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ABSTRACT

Background Strain is a relative deformation and has three
dimensions, in the left ventricle (LV) usually longitudinal

(), transmural (e;) and circumferential (¢,) strain. All three
components can be measured generically by the basic
systolic and diastolic dimension measures of LV wall length,
wall thickness and diameter. In this observational study we
aimed to study the relations of normal generic strains to age,
body size and gender, as well as the interrelations between
the three strain components.

Methods Generic strains derived from dimension measures
by longitudinal and cross-sectional M-mode in all three
dimensions were measured in 1266 individuals without heart
disease from the Nord-Trgndelag Health Study.

Results The mean g was —16.3%, &, was —22.7% and
€, was 56.5%. Normal values by age and gender are
provided. There was a gradient of & from the endocardial,
via the midwall to the external level, lowest at the external.
All strains decreased in absolute values by increasing
body surface area (BSA) and age, relations were strongest
for £,. Gender differences were mainly a function of BSA
differences. The three strain components were strongly
interrelated through myocardial incompressibility.
Conclusions Global systolic strain is the total deformation
of the myocardium; the three strain components are the
spatial coordinates of this deformation, irrespective of

the technology used for measurement. Normal values are
method-dependent and not normative across methods.
Interrelation of strains indicates a high degree of
myocardial incompressibility and that longitudinal strain
carries most of the total information.

INTRODUCTION

Left ventricular (LV) systolic myocardial
strain (€) is a relative systolic deformation:
€= (L—LO)/L0 = AL/LO, where L, and L are
the length before and after deformation,
respectively. Thus, shortening is a negative
and lengthening is a positive strain, usually
given in per cent.' LV systolic deformation
is usually described as three normal compo-
nents: longitudinal (g,), transmural (€,) and
circumferential (€.) strain,? as illustrated in

.2 Harald Edvard Mglmen,** Havard Dalen®®

Key questions

What is already known about this subject?

» Myocardial systolic strain is a relative deformation,
but has been linked to complex ultrasound technolo-
gies as tissue Doppler and speckle tracking.

» Strain is three-dimensional, but the three strain
components have been linked to specific fibre di-
rections in the heart.

» Longitudinal strain has been shown to be age-de-
pendent and body size-dependent.

What does this study add?

» This study emphasises the simplicity of the strain
concept and shows that strain is a basic deforma-
tion that can be measured by standard ultrasound
methods, and is demonstrated in a large normal
study, providing age-related and gender-related ref-
erence values.

» |t also emphasises that even with simple mea-
sures, actual strain values are dependent on basic
definitions.

» The paper clarifies that the three strain components
in reality are spatial coordinates of the myocardial
deformation as a single object.

» The present study shows that transmural and cir-
cumferential strains are also age-dependent and
body size-dependent, and that they are interdepen-
dent through a high degree of incompressibility of
the myocardium.

How might this impact on clinical practice?

» |t shows that strain can be assessed by basic, ven-
dor independent ultrasound tools, and contributes to
the basic understanding of the physiology of myo-
cardial deformation.

» Due to the interdependence of the three strain com-
ponents, the longitudinal strain may carry most of
the information about global myocardial function.

» The relations to age-related myocardial hypertrophy
may be relevant also for other hypertrophic condi-
tions with preserved ejection fraction.

figure 1. (“Transmural strain’ is often termed
‘radial’, but this term is ambiguous, also
meaning ‘in the direction of the ultrasound
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E€x Strain along the X-axis &) Strain along the longitudinal axis - longitudinal strain

€y Strain along the Y-axis & Strain along the transmural axis - transmural strain

&€z Strain along the Z-axis &€¢ Strain along the circumferential axis - circumferential strain
Diastole Systole

Conventional
M-mode

Figure 1 Deformation in three dimensions. (A) Deformation in three dimensions in Cartesian coordinate system. A cube is
deformed simultaneously in all three directions, in this case expanding (positive strain) along the x axis, and shrinking (negative
strain) along the y and z axes. If the cube is incompressible, the three strain components are interrelated, so (1+ .) x (1 + ¢,

