrates the functional non-uniformity found in the
normal LV for all strains. The average value of strain differed signifi-
cantly between individual segments as well as between different
walls and levels of the LV. In the circumference, radial strain demon-
strated the most non-uniformity in the circumference of the LV with
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Table I Normal values of echocardiographic variables for all healthy subjects and stratified according to gender
Variable All (n = 303) Men (n = 156) Women (n = 147) P-value (gender)
Volumetric

EDV (mL) 110 + 20 118 +£ 22 103 + 15 <0.001
ESV (mL) 44 +10 47 + 11 40+ 8 <0.001
SV (mL) 67+ 11 71+ 12 63+9 <0.001
EF (%) 61+3 60+ 3 61+3 0.02
Mass (g) 118 + 19 125+ 19 109 + 16 <0.001
Global strain
Radial (%) 35.6 + 103 352 +95 359 +11.0 0.58
Circumferential (%) —30.6 + 2.6 —3054+25 —30.6 + 2.7 0.63
Longitudinal (%) —159 +24 —155+24 —-163+23 0.003
Area (%) 420+ 24 —417 £ 25 424122 0.01
Segmental strain
Radial (%) 354+ 175 351+ 171 357 £ 179 0.31
Circumferential (%) —305+ 6.0 —305+59 —30.6 £+ 6.1 0.63
Longitudinal (%) —159 1+ 6.0 —154+ 6.0 —164 + 6.0 <0.001
Area (%) 420+ 67 —417 £ 67 424+ 67 0.001
EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction.
Discussion
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Figure | Differencesinthe magnitude of strain between menand
women. Black columns represent men and white columns depict
women.

significantly increasing strain values from the inferior to the anterior
wall (P < 0.001). Non-uniformity between different levels of the LV
was very heterogeneous between the different strain parameters. In
general, normal values of circumferential and area strains were most
consistent with only marginally differences found between different
segments, walls, and levels.

Inter- and intra-observer reliability

Reliability of global and segmental strains are given in Table 4. As
expected, the intra-observer reliability of strain measurements was
superior to the inter-observer reliability. Furthermore, the reliability
of global strain measurements was generally superior to that of
segmental measurements for all strain parameters.

The current study establishes the normal ranges of global and seg-
mental LV strain using 3DSTE for clinical use. It demonstrates differ-
ences found between men and women, different age groups, as well
as the functional non-uniformity of the normal LV. These findings are
important, because they may demonstrate the necessity for gender-,
age-, and/or segment-specific normal ranges.

Multiple studies have evaluated normal strain values with 2D
speckle tracking echocardiography (2DSTE), showing a wide refer-
ence range of LV strain in apparently normal subjects.16 Moreover,
studies have demonstrated discordant results between 2DSTE and
3DSTE, which may be explained by the 3D cardiac motion that is
partly lost when imaging in two dimensions.>*7 Longitudinal and
radial strains by 3DSTE are significantly smaller than by 2DSTE,
whereas circumferential strain is significantly larger using 3DSTE.
Only three studies have previously reported normal reference
values of either directional strains or area strain using 3DSTE in
small samples of healthy adult subjects.“'s'18 This is the first multicen-
tre study determining normal ranges of all LV strain parameters using
3DSTE in a large healthy adult Caucasian population with a broad
range inage. Similarto previous 2DSTE and 3DSTE studies, it demon-
strates relatively tight normal ranges for circumferential, longitudinal,
and area strains, but a wide reference range for radial strain. The dif-
ficulty in estimating radial strain is not unique to 3DSTE and has been
demonstrated previously with 2DSTE." Itis likely related to the fact
that radial strain must be calculated over a relatively small region due
to the limited wall thickness, in combination with limited spatial
resolution in the radial direction. However, when assuming that
myocardial volume is conserved during the cardiac cycle, radial
strain could also be estimated as the negative of area strain, which
would improve its measurement accuracy considerably.”® Finally, it
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Table2 Normal values of LV strain stratified according to the age group

Variable 18-30 years 31-40 years 41-50 years 51-60 years 61-82 years P-value
(n = 65) (n=59) (n = 60) (n =58) (n=61)

Global strain
Radial (%) 334+93 33.7 £ 86 35.6 +11.1 381+97 373+118 0.04
Circumferential (%) —29.3 +2.0 —29.7 +24 -310+25 —31.7 £ 2.4* —-312+28 <0.001
Longitudinal (%) —16.5 £ 2.1%* —16.1 + 21 —157+28 —15.6 +2.2 —-153+25 0.04
Area (%) —41.5 + 21 —41.5+ 21 —424+26 —429 +22 —421+26 0.005

