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In vivo data have been unable to provide conclusive results with regard to
the relative impact of circumferential and longitudinal shortening on
stroke volume. The objective of the present study was to assess the relative
contribution of circumferential and longitudinal myocardial shortening to
left ventricular stroke volume and ejection fraction, and to evaluate the
effect of left ventricular hypertrophy. A two-shell, three-dimensional
mathematical model was used to assess the individual contributions of
longitudinal and midwall circumferential shortening (or strain) to stroke
volume and ejection fraction. Reducing either circumferential or longitu-
dinal shortening resulted in a reduced ejection fraction and stroke volume.
The stroke volume fell by 43% when circumferential strain was reduced

from =20% to —=5%, but only by 19% when longitudinal strain was simi-
larly reduced. The sole contribution of circumferential and longitudinal
shortening to stroke volume was 67% and 33%, respectively. These propor-
tions were independent of wall thickness. The present study demonstrated
that both longitudinal and midwall circumferential shortening contribute
to different extents depending on the degree of abnormality of myocardial
shortening. Contrary to most previous studies, the present study shows that
circumferential shortening has a relatively greater contribution to stroke
volume (ie, two-thirds) and ejection fraction than longitudinal shortening.
These observations have important clinical and research implications in
the assessment of left ventricular function.
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he left ventricle is comprised of three continuous layers of muscle

bundles (1). The endocardial and epicardial fibres originate near
the base of the heart, loop around the apex and then return to the base
forming a helical structure; the circumferential fibres are situated in
the midwall of the left ventricle (2,3). The left ventricle ejects its
stroke volume during systole using a combination of longitudinal and
circumferential shortening associated with twisting of the ventricle.
The apex remains relatively stationary; therefore, the longitudinal
shortening results in mitral annular motion toward the apex. This
shortening produces radial thickening causing an inward displacement
of the endocardium and a reduction in left ventricular cavity volume
(Figure 1) (4). For any given end-diastolic volume, ejection fraction is
predominantly determined by absolute wall thickening rather than
relative wall thickening (ie, radial strain) (5). Moreover, absolute wall
thickening is determined by both end-diastolic wall thickness and
radial strain. During diastole, myocardial fibre relaxation, untwisting
and lengthening occurs, resulting in ventricular wall thinning during
refilling of the ventricle.

Normally, midwall fractional shortening (FS_) and longitudinal
fractional shortening (FS,) are similar (21%) (Table 1) (6). However,
in hypertensive-hypertrophic left ventricular disease, both FS_ and
FS, are significantly reduced despite a normal ejection fraction (6,7).
In aortic stenosis, FS| is also reduced while ejection fraction is pre-
served (8). There is a reduced FS  and FS; in concentric left ventricu-
lar hypertrophy in spite of a normal ejection fraction (Table 1) (9).
Reduced FS_| occurs even though endocardial fractional shortening
(FS,,) is normal in hypertensive heart disease due to a relatively
greater contribution of ventricular wall thickening (10). In patients
with heart failure and a preserved ejection fraction, FS_ is significantly
lower than in control pateints despite mean endocardial fractional
shortening being unchanged (11). Concentric left ventricular hyper-
trophy with a normal ejection fraction is common in heart failure
(2,12-14). A reduced FS_ and FS;, and yet normal ejection fraction,
may be best explained by an increase in end-diastolic wall thickness
(15). Furthermore, epicardial FS (FSCp) is lower and FS_ is higher
than FS_ (9,16).

-_"—

Figure 1) Left ventricular contraction. Figure represents diastole (external
dashed lines) and systole (shaded figure) . Stroke volume is determined from
the difference in internal end-diastolic and end-systolic volumes. It is also
determined by the change in total external volume assuming the myocardium
is incompressible. Therefore, the stroke volume is the sum of the volume of
atrioventricular displacement (red arrows) and is disc shaped. In addition,
there is a smaller contribution from external epicardial displacement (blue
arrow heads) and is approximately cylindrically shaped). Note that epicar-
dial fractional shortening is less than midwall fractional shortening and mid-
wall fractional shortening is less than endocardial fractional shortening
(green arrows)

There is a reduced longitudinal strain and decreased radial strain
in heart failure patients with a preserved ejection fraction compared
with control subjects (Table 2) (17,18,22). There is also a trend
toward lower (ie, less negative) circumferential strain (17). In patients
with concentric left ventricular hypertrophy, longitudinal, circumfer-
ential and radial strain are decreased despite a normal ejection fraction
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TABLE 1

Studies showing fractional shortening of epicardium (FS, ), midwall (FS ), endocardium (FS,,) and longitudinal (FS)) in

hypertrophic left ventricular disorders

FS, % FSey % FS., % FS.., % EF, %
Cohort Control Patient Control Patient Control Patient Control Patient Control  Patient Author (reference)
CRF NA NA NA NA 214 14.6* NA NA 64.2 56.0*  Koh et al (43)
DM NA NA NA NA 214 15.3* NA NA 64.2 60.8 (NS)
HBP NA NA NA NA 214 16.7* NA NA 64.2 64.7 (NS)
HBP 21 18* NA NA 21 18* 37 42* 63 69* Aurigemma et al (6)
HBP 18 12* 22 11* 30 21* 44 30* NA 64 Palmon et al (9)
AS 21 9* NA NA 21 23 (NS) 36 42* NA NA Dumesnil et al (8)

*P<0.05 versus control. AS Aortic stenosis; CRF Chronic renal failure; DM Diabetes mellitus; EF Ejection fraction; HBP High blood pressure; NA Data not available;
NS Not statititically significant. FS,, and FS, are generally reduced despite relatively preserved FS,, and EFs. FS,, are greater than FS, and FSep

TABLE 2
Peak resting systolic myocardial strain in heart failure and hypertrophic left ventricular disease

Longitudinal strain, % Circumferential strain, % Radial strain, % EF, %
Cohort Control Patient Control Patient Control Patient Control Patient Author (reference)
LVH -22.9 -17.9* -23.7 -20.4* +74.4 62.7** 7 70* Mizuguchi et al (19)
AS -20.3 -14.6** -19.5 -15.2** +38.9 +33.9 (NS) 62 61 (NS) Delgado et al (21)
HBP -20.3 -17.2* -19.5 -17.0 (NS) +38.9 +34.4 (NS) 62 61 (NS) Delgado et al (21)
HCM -20.3 -15.1* -19.6 -16.8** +36.8 +25.2%* 67 69 (NS) Serri et al (23)
HFPEF -19.0 -12.0* -20.0  -15.0 (NS) +47.0 +28.0* 64 63 (NS) Wang et al (17)
HFPEF -20.9 -18.9* NA NA +49.2 +41.8* 62 61 (NS) Tanetal (18)
HFPEF -20.9 -15.9* -26.4 -20.8 (NS) +44.5 +32.9* 68 61 (NS) Yip etal (20)
HFREF -19.0 -4.0* -20.0 -7.0* +47.0 +14.0* 64 24* Wang et al (17)
HFREF -20.9 -9.6** -26.4 -9.5%* +44.3 +18.0** 68 31* Yip et al (20)

*P<0.01; **P<0.001. AS Aortic stenosis; EF Ejection fraction; HBP High blood pressure; HCM Hypertrophic cardiomyopathy; HFPEF Heart failure with preserved
ejection fraction; HFREF Heart failure with reduced ejection fraction; LVH Concentric left ventricular hypertrophy; NA Data not available; NS Not statistically signifi-

cant (ie, P>0.05)

(19). These findings of reduced strain, even in the presence of a nor-
mal ejection fraction, have recently been shown to be independent of
wall stress (20). Similar abnormalities occur in other hypertrophic
conditions such as aortic stenosis (21), hypertension (21), cardiac
amyloidosis (22) and hypertrophic cardiomyopathy (23).

These results suggest that a generalized reduction in myocardial
shortening in left ventricular hypertrophy is common despite a normal
ejection fraction (Table 2). Normal resting peak longitudinal and cir-
cumferential strains are approximately —20%, and radial strain is gen-
erally approximately +50%. Notably, lower strain values occur in all
three directions with both reduced ejection fraction and in hyper-
trophic left ventricular disease even when the ejection fraction is
normal (Table 2). Reduced circumferential and longitudinal strains
also correlate with elevated filling pressure and severity of myocardial
disease despite a preserved ejection fraction (24).

Stroke volume is determined by the change in internal volume of
the heart during systole. The myocardium is nearly noncompressible and
so the muscle volume is virtually constant (25). Therefore, the absolute
change in total external left ventricular volume also determines stroke
volume (see Supplementary Data section for mathematical proof). The
reduction in external volume consists of two inter-related changes: the
change in longitudinal length (measured by, for example, atrioventricu-
lar plane displacement); and external (epicardial) displacement (Figure
1). Consequently, the stroke volume is determined by the summation of
the displaced volume as a result of longitudinal shortening and the vol-
ume derived from epicardial displacement.

Previous studies have produced inconsistent data regarding the
relative contribution of circumferential and longitudinal annular dis-
placement to stroke volume (26). Carlsson et al (27) concluded that
annular displacement accounted for approximately 60% of the stroke
volume. Two other studies suggested that annular displacement con-
tributed 75% and 82%, respectively (28,29). Ballo et al (30) suggested
that changes in ventricular wall thickness and ejection fraction also
determined the relative contribution. Conversely, Carlhill et al (31)
calculated that mitral annular excursion volume represented only 19%
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of the total stroke volume. Similar findings have been published else-
where (32) and the contradictory findings have been debated (33,34).
Recently, it was even suggested that epicardial shortening is the best
way to assess the contribution of circumferential function to stroke
volume, particularly in the presence of hypertrophy (35,36).

There is only a minor reduction in external diameter of the left ven-
tricle during systole (9,28,29,37,38); therefore, these differing results are
difficult to reconcile. These variances may reflect the methods used. For
example, Carlhill et al (31) measured the internal dimensions under
the mitral valve rather than the external cross sectional area of the left
ventricle (Figure 1). Some of these studies also assumed that circum-
ferential ‘function’ was determined by epicardial rather than midwall
shortening of the left ventricle. There is an important need to improve
our understanding of left ventricular myocardial mechanics. Previous
in vivo studies have attempted to clarify the relative contribution of
longitudinal and circumferential function to stroke volume and ejec-
tion fraction, with inconclusive results.

Mathematical modelling complements existing investigational in
vitro, experimental and observational methods, and often has several
distinct advantages. For example, it enables the exclusion of con-
founding factors (eg, body size, valvular disease, inotropic effects, heart
rate, changes in filling pressure, blood pressure, abnormal ventricular-
arterial interaction, reflected waves and peripheral vascular resistance).
More importantly, modelling is particularly helpful in studying complex
systems in which multiple, often linked, processes occur and to study the
specific effects of certain changes. Specifically, it would not be possible
to examine the independent effects of differing longitudinal and circum-
ferential strain in either a clinical or experimental study.

The present study addresses the hypothesis that midwall circumfer-
ential shortening and longitudinal shortening have different effects on
stroke volume and ejection fraction. The limitations of in vivo studies
are avoided by using a mathematical model to assess the relative con-
tribution of longitudinal and circumferential strain in different patho-
logical conditions such as reduced myocardial strain and concentric
left ventricular hypertrophy.
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METHODS

The endocardium of the left ventricle is represented by a cylindrical-
hemispheroidal shape (39), which has been shown to be a good
approximation of reality (r=0.97) (40). The midwall and epicardium
are assumed to have the equivalent shape. The middle layer of the left
ventricle is the site of the circumferential fibres, with longitudinal
fibres present in the subendocardial (inner shell) and subepicardial
(outer shell) layer.

To measure the independent effects of changes in circumferential
and longitudinal shortening, a two-shell approach was used whereby the
inner and outer shell muscle volumes can be calculated independently
(5). Left ventricular end-diastolic length was assumed to be 10 cm
(29,41). The inner, outer and midwall volumes were calculated using
the following formula:

V=5x A x L/6

in which V represents volume, A represents the area perpendicular to
the long-axis at the level of the mitral valve and L represents the
length of long-axis. Short-axis area (A) was calculated from width in
which, A=nr? (Figure 1). Total midwall volume (intraventricular vol-
ume plus inner shell volume) was obtained from the short-axis area
(A) (middle ring in diagram) and length (L) in diastole. The volumes
of outer and inner shells were then calculated and the diastolic exter-
nal and internal ventricular volumes were obtained, followed by the
total left ventricular myocardial volume derived from the difference.
The midwall short-axis width (W) and longitudinal length (L) were
reduced to simulate circumferential and longitudinal shortening
respectively and the new midwall volume derived. Myocardium is
assumed to be a noncompressible elastomer (25). The internal end-
systolic volume was calculated by subtracting the total muscle volume
from the external end-systolic volume. Stroke volume and ejection
fraction were calculated in the usual manner.

This model allows for both longitudinal shortening and midwall
circumferential shortening to be adjusted independently. The percent-
age of longitudinal and midwall circumferential shortening (strain)
used were as follows: normal (-20%); mildly reduced (-15%); moder-
ately reduced (=10%); and severely reduced (=5%). The other vari-
able altered was end-diastolic wall thickness from normal (0.9 cm) to
hypertrophic (2.1 cm).

All other factors, such as external end-diastolic long-axis length,
were kept constant. It was assumed that heart rate, body habitus, val-
vular regurgitation, blood pressure, systemic vascular resistance and all
other physiological variables were identical.

RESULTS

The modelling shows a curvilinear relationship between ejection fraction
and end-diastolic wall thickness for a constant strain (Figure 2A).
Worsening longitudinal strain (less negative) resulted in a decrease in
ejection fraction; however, more marked changes were seen with reducing
circumferential compared with longitudinal strain (Figure 2B). Stroke
volume was also reduced by deteriorating longitudinal (Figure 3A) and
circumferential strain (Figure 3B). The fall in stroke volume was greater
with abnormalities of circumferential rather than longitudinal strain.

Figure 4A shows the independent effects of longitudinal and circum-
ferential strain on ejection fraction assuming a normal wall thickness.
The effect on stroke volume is greater with changes in midwall strain
compared with longitudinal strain (Figure 4B). Figure 5 shows the rela-
tive per cent reduction in stroke volume. Reducing longitudinal strain
from —20% to —5% resulted in a decrease in stroke volume by 20%,
whereas a fall in midwall circumferential strain resulted in a decrease in
stroke volume by 43%. The sole contribution of midwall circumferential
shortening was 67% and longitudinal shortening was 33%. These pro-
portions did not change with increasing left ventricular wall thickness.

Quantified changes in fractional shortening are shown in Figure 6.
Increasing myocardial strain resulted in increasing fractional shorten-
ing. However, the fractional shortening change was much greater in
the endocardium than in the epicardium.
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Figure 2) Effect of myocardial shortening (peak systolic strain) and left
ventricular end-diastolic wall thickness on ejection fraction. The ejection
fraction increases with increasing left ventricular end-diastolic wall thick-
ness. Worsening longitudinal strain leads to a reduction in ejection fraction.
Reducing circumferential strain results in a relatively greater fall in ejection
fraction compared with longitudinal strain. A Effect of peak systolic longi-
tudinal strain on ejection fraction (midwall circumferential strain normal) .
B Effect of peak systolic midwall circumferential strain on ejection fraction
(longitudinal strain normal)

DISCUSSION

The present study used mathematical modelling to accurately assess
the independent effects of peak systolic longitudinal and circumferen-
tial strain on left ventricular stroke volume and ejection fraction while
controlling for both confounding factors and epiphenomena. The
modelling shows that midwall circumferential shortening has a greater
influence on ejection fraction and stroke volume than longitudinal
shortening.

The results of the present study differ from those reported in previ-
ous studies that have used either epicardial or endocardial shortening
as a surrogate for circumferential function. The current study challen-
ges earlier studies that used epicardial fractional shortening to assess
circumferential ‘function’ (27-29,35,36). Using the FSep will result in
the underestimation of the contribution of circumferential shortening
to stroke volume, as is shown in Figure 1. In contrast, studies using the
endocardial cross-sectional area (31,32) will underestimate the contri-
bution of longitudinal shortening. Because the circumferential muscle
fibres are situated in the midwall, the current approach would appear
to be more appropriate.

These findings may be explained as follows: a normal size left ventricle
with a length of 10 cm, an end-diastolic dimension of 4.5 cm and a wall
thickness of 0.9 cm, will have a midwall circumference of 17 cm. The
relative shortening of the midwall circumferential fibres and longi-
tudinal strain are similar at —20%; therefore, the absolute shortening
is 34 mm and 20 mm, respectively. Hence, midwall circumferential
shortening has a greater influence on absolute wall thickening and,
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Figure 3) Effects of peak systolic strain on stroke volume. Stroke volume
remains constant as end-diastolic wall thickness increases. Reducing longi-
tudinal strain resulted in a fall in stroke volume. A relatively greater reduc-
tion in stroke volume occurs when midwall circumferential strain is reduced
compared with longitudinal strain. A Effect of reducing peak systolic longi-
tudinal strain on stroke volume. B Effect of reduction in peak systolic mid-
wall circumferential strain on stroke volume

therefore, stroke volume and ejection fraction, than longitudinal
shortening. Furthermore, when the left ventricle dilates with a lower
ejection fraction, it becomes more spherical so that any contribu-
tion from circumferential shortening will increase further relative to
longitudinal shortening. However, because longitudinal muscle fibres
actually originate near the base and loop around the apex and return
to the base, they are longer than the circumferential fibres. Using an
unconventional definition of longitudinal shortening, ie, the entire
length of the muscle fibres, then this would mean that longitudinal
shortening would have a greater effect and exceed that of circumfer-
ential shortening.

Subepicardial and subendocardial longitudinal myocardial fibres
sandwich the midwall circumferential fibres but with a continuous
variation in fibre angle across the wall (3). This supports the concept
that the angulated longitudinal fibres could contribute to circumferen-
tial shortening as well as longitudinal shortening. It should be empha-
sised that myocardial shortening occurs as a consequence of a complex
interaction between these indistinct ‘layers’ as well as geometric (eg,
wall thickness) and loading factors in all three dimensions. The ejec-
tion fraction and stroke volume depend on all muscle fibres, regardless
of orientation and include a twisting motion. Therefore, it is an over-
simplification to assume that either longitudinal or circumferential
myocardial shortening alone represents only shortening of aligned
myocardial fibres. Myocardial muscle fibres are not directed in an
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Figure 4) Effects of peak systolic strain on ejection fraction. Ejection frac-
tion falls with reducing strain. Reducing longitudinal strain resulted in a fall
in ejection fraction. A relatively greater reduction in ejection fraction occurs
when midwall circumferential strain is reduced compared with longitudinal
strain. A Effects of altering longitudinal and circumferential peak systolic
strain on ejection fraction (normal wall thickness). B Effect of altering
longitudinal and circumferential peak systolic strain on stroke volume (nor-
mal wall thickness)

endocardial-epicardial orientation because this would hinder radial
thickening. In addition to an inward epicardial movement, the overall
myocardial fibre shortening in two orthogonal planes (and all angles
between) results in wall thickening in a third direction, ie, radially.
This results in endocardial displacement and the generation of the
stroke volume. Endocardial displacement and, therefore, FS_ are not
direct measures of myocardial shortening but arise dominantly as a
consequence of absolute wall thickening. Similarly, ejection fraction is
only partly determined by relative myocardial shortening (strain)
independent of loading conditions.

Clinical implications

These conclusions are of significant clinical relevance. Strain and
fractional shortening each measure the same biomechanical process.
Both fractional shortening and strain vary gradually and significantly
between the epicardial and endocardial surfaces (Figure 1). Global cir-
cumferential strain measured by tissue tracking will average the strain
across the wall, potentially leading to important measurement errors.
This may explain the lack of significance reported in clinical trials
(17). It is often assumed that longitudinal shortening is more import-
ant than circumferential shortening, perhaps because it is more at risk
of subendocardial ischaemia. However, the clinical data presented in
Tables 1 and 2 do not support this notion. The misconception may have

Exp Clin Cardiol Vol 17 No 1 2012
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Figure 5) Effect of altering longitudinal and midwall circumferential peak
systolic strain on the percentage reduction in stroke volume (normal wall
thickness). Reducing circumferential strain results in a greater percentage
reduction in stroke volume than longitudinal strain

arisen because longitudinal strain and long-axis shortening velocities
are easier to measure and less prone to errors. Radial strain results from
the combination of longitudinal and circumferential fibre shortening
and, therefore, could be a better measure of either of these measure-
ments alone or even in combination. Measuring FS_ will underesti-
mate the circumferential contribution and FS_ will overestimate the
contribution to ejection fraction and stroke volume. An increased left
ventricular wall thickness will result in an amplified FS, . Endocardial
fractional shortening and, therefore, ejection fraction are measures of
absolute wall thickening and will overestimate true myocardial fibre
shortening in hypertrophic left ventricular disease.

Limitations

The present study was based on mathematical modelling with an ideal-
ized left ventricular shape that has been shown to mimic findings in
clinical practice (5). Variables such as heart rate, body size and pres-
ence of valvular regurgitation were not modelled. The modelling does
not take into account the potential compensatory mechanism, such as
remodelling/dilation, that may arise following the development of
reduced stroke volume (14). The study only assessed the relative myo-
cardial shortening rather than cardiomyocyte contractility or other
measures of function such as velocity or force of contraction. However,
this is also a limitation of in vivo studies. Rotational motion of the left
ventricle has not been specifically considered; however, changes in
torsion correlate closely with longitudinal strain (42) and stress-corrected
strain and torsion are similarly related to ejection fraction (20). Future
studies could model twist and assess wall stress in combination with
the longitudinal and circumferential shortening. It was unnecessary to
model torsion because it would not have an impact on endocardial
motion, stroke volume or ejection fraction independently of longitud-
inal and circumferential shortening.

SUMMARY
The present study is the first to demonstrate the independent effects of
the relative contributions of midwall circumferential and longitudinal
strains to left ventricular ejection fraction and stroke volume. It is also
the only study showing the independent effects of left ventricular
hypertrophy on these physiological measures.

By using mathematical modelling, it is possible to assess the
independent effects of the variables under investigation and adjust for
all other confounding factors, thus circumventing the problems of in
vivo studies. The modelling showed a 43% relative reduction in stroke
volume when circumferential strain was altered from -20% to —5%,
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Figure 6) Effect of strain on endocardial, midwall and epicardial fractional
shortening (normal wall thickness). Note longitudinal and midwall strains
are the same and midwall fractional shortening is identical to circumferential
strain. As strain increases, endocardial fractional shortening rises to a
greater extent than epicardial fractional shortening (see Table 1 for clinical
trial results)

but only a 19% relative reduction in stroke volume when longitudinal
strain was similarly reduced. The sole contribution of midwall circum-
ferential shortening was two-thirds and longitudinal shortening was
one-third; importantly these values did not change with increasing
concentric hypertrophy. The present study’s findings are consonant
with observational studies and theoretical considerations (44). The
stroke volume is determined by endocardial motion and the volume
displaced. Endocardial motion is determined by absolute wall thicken-
ing and, to a lesser extent, epicardial motion. Absolute wall thicken-
ing is the dominant factor, which in turn is determined by both
myocardial strain (relative radial thickening) and end-diastolic wall
thickness. Radial thickening is determined by both circumferential
and longitudinal myocardial fibre shortening. Absolute midwall cir-
cumferential shortening is greater than absolute longitudinal shorten-
ing, even though their relative shortening (strain) may be similar. The
present study quantifies the larger impact of midwall circumferential
shortening on stroke volume and ejection fraction compared with
longitudinal shortening.
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Figure 7) Association of circumferential and longitudinal strain using
speckle tracking. AS Aortic stenosis; cLVH Concentric left ventricular
hypertrophy; HFPEF Heart failure with a preserved ejection fraction;
HFREF Heanrt failure with a reduced ejection fraction. Plot derived from
data presented in Table 2
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