Compendium on left ventricular mechanics

Asbjgrn Stgylen
Professor Emeritus, Dr. Med.
https://stoylen.folk.nthu.no/strainrate/



Contraction

Cytoplasmic free Ca™

Myocyte tension
or shortening
Electrical
activation
ATP binding ATP hydrolysis Binding of “Power stroke” Release of Ca
by myosin head by myosin head, activated release of energy dissolves
. energy stored in myosin head from myosin head binding of
MVOSl n changed to actin in the causes actin to myosin head
. configuration presence of Ca: slide along to actin
Ch ain of myosin head cross-bridging  myosin
Myosin E L> g ? g
head ? S
SEEmEEEn EEEEEEE ll.:llll a.. / +... - .-.ﬁ/.
Actin chain Stogten P
Ca

Ca is released from sarcoplasmatic reticulum by action potential
- causing binding of activated myosin heads to actin; cross bridging, enabling fliament sliding
- in the continuing presence of Ca, the cycle will repeat, and contraction continues

If Ca is removed from cytoplasm into sarcoplasmatic reticulum, new cross bridges will not form,
contraction declines.

Ca removal by SERCA requires energy (ATP) for pumping against concentration grtadient



Contraction, load, tension, shortening and contractility
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Myocyte contraction is the development of tension (force).

In isometric contraction, there is no change in sarcomere length (no
shortening), despite increasing overlap of actin and myosin. The tension
is stored as elastic forcein the contractile apparatus (titin).

In isotonic contraction, there is constant tension, and the sarcomere
shortens by the increasing overlap of actin and myosin, perfoming work
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All cardiac imaging shows (absolute or relative) systolic myocardial shortening: (MAPSE), FS, SV, EF,
GLS, Doppler VTI, or rate of shortening (S’, SR), independent of method (us, MR, MUGA). It follows

This is not equal to contractile force (tension), as both inotropy (contractility stimulant) and preload increase contractile tension.

Preload is the force acting
on the muscle be-fore start
of contraction, stretching the
muscle pre contraction.
Stretch increases both
passive (elastic) resting
tension, active (contractile)
tension during contraction,
and rate of tension
development.

In the intact ventricle,
preload is related to acute
changes in EDV, related to
LV filling pressure.
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that all cardiac imaging measures are load dependent, and that

Length (pre stretch) - peak isometric tension  Inotropy also increases contractile force,
independently of preload, thus gives a true
increase in contractility. Both preload
effect (the Frank-Starling mechanism) and

f contractility increasecan be seen by an
increase in stroke volume or rate of volume

decrease.

i

Total tension
Active (contraction)«://

Passive (elasticity).;

Tension

Increase in pre-contraction length

As long as afterload exceeds
increasing tension,
contraction will be isometric
(isovolumetric). When tension ;
equals afterload, contraction ‘Tﬂ_‘/
will become (approximately) T~e o __ 27T
isotonic3. In the intact P i
circulation, afterload is
approximately equivalent with
systolic arterial pressure. This
is a function of peripheral
resistance, aortic compliance
and pressure augmentation.
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imaging cannot measure contractility completely, only estimate it. e — ‘

Secondly, myocardial contraction do not equal shortening,

as seen by isovolumetric phases and end ejection.
-During systole, first there is isovolumic contraction: Tension

increase without shortening.

-During ejection, blood flow velocity is proportional to volume

decrease.

-During first part of ejection, there is tension increase
with blood ejection acceleration and volume decrease.
-During second part of ejection there is tension increase
but blood ejection deceleration and volume decrease.
-This starts at LV-Ao pressure gradient crossover,
when Aortic distension creates a higher aortic
pressure than ventricular tension, (negative LV-Ao
pressure gradient - decelerating blood flow
velocity). This marks the time of peak flow, peak
tissue velocity (S’) and peak systolic strain rate.
-During third part of ejection after peak systolic
pressure, there is tension decrease (relaxation),
but still blood ejection and volume decrease, blood

velocity is decelerating to zero.

During this last part of deceleration, pressure and
tension declines, but there is still outflow, and thus
volume reduction and fibre shortening4.

locity relations in

Aortic pressure

(

crossover

C= AV/AP

av

AV: Ejected volume - runoff volume

N
rolative to arterial volume

Modified from Spencer and Greiss 1962

T fiow

ﬁ.lk pressure

heart muscle. Am. J. Physiol. 1962. 202 (5) : 931-939.

1 SONNENBL I( k EH, DOWNING SE.Afterload as a primary determinat of ventricular performance.Am J Physiol. 1963 Apr;204:604-10.

3 Brutsaert DL and

4 SPENCER MP, GREISS FC. Dynamics of ventricular ejection. Cire Res. 1962 Mar;10:274-9

s SU. Relaxation and diastole of the heart. PHYSIOLOGICAL REVIEWS Vol. 69, No. 4, October 1989



Shortening is the result of tension versus load. If the load is higher than the maximal tension the
muscle can develop, the muscle will not shorten at all. Actin is still moved along the myosin, but
the energy is stored as deformation within the sarcomere without shortening aof the sarcomere.
This means that the force generated by contraction is stored as elastic tension in the muscle, and
the contraction is isometric The middle figure, retaining the length of the baseline - left). If the load
is less than the maximal tension, the muscle will start to shorten when tension equals load, and
from there the contraction is isotonic - shortening at constant load. The right sarcomere is shorter

than the baseline.

Length tension diagram of a
muscle twitch in an isolated
muscle preparation. The muscle
takes some time to develop the
tension that equals the load, and
during that period the contraction
is isometric, with no shortening.
Shortening starts when tension
equals load. When the muscle
relaxes, relaxation induces
shortening until tension again
equals load, after that relaxation
is isometric.
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Series of twitches with different
loads. All twitches follow the
same tension curve, i.e. shows the
same contractility, but as load
increases, shortening starts at
later time points, and the
shortening time as well as the
extent and rate of shortening
decrease.
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Series of twitches with the same
load, but with different
contractility (ability to develop
tension). With decreasing
contractility, it takes longer to
develop tension = load, the period
of shortening as well as the extent
and rate of shortening decrease.
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imaging cannot measure contractility completely, only estimate it. e — ‘

Secondly, myocardial contraction do not equal shortening,

as seen by isovolumetric phases and end ejection.
-During systole, first there is isovolumic contraction: Tension

increase without shortening.

-During ejection, blood flow velocity is proportional to volume

decrease.

-During first part of ejection, there is tension increase
with blood ejection acceleration and volume decrease.
-During second part of ejection there is tension increase
but blood ejection deceleration and volume decrease.
-This starts at LV-Ao pressure gradient crossover,
when Aortic distension creates a higher aortic
pressure than ventricular tension, (negative LV-Ao
pressure gradient - decelerating blood flow
velocity). This marks the time of peak flow, peak
tissue velocity (S’) and peak systolic strain rate.
-During third part of ejection after peak systolic
pressure, there is tension decrease (relaxation),
but still blood ejection and volume decrease, blood

velocity is decelerating to zero.

During this last part of deceleration, pressure and
tension declines, but there is still outflow, and thus
volume reduction and fibre shortening4.
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Myocardial stroke work

Work equals the energy need for performing that work. The general definition is Work = Force x distance. In a fluid, the energy equals Pressure x
Volume, where Pressure equals Force / Surface. The stroke work is the work done to eject the SV at a certain pressure.

In isolated heart muscle preparations, where isotonic contraction occurs at a
constant load (force = tension = load), Work is total load x shortening. (W =F
x S).