) x (1 + &) = 1. (B) Deformation in three dimensions of a hollow ellipsoid. In this case a coordinate system of longitudinal,
transmural and circumferential strains is more convenient. The ellipsoid shortens in the longitudinal and circumferential
directions (negative strain), and expands in the transmural direction. If the object is incompressible, the three strain coordinates
are interrelated in the same way: (g, + 1) x (g, + 1) x (¢, + 1) = 1. Thus it is evident that the three strain components are
coordinates of the complete three-dimensional deformation of a single object. (C) Myocardial strains explained by the ellipsoid
model. There is systolic shortening of the ventricular length (longitudinal strain, ¢ ) and external circumference (external
circumferential shortening). The total volume reduction is shown in yellow, and the changes in external contours in black. As
the wall shortens, it must thicken in order to conserve the volume, depending on the degree of myocardial compressibility. The
thickening is thus mainly a function of the longitudinal shortening. As the external contour decreases, the thickening has to
occur inwards. External circumferential shortening will also, to a certain degree, push the wall inwards into more limited space,
thus causing some thickening. The thickening of the external layer (red) will also displace the inner layer (blue) into a region
with less space, so there is more thickening of the inner layer, due to both shortening and inward displacement. Thus, there is
a gradient of wall thickening (transmural strain, €) from the external to the inner layers. The thickening of the two layers and
total thickening (black) is shown by the length of the arrows. The external circumferential shortening is a real contraction, but
is only a partial contributor to the shortening of the inner circumference. As the outer layer thickens, the midwall circumference
is pushed inwards, and thus shortens more due to the wall thickening, and as there is more thickening of the inner layer the
endocardial circumference shortens even more, and thus there is also a gradient of circumferential strain (¢). The inward
movement of outer (black), midwall (red) and endocardial (blue) circumferences are indicated by the unbroken straight lines.
(D) Relation to M-mode measurements. Longitudinal shortening can be measured by mitral annular plane systolic excursion
(MAPSE) and longitudinal strain derived by dividing by the wall length. Transmural strain is simply relative wall thickening,
which is available from transverse M-mode, while circumferential shortening equals diameter shortening, that is, shortening—
endocardial, midwall and external as explained in the text.
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beam’.) € is negative (longitudinal shortening), €, is ~ measurements, as shown in figure 2. Depending on the

positive (wall thickening) and € is negative (circumfer-  degree of myocardial compressibility, the three compo-
ential shortening). Thus, all strains are basically given nents interrelate; LV systolic shortening will result in LV
by simple end-systolic and end-diastolic dimension thickening, which again will result in inward motion of
2 Staylen A, et al. Open Heart 2019;6:2001050. doi:10.1136/0penhrt-2019-001050
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Figure 2 Relations of the strains to the systolic deformation of the left ventricle. (A) Longltudlnal shortening. Longitudinal
strain can be measured by systolic and diastolic left ventricle (LV) lengths (Ls and Ld, respectively, white lines), ¢, Lsg L

. (B) Absolute longitudinal shortening can be measured as the mitral annular plane systolic excursion (MAPSE) in each pomt
(vellow lines), and divided by either Left ventricular diastolic length (LV) or mean diastolic wall length (WL )for calculation
of longitudinal strain. As shown in the text Wall length (WL) should be mean of at least four walls, here is only shown the
septal (WLsep) and lateral (WL lat). WL again can either be estimated by the straight lines from the apex to the annular point
(dashed green lines). As these alternatives will give different lengths, and thus different denominators, the strain values will
differ as well. (C) Transmural and circumferential strain. The wall thicknesses (red, straight lines) and the increase in thickness
in systole (dotted red segments) are shown. This shows transmural strain to be a truly segmental measure, the quantitative
equivalent of wall motion score. Outer (yellow), midwall (blue) and endocardial (white) circumferences are shown in the diastolic
frame, and transferred to the systolic frame for reference. Systolic circumferences are shown in the same colours, as dotted
circles. The circumferential strains can be seen to be related to outer circumferential shortening as well as wall thickening,
and endocardial circumference can be seen to move most, external most. (D) As circumferences can be calculated from
diameters, circumferential strains can be calculated from fractional shortening, calculated from endocardial diameters in systole
(LVIDs) and diastole (LVIDd). Midwall and external circumferential strains were calculated from endocardial diameters and wall
thicknesses, by addiand half and full wall thickeness of the septum in systole (IVSs) and diastole (IVSd) and posterior wall
(LVPWs and LVPW(d, respectively). They were not measured directly, as explained in the text.

both midwall and endocardial circumferences, as shown
in figure 1. If the myocardium is totally incompressible,
[e, + 1] x [, + 1] x [e, + 1]=1, as shown in the online
supplementary appendix 1. However, this has not, to our
knowledge, been evaluated with echocardiography.

€ can be measured by simple length measurements,
tissue Doppler,” speckle tracking®™ or a combination of
both the latter.” It has been shown to depend on age,
gender and body size® > regardless of the method used,
except in one larger meta analysis.'® However gender
difference seems to be due to body size.” There is less
information about the two other strain components in
normal subjects. There is also a gradient of €, and €,
across the myocardial wall, from the subendocardial layer
to the subepicardial layer."”

The aims of the present normal study were first to eval-
uate the three normal strain components and their inter-
relations by a generic method, and second to study the
relations of strains with age, gender and body size in a
healthy population.

34

METHODS

Study subjects

The study population was recruited from the Nord-Trgn-
delag Health Study (HUNT3) in Norway in the years
2006-2008 as previously described.” The study group
consisted of 1266 subjects, without evidence of heart
disease, diabetes or hypertension, after exclusion of
30 subjects with abnormal echo findings. They were
aged 19-89 years. The population has been extensively
described previously.” '* ' The basic characteristics are
provided in table 1.

Echocardiography

Subjects were examined in the left lateral supine position
with a Vivid 7 scanner (V.BT06, GE Ultrasound, Horten,
Norway), with phased-array matrix transducers (M3S
and M4S). One experienced echocardiographer (HD)
did all the examinations, which included parasternal
and all apical views. For each view, at least three consec-
utive cardiac cycles were recorded during quiet respira-
tion. The mean B-mode frame rate was 44 frames per
second. Diastolic wall length (WL) was measured as
the straight lines from the epicardial apex to the mitral
point in the six LV walls in diastole (figure 2A). Simi-
larly, mitral annular plane systolic excursion (MAPSE)

Staylen A, et al. Open Heart 2019;6:2001050. doi:10.1136/openhrt-2019-001050
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Table 1 Basic measurements of the study population

Women Men Total
n 663 603 1266
Age (years) 47.8 (13.5) 50.5 (13.7) 49.1 (13.7)
Height (m) 1.65 (0.11) 1.79 (0.07) 1.72 (0.12)
Weight (kg) 71.6 (14.0) 87.1(30.7) 79.0 (24.7)
BMI (kg/m?) 25.9(4.2) 26.8 (3.5) 26.3 (3.9)
BSA (kg/m?) 1.79 (0.16) 2.05 (0.16) 1.91 (0.20)

BP systolic/diastolic (mm Hg)

127/71 (17/10)

133/77 (14/10) 130/74 (16/10)

Measurements are mean (SD).

BMI, body mass index; BP, blood pressure; BSA, body surface area; n, number of subjects.

was measured from reconstructed longitudinal M-mode
of the mitral annulus (figure 2B) in all six walls. Septal
and posterior wall thicknesses in diastole (IVSd, LVPWd)
and systole (IVSs, LVPWs) and diastolic and systolic LV
internal chamber diameters (LVIDd and LVIDs) were
measured in parasternal M-mode at the tip of the mitral
leaflets (close to the papillary muscles) in end-diastole
(figure 2D). Mean wall thicknesses in diastole and systole
(WTd and WTs) were calculated as the mean of LVPW
and IVS in diastole and systole, respectively.

Calculations and statistics

Calculations and statistics were performed in SPSS
(v. 23, IBM corp). g was calculated as MAPSE / WL
(figure 2A,B) for each of the six walls and averaged into
means of four (from two-chamber and four-chamber
views) and six (from all three apical views) walls. MAPSE
and g _by the generic strain method have been published
prewously, but are included here for the totality of the
three-dimensional strain analysis.

Global € was calculated as relative wall thickening,
from WTd and WTs under assumption of a symmetric
and circular left ventricle. Endocardial diameter was
measured directly, and outer diameter (LVED) was
calculated as LVED=LVID+IVS+LVPWboth in diastole
(LVEDd) and systole (LVEDs). Endocardial and external
fractional shortening (FS) was calculated from internal
and external diameters in diastole and systole in the
ordinary way. Midwall FS was calculated from LVID +
(2x1/2WT) in systole and diastole, respectively. €. equals
the negative value of fractional diameter shortening as
shown in online supplementary appendix 1. Thus, € was
calculated as FS for external, midwall and endocardlal €

Mean and SD are provided. Significance of dlfferences
between measures was tested by one-sample Student’s
t-test, between genders by independentsamples t-test,
and differences between age groups by one-way analysis of
variance, with Bonferroni post-hoc comparisons. Correla-
tions were tested by Pearson’s correlation and multiple
linear regression. Repeatability of single measures in this
population has been extensively studied previously.”?'*'°
The myocardium is generally considered fairly incom-
pressible. The product [g, + 1] x [e, + 1] x [e. + 1] was

calculated for each subject, with mean, SD and SEM.
Strain values are given as arithmetic values, but the rela-
tive magnitudes between strains as well as relations to age
and body size are discussed in absolute (numeric) values.

RESULTS

All three strain measures were near normally distributed,
with skewness of 0.17, 0.28 and -0.27 for ¢, € and ¢
respectively (figure 3A). Strain measurements according
to age and gender are shown in table 2. g by this method
has been published previously’ but must be included for
the analysis of the interrelations of strains. Variability, as
seen by the relative SD, was highest in € and lowest in €, .

In summary, the mean € was -16.3%), € was -22.7% and
€. was 56.5%. There was a gradient of €, from the endo-
cardlal via the midwall to the external level (p<0.001).
€, was higher in the posterior wall compared with the
septum (p<0.001). The product [g + 1] x [g, + 1] x [g,

+ 1]was calculated and was equal to 1.009 (SD 0. 119
SEM=0.003) for g averaged from four walls and 1.015
(SD=0.120, SEM=0.003) for g, from six walls. There were
no relations of the strain product to age, gender or body
surface area (BSA).

Relations of the strains to age and BSA are shown in
figure 3B,C and table 3. In brief, there were indepen-
dent, negative correlations of the absolute magnitude of
all strains with both age and BSA. The correlations with
age was r=-0.41, r=-0.11 and r=-0.09 for ¢, € and €,
respectively (all p<0.001).

The difference between age groups was significant for
all strains (p<0.01), but in post-hoc analysis the differ-
ence in £ between the middle and oldest age groups was
only borderline significant (p=0.06).

All strains were lower (absolute values) with higher
BSA, and all strains were higher in women compared
with men (p<0.01), but in multiple linear regression with
gender and BSA, only BSA was significant for any of the
strains.

Endocardial €, showed no correlation with age, and
there was no difference between age groups. For midwall
€. only the difference between the youngest and the
oldest age groups was significant (p<0.05), while external
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Figure 3 The distribution and relation with age and body surface area (BSA) of the three normal strains. Diagrams show
numerical values. (A) Normal distribution of all the three strains (normal distribution curve is added for comparison) in
the population. (B) Relations to age. Numerical values of all strains decrease with age. The effect was most profound for

longitudinal strain. (C) Relations to BSA. Numerical values of all

strains are inversely related to BSA, despite strain being relative

to heart size. Again, the relation was strongest for longitudinal strain.

€. was significantly different for all age groups (p<0.001
overall and p<0.05 for all pairwise comparisons). Correla-
tions with age were r=-0.09and r=-0.15 for midwall and
external €, respectively.

Systolic (SBP) and diastolic (DBP) blood pressure
both showed a negative correlation with € (r=-0.33
and r=-0.34, respectively, both p<0.001). SBP showed
no correlations with €, Or €, and DBP was very modest,
although with significantly (p<0.05) negative correlations
of r=—0.08 and r-0.13, respectively.

DISCUSSION

The following are the main findings of this study:

» Under assumptions of LV symmetry, all three strain
components can be measured generically by simple
dimension measures.

» There is a gradient of circumferential strain across
the wall, being highest in the endocardial layer and
lowest in the external layer.

Staylen A, et al. Open Heart 2019;6:2001050. doi:10.1136/openhrt-2019-001050
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Table 2 Mean (SD) longitudinal, transmural and circumferential strains from B-mode and M-mode recordings, all in %

g g Inferolateral Endocardial
Age (years) n 4 walls 6 walls Septal ¢, & Mean ¢, & Midwall ¢, External ¢,
Women
<40 208 -18.1(2.0) -17.8 (2.4) 45.8 (25.7) 77.5 (29.4) 61.7(20.2)  -36.6(6.1) -239(41) -141(3.3)
40-60 336 -17.0 2.2) -16.6 (2.2) 44.6 (23.7) 71.2 (27.6) 57.9(19.6)  —36.5(6.9) 23248  -132(4.2)
>60 119 -14.8(2.1) -14.3 (2.4) 43.7 (22.6) 65.2 (30.4) 545(19.8)  -36.0(9.1) -223(6 -121(42)
Total 663 -17.0 (2.4) -16.6 (2.5) 44.8 (24.1) 72.2(28.9) 585(19.9)  —36.4(7.1) -232(4.8) -13.3(4.0)
Men
<40 126 -16.5 (2.0) -16.6 (2.0) 44.5(19.9) 68.3 (29.8) 56.4 (19.1) -35.5(6.9) -224(46) -12.6(3.7)
40-60 327 -15.4(1.9) -15.0 (2.0) 44.1(22.6) 65.2 (27.0) 546 (19.7)  —35.8(7.4) —222(49) -122(3.8)
>60 150 -149(1.9) —14.3(2.4) 41.3(18.8) 62.2 (23.4) 51.8(16.4)  —36.0(8.0) -219(6.2) -11.8(4.4)
Total 603 -15.5 (2.0) -15.1(2.2) 435 (21.1) 65.2 (26.8) 54.2(18.8)  —35.8(7.5) 22249  -122(3.9
Al 1266 -16.3(2.4) -15.9 (2.5) 44.2 (22.7) 68.9 (28.1) 56.5(19.6)  —36.1(7.3) —227(49)  -12.8(4.0)
Relative SD 0.15 0.16 0.51 0.41 0.35 0.20 0.22 0.31

Measurements are mean (SD).

€, circumferential strain; €,

» All the three strains are interrelated and the interre-
lations indicate that there is little systolic compression
of the myocardium.

» Normal values by age and gender are provided. All
three strain components are lower with higher age
and BSA, but with the strongest association for longi-
tudinal strain. Gender differences are explained by
different BSA.

Myocardial strains

Importantly, strains are simple deformation meas-
ures, that is, relative systolic change in dimensions, not
dependent on specific techniques as tissue Doppler or
speckle tracking. Strain is a single deformation in three
dimensions, and the separation of the three normal
strain components is somewhat artificial. Strain is one
single three-dimensional tensor, and €, €. and g, are
components of this single tensor, as discussed in online
supplementary appendix 1. Thus, the strain components
are simply the spatial coordinates of the three-dimen-
sional deformation of the LV myocardium, as illustrated
in figure 1. Most myocardial fibres are running in a spiral
course, with varying angles with the major axes of the

Table 3 Relations between strains, age and body size in
multiple linear regressions

Measure r (univariate) B coefficient P value
g Age -0.41 -0.43 <0.001
BSA -0.23 —-0.25 <0.001
€ Age -0.11 -0.12 <0.001
BSA -0.11 -0.11 <0.001
Midwall e Age -0.09 -0.09 0.001
BSA  -0.09 -0.09 0.001

BSA, body surface area; ¢, circumferential strain; ¢ , longitudinal

strain; &, transmural strain.

longitudinal strain; &, transmural strain.n, number of subjects;

ventricle.'” Only few fibres are completely longitudinal
or circumferential, and none are transmural. Thus, the
individual strain components do not relate directly to
specific myocardial fibre functions, and the total three-di-
mensional deformation is the resultant shortening of all
fibres. While the individual myocardial fibre shortening
is relatively uniform, the varying course of the fibres will
result in different strains in different directions.

All strain measurements are method-specific. A simple
generic method for € was used in this study, as shown in
figure 2A—other methods may differ even more. Thus,
there is no universal ‘ground truth’ for strains, and the
current guidelines do not (and should not) recommend
normative values for strain.'® However, the relation
between strain components and the relations to age and
body size may be expected to be universal.

g, is the most extensively used and studied index of
global LV function, assessed by averaging the longitu-
dinal strain of all walls. MAPSE is usually measured only
in two or four points of the mitral plane, from four-
chamber and two-chamber views,lg 2 but the difference
was only 0.4% points if € was assessed from four versus six
walls (table 2).° €,_in the present study is similar both in
method and results from the normal subjects in the study
of Aurich et al* Tt is also in accordance with the values
found in the present material by the segmental combined
speckle tracking-tissue Doppler method.” In the study by
Aurich et al,* the normal subjects showed higher strain
values with speckle tracking, which seems to be the case
for most speckle tracking studies.”® "2 However, speckle
tracking-derived € _varies between vendors® ™ as well.
Recently, a collaborative work has unified some defini-
tions,24 but the basic technical differences in the under-
lying algorithms for tracking nor the validation issues of
these are not addressed. The relation using other tech-
nology, for instance cardiac magnetic resonance (CMR),
has not been addressed. This is extensively discussed in
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a recent paper,”
yet.

€, is a regional measure of local, wall thickening. It is
mainly a result of ventricular shortening, but external
circumferential shortening will also contribute (figure 1).
There is no real ‘radial function’ in terms of fibre short-
ening. In regional dysfunction, € is a segmental, quan-
titative alternative to wall motion score (figure 2C). In
the present study, findings are in accordance with older
studies of wall thickening, both by M-mode®*™ and
B-mode,” as well as magnetic resonance and ultraso-
nomicrometry.” The finding of a notable difference in
transmural strain between the septum and the posterior
wall is in accordance with older findings.™ The speckle
tracking studies of Sun ¢t al,” Sugimoto et al'' and Ying-
choncharoen et al'? show lower values of 42.6%, 37.4%
and 47.3%, respectively. Kaku et al® on the other hand,
found an ¢ of 88%, far in excess of normal wall thick-
ening. The discrepancy of speckle tracking-based €. and
normal wall thickening has not been discussed previously
to our knowledge.

€. is the percentage circumferential shortening.
Circumferential fibre shortening causes only the external
g,0f 12.8% in the present study. Wall thickening will push
the midwall and endocardial circumferences inwards,
and thus midwall and endocardial € are increasingly a
function of € and hence ¢ (figure 1C). Inner layers are
situated in a more limited space and will thicken more,
causing the external to endocardial gradlent of g, and g,
which has been observed previously'> and is ev1dent in
table 2. This is simply a function of geometry. Thus, € is
ambiguous, unless the level of measurement is defined.
Midwall € is most closely related to mean €, the global
measure. Assessing global g, from one FS measure,
however, depends on the assumption of symmetry. The
true global measure is the mean of three planes. Midwall
€. in the present study is similar to €, in the speckle
tracking studies of Sun et al’ and Ymgchoncharoen et al.®
The NORRE study'' shows slightly higher numerical €.
value of -31.9%, and the study of Kaku et af’ is in between

[e, + 1] x [e, + 1] x [e, + 1] is = 1. This has two impli-
cations. First, the three components are tightly interre-
lated in each individual. Most of the global deformation
can be seen from g, alone, and it is dubious whether the
other strain components add much information. Second,
the strain product being so close to 1 would indicate that
there is little systolic compression of the myocardium.
However, incompressibility of the myocardium is an
approximation only, as some degree of compression of
capillaries and crypts is to be expected. In the studies of
Sun et al,” Sugimoto et al'' and Yingchoncharoen et al,'
this strain product (calculated from the reported means)
was 0.87, 0.73 and 0.91. The cause for the differences was
the higher numerical values (more negative) of € , as well
as the lower values of € as discussed above. The study
by Kaku et al’ gave 1.07, indicating systolic myocardial
expansion, which is improbable and is due to the unreal-
istically high €.

? showing that the problem is not solved

Relations to age, BSA and blood pressure

g, was inversely related to higher age as previously
shown #5711 An exception was one larger meta-anal-
ysis probably due to the heterogeneity of the studies
included."” We found all strain components to be
dependent on age and BSA (figure 3B,C, tables 2 and
3). As €, and ¢_ are related to g, this was expected.
However, in the NORRE study, age dependency was only
shown for women with a decrease in € _and an increase
in €, but differences were small and not present in
men. o

In our study, endocardial € is preserved in increasing
age, in line with what has previously been shown for
FS 277295235 Age correction for FS is not recommended
in current guidelines.”® In addition, the myocar-
dial wall thickens with age.'® ™ This also will result
in a decrease in g€, and €0 relative to wall thickness.
Although the age-related reduction of g, is less than
€, the main point is that there was no compensatory
increase in transverse or circumferential function with
age in the present study. This has previously been
offered as an explanation for preserved ejection frac-
tion (EF) in the presence of declining longitudinal
function with age.* In that study, reduced longitudinal
velocity and unchanged EF with age were found, and
an increase in either radial or circumferential func-
tion was postulated. Interestingly, FS was not reported,
despite being mentioned in the methods. Increased €,
or £ is not a prerequisite for preserved EF. Preservation
of EF with simultaneous reduction of all strains has also
been demonstrated in other hypertrophic states even
in heart failure with preserved EF as well.**” Thus,
the findings may have relevance for other hypertrophic
states with preserved EF.

We have previously shown in this material that even
though chamber diameter remains unchanged, LV
length decreases with increasing age,'” as has newer
MRI studies.” This is consistent with decreasing end-di-
astolic volume (EDV). The present guidelines report a
decrease in both EDV and end-systolic volume (ESV)
with age.'"® This may in itself be a sufficient explana-
tion for preserved EF, depending on the stroke volume
(SV). The NORRE study™ reports a significant decrease
in both EDV and ESV, which results in, on the average,
increased SV and actually an increased EF. Reduced
length and unchanged diameter will increase the sphe-
ricity of the cavity, but as this is caused by reduced
length, not increased diameter, it does not result in
increased FS (endocardial € ), and sphericity is not part
of the strain calculations.

All strains were BSA-dependent (figure 3C and table 3),
while gender dependency was simply a function of BSA.
This negative correlation is a systematic error, as each
strain component corrects for one dimension, while the
strain is three-dimensional. g _correlated to both SBP and
DBP, as shown also previously in this material by another
method.'"* Even though g is afterload-dependent, the
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similar relation to both pressures is more consistent to
a sensitivity to subclinical changes with increasing blood
pressure, even in a presumably healthy population.
This is seen also with other risk factors and discussed
in detail earlier.'* The low/absent correlations with the
two other strains probably reflect lower sensitivity of the
two measures, reinforcing the view that g is the most
important measure.

Strengths and limitations

The main strength of the study is the size, being to our
knowledge the largest normal strain study and one of the
largest normal echocardiographic studies as well. Due
to the large size, measurements are done with a limited
set of simplified measurements, and thus with limited
access to regional measurements. M-mode measures
are prone to systematic errors. € is measured by recon-
structed M-mode. This means the temporal resolution
is low, compared with real-time M-mode, but so is the
B-mode frame rate, as are speckle tracking methods.
Tissue Doppler-based € will have about twice that. € _and
g, from M-mode are real-time, that is, 500-1000 frames
per second (FPS). Both, however, are based on M-mode
through the septum and inferolateral wall only, relying
heavily on assumptions of symmetry, excluding regional
dysfunction. Findings in this study have less validity for any
regional dysfunction that reduces annular motion. Angle
dependency of measurements may also give a systematic
overestimation of lengths, wall thicknesses and chamber
diameters. Strains, however, will not be similarly affected,
as the overestimation will be the same for systolic and dias-
tolic measures and the relative difference (ie, strain) will
be correct. Also, the motion of the base may tend towards
an overestimation of especially external €. The analyses
are done by one single experienced analyser, ensuring
homogeneity of data. The high reproducibility has been
published previously.”? '*7'° Finally, the study shows very
little skewness in the strain data. As the conventional LV
dimensions and FS in this material'® (data not shown)
are in line with others, the population seems to be fairly
representative.'? 2% In line with others the M-mode-de-
rived values in this study are slightly higher than normal
values by two-dimensional echocardiography,'®* which is
customary for M-mode-derived values.

The population in the HUNT Study is ethnically homo-
geneous, but as the values are not intended to be norma-
tive, this is of less importance. As seen from table 1, the
average BMI is at the upper normal limit, indicating
that half the population is overweight. However, this is a
common finding in many countries today, and compared
with the general HUNT3 population the values for BMI
were slightly lower in the echocardiographic substudy."’
Finally, as this is a cross-sectional study, the age differ-
ences are between cohorts and not related to true ageing.

The study does not address torsion. This is related to the
limitation of the acquisitions, as this would need speckle
tracking in multiple cross-sections. However, torsion is a

shear strain (circumferential-transmural), not one of the
three normal strains.

Finally, it must be emphasised that the present study
addresses normal and age-related changes in global LV
function only. Regional strain and strain rate, on the
other hand, will add diagnostic information where they
show patterns of uneven distribution.

CONCLUSIONS

Global systolic strain is the total deformation of a
three-dimensional object; the three strain components
are the coordinates of this deformation. Global strains
in symmetric ventricles can be measured by simple
generic measures, where circumferential strain is simply
the negative value of FS. However normal values are not
normative across methods. All strains decrease with age
and there was no compensatory increase seen in circum-
ferential or radial function to account for preservation of
ejection fraction with increasing age. The three normal
global strains are tightly interrelated, indicating a high
degree of myocardial incompressibility. Thus, there
seems to be little supplementary information from trans-
mural and circumferential global strain compared with
longitudinal strain.
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