Segmental strain
Radial (%) 332+ 174 333+ 17.0 359 +17.3 378 £ 175 372 +18.0 <0.001
Circumferential (%) —29.3 +5.7 —29.6 +57 -311+6.1 —-317+59 —-312+63 <0.001
Longitudinal (%) —165+ 57 —16.1+59 —158 + 6.1 —15.7 + 61 —153 + 6.1 <0.001
Area (%) —414+ 65 —414+ 65 —424 + 69 —429 + 6.7 —-420+72 <0.001

*P < 0.01 compared with age groups 18—30 years and 31—40 years of age.
*kP = 0.02 compared with age group 61—82 years of age.
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Figure 2 Differences in the magnitude of strain between different age groups.
is clear from the results from the current study that normal LV strain  ©  Gender and age
values with 3DSTE are notably different from previously reported Large differences between men and women in LV volumes, mass, and
normal valu2e15 using 2DSTE and should therefore not be used inter- . toalesser extent EF have been well established, regardless of used
changeably. . echocardiographic imaging modality.">**** Data on differences in
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Table3 Comparisons of normal segmental values of LV strain

All levels Basal
Radial strain (%)
All walls 354+ 175 348 +17.8
Anterior 404 + 18.2 40.2 + 181
Anteroseptal 381+ 17.0 39.8 + 18.1
Inferoseptal 33.0 £ 15.3 323+ 16.0
Inferior 2744+ 159 279+ 16.6
Inferolateral 338+ 166 321+ 155
Anterolateral 3814+ 176 3754+ 173
P-value (walls) <0.001 <0.001
Circumferential strain (%)
All walls —305+ 6.0 —296 +63
Anterior —292 4538 —287+59
Anteroseptal —3124+ 60 —297+ 6.2
Inferoseptal —31.0+ 6.2 —296+ 6.7
Inferior —3144+5.7 —305+ 6.1
Inferolateral —303+ 6.0 —296+ 6.3
Anterolateral —30.2 + 6.1 —292 4+ 6.5
P-value (walls) 0.004 0.055
Longitudinal strain (%)
All walls —-159 + 6.0 —169 + 6.6
Anterior —152+ 6.7 —199+ 6.6
Anteroseptal —16.0+ 5.5 —14.6 1+ 6.0
Inferoseptal —158+54 —1414+56
Inferior —16.6 + 5.8 —162+58
Inferolateral —1554+ 6.0 —172 4+ 6.5
Anterolateral —169 4+ 6.3 —203+ 6.3
P-value (walls) <0.001 <0.001
Area strain (%)
All walls —420+ 6.7 —-415+70
Anterior —404 1+ 6.8 —4314+ 6.7
Anteroseptal —43.14+ 6.8 —399+4+ 69
Inferoseptal —423+69 —394+741
Inferior —431+ 64 4194+ 64
Inferolateral —4154+ 6.5 —-4174+70
Anterolateral —425+ 6.7 —4374+70
P-value (walls) <0.001 <0.001

Mid Apical P-value (levels)
385+ 182 315+ 152 <0.001
46.1 + 18.6 348 + 142 0.001
424 + 168 324 + 144 0.09
342 4+ 154 324 + 144 0.16
28.8 + 16.1 254 + 149 0.54
36.1 + 182 33.0 £ 157 0.008
43.7 + 180 33.0 +£ 157 <0.001

<0.001 <0.001 -

—314+57 —305+59 <0.001

—30.7 +55 —280+55 <0.001

—324+ 60 —314+57 <0.001

—-318+ 6.0 —314+57 <0.001

—3154+55 —321+54 0.054

—31.0+55 —304 + 6.1 0.01

0309 + 5.6 —304 + 6.1 0.001
0.007 <0.001 -

—149+52 —16.0 + 6.1 <0.001

—15.0+ 59 —11.6 +47 <0.001

—158 + 4.9 —176+53 0.01

—154 + 47 —-176+53 0.004

—145+ 48 —193 +56 <0.001

—137+52 —15.6 + 5.7 <0.001

—-152+5.6 —156 + 5.7 <0.001

<0.001 <0.001 -

—422+63 —424+71 0.005

—415+63 —370+ 60 0.01

—445+ 6.0 —44.6 + 6.5 <0.001

—427 +62 —446 + 6.5 <0.001

—41.8 + 6.1 —45.7 + 6.0 0.80

—408 + 6.0 —421+65 0.14

—41.7+63 —421+65 0.001

<0.001 <0.001 -

the magnitude of LV strain between healthy men and women have
been lacking up until now. The current study demonstrates no
large gender differences in LV strain. Although statistically significant
differences were found for longitudinal and area strains, these differ-
ences seem clinically irrelevant and do not necessitate separate
gender-specific cut-off values. This is in compliance with previous
studies performed with 2DSTE that demonstrate only a minor or
absent association between LV strain and gender.'®

Regarding potential differences in LV strain in different age groups,
results demonstrate a gradual decrease in longitudinal strain with age,
whereas the other LV strains show a variable increase with age up to
the sixth decade, after which strains appeared to decrease again.
These changes in the magnitude of LV strain with aging, although
statistically significant due to the shear number of patients and

particularly the number of segments studied in this study, appear to
be too small to be clinically relevant for measurement of circumfer-
ential, longitudinal, and area strains. For radial strain, the differences
were more pronounced, but still reasonably close to the mean not
to necessitate age-specific normal values.