Work is positively related to contractility, but afterload dependent in an
inverted U-shape relation: If force = 0, there will be no shortening, and work =
0. If load exceeds the maximal tension, there is also no shortening, and thus
no external work, but this is far out of physiological range. If both are > 0, %

W() = F(N) x dm),W({J) = P(N/m*) x V(m*) = W(J))

Inotropy

Work (J)

Atrer
Baseline Semmerblick

Work (J)

Work > 0 as also experimentally verified1. Since tension (force) is also Total load Total load
preload dependent, so is work1. otalilod

In a whole heart, work is illustrated in the pressure volume loop:

Ventricular pressure

Pressure-volume loop

A proxy for Syst - Diast. ventricular pressure has been MAP, as this
is available non invasively2. In isolated (Langendorf) preparations

the pressure volume relation can be studied, showing that within the

physiolgical range, work is positively related to inotropy and

EDP 20
EDP 15

The height of the PV-loop is the SBP- preload, negatively related to afterload.
LVDBP difference, which is the pressure
myocardial work adds to the SV, the MAP 125 mmig PP
width is the SV. Myocardial work by the + Noradrenaline -
ventricle in ejecting a stroke volume is
equal to the area of the PV-loop. To MAP 100 ;
make this more intuitive the pressure 5
> X! x

loop is 'med into a g - 5 5
shape (blue dotted line) with the same 2 :
area, where it is easy to see that the area -5 5
is the height (equal to the mean S-D upusmaka K &

E_; pressure difference) x the width (SV). e

Ventricular volume
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In acute changes:

sv4 with “4contractility, #preload and ¥SBP, SV¥  with ¥contractility, ¥preload and #SBP
GMW4 with #contractility, #preload and #SBP, GMWV¥ with ¥contractility, ¥preload and ¥SBP
In chronic changes: As neither EDV nor EF enter into the equation, GMSW is EF independent

But the main objection is the strain being a proxy for SV. If strain had a one-to-one relation to SV, changes in strain would reflect changes

Thus, being both pre-and afterload dependent, myocardial stroke work is not a contractility measure,
but the energy required to perform the stroke work, i.e. the demand on the myocardium.

Strain derived myocardial stroke work, is it real?

Left: Conventional pressure volume relation, volume curve taken from a MUGA scan.

FISSSule:Yoilime feistion Pressure-Strain relation b e ssure is obtained from standardised pressure curve, time calibrated
® ® o by valve closures and openings, pressure calibrated by brach. cuff pressure.
2| ave AV 2| ACEEEES Ao The area in the PV loop is the myocardial work, and the loop is defined by the DBP-
4 8 e SBP-difference giving the height of the loop, while the SV is the width of the loop at
i R = o the time of AVC.

Volume
AvC

Pressure
Pressure

myocardial work
There are two sources of error in pressure estimation:

Volume

Time varies considerably by cardiac disease state.

in SV, and strain derived GMW would be proportional to invasive GMW, but it isn’t.
While SV correlates with body size (R=0.50), the magnitude of GLS decreases with body size3(R=-0.25), and there is zero correlation
between GLS and SV.

SV by BSA GLS magnitude by BSA i GLS by SV

1o ey 2’0 28 o

Thus, as GMSW is SV x BP, and GLS do not correlate with SV, GLS derived “GMSW?” is not a measure of real GMSW

EH. Fi locity relations in heart muscle. Am. J. Physiol. 1962. 202 (5) : 931-939.
z Sonnenblick EH, Downing SE.Afterload as a primary determinat of ventricular performance.Am J Physiol. 1963 Apr;204:604-10
33 Stylen A, Dalen H, Molmen HE.Left ventricular longitudinal shortening: relation to stroke volume and ejoction fraction in ageing, blood pressure, body size and gender in the HUNT3 study. Open Heart. 2020 Sep:7(2):c001243.|

Right: pressure-strain relation. Since the strain and volume curves are similar, so
would pressure-strain and PV-loops be. The height of the loop would be the same,
derived from the DBP-SBP-difference, but the width of the loop is defined by the end
systolic strain at the AVC. As myocardial work would be expected to be lower, the loop
has to be narrower if they are drawn to scale, representing only about 70% of global

: Firstly, there is no assessment of pressure augmentation, meaning that the ventricular
Yy systolic pressure is probably under estimated, increasingly with increasing age.
1o, Secondly, the diastolic pressure is based on a database only, while the filling pressure



Volumes
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The velocity time integral is the distance d, that
somethin moving with the velocity of the traced

Tracing the flow velocity curve by pulsed Doppler curve moves, the stroke distance. The area A of
in LVOT through one heartbeat, gives the velocity the LVOT (assuming a circular cross section) is
time integral by the area under the curve. The given by the measured LVOTdiameter. Thus, the
LVOT diameter, can be measured in the B-mode. volume of the cylinder given by d x A, equals the

stroke volume.



Systolic LV long axis shortening

{ Given (roughly) incompressible myocardium,
myocardial volume is the same in end diastole and
end systole, and the total (outer) volume reduction
must be equal to the stroke volume:

LV end systolic emmm—
¥ P -
cavity volume >

SV =LVEDV - LVESV
= (total EDV - myocardial EDV)
< - (total ESV - myocardial ESV)

\End systolic
“lotal outer

& LV volume Given myocardial incompressibility,
3 Myocardial EDV = Myocardial ESV:
SV = Total EDV - total ESV

LV end systolic
myocardial volume

Long axis outer shortening = 60 - 70% of SV 3,4
tCross sectional shortening = 30 - 40% of SV y

Total outer volume = myocardial volume + cavity volume

Systolic LV long axis shortening = Mitral Annular systolic displacement'= Mitral Annular Plane Systolic Excursion (MAPSE)

he apex is stationary, so MAPSE A
= total absolute LV systolic shortening.

- MAPSE correlates weakly positively with BSA (R=0.12)
but not with sex, and negatively with age (R=-0.50).

- MAPSE correlates weakly with SV (R=0.25) and EF
(R=0.16)'ina healthy population

o % - MAPSE contribution to SV in % is constant across
both body size and age‘,' and as SV:

- decreases with age,

S MAPSE changes in ageing are proportional to SV
MAPSE can be measured by annular TDI or by M-mode? The average of | changes:

lateral and septal MAPSE is representative for global MAPSE. ‘ !
Both EDV and SV correlate positively with BSA, negatively with age. The concomitant drop in EDV and SV is the reason for the

preserved EF, being SV/EDV, which thus is independent of age. MAPSE is proportional to SV, and the ratio of MAPSE to SV is
constant across age, and there is no compensatory increased short axis function, FS is unchanged with age. Both EDV and SV

increases with BSA, so EF is independent of BSA. MAPSE correlates onlx weaklx with BSAI )

A larger ventricle due to larger BSA, is proportionally both longer and
wider, so the same MAPSE generates a proportionally Ia:ger SV, explaining
MAPSE.
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""""""" During the heart cycle, The LV length changes are proportional to LV volu
changes, and the annulus motion is similar to an inverted volume curve

In reduced LV function, MAPSE is reduced, and the relation between MAPSE and stroke volume / EF changes
Normal LV Dilated LV Concentric LV

Increased diameter Increased, unchanged or
reduced outer diameter

Larger LVEDV
Reduced EF

In normal ventricles, MAPSE is In dilated HF, SV is preserved, at the expense of In HFpEF, EDV and SV are reduced, thus
proportional to SV and EF. increased EDV. Thus, EF decreases. As LV widens, the EF is unchanged (which is the

same SV is generated by a smaller MAPSE, which thus shortcoming of EF). With reduced SV,

is reduced in line with EF."? MAPSE is reduced in line with SV.°

Thus MAPSE is reduced both in HFrEF and HFpEF, and is a better measure of reduced function and prognosticator than EF.
As MAPSE is near BSA independent, it is thus also a better prognosticator than GLS as documented 7
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AV-plane bending:

Mean regional MAPSE and TAPSE in HUNT 3

Inferior 1.7 cm

Mean AV-plane systolic displacement at different sites, showing the variability in the Mitral annulus, and TAPSE in the
tricuspid annulius which is higher than any site in the mitral annulus.

Age MAPSE MAPSE MAPSE
(years) N (2 walls) (4 walls) (6 walls)
<40 330 1.69 (0.21) 1.73 (0.20) 1.67 10:38)
40-60 656 1.55 (0.24) 1:58 (0.23) 1.51 (0.34)
>60 264 1.39 (0.25) 1.40 (0.22) 1.32 (0.32)
All 1250 1.56 (0.26) 1.58 (0.25) 1:515(0.35)

All motion values in cm. Standard deviations in parentheses. All means (of
two, four, and six walls) were significantly different (P < .001) from each
other. Differences between age groups were all significant P < .001 in post
hoc. There were no gender differences.

Normal annular peak S', e' and a' per wall in the HUNT study by tissue Doppler.

Right ventricle | Anterior | septal Inferior lateral
PWTDIS' (cm/s) 12,6 2.1) | 83(19) | 8.0(12) 8.6 (14) 8.8 (1.8)
[PWTDI ' (cm/s) | 129 (3.2) | 116 (3.7) | 9.9(2.9) ] 112(3.5) | 1253.7)
[PWTDI a' (cm/s) ] 143 (3.8) | 94(23) ] 102 (22) \ 11.0 (23) \ 9.4 (2.4)

Steylen A, Mglmen HE, Dalen H.Regional motion of the AV-plane is related to the cardiac anatomy and deformation of the AV-
plane. Data from the HUNT study. Clin Physiol Funct Imaging. 2023 Jul 3. doi: 10.1111/cpf.12845.
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Example from a single subject. As seen both AV-plane systolic motion and AV-plane peak systolic velocity are highest in
the rght lateral part, and lowest in the central part. This means that the differential motion will correspond to a systolic
bending of the AV-plane, and a tilting towards the left.

What are the functional significance of the systolic AV-plane bending?
¢ Firstly, Bending of the AV-plane reduces the cross sectional area.
o Asthetension (load) then is distributed across a smaller area, this reduces the load.
o Asthe heart tapers from the AV-plane towards the apex, bending to a narrower
diameter fits the AV plane into the narrower apical space.
The AV-plane bending take part in the transverse narrowing of the ventricles, also due
to the circumferential fibre shortening, so the two mechanisms work together.
Secondly, the bending of the AV-plane may be a mechanism for storing force from systole, to
recoil in early diastole, meaning that the unbending is part of the restoring forces.
The systolic bending is evident also from the systolic velocities, but from this table itis also
evident that most of the unbending happens in early diastole (highest e' in the RV, lowest in the
septum), while the av-plane remains straighter, but with a tilting towards the right during atrial

systole (highest in the RV, lowest in the left lateral)

o
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Relative systolic LV long axis shortemng, GLS
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original length Systolic longitudinal LV strain is absolute Segmental strain by TDI, measures shortening and
(Lagrangian definition) | systolic shortening (MAPSE - negative segment length along the same straight line, so
shortening is negative, |value), divided by end diastolic length. In measures are fairly similar to linear strain along straight
lengthening is positive \linear strain, value depends on denominator J{lines apex - annulus 1
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Different vendors with different hard- and software may
differ in number and weighting of markers, smoothing
algorithms and other functions. These are often industrial
secrets, but will also contribute to inter vendor differences
and method dependency.

Speckle tracking follows stable acoustic markers through the heart
cycle. However, as the wall shortens, it will also thicken. This
means not only longitudinal, but also inwards tracking, increasing
towards the endocardium. Inwards motion of the midwall and
endocardial lines will give shortening even without longitudinal
shortening, and this adds to the longitudinal. Thus speckle tracking
strain is numericallv hiaher than linear strain.

EDV and SV correlate positively with BSA, negatively with age. EF, being
SV/EDV, is thus independent of BSA and age.

MAPSE is the absolute, GLS the relative LV systolic shortening. GLS
correlates with EF across a healthy population (R = 0.24). Both LV length
and diameter increases with BSA, so a larger ventricle generates a
higher SV, with little change in MAPSE. LV length is the denominator of
GLS, so GLS decreases with increasing LV size and BSA (R = - 0.25).
Thus there is no correlation of GLS with SV across a helthy population,
and GLS is numerically higher in females, but this is an effect of BSA.
GLS decreases with increasing age (R= - 0.40), so the decrease in
MAPSE is greater than the decrease in LV length, but still, as EF is
unchanged across BSA and age, GLS correlate negatively with both?

During the heart cycle, the volume curve (here MUGA)
and the relative wall length (strain) curve follow each
other, showing the close relation between LV volume
and length.

\

Concentric LV

Normal LV

Dilated LV
Increased diameter

Relations of GLS to EF and SV are similar to MAPSE. In normal
ventricles, MAPSE is proportional to SV and EF. In dilated HF, SV is
preserved, at the expense of increased EDV. Thus, EF decreases. As LV
widens, the same SV is generated by a smaller MAPSE, also giving a
numerically reduced GLS. In HFpEF, EDV and SV are reduced, thus EF is
unchanged . With reduced SV, MAPSE is reduced in line with SV, giving
numerically reduced GLS.

Thus GLS is reduced both in HFrEF and HFpEF, and is a better prognosticator than EF.
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2 Stpylen A, Dalen H, Molmen HE Left ventricular longitudinal shortening: relation to stroke volume and ejection fraction in ageing, blood pressure, body size and gender in the HUNT3 study. Open
Heart. 2020 Sep;7(2):¢001243. doi: 10.1136/0penhrt-2020-001243
3 Extracellular Volume and Global Longitudinal Strain Both Associate With Outcomes But Correlate Minimally. Fréjdh F, Fridman Y, Bering P et al. JACC Cardiovasc Imaging. 2020
Nov;13(11):2343-2354. doi: 10.1016/).jemg.2020.04.026.
4 Automated In-Line Artificial Intelligence Measured Global Longitudinal Shortening and Mitral Annular Plane Systolic Excursion: Reproducibility and Prognostic Significance.
Xue H, Artico J, Davies RH, Adam R et al.J Am Heart Assoc. 2022 Feb 15:11(4)

Increased. unchanged or
reduced outer diameter

Larger LVEDV
Reduced EF

3
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SV ~ BSA, EDV ~ BSA, EF is near constant across BSA

LVEDV by BSA SV by BSA EF by BSA
R=0.70 . R =0.50 2 R=-0.07
> > i w
o ) w
w
2
BSA BSA BSA

-r--~-K < ) Prreeeeccccccccccccccaccnn~

MAPSE

-_--------

P LVEDL,
LVEDL;; !
o 1: LVEDL / LVR is constant across BSA1
2: MAPSE contribution to SV = MAPSE x 7TTx LVR2
- ' 3: MAPSE % of SV is constant across BSA23
i ‘ 3 ________________ Thus MAPSE is ~constant across BSA, and across sexes4
" LVR,
MAPSE by BSA MAPSE % of SV by BSA E MAPSE part of SV in ml by BSA
25 - R=0.12 . R=05 R =0.55
) > e
20 :’_’ c
3 :
a c
< 8
*
05 &
BSA BSA =
GLS by BSA
4: As LVEDL / LVR is constant over BSA, = R=-027
LVEDL1/LVR1 = LVEDL2/LVRz2, 3 -
but LVEDL1 > LVEDL> T ol
5: As MAPSE is constant over BSA, g
MAPSE1 = MAPSE:2 £
6: GLS (in numerical values) = MAPSE / LVEDL. ]
Thus GLS1 < GLS2; GLS (in absolute values) is (LI
inversely related to BSA4 .

20 25 3.0

BSA

7: MAPSE is ~ independent of BSA, EF is independent of BSA, MAPSE is weakly related to EF.3

8: GLS (numerical) is negatively related to BSA, SV is positively related to BSA, GLS do not correlate with SV3

9: GLS (numerical) is negatively related to BSA, EF is independent of BSA, GLS (numerical) is weakly related to EF3

GLS by SV GLS by EF.

MAPSE by EF £ . 0.16 _ R=0 R=0.22
: E E . '.";‘;:..
& o 5 R
= b4 % e
o G}
EF ' sV EF

1 Stgylen A, Molmen HE, Dalen H. Importance of length and external diameter in left ventricular geometry. Normal values from the HUNT Study. Open Heart. 2016 Sep 21:3(2):¢000465.

2 Carlsson M, Ugander M, Mosen H, Buhre T and Arheden H. Atri plane is the major to left ventricular pumping in healthy adults, athletes, and patients with dilated cardiomyopathy. American journal of
physiology Heart and circulatory physiology (2007); 292: H1452-1459.

3 Stoylen A, Dalen H, Molmen HE.Left ventricular longitudinal shortening: relation to stroke volume and ejection fraction in ageing, blood pressure, body size and gender in the HUNTS3 study. Open Heart. 2020 Sep;7(2):¢001243.

4 Stpylen A, Mplmen HE, Dalen H. Relation between Mitral Annular Plane Systolic Excursion and Global longitudinal strain in normal subjects: The HUNT study. Echocardiography. 2018:35:603-610
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MAPSE % of SV is constant across BSA
GLS (numerical) = MAPSE / LVEDL
MAPSE contribution to SV (ml) = MAPSE x T x LVR

LVL tLVEDV, —SV, LEF

—-SV,TAnnulus, { MAPSE, .
{MAPSE, —LVL, {GLS el

LLVEDV, {SV (ml), =EF
1SV,—»Annulus, { MAPSE,
{MAPSE, —»LVL, {GLS

TBody size (BSA)

MAPSE M=

______

Increased BSA means
increased heart size,
but LVL/LVR ratio
remains constant1.
Increased LVR means
increased SV (ml)
with the same MAPSE

TLVEDV, 1SV, -EF
TSV & tAnnulus, - MAPSE,
—-+MAPSE, TLVL, {GLS

Thus: Unchanged MAPSE and increased LVL, means reduced (numerical) GLS

Thus: EF is insensitive for HFpEF, but is not confounded by BSA, and is a prognosticator for HFrEF only,
but not overall for HF.
GLS is sensitive to both HFrEF and HFpEF, and is an over all prognosticator for HF3, but is confounded
by BSA4
MAPSE is sensitive to both HFrEF and HFpEF?2, is not confounded by BSAs4, and is thus a better over all
prognosticator for HF than GLSs

However: Both GLS and MAPSE decrease by increasing age, while EF do nots.
GLS, MAPSE and EF are all load dependent

1 Stoylen A, Melmen HE, Dalen H. Importance of length and external diameter in left ventricular geometry. Normal values from the HUNT Study. Open Heart, 2018 Sep 21;3(2):¢000465.

2 Willenheimer R, Cline C, Erhardt L, B. Left plane di an for rapid ] in heart failure. Heart 1997;78:230-36.
3 Cho GY, Marwick TH, Kim HS, Kim MK, Hong KS, Oh DJ. Global 2-dimensional strain as a new prognosticator in patients with heart failure. J Am Coll Cardiol. 2009 Aug 11;54(7):618-24.

4 Stoylen A, Melmen HE, Dalen H. Relation between Mitral Annular Plnne Systolic Excursion and Global longitudinal strain in normal subjects: The HUNT study. Echocnldlogmphy 2018;35:603-610

5 Automated In-Line Artificial Global L ing and Mitral Annular Plane Systolic P and
Xue H, Artico J, Davies RH, Adam R et al.J Am Heart Assoc. 2022 Feb 15;11(4)
6 Stoylen A, Dalen H, Molmen HE.Left relation to stroke velume and ejection fraction in ageing, blood pressure, body size and gender in the HUNT3 study. Open Heart. 2020 Sep;7(2):¢001243.
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Why do we need strain, if MAPSE is better?

Regional function

MAPSE is a better prognosticator than GLS, as it is not confounded by body size, and thus, possibly a better
diagnostic too, for reduced global systolic performance. Why then do we need strain / strain rate?

In ischemia, both MAPSE, S’ and GLS is reduced, reflecting the total loss of contractile function1. But S’ and regional

displacement of the mitral annulus, do not identify the location of ischemia23. Only segmental strain / SR identifies infarct site2.

The infarct recovery cycle pay 1:
shows initial hypokinesis
in the infarcted apical
segment, and
hyperkinesia in the
normal basal segment. In
recovery, there is partial

recovery of shortening in Patient with a small apical infarct at admission, showing reduced strain rate of - 0,255, and strain of -2% in the apical segment (yellow), with slightly high strain ate and strain (-1.3s"
and -25%, repectively) in the basal segments (cyan). Mitral ring motion is 16 mm, both by tissue tracking (integrated velocity, and by annular M-mode.
the infarct, regress of

hyperkinesia in the Day 7:
healthy segments®. The ~
hypo- and hyperkinesis
cancel out, giving the
same displacement in the
acute as the recovery
phase, in the adjacent s

Same patient after sucessful PCI of the LAD. There is moderate recovery of contractility in the apical segment (to peak strain rate - 055" and peak strain - 7%). There is decrease in basal

part of the mitral anNUIUS. i [520%  Peak strain rate do not seem to have decreased, but a5 strain rate is instantancous, we see that strain rate in the base at the time of peak strain rate in the apex has decreased
to - 15", The reciprocal changes in strain in the two segments results in no change in the regional annulus motion which still is 16 mm by both methods.

Systolic regional deformation and segment interaction

Thus global MAPSE is reduced in
Normal regional function Basal reduced contraction Apical reduced contraction relation to the total infarct size but
cannot resolve the infarct locatien,

due to the compensatory

interaction of hyper- and
hypokinesia. Only strain / SR can
l N°':‘“;'I::Sa' identify the infarcted segments2.

The reason is the afterload Increasing ischemia: Decreased force and shortening, Erolonaed relaxation
sensitivity of strain /strain »
rate. The afterload of a

g & §
segment is both § : Staneatl T | [ At B § i
intraventricular pressure, but " |2 ~ ' == —— —— -—
also the tension from ; : ~TT ] /\*{” = L
neighboring segments. In £ £ A 3 Wi oad § }
regional dysfunction, the load H 3 ad it - : 2

becomes asymmetric, and so ' e’
does the shortening.

Normal segment: Decreasing load, increasing shortening, normal relaxation

Decreasing contractility (force) in an ischemic segment (blue) will reduce shortening and rate of force development with initial stretch. The non
ischemic segment (red) will experience decreasing afterload (force from dysfunctional segment), and shorten more. In ischemia, relaxation is
slowed by energy depletion, and (relatively) increased afterload, prolonging tension and shorten when normal segment is relaxing (ischemic
post systolic shortening). Thus, the typical segmentl finding in ischemia is not only decreased systolic shortening, but also delayed onset of
shortenlng / initial stretch and post systollc shortening PSS), and the pattern is more lmportant than only the peak shortenmg value.

|
o0 01 02 03 04 @8 as er

Small apical infarct, showing delayed Large apical infarct, showing apical dyskinesia with PSS (white), midwall initial

onset, systolic hypokinesia and post stretch and systolic hypokinesia with PSS (magenta) and basal delayed onset with
systolic shortening (PSS) in the apical near normokinesia with PSS (orange). Left speckle tracking strain from all walls of
segment (white). the same patient, showing the same pattern, and bull’s eye of the syst. shortening.

1 Hoglund C, Alam M, Thorstrand C. Effects of acute myocardial infarction on the displacement of the atrioventricular plane: an echocardiographic study. J Intern Med 1989 Oct;226(4):251-6

2 Stoylen A, Skjaerpe T. Systolic long axis function of the left ventricle. Global and regional information. Scand Cardiovasc J. 2003 Sep;37(5):253-8.

3Pahim U, S F, Engblom H, Gyllenh T, Halvorsen S, Hansen HS, Erlinge D, Atar D, Heiberg E, Arheden H, Carlsson M. Longitudinal left ventricular function is globally depressed within
a week of STEML. Clin Physiol Funct Imaging. 2018 Apr 27

4 Ingul CB, Stoylen A, Slordahl SA. Recovery of stunned myocardium in acute myocardial infarction quantified by strain rate imaging: a clinical study. J Am Soc Echocardiogr. 2005 May;18(5):401-10.
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Strain in three dimensions

Z Stioglon

ex=AX/Xo &y=AY /Yo €2=AZ/ Zo

The cardiac coordinates are also cartesian. Strain directions are spatial coordinates of
deformation, not fibre function
@)
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As long as the myocardium is partly incompressible, longitudinal shortening must result in
transmural thickening.

Volume before deformation (Vo) = Xo * Yo * Z,

Volume after deformation V = (X, + AX)(Yo + AY)(Zo+AZ)

ex=AX/Xo &,=AY /Yo €2=AZ/ Z,

V/Vo=(Xo+AX)/ Xo* (Yo +AY)/Yo * (Zo + AZ)/Z, = (1 + AX/Xo) (1+ AY/Y,) (1+ AZ/Z,)

V/Vo=(1+¢g)(1+gy)(1+e2)

. Vp End diastolic
4

g »" _ myocardial
== = volume

Ec

) L VNG ._._

€. Longitudinal strain 4 Ry Vs End systolic
€1 Transmural (radial) strain : \ / myocardial
\\’
/ Staylen

€c Circumferential strain volume
Vi/Vy=(EL+1) * (Er+1) * (Ec+1)

If the myocardium is incompressible, Vs / Vp =1
If the myocardium in somewhat incompressible, Vs / Vp <1, less the nmore compressible.
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The three strains are inter related:

ar circumfer i h ning cat
ren
] cal

End Diastole End Systole

I en (i L m 2n ni
Outer layer thickening caused by outer layer
longitudinal shortening

Inn Nick 1

p Y L im tia )
Inner layer thickening caused by inward dis-
placement from outer layer thickening

Inner layer thickening caused by inner layer
longitudinal shortening

Endocardial circumferential shortening from

inward displacement by inner layer thickening,

outer layer thickening and imf tial rt

Midwall circumferential shortening from

inward displacement by outer layer thickening and
rcumferen shortening

M @@paei

rewnti Jortening from
_----:‘\\.
........ 2 A
e . -

i Longitudinal shortenin
‘ \/ -4 g g

]
|
]
1 N ]
1]
1 [
Iy

-
- -
-

Transmural strain — wall thickening:

Outer layer thickening due
to longitudinal contraction

5u;e:‘ -ia-y;r In addition
thickening pushes there is intrinsi
inner layer centrally inner layer thickening due to longitudinal
this causes inner layer thickening contraction
due to less space Stoylen

Gradient of thickening illustrated by two layers: Left, end diastole. Disregarding outer contour
decrease, the outer layer thickens due to longitudinal shortening (middle). That means the outer
layer pushes the inner layer towards the centre, where there is less room. This effect alone will
cause the inner layer to thicken due to the reduced diameter. In addition, the inner layer also
shortens due to longitudinal shortening. This means that the inner layer thickens due to both
shortening and inward displacement, and thus thickening more than the outer layer.

17



Diastole Systole

Cp:Diastolic
Circumference

Ds: Systolic
Diameter

Dp: Diastolic
Diameter

C_ : Systolic
s N,
Circumference

Circumferential strainE€¢:=(Cs-Cp) / Cp
As C=JUxD, and FS = (D,-Dg) /D
€ =TU(Dg-D,) /Ttx D, = (Dg-D,) / D =+ FS

Staglen

As diameter and circumference are proportional, fractional circumferential shortening and
fractional diameter shortening are equal.

Wall thickening means displacement of midwall contour
End diastole End systole

Outer circumferential strain reflects circumferential fibre shortening

. Midwall circumferential strain is the most representative, and the one demonstrating the
interaction between strains, but is partly a function of wall thickening, which againis a
function of

N =

1. longitudinal shortening and
2. circumferential outer shortening and wall thickening
3. Endocardial circumferential strain equals fractional diameter shortening, but is mainly wall
thickening

18



Strains in relation to age

Longitudinal strain €, Transmural strain €, Midwall circumferential strain €
150+
304 50+
o o
(-] o
m
o
2
g 100+
®
L
b
@
£
3
< 501
B
5 T T T T o T T T T T T T T
20 40 60 80 20 40 60 80 20 40 60 80
Age (years) Age (years) Age (years)
All three strains decline numerically by age.
Age (years) gy, (%) ‘Wall thickness (mm) ey (= Wall thickening) (%) LVIDD (mm) Endo-card £ (=_FS) (%) Midwall £¢ (%) External £¢ (%)
Women
<40 -18.1 2.0) 7.6 (1.3) 45.8 (25,7) 493 (42) -36.6 (6.1) 239 (4.1) -14.1(33)
40 - 60 -17.0 222) 82(1.3) 44.6 (23.7) 48.8 (4.5) -36.5(6.9) 232 (4.8) -132(4.2)
> 60 -14.8 2.1) 8.8 (1.4) 437 (22.6) 47.8 (4.8) -36.0 (9.1) 223 (5.6) -12.1 (4.2)
Total -17.0 2.4) 82 (1.4) 44.8 (24.1) 48.8 (4.5) -36.4(7.1) 232 (4.8) -13.3 (4.0)
Men
<40 -16.5 (2.0) 9.0 (1.3) 44.5(19.9) 53.5(4.9) -35.5(6.9) 224 (4.6) -12.6 3.7)
40 - 60 -15.4(19) 9.6 (1.4) 4.1 (22.6) 53.0 (5.5) 358 (7.4) 222 (4.9) -122(3.8)
> 60 -14.9(1.9) 10.1 (1.5) 413 (18.8) 52.1(6.4) -36.0 (8.0) 219 (52) -11.8 (44)
Total -155(2.0) 9.6 (1.5) 435(21.1) 529 (5.6) -358(1.5) 222 (49) -122(39)
All -163 (2.4) 8.8 (1.6) 442 (22.7) 50.8 (5.4) -36.1(1.3) 227 (4.9) -12.8 (4.0)

Wall thickness, cavity diameter, Longitudinal, transmural and endocardial, midwall and outer circumferential strains by
linear measurements from the HUNT3 study. Mean and standard deviations are given. LVIDD do not change with age. WT
incrrases with age, Longitudinal transmural and external and midwall circumferential strains decline with increasing age,
endocardial strain (AKA FS) do not.

Steylen A, Mglmen HE, Dalen H. Left ventricular global strains by linear measurements in three dimensions: interrelations and
relations to age, gender and body size in the HUNT Study. Open Heart 2019;6:e001050.
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Transmural gradient of circumferential strain, Endo > midwall > epi (in numerical values)

End diastole

® eo® o
* o o® ©

End

Speckle tracking tracks both inward and longitudinally. Inward motion will decrease length, even
without true longitudinal shortening. This virtual shortening adds to the true longitudinal
shortening, increasingly towards the endocardium, and the observed gradient is a geometric
artefact due to the tracking.
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Cheat sheet on strain geometry
L

() /\ L
B | Strain (2) is relative deformation (dimension change) £= =7

Staylen

Tissue is three- dimensional, and strain is

simultaneous in all three dimensions, €x, €y and &,
In the left ventricle the three main strain directions|’
are longitudinal (g1), transmural (gq) and circum- | <77 |
ferential (c), which in reality also are cartesian. '

z

-4 Strains are related to tissue volume changes :

V P
Vo= A+e)(1+8)A+e2) Lo T T A+e)A+er)+&c)

vV
In an incompressible object the deformations cancel out, and Vo= 1 (volume conservation).
0

Strains are interdependent as the myocardium has
limited compressibility.

wall thickening as the wall is pushed inwards into more limited
space.
(Longitudinal shortening contributes to wall thickening A
through volume conservation, both of outer and inner layer.
l’ " "1 Inner layer thickens most, as there is less space towards the
. . _ | center. Wall thickening pushes both midwall
and endocardial circumference inwards (circumferential
shortening); endocardial most. This is added to

As diameter is proportional with

circumference ( , _ circumferential shortening =
freactional shortening, midwall or endocardial, respectively.
\ Thus, longitudinal strain carries most of the information

Mitral Annular Plane Systolic Excursion (MAPSE) Global longitudinal strain (GLS) = LV systolic relative
= LV systolic absolute longitudinal shortening shortening, but value depends on the chosen denominator

Lateral

&,= MAPSE .0/ Lo

82: MAPSEMean/ WLOMean

Linear strain, using straight lines from annulus to apex (&) is similar to TDI derived strain, mean ca - 16%.

End diastole

(Speckle tracking tracks both inward and longitudinally. Inward
motion will decrease length, even without true longitudinal
shortening. This virtual shortening adds to the true longitudinal
shortening. Speckle tracking GLS (midwall) is thus normally
\around -19% increases towards the endocardium.

ﬁtefcmnces:

Mirsky I, Parmley WW. Assessment of Passive Elastic stiffness for isolated heart muscle and the intact heart. Circ Res 1973;33:
233-243.

Stgylen A, Mglmen HE, Dalen H. Relation between Mitral Annular Plane Systolic Excursion and Global longitudinal
strain in normal subjects: The HUNT study. Echocardiography. 2018;35:603-610

Stgylen A, Mglmen HE, Dalen H. Left ventricular global strains by linear in three dimensions: interrelations
\und relations to age, gender and body size in the HUNT Study. Open Heart 2019;6:¢001050.
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The heart cycle in motion
and deformation

MVC MVO

Basal velocities

» 3
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Basal displacements::
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Flow

Vs longitudinal motion and velocity

- Blood is accelerated by pressure gradients
accelerates along a gradient
decelerates against a gradient

- Blood flow = the rate of volume change

- Blood flow is the first derivative of volume

(and, given constant orifices and compliance; flow velocity)
- Acceleration is the second derivative of volume

- Acceleration force is the pressure gradients

(tension versus load)

Doppler flow velocity

W 1 3 I
()

-

Annular motion is related to volume changes

- MAPSE is the absolute LV length change

- MAPSE correlates with SV

- Annulus displacement is thus related to volume changes

(=
= N
P Peniwanan
fr\r

k-

- == pebvvircerdsesvvwwirerbsw

O

- Annular velocity is the temporal derivative of displacement
- Annular velocity is thus related to flow velocity

~

- Annular velocities are thusload dependent
(tension versus load) and are thus related to the flow velocities

3D echo volume curve

D o
D = D e =

0

| i Mitral annular motiojn
( velocity and
displacement)

!‘ encompasses the total

J
[}
3
[ 4
(RIS SN

°

length changes of the
LV in absolute values
during the heart cycles

B

N
0

)
Hprtening

Mitral annulus velocities

Pre ejectior‘s
== |

lasto

8
Vn o ,‘é
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Vs longitudinal strain and strain rate

- Blood is accelerated by pressure gradients
accelerates along a gradient
decelerates against a gradient

- Blood flow = the rate of volume change

- Blood flow is the first derivative of volume

(and, given constant orifices and compliance; flow velocity)
- Acceleration is the second derivative of volume

- Acceleration force is the pressure gradients

(tension versus load)

Doppler flow velocity

E|flow deceleratio

Myocardial deformation is related to volume changes

- Global myocardial strain is the relative LV length change
- End systolic GLS does not correlate with SV

- End systolic GLS correlates with EF (relative SV)

- Strain is thus related to volume changes

(o]

- Global SR is the temporal derivative of strain
- Global SR is thus related to flow velocity

3D echo volume curve
~

(2] co
= D = D Dm = = D =

EF =51% - GLS and SR are load dependent (tension versus load)

!

WY e
B .32 e . 301/s

GLS and SR are relative
longitudinal LV (or wall)
length changes during
the heart cycle

3.0 /s

Strain rate
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Volume vs pressure

MVvC AVO AVC MVO
1 ! LV ejection i

VG .

Ao pressure

LV early filling

Atrial systole

LV pressure

- e mm = =w o=w =
- e e mm mw mm e mm Ew mw e = .
j

\
\
\
\
-_— == = = = = = = =1 =1 = == - = = = =1 ==3 =1 = =
\
\
\
\

\
U
==} == == =1 == — =l == =il I==3 =i ==}

LV volume

R P sl ECG A~

Conventional representation of the LV pressure diagram (Wiggers cycle)
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But:

Mitral flow

Ipressure
i LA pressure . ,
IEI:?ILE\;“ f Stoylen

e AVO AVC MVO Peak flow A
I e
: LV ejection . 1 Peak flow E
Positive -1 I [
pressure ¢ 1
gradient I
LV-Ao Ao pressure
1 I o
1 1 £ "
Positive _ @ T (I 89
pressure® S | > T B B I\
gradient’ s @ 1 © 2 3 s N
LA-LV < @ 1y o 3 8 88
! 1 1 > « © o] !
' 1 - = 3
h Ipositive T i :
1
I

LVOT flow velocity

P
©
-
2
[
o
O
©
=
=)
=

h ) LV pressure

LV volume

ECG

In pulsatile flow, blood is:

- accelerated by a positive pressure gradient and flows with the gradient

- decelerated by a negative pressure gradient and flows against the gradient
- peak velocity is near pressure crossover
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And

Ao pressure

LA pressure
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MVC

LV contraction does not mean shortening, but tension increase, LV relaxation does not mean

lengthening, but tension decrease. Length and tension changes are not simultaneous through the heart

cycle.
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The heart cycle:

IVC LVET

(Diastolic filling period) ¢ 3 (Left ventricular 1

ejection time)

Pulsed wave Doppler with sample volume positioned between the aortic and mitral ostia. Both start
and stop of the flows, as well as the valve closure clicks are seen, dividing the heart cycle into the
four main phases, ejection, diastolic filling, and between them the isovolumic contraction and
relaxation phases..

Atrial contraction
Pre ejection
shortening

Pfotodiastolic elongation

activation

r

-

Onset T-wave

2
]
>
(1)
) —
©
@
¥
-
@
»
-
(o]

—
—

}

Bbet ventricula
pls=Contraction

onset ventricular

relaxation

‘\_Onseﬁ)RS =€

|

|
\

&
T

The heart cycle shown by spectral tissue Doppler from the septal base, depicting how the heart
cycle in reality starts with the atrial activation (P), and thus the A or a’ wave.
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Late LV filling

Late flow (A-wave) is
accelerated by
positive pressure
gradient, which
reverses by
increasing LV
pressure due to LV
filling, and LA
pressure drop due to
relaxation.

£id Gastole Late filling starts with

- atrial systole. It is often
depicted as the end of a
heart cycle, but as the
heart cycle starts with the
P wave, this is in reality
the onset of the next heart
cycle. However, it is
intimately connected with
the previous cycle.

During late filling, there is,

there is a new phasg of  Avo avc mvo mvc Early filling
basal AV plane motion, N C = AV/AP creates an

expanding the LV. ™ N Ao intra-
However, the positive \4 - ventricular

Mitral flow

£
A
il

early gradient is generated ‘ , vortex, that >
by LV pressure drop (neg. | \ [ persists and ¢
compliance) due to elastic | \ expands in §
recoil forces, the late ‘ | | diastasis,

gradient is generated by ) . preserving

atrial pressure increase [ \L momentum for

due to contraction (pos. [ [ 7 late inflow.

compliance, i.e. LV late

expansion is pressure

driven.

Mitral inflow and
simultaneous basal AV-
plane motion, deflects
inflow into LVOT, as in the
E-wave, so there is basal
flow along the septum into
LVOT, and apical flow
along the middle and s
lateral wall, creating a new B
vortex.

AV-plane motion

The vortex fuses with the vortex from diastasis, preserving the momentum along septum into the LVOT for the subsequent
ejection.

As in early filling,
deformation

" propagates from
base to apex. The

The expansion wave in late filling is
driven by the pressure wave from atrial
contraction, and is thus pulse wave
propagation, analogous to the arterial

wave can be pulse wave propagation. This in contrast
imaged by onset to the early filling wave, which is a
of motion,

| - negative pressure wave of elastic recoil.
~4 Both waves, however are wall

. elongation and thinning, creating a

volume expansion that must be filled by

flow.

velocity,
acceleration or
strain rate. It's
also called the
“atrial kick”

Early
I vortex

Early __expan-

flow g E
veloclty * sion Late
propeet - " ' flow

gation '3 ; £ velocity

% *. propa-

= longitudinal LV expansion

Flow velocity propagation is the propagation of velocity vectors. As flow is deflected to fill the increasing ventricular volume
flow from behind replaces the apical flow, so it is the velocities that follow the pulse wave propagation, not the volume per se.

Anmchen Soyland DaaeAS, Wigen MS, Fadnes S, Lovstakken L, Stoylen A. Intraventricular Vector Flow Imaging with Blood Speckle Tracking in Adults: Feasibility, Normal Physiology and Mechanisms in Healthy

'd in Med & Biology, 2021, https://doi.org/10.1016/.ultrasmedbio.2021.08.021.
Sloylen A, Slordahl S, Skjelvan GK, Heimdal A, Skjaerpe T. Strain Rate Imaging in Normal and Reduced Diastolic Function: Comparison with Pulsed Doppler Tissue Imaging of the Mitral Annulus. J Am Soc Echocardiogr
2001, 14:264-274.
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LV pre ejection
Pre ejection consists of:

1: Electromechanical activation - conduction of activation from AV-node to initial
activation occuring in mid septum and mid lateral wall, ca 15 ms after onset of
ECG1 and excitation - contraction coupling of 20-30 ms2.

2: Initial (pre ejection) contraction in the lateral wall and septum - before MVC3.

3: Isovolumic contraction - from MVC to AVO, increasing tension / pressure, without
deformation, ending with AVO.

The pre ejection spike has previously been assumed to be isovolumetric, but has been shown to be before MVC3, by HFR
ultrasound very close to the peak of the spike4, while experimental data suggests that the MVC is the mechanism for
terminating the spike5. pre ejection motion is abruptly terminated by the MVC itself , and thus both the magnitude and duration
of both pre ejection velocity and acceleration is determined by timing of MVC, not contractility. Thus, the height of the spike is
determined by the duration of the protosystolic interval, not the peak rate of shortening. It has also been suggested to be a
recoil from the atrial contraction, but has been demonstrated both in AV-block and atrial fibrillation4. already in 1973
ventriculoatrial crossover was demonstrated to occur ca 40 ms before MVC &, demonstrating that pre ejection is the onset of
tension buildup®, i.e. that there is active contraction.

. The contraction also
Displacement causes a small volume
reduction of the LV before

Pre ejection

MVC, as seen both by AV-
plane motion3 and
experimentallys

During pre ejection, the
vortex from late filling
persists, with basal flow
along septum, hitting the
] anterior mitral leaflet,
contributing to the MVC,
although annular motion
after flow has ended will
also contribute,
especially for the
posterior leaflet.

AVC - valve click

Fa ki

BRI Ao & -5 Strain rate imaging also
demonstrating wall shortening
both in septum and lateral, both
apex and base in pre ejection.

Thus

1: Pre ejection velocity is true
ventricular contraction, not atrial
recoil

2: Pre ejection contraction is the
true LV electromechanical
activation timepoint.

3: Peak pre ejection velocity or
acceleration is not an LV
contractility measure

4: Pre ejection velocity occurs
before MVC, and is not

N;’:‘zgﬁl?ié isovolumic.

£
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]
]
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1 Endocardial mapping in humans in sinus rhythm with normal left ventricles: activation patterns and characteristics of electrograms.Circulation. 1984 Jul;70(1):37-42. Cassidy DM,
Vassallo JA, Marchlinski FE, Buxton AE, Untereker WJ, Josephson ME.

2 Cordeiro JM, Greene L, Heilmann C, Antzelevitch D, Antzelevitch C. Transmural heterogeneity of calcium activity and mechanical function in the canine left ventricle.Am J
Physiol Heart Circ Physiol. 2004 Apr;286(4):H1471-9.

3 Stoylen A, Daae AS.Physiological significance of pre- and post-¢jection left ventricular tissue velocities and relations to mitral and aortic valve closures. Clin Physiol Funct
Imaging. 2021 Sep;41(5):443-451.

4 Brekke B, Nilsen L.C, Lund J, Torp H, Bjastad T, Amundsen BH, Stoylen A, Aase SA. Ultra-high Frame Rate Tissue Doppler Imaging.Ultrasound Med Biol. 2014
Jan;40(1):222-31.

5 Remme EW, Lyseggen E, Helle-Valle T, Opdahl A, Pettersen E, Vartdal T, Ragnarsson A, Ljosland M, Thlen H, Edvardsen T, Smiseth OA. Mechanisms of preejection and
postejection velocity spikes in left ventricular myocardium: interaction between wall deformation and valve events.Circulation. 2008 Jul 22;118(4):373-80.

6 Laniado S, Yellin EL, Miller H, Frater RW. Temporal relation of the first heart sound to closure of the mitral valve. Circulation. 1973 May:47(5):1006-14.

30



LV ejection

After MVC, LV contracts
without further deformation,
thus no shortening, only
tension (pressure) during IVC,
until AVO, when LV and AO
pressures have equalised.
After AVO, blood is ejected
into the Ao, causing LV to
decrease size (myocardial
shortening). This, of course, is
not the electromechanical
activation, which is the pre
ejection contraction.
Thedecrease in LV load,
causes pressure increase,
creating a positive LV - AO
gradient accelerating flow
velocity. Volume ejected into
the aorta causes aortic
distension, with pressure

Peak LV pressure

Negative
gradient

AVO

again is determined by the

PeaK LVOT flow velocity ! A
peripheral resistance.

AV: Ejected volume — runoff volume
relative to arterial volume

When blood flows out of

e
4 increase determined by aortic the LV, as long as LVOT
5 compliance and the net outflow > Ao runoff,

"E E volume being the ejected increasing Ao distension

=8 volume - runoff volume, which Will cause reduced

compliance and
increasing pressure.

As myocardial rate of tension increase
tapers off, the LV-Ao gradient reverses.
The pressure crossover is at peak flow
<= velocity, after this, inertial flow is
"~;_ decelerated, but still continues out of
... the LVOT until AVC.

: Stoglen
LVOT flow velocity

10~

bi

"-‘:-,,'

~ Ifou
Y“’ 1

Peak Ao and LV pressure (with
negative gradient) is reached when
flow is decelerated below arterial
runoff, and is later than peak flow. This
is the point of peak myocardial tension.

F
8
@
>
L
=
>
«
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Stoglen

flow acceleratj

Flow is the volume change rate per time: Q =V /T (V/min), while flow velocity is distance per timev=d/t(m/s). Butasd =v x
t, and V = A x d, which is the volume circumscribed by the motion with the velocity v, flow and velocity may be assumed to be
proportional, if the area is constant, which is reasonable in ejection. The mitral annular velocity is related to the rate of volume

change, peak flow velocity and annular velocity are close, although friction and transverse shortening may be factors.

Peak LVOT flow is related to
| LVOT diameter, and is not a
YT R e ,,? J contractility measure1. S’ is
S W Yy W Ve more closely related to
1 | contractility, but is both pre-
. ! 1 and afterload dependent, is
1 ' Registrdtiori?*dm same slightly later than peak
'examinatio}\, GHGLES R SEe By tension, and is terminated
' \ 1 @ by Ao pressure increase,
1

LVOT flow velocity

thus to LV - arterial
interaction. Thus, in addition
to contractility, S’ is
dependent on load and
arterio-ventricular coupling.

Lateral

m

MAPSE- (152cm+10.6cm)/2= 129cm

In ejection, the AV-plane
moves apically. AV-plane
motion is proportional to
volume reduction (SV)2,
and the proportion is
independent of age and
BSA12,

MAPSE is higher laterally than septally, but mean of 2 4 and 6 walls are similar3. MAPSE is proportional with SV, is gender inde-
pendent, but is age dependent (confounder)3. It is reduced both in HFreF and HFpEF4. MAPSE / LV or wall length is GLS,
which s numerically inversely related to BSA (confounder), is gender dependent, and age dependent (confounder)1. GLS is not
related to SV3, but reduced in both HFrEF and HFpEF5
s KINETIC ENERGY
04 . During pre
' - ejection,
there is a
persistent
vortex,
conserving
} us ia momentum
7 —"’\-J \/' ~— towards the
s | LVOT before
ejection. : :
During ejection,m the vortex disappears, but the apical motlon causes the closes mitral valve to push blood towards apex.
This does not create a new vortex, only initiating a uniform blood motion towards apex, that is continued by the isovolumic
relaxation®.

1 Steylen A, Dalen H, Molmen HE.Left ventricular longitudinal shortening: relation to stroke volume and ejection fraction in ageing, blood pressure, body size and gender in the HUNT3 study.
Open Heart. 2020 Sep;7(2):¢001243.

2 Carlsson M, Ugander M, Mosén H, Buhre T, Arheden H.Atrioventricular plane displacement is the major contributor to left ventricular pumping in healthy adults, athletes, and patients with
dilated cardiomyopathy. Am J Physiol Heart Circ Physiol. 2007 Mar;292(3):H1452-9.

3 Steylen A, Molmen HE, Dalen H. Relation between Mitral Annular Plane Systolic Excursion and Global longitudinal strain in normal subjects: The HUNT study. Echocardiography.
2018;35:603-610

4 Willenheimer R. Cline C. Erhardt L. Israclsson B. Left ventricular atrioventricular olane disolacement: an echocardioaranhic techniaue for ranid assessment of proanosis in heart failure. Heart
1997:78:230-36

5 Cho GY, Marwick TH, Kim HS, Kim MK, Hong KS, Oh DJ. Global 2-dimensional strain as a new prognosticator in patients with heart failure. J Am Coll Cardiol. 2009 Aug 11;54(7):618-24.
6 Annichen Soyland DaaeAS, Wigen MS, FadnesS, Lovstakken L, Stoylen A. Intraventricular Vector Flow Imaging with Blood Speckle Tracking in Adults: Feasibility, Normal Physiology and
Mechanisms in Healthy Volunteers, Ultrasound in Medicine & Biology, 2021, https://doi.org/10.1016/j.ultrasmedbio.2021.08.021.
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Protodiastole

Protodiastole was first decribed by Wiggers1. During ejection, relaxation (tension devolution) starts during ejection at peak
pressure, there is simultaneous pressure and tension decline, as well as flow deceleration. Protodiastole ends at AVC. A
small LV volume increase has been shown to occur before AVC2.

~ AVC MVO
V‘\L o With tissue Doppler,
~ T~ a negative velocity
\ spike can be
5 demonstrated in the
\ septum, and the AVC
has been shown to
be at the END of this
spike, which thus is
t protodiastolic2 3, 4,
not isovolumic.

Rrotodiastole

(Thus, we see a protodiastolic elongation of the
septum at end ejection. The mechanism is that A
relaxation has already started. As long as there is / Prbodiesipic sepi
flow out of LVOT, the LV (including the septum) "~
shortens. When flow ends, the relaxation will induce
initial elongation, and if the Ao is open, there is little
resistance to elongation, while the closed MV offers
considerable resistance, so there is little or no
elongation of the lateral wall. This protodiastolic
motion has been shown#4, and this will give a small
LV volume increase by engulfing an aortic volume

\without flow, moving in a stationary blood column.

When the aortic ostium moves in a
= =Septal base stationary blood mcolumn, tha
aortic cusps will be braked and
forced towards the middle. Thus,
the protodiastole is the time of the
closure of the aortic valve. The
small pressure increase after the
dicrotic notch, is consistent with
the residual motion of the aortic
root after valve closure.

Onset of aortic
valve closure.

|
1 1
1 1
1 |
1 |
1 1
1 1
S =
1: End of flow and LV volume (and length) decrease. = I
2: Ao root motion in stationary blood. ]

3: Ao valve closed

CJ Wiggers. