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ABSTRACT

Aims Strain artefacts are known to hamper the correct
interpretation of segmental strain and strain-rate (S/

SR). Defining the normal ranges of myocardial segmental
deformation is important in clinical studies and routine
echocardiographic practice. In order to define artefact-
free normal ranges for segmental longitudinal S/SR
parameters, we investigated the extent to which different
types of artefacts and their segmental localisation in the
three different myocardial layers created a bias in the
results of echocardiographic strain measurements.
Methods The study included echocardiograms from
men and women aged 40-69 years from two population-
based studies, namely the Know Your Heart study
(Russia) and the Tromsg Study (Norway). Of the 2207
individuals from these studies, 840 had normal results,
defined as the absence of hypertension or indicators of
any cardiovascular disease. Two-dimensional (2D) global
and segmental S/SR of the three myocardial layers were
analysed using speckle tracking echocardiography.
Artefacts were assessed with two different methods: visual
identification of image-artefacts and a novel conceptual
approach of ‘curve-artefacts’ or unphysiological strain-
curve formation.

Results Segmental strain values were found to have
significantly reduced in the presence of strain-curve
artefacts (14.9%=+5.8% towards —20.7%=+4.9%), and
increased with the foreshortening of the 2D image.
However, the individual global strain values were not
substantially altered by discarding segmental artefacts.
Reduction due to artefacts was observed in all segments,
layers, systolic and diastolic strain, and SR. Thus, we
presented normal ranges for basal-septal, basal, medial
and apical segment groups after excluding artefacts.
Conclusion Strain-curve artefacts introduce systematic
errors, resulting in reduced segmental S/SR values. In
terms of artefact-robust global longitudinal strain, the
detection of curve-artefacts is crucial for the correct
interpretation of segmental S/SR patterns. Intersegmental
S/SR gradients and artefacts need to be considered for the
correct definition of normalcy and pathology.

INTRODUCTION
Two-dimensional speckle tracking echocar-
diography (2DSTE) can be performed to

,*® Michael Stylidis,® Henrik Schirmer @ ,’

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Artefacts are a major challenge in two-dimensional
strain rate imaging.

WHAT THIS STUDY ADDS

= A novel method for strain artefact detection is pro-
posed in this paper. Segmental strain and strain rate
values are reduced in the presence of artefacts.
Segmental strain-curve artefacts do not affect glob-
al strain significantly.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The new approach of artefact detection might be-
come a useful addition to automated and real-life
speckle tracking. We provide artefact-free layer
specific reference values for segmental strain and
strain rate.

assess global and regional strains, strain-rate
(SR) curves, as well as peak values in different
ventricles, layers and dimensions. Among
these, global longitudinal strain (GLS) is
most frequently used due to its robustness
and higher specificity in revealing latent
systolic dysfunction than ejection fraction
(EF).!

Segmental strain patterns can indicate
subtle regional pathologies in patients with
different types of myocardial and cardiovas-
cular diseases (CVD).> The assessment of
regional myocardial function using 2DSTE
remains a challenge in clinical Cardiology,3
due to poor reproducibility caused by factors
such as tracking algorithms, poor image
quality and image artefacts.*® Furthermore,
strain-curve artefacts may lead to the misin-
terpretation of regional pathologies, causing
lower reproducibility, especially for segmental
S/SR and the strains of three myocardial
layers,” * &9 affecting the normalcy7 101 and
pathology of the heart. Furthermore, the arti-
ficial segmental strain might cover up subtle
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functional changes which might be present between age,
sex or cardiovascular risk factors.

In this study, a novel approach for defining non-
physiological strain curves, which are commonly observed
in the presence of erroneous tracking and noise artefacts,
has been proposed in the use of artefact detection in a
population with normal cardiac function. The objectives
of this study were to (1) correlate curve artefacts with
2D imaging artefacts; (2) describe the effects of curve
artefacts on the S/SR values; (3) investigate whether
discarding segments with curve artefacts changes the
layer-specific segmental or global S/SR values; (4) inves-
tigate the dependency of S/SR values on cardiovascular-
related risk factors, sex and age and (5) define normal
references for layer-specific segmental strain as well as
systolic and diastolic segmental SR.

METHODS
Study population
In this study, data were used from the seventh wave of
the Norwegian Tromsg Study (Tromsg7) and the Russian
Know Your Heart (KYH) Study conducted in Arkhangelsk
and Novosibirsk, which were cross-sectional population
health studies conducted in parallel between 2015 and
2018 with harmonised questionnaires and echocardiog-
raphy protocols.

The study sample was randomly selected from all partic-
ipants who underwent echocardiography (2340 from

Tromsg and 4521 from Russia), including 50% partic-
ipants from Tromsg7, 25% from Arkhangelsk and 25%
from Novosibirsk. The selection included three equal-
sized age groups (40-49, 50-59 and 60-69 years). As
shown in figures 1 and 2D, strain analysis was performed
on 1194 and 1013 participants aged 40-69 years from the
KYH and Tromsg7 studies, respectively.

Data collection from KYH and Tromse7 studies

Health checks included a medical examination, ques-
tionnaire and biological sample collection. Participants
underwent transthoracic echocardiography using GE
VividQ with a 1.5-3.6-MHz transducer in Russia and
Vivid E9 with a 1.5-4.6-MHz matrix probe in Norway.
2D greyscale images and pulsed, continuous and colour
Doppler data were acquired in the parasternal and apical
views. Greyscale images were obtained at a frame rate of
at least 50 fps. Images were analysed offline using the
commercial software EchoPAC (V.203; GE-Vingmed AS,
Horten, Norway). Trained echocardiography specialists
performed examinations following standard operational
procedures, and intraobserver and interobserver vari-
abilities for conventional echocardiographic measures
were regularly assessed within and between both Russian
and Norwegian reading laboratories. Written informed
consent for research and publication was obtained from
all study participants.

echocardiograms

Tromsg Study Know Your Heart
Norway Russia
2340 4521

echocardiograms

‘ 2D Strain analysis ‘

1013

echocardiograms

1194

echocardiograms

— 3=

840

Normals®

Exclusion .

» 758 with BP >140/90

* 328 with normal BP on
hypertensive drugs,

281 with EF <50%

or other cardiac pathology

407
Normals® without
CVD-related risk
factors®

433

factors®

Normals® with
CVD-related risk

Figure 1

Inclusion of participants and distribution into groups. Beyond high blood pressure (BP) and BP medication,

participants were excluded when ejection fraction (EF) was reduced, when they had a history of a cardiac attack or other
cardiac diseases, or when echocardiography showed cardiac pathology. ®Participants with normal heart structure and
functioning. PCVD-related risk factors used for group definition: increased low-density lipoprotein, increased HbA1C, high BMI
or diabetes history. BMI, body mass index; CVD, cardiovascular disease.
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Figure 2 Strain-curve artefacts: (l) ‘Diastolic mismatch’ artefact was defined when the late diastolic strain-curve strongly
deviated from the late diastolic strain-curve of other segments (arrows). (Il) ‘Blunted curves’ artefact was defined as a reduced
or even positive strain at the start of the cycle (left arrow), mirrored by a similar curve formation at the end of systole (right
arrow), and PSS was missing although ES strain was significantly lower than those for other segments. Presence of PSS is
seen in the non-artificial yellow curve of the first panel. as a shortening of the segment after aortic valve closure (marked as
the green line) (Ill) ‘Floating curves’ were defined as segmental strain curves with several negative and positive peaks without
correspondence with timing or configuration of other segments (arrows mark peaks of the yellow curve without time-relation
towards the blue curve). ES, end-systolic; PSS, post systolic shortening.

Definition of healthy participants with normal left ventricular
function

Healthy participants with normal left ventricular (LV)
function were defined by excluding those who fulfilled
the following criteria: Self-reported or ECG-detected
atrial fibrillation; systolic blood pressure >140mm Hg or
diastolic blood pressure>90 mm Hg; and the self-reported
use of antihypertensives, renin-angiotensin system agents,
beta-blockers or calcium antagonists; EF <50%; aortic
insufficiency grades 3-4; aortic valve mean pressure
gradient >25mm Hg; mitral insufficiency grades 3-4;
moderate-grade and high-grade mitral stenosis; LV diam-
eter >57 mm for women and >60 mm for men; Q-wave on
ECG (classes 1.1-1.2.7. of Minnesota code); history of
myocardial infarction or heart attack; left bundle branch
block on ECG; increased NTpro-BNP according to clin-
ical age-specific and sex-specific limits; peak tricuspid
regurgitation gradient >30 mmHg.

Definition of subgroups
Artefacts—average of segments versus GLS:

In one group, average end-systolic (ES) segmental
curves or peak-SR were calculated after excluding
segmental curve artefacts and foreshortening. In the
other group, the same parameters, including artefacts,
were averaged. For global S/SR, the peak global S/SR
values were used as extracted by the software and then
averaged for the values of the three different views.

Cardiovascular risk factors

The population with normal conventional echocardio-
graphic characteristics was divided into two groups—with
and without these CVD-related risk factors'>—to investi-
gate the role of increased cholesterol, body mass index
(BMI) or diabetes on strain values in a population-based
study. Remarkably, smoking has not been reported as
an independent factor associated with reduced strain
and was, accordingly, not used for grouping based on
risk factors. As previously mentioned, individuals with

hypertension were excluded from the study population
due to their altered cardiac structure and function.

Age and sex

S/SR values were investigated for dependency on age and
sex to merge groups with and without risk factors, age
and sex for the establishment of normal ranges if they
were not significantly or marginally different.

Strain and SR analysis

Data for strain measurements were obtained in apical
two-chamber (2CH) and four-chamber (4CH) and apical
long-axis (APLAX) echocardiographic views. The KYH
study did not include APLAX images. All strain data were
analysed using the Q-analysis function of EchoPAC. The
myocardial borders were manually traced. When neces-
sary, the automatically assigned time point of aortic valve
closure (AVC) was manually corrected. ES segmental
subendocardial (endo), mid-myocardial (myo) and sube-
picardial (epi) strain, peak systolic SR (SR-S), peak dias-
tolic SR-E, SR at atrial contraction (SR-A) and respective
global S/SR values were extracted. ES strain was selected
as itis measured at the same time point and, thus, is more
comparable to GLS. End-diastole was defined as the time
point at peak R. End-systole was defined as the time
point of AVC, which can be visualised by detecting the
closure click using the spectral tracing of the pulsed-wave
Doppler along the LV outflow tract. LV systole was meas-
ured from the peak of the R wave to AVC, and LV diastole
was defined as the time between AVC and peak R.

The APLAX views of 176 Tromsg7 participants were
analysed. In this subpopulation, the apical, medial, basal
and basal-septal segments were analysed for differences to
define groups of segments that displayed similar values.

Artefact reading

Artefact detection was performed using screenshots of
the strain curves generated by the EchoPAC software.
We assessed the artefacts using two different methods.
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The first method was the visual identification of image
artefacts, mainly including noise artefacts, reverberations
or missing parts of the myocardium. Apical foreshort-
ening was subjectively assessed when the apical part of
the ventricle had a round shape and showed downward
motion during systole.

The second method, which has been introduced in this
study, was the concept of ‘curve artefact’, defined as non-
physiological strain-curve shapes. The concept of ‘curve
artefact’ comprises three types of artefacts that are illus-
trated by typical strain curves (figure 2).

Statistical analyses

Unless stated otherwise, continuous data are presented
as mean+SD. Categorical characteristics are presented
as absolute numbers and proportions. Between-group
differences in continuous echocardiographic parame-
ters were assessed using analysis of variance with Bonfer-
roni post hoc tests. The %* test was performed for group
comparisons of categorical variables. Reference values
were defined by the normal distribution describing mean
values of £1.96 SD.

For intraobserver variability in S/SR measurements,
135 randomly selected echocardiographic records
comprising 1620 segments were repeatedly analysed by
the same observer 6-12 months after the initial analysis.
To assess interobserver variability, the same images were
reanalysed by a second observer trained in the same echo-
cardiography laboratory. Both observers had performed
at least 500 readings before reanalysis. Intraobserver and
interobserver variabilities were assessed as limits of agree-
ment derived from Bland-Altman plots with separate
analyses for segments with and without curve artefacts.
Statistical significance was set as a two-sided p<0.05. SPSS
V.26.0 (IBM) was used for statistical analyses.

RESULTS

As shown in figure 1, this study included 840 healthy
participants with normal heart structure and functioning
out of the randomly selected 2207 participants. Table 1
presents the key demographic and health characteris-
tics of the two groups with and without CVD-related risk
factors. As expected, participants with CVD-related risk
factors accounted for higher proportions of Russians;
current smokers; and those with higher BMI, low-density
lipoprotein cholesterol and glycosylated haemoglobin
levels. There was no difference between the groups in
blood pressure and LVEF, due to the exclusion of partici-
pants with hypertension and reduced EF from the normal
population.

A comparison of S/SR between groups with and
without CVD-related risk factors is presented in table 2.
The epicardial strain increased from epicardial to endo-
cardial values in both groups with and without CVD-
related risk factors. There were no significant differences
between the groups, except peak SR-A, which was higher
in the group with CVD-related risk factors. Therefore,

Table 1 Characteristics of the conditionally healthy
population

Normals* Normals*

without with CVD-

CVD-related related risk

risk factorst factorst

Mean

Mean +SDor +SDor Abs

Abs (%) (%)
Total (participants) 407 433 P value
Women 250 (61.4) 261 (60.3) 0.733
Men 157 (38.6) 172 (39.7)
Russian 145 (35.6) 206 (47.6) 0.002
Norwegian 262 (64.4) 227 (52.4)
Age (years) 53 +8 53 +8 0.571
BMI (kg/m?) 244 +2.8 27.4 +5.0 <0.001
Systolic BP (mm Hg) 118 12 119 +13 0.303
Diastolic BP (mm Hg) 72 +9 75 9 0.465
Total cholesterol (mmol/l) 5.0 +0.6 6.1 1.1 <0.001
LDL cholesterol (mmol/l) 3.1 0.6 4.2 +0.9 <0.001
HDL cholesterol (mmol/l) 1.7 0.4 1.5+0.5 0.212
HbA1C (%) 5.5+0.3 5.7+0.8 <0.001
Diabetes diagnosis 0 8(2.1) 0.004
Smokingt 68 (16.7) 97 (22.5) 0.036
LVEF (%) 58 +5 57 +5 0.572

*Participants with normal heart structure and functioning.
TCVD-related risk factors used for group definition: increased low-
density lipoprotein, HbA1C, diabetes history, BMI.

FRefers to the active current smoking.

.BMI, body mass index; BP, blood pressure; CVD, cardiovascular
disease; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; LVEF, left ventricular ejection fraction.

we used merged groups with and without risk factors to
define normal ranges.

Influence of artefacts on segmental S/SR

Figure 3 shows the percentage of segments with either
curve or noise artefacts or the presence of both curve
and noise artefacts in the same segments. Of the 11136
segments analysed, 1117 (10%) were assessed as curve
artefacts, 794 (7.1%) as diastolic mismatch, 280 (2.5%)
as blunted and 43 (0.4%) as floating curves. Some basal-
septal and basal inferior segments displayed curve arte-
facts without noise artefacts, indicating other factors
causing curve artefacts. The highest number of artefacts
were found in the segments of the anterior and anter-
olateral walls. The percentage of segments with both
types of artefacts was the highest when compared with
that of segments with either curve or noise artefacts in
all segments. Noise or other 2D image artefacts were
present in 88% of curve artefacts, whereas all segments
with noise artefacts displayed curve artefacts in 89%.
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Table 2 Strain and strain-rate in normal participants with
and without CVD-related risk factors

Normals* Normals*

without with CVD-

CVD-related related risk

risk factorst factorst

N=379 N=410

Mean +SD Mean +SD P value
ES-LS-epi (%) -18.6 2.1 -18.4 2.2 0.247
ES-LS-myo (%) -20.8 +2.3 -20.6 +2.5 0.266
ES-LS-endo (%) —24.0 +2.7 -23.8 +3.1 0.414
Peak global SR-S (1/s) -1.19 +0.17 -1.20 +0.18  0.454
Peak global SR-E (1/s) 1.67+0.33 1.64 +0.32 0.196
Peak global SR-A (1/s) 1.03 +0.24 1.08 +0.25 0.009

*Participants with normal heart structure and function.
TCVD-related risk factors used for group definition: increased low-
density lipoprotein, HbA1C, diabetes history, BMI.

.CVD, cardiovascular disease; endo, endocardial; epi, epicardial;
ES, end-systolic; LS, longitudinal strain; myo, myocardial; SR,
strain-rate; SR-A, strain-rate at atrial contraction; SR-E, strain-rate
at early diastole; SR-S, strain-rate at peak systole.

Thus, noise and curve artefacts most commonly exhib-
ited imaging deficiencies, resulting in erroneous speckle
tracking.

Figure 4 shows the myocardial strain values in different
segments depending on the presence or absence of curve
artefacts or foreshortened 2D projections. We found
significantly reduced strain values in the presence of
curve artefacts and increased strain values in the pres-
ence of foreshortening, which was presentin 10.7% of all
2CH, and 20.2% of all 4CH views, and none in the group
of 106 individuals with 3CH views.

Effect of artefacts on global S/SR

Table 3 shows the influence of curve artefacts on the LV
average or global S/SR values. Group A included average
S/SR after discarding segmental artefacts. A lower N is
due to discarding the results of images with foreshort-
ening, which affected 4CH and 2CH views in 51 study
participants. Group B included all segmental analyses,
and group C displayed global S/SR. The global and
segmental averaged strains, including segmental artefacts
(groups B and C), were lower than the average segmental
strain for all investigated S/SR parameters after artefacts
were discarded (group A). Furthermore, the inclusion
of curve artefacts led to a slight reduction in average S/
SR. However, this reduction was less than the significantly
greater GLS/SR reduction by curve artefacts. The average
diastolic peak SR-E was not influenced by the presence
of strain-curve artefacts. Figure 4 shows the range of
the mid-myocardial strain in all segments. Comparing
segmental S/SR values of 18 segments showed no signifi-
cant differences between the segments of the basal-septal,
basal, medial and apical groups (p>0.05). Due to signifi-
cant differences in S/SR between the basal-septal, basal,
medial and apical segments, we decided to refer to the
four segmental groups.

Global S/SR based on age and sex

Figure 5 shows age and sex differences for S/SR param-
eters. The largest differences were found for peak-SR-A,
which increased with age for each sex and was higher for
women. There were also significant differences in peak-
SR-E between the age groups and sex. Values for all S/
SR parameters were higher for women and decreased
with age for both men and women. No significant differ-
ences were observed between age groups for peak SR-S or
segmental strain values, due to which normal reference
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Figure 4 Myocardial strain values in different segments depending on the presence or absence of curve artefacts or

foreshortened 2D projections. 2D, two-dimensional.

S/SR values were not reported for the different age
groups.

Normal reference values

Normal ranges for basal-septal, basal, medial and
apical segments, excluding segments with artefacts, are
presented in table 4. Owing to the significant differences
between sexes, normal ranges are displayed separately for
men and women. Each S/SR parameter showed a pattern

Table 3 Influence of global strain and curve artefacts on
strain and SR values

Average of peak segmental Average of

values views

Artefacts Artefacts Global

discarded included Longitudinal

(A) B) Strain

N=789 N=840 (C)

N=840

Mean =SD Mean =SD Mean =SD
ES-LS-epi (%) -185+22  -18.0 +2.4* -18.1 £2.3*t
ES-LS-myo (%) -20.7+24  -20.3 +2.6* -20.4 2.5t
ES-LS-endo (%) -23.9+29  -23.5+29* —23.1 £2.8*t
Peak-SR-S (1/s)  -1.20 £0.18 -1.19+0.17*  -1.00 +0.15*t
Peak-SR-E (1/s)  1.65 +0.33 1.65 +0.33 1.35 +0.36*t
Peak-SR-A (1/s)  1.06 +0.25 1.02 +0.24* 0.86 +0.20*t

Strain artefacts comprise artefacts identified by abnormal,
‘unphysiological’ strain curves or images of a foreshortened left
ventricle.

*p<0.05 for difference from group A.

Tp<0.05 for difference from group B.

SR, strain-rate; ES, end-systolic; LS, longitudinal strain; epi,
epicardial; myo, myocardial; endo, endocardial; SR-S, strain-rate
at peak systole; SR-E, strain-rate at early diastole; SR-A, strain-
rate at atrial contraction.; .

of gradual increase in the S/SR values from the basal to
apical segmental groups. Strain values increased signif-
icantly from the epicardial to the endocardial position.
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Table 4 Normal ranges of segmental layer-specific strain and SR in ages from 40 to 69 years

Basal-septal segments

Basal segments

Medial segments

Apical segments

Women (N=479)

Lower bound Upper bound Lower bound Upper bound Lower bound Upper bound Lower bound Upper bound

ES-LS-epi (%) -9.1 -20.8 -13.4 -23.5 -15.4 -23.7 -13.4 —-26.2
ES-LS-myo (%) -9.5 -21.2 -14.0 -24.2 -16.2 -24.9 -17.2 -32.7
ES-LS-endo (%) -9.4 -221 -14.3 -25.3 -17.0 —-26.6 -22.5 -42.8
Peak-SR-S (1/s) -0.52 -1.23 -0.70 -1.52 -0.80 -1.35 -0.82 -2.22
Peak-SR-E (1/s) 0.42 1.77 0.74 2.23 0.89 213 1.01 3.59
Peak-SR-A (1/s) 0.36 1.61 0.47 1.65 0.53 1.47 0.32 1.91
Men (N=311)

ES-LS-epi (%) -9.0 -19.2 -11.6 -21.5 -13.6 -22.5 -12.1 -25.4
ES-LS-myo (%) -9.4 -19.6 -12.2 -22.1 -14.5 -23.9 -16.4 =317
ES-LS-endo (%) -9.2 -20.7 -12.6 -23.1 -15.3 -25.8 -22.1 -41.4
Peak-SR-S (1/s) -0.50 -1.16 —-0.66 -1.36 -0.75 -1.32 -0.84 -2.17
Peak-SR-E (1/s) 0.46 1.68 0.70 2.04 0.74 1.83 0.94 3.04
Peak-SR-A (1/s) 0.46 1.56 0.50 1.54 0.59 1.43 0.47 1.81

endo, endocardial; epi, epicardial; ES, end-systolic; LS, longitudinal strain; myo, myocardial; SR, strain-rate; SR-A, strain-rate at atrial
contraction; SR-E, strain-rate at early diastole; SR-S, strain-rate at peak systole.

Reproducibility

Bland-Altman plots for inter- and intraobserver variabil-
ities for the S/SR parameters are presented in online
supplemental figures 1 and 2, respectively. Strain-curve
artefacts had high reproducibility, displayed lower strain
values and generated a systematic error with unexpect-
edly lower interobserver and intraobserver variabilities.
Accordingly, higher variability was observed at higher
strain values. However, the mean difference between
the two readers, as well as repeated readings by the same
investigator, were higher when artefacts were present.

DISCUSSION

To the best of our knowledge, this is the first study to
describe artefact recognition using a qualitative assess-
ment of strain curves. The main findings were as follows:
(1) The presence of curve artefacts matched the presence
of noise or other 2D image artefacts in 88% of partici-
pants; (2) in the presence of curve artefacts, strain values
were systematically reduced, and they were increased
by foreshortened long-axis projections; (3) discarding
strain-curve artefacts rendered segmental strains with
higher mean values and lower variability, whereas global
strain was not affected and (4) this study is the first to
describes the artefact-free normal ranges for layer-specific
segmental strain in a large randomly selected population
with normal heart structure and function.

Methodological considerations in curve-artefact detection

Artefacts caused by errors in automatic tracking gener-
ally result in low peak strain and low SR results, leading
to misinterpretation as false pathological results. The

concept of curve
considerations:

artefacts was built on the following

‘Diastolic mismatch’

Normal and pathological strain curves display distinct
patterns, where systolic deformation patterns can change
due to pathologies causing reduced or delayed regional
or global systolic shortening. In contrast to the systolic and
early diastolic strains, the late diastolic strain is expected
to display uniform strain curves with parallel stretching
patterns. At the time of maximal postsystolic shortening
(when present), all segments reached a relaxed state at
approximately equal segment lengths. After this time
point, all segments stretch in parallel at the end of the
early filling phase through diastasis of the ventricle and
atrial contraction until reaching the initial segment
length at end-diastole. As shown in figure 2-I, curves
with deviating (often reduced) deformations of a single
segment in late diastole can only represent an artefact.
Thus, we called this type of artefact ‘diastolic mismatch,’
describing strong positive deviation of the late diastolic
curve from the diastolic strain-curve of other segments.

‘Blunted curves’

Another curve-artefact type that was discovered could
be caused by insufficient tracking at the beginning and
end of the cardiac cycle. This type manifests as zero or
positive initial strain, often mimicking the early onset of
segmental stretching and the late onset of shortening. In
the presence of true regional pathology, the strain of the
segment with reduced contractility is significantly lower
than the peak strain of the neighbouring segments, and
the artefactfree curve displays post systolic shortening
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(PSS). Delayed segmental shortening, early onset of
segmental stretching before end-systole and missing PSS
were the typical characteristics of a ‘blunted’ strain-curve.

‘Floating curves’

The third type of curve-artefact is associated with erro-
neous myocardial tracking, particularly when the myocar-
dium is not being followed throughout the cardiac cycle.
In this case, the strain curves do not follow a physiolog-
ical pattern and show either oscillations or several posi-
tive and negative peaks without the corresponding peak
strains of the neighbouring segments. In dyssynchrony
or regionally reduced myocardial function, positive and
negative peaks of the opposite segments can be displayed
simultaneously. However, physiologically, the time points
of positive and negative peaks in systole are simultaneous,
and the peaks in diastole do not diverge after the time
point of PSS. We defined ‘floating curves’ as present
when several diverging positive and negative peaks were
observed, and when the time points of onset or peak devi-
ated from the onsets and peaks of all other segmental
curves.

Influence of artefacts on segmental S/SR

Segmental curve artefacts appeared to be highly corre-
lated with either the presence of artefacts in 2D images,
such as noise and reverberations; thus, in most cases,
curve and noise artefacts were observed together. This
strengthens our hypothesis that a high proportion of
2D image artefacts produce curve phenomena. Most
curve artefacts without 2D artefacts were from basolat-
eral segments, where tracking is problematic because of
lower lateral resolution. Segmental values with curve arte-
facts were significantly reduced for both strain and SR in
all layers. According to our results, artefacts had a high
impact on the segmental S/SR values. Thus, segmental
curve artefacts need to be handled before drawing clin-
ical conclusions from strain patterns on the segmental
bullseye plot.

Apical foreshortening has already been described as a
factor for the overestimation of strain values," especially
in the apical endocardium, which is consistent with the
present findings. However, this overestimation probably
does not apply to highly dysfunctional segments. The
effect of foreshortening and curve-artefacts on clinical
needs to be investigated in future studies.

Effect of artefacts on global S/SR

Discarding artefacts from the average strain calculation
reduced the ES strain values by <0.5%. Average GLS and
artefactfree strain differed by the same amount. Unex-
pectedly, subendocardial GLS was also lower than the
segmental average with artefacts. This may be explained
by a software algorithm that reduces the percentage of
apical strain contribution to GLS, which affects endocar-
dial GLS, with the highest apical to basal gradients. The
difference between the segmental average of the LV and
global values was even more noticeable for SR values.

The lower global longitudinal (GL) SR values than the
average of segmental peaks are expected because the
non-simultaneous time points of segmental peaks do not
sum up to one blunted peak of the GL SR curve. Thus,
when using SR-E as a clinical parameter, the average
of peak values at different time points should be used.
Although significant, the detection of segmental artefacts
had little effect on GLS values and, accordingly, should
not be considered when measuring GLS. To date, several
studies on larger populations have suggested normal
ranges for GLS or SR.' * '*'® Accordingly, the normal
ranges were integrated into the 2016 American Society
of Echocardiography/European Association of Cardio-
vascular Imaging chamber quantification recommenda-
tions."*'” Our GLS results are in concordance with results
of a recent meta-analysis,"® where the mean normal values
of mid-myocardial GLS varied from -15.9% to -22.1%
(mean: 19.7%).

Global S/SR based on age and sex

Studies regarding the effects of age on LV longitudinal
S/SR-A are limited. Therefore, the effect of age on
LV myocardial deformation remains controversial. In
this study, strain values were not significantly different
between the age groups of 40 and 69 years, which is
consistent with the findings of Nagata et al'' However,
other studies reported a significant effect of ageing on
systolic longitudinal myocardial velocities but not on the
longitudinal S/SR,""*** which might be due to decreased
systolic deformation from higher arterial stiffness with
increasing vascular resistance and afterload. Accordingly,
our results demonstrated a gradual decrease in SR-E and
a gradual increase in SR-A with increasing age.

The lower global and segmental S/SR values in men
than in women are consistent with those of previous
studies.'”'°%'"* Many features, such as lower systolic blood
pressure; lower wall stress and afterload; and smaller body
surface area, ventricular size and LV mass in women than
in men, have favourable effects on LV systolic functional
parameters. These composite factors seem to be a physio-
logically plausible reason for higher S/SR parameters in
women than in men. Due to the significant differences
in these factors between sex, we described the normal
ranges separately for men and women.

Normal reference values

Only a small number of previous studies have yielded
information  regarding population-based  normal
segmental S/SR values.'” 22 2* % Since segmental S/SR
is highly affected by artefacts, the presented segmental
systolic and diastolic layer S/SR ranges might serve well
as a reference for segmental normalcy. Analysing strain
by layers, a consistent gradient for segmental strains from
the epi—towards the endocardial strain was found, which
might explain the curvature of the ventricle, where the
inner layer shortens as a sum of longitudinal shortening
and radial displacement of the curved line towards the
ventricular cavity.
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LV segmental S/SR gradients with gradually increasing
values from the basal to apical segments was also
observed. The basal-apical gradients appear to be a phys-
iological phenomenon, as they persisted after apical fore-
shortening, discarding artefacts and the exclusion of the
hypertensive population.

Limitations

This study has several limitations that must be acknowl-
edged. First, the data in this study were obtained from
a single reader and the ultrasound systems and software
were provided by a single vendor. Therefore, strain varia-
bility may be substantially lower than with a multireader
approach, which can be overcome with improvements
in automated border detection. Second, the ages of the
participants ranged from 40 to 69 years, indicating that
the results cannot be extrapolated to older or younger
participants. Third, although this study used data from
two population studies conducted in different countries,
the majority of participants were European Caucasians,
indicating that the results should be extrapolated to other
ethnic groups with caution. Fourth, we cannot exclude
the possibility that some participants in the normal study
population had undiagnosed coronary artery or other
cardiac diseases. However, a possible effect of these
conditions on the heart structure is unlikely to be signifi-
cant in the context of our study. Fifth, the artefact-based
approach presented in our study requires further eval-
uation. Sixth, the description of the curve artefacts is a
subjective approach, which needs comparison to inde-
pendent noise detection. In the near future, the authors
intend to correlate automatically detected 2D grey-scale
imaging artefacts with curve-artefacts for further vali-
dation. Finally, the Russian population did not include
APLAX views in their echocardiograms, and strain-
analysis was only performed on 21% of the APLAX views
of the Tromsg population. However, APLAX segments
in the Tromsg7 population showed the same range of
values as the 4-CH view, and the inclusion or exclusion
of APLAX segments did not change the results of the
segmental values in samples from Tromsg7.

Clinical implications
Our results showed that the presence of curve arte-
facts lowers segmental systolic S/SR values, regardless
of segment localisation. Because of their similarity to
pathology, these artefacts must be identified to avoid
misinterpretation of the biased low values as evidence
of regionally reduced heart function. In contrast, fore-
shortening artefacts systematically increased S/SR values,
which did not change the interpretation of the presence
or absence of pathologies during clinical examination.
Pathologically reduced strain curves have a curve with
reduced segmental peak strain is followed by PSS, and
after the PSS peak, all segments display parallel stretching
at the end of the early diastolic and atrial filling phases.
In this study, we described an approach for defining
strain-curve artefacts using subjective visual assessment.

If this subjective approach is robust as compared with
objective 2D imaging artefact detection, curve artefact
algorithms can potentially be integrated into automated
reading programmes. Timely manual or automated
detection of artificial curve shapes facilitates the correct
interpretation of strain results without repeated assess-
ment of tracking. Finally, during real-time strain record-
ings, curve artefact detection might be performed to
provide immediate feedback on imaging quality. Other
algorithms can be developed taking both, curve artefacts,
noise, reverberations, or missing segments into account
to help reconstruct discarded segments on the base of
the ventricular shape, size and strain curves of artefact-
free segments.

CONCLUSIONS

Strain-curve artefacts introduce systematic errors,
resulting in reduced segmental S/SR values. In contrast
to the rather robust GLS, the recognition of curve arte-
facts is crucial for the correct interpretation of segmental
S/SR patterns. Segmental S/SR in a normal population
showed substantial gradients, increasing from the epicar-
dial to endocardial position and basal-septal towards
apical segments. Inter-segmental S/SR gradients and
artefacts should be considered for the correct definition
of normalcy and pathology.
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