Functional non-uniformity

Animportant observation in the evaluation of this healthy population
was differences found in the average value of strain between
individual segments, as well as between different walls and levels of
the LV. Functional non-uniformity is a known feature of the normal
LV that may have consequences for the validity of the assessment
of segmental function."*>'* Indeed, some differences in the per-
formance measures of segmental wall motion assessment by area
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Table 4 Reliability of global and segmental strain
measurements

Variable Intra-observer Inter-observer
SEM RSE(%) SEM  RSE(%)
Global strain
Radial (%) 3.0 8 55 15
Circumferential (%) 1.0 3 1.8
Longitudinal (%) 0.7 4 13
Area (%) 13 3 21 5
Segmental strain
Radial (%) 6.1 17 10.1 28
Circumferential (%) 2.5 8 3.6 12
Longitudinal (%) 19 12 34 21
Area (%) 34 8 4.6 11

SEM, standard error of measurement; RSE, relative standard error.

strain were previously observed between different LV levels,
although none were substantial enough to warrant separate cut-off
values.” Inthe current study, the general consistency in the magnitude
of segmental area strain seems to confirm these previous findings. In
addition, circumferential strain demonstrated very consistent strain
values between different segments, walls, and levels. However,
radial strain increases considerably from the inferior to the anterior
wall and shows higher mean values in the mid-ventricular wall com-
pared with the base and apex. In contrast, longitudinal strain was
lower in the mid-ventricular wall compared with the basal and
apical levels, as previously noted in an analysis of normal segments
in patients.’ Moreover, there is considerable heterogeneity in mean
longitudinal strain between individual segments. The apical anterior
wall, in particular, demonstrated a surprisingly low mean strain
value compared with other segments, which may in part be due to
the known difficulty with adequate visualization and tracking of this
particularly challenging area of the LV. However, even when this
segment is excluded, the absolute and relative mean differences
found between the remaining LV segments for segmental longitudinal
strain can still add up to almost 7 and 50%, respectively. For these
reasons as well as the relatively large SD to mean ratio of segmental
radial and longitudinal strains, segment-specific cut-off values are
warranted for these strain parameters for adequate distinction
between what is normal and what should be considered pathological,
particularly if diagnostic or therapeutic decisions are based on their
assessment. Overall, circumferential and area strains demonstrate
the most consistent normal ranges. Previous studies have also
shown their reproducibility to be superior to that of radial and longi-
tudinal strains.>” Ultimately, clinical studies will determine whether
3DSTE-derived LV strain parameters have a value for diagnosis and
prognosis of heart disease in clinical practice.

Limitations

Some patient (race, ethnicity, and anthropometry) and haemo-
dynamic (blood pressure) parameters were not taken into account
during the present study. However, some previous studies have

demonstrated limited contributions of these factors to the variability
of myocardial deformation."*1¢

Furthermore, the software used does not provide an automated
measure of tracking quality. Segments were evaluated on interpret-
ability based on image quality after acquisition and before analysis,
as preordained in the study protocol. Thus, it may be possible that
segments were excluded from analysis that would have been accur-
ately tracked and analysed by the 3DSTE software despite poor
image quality. Vice versa, it is likely that segments were included in
the analysis that were inadequately tracked and analysed despite
the image quality being deemed adequate.

Finally, the current study was performed with equipment of only
onevendor, i.e. Toshiba Medical Systems. Previous studies have demon-
strated high inter-vendor inconsistency in reference values.?** The
established normal ranges are not applicable to data derived with ana-
lysis software by other vendors and consequently similar research using
other vendors’ equipment is necessary.26 Currently, a similar large pro-
spective multicentre study is being performed, which will provide
normal ranges of LV strain using 3DSTE equipment by three other
vendors.?” These studies will help improve standardization of soft-
ware algorithms and the manner in which clinicians perform and
interpret their measurement results.

Conclusions

Normal ranges of global and segmental LV strain using 3DSTE have
been established for clinical use. Differences in the magnitude of LV
strain are present between men and women as well as between dif-
ferent age groups. Moreover, there are differences between different
segments, walls, and levels as part of the functional non-uniformity of
the normal LV that necessitate the use of segment-specific normal
ranges for radial and longitudinal strains. Circumferential and area
strains demonstrate the most consistent normal ranges overall.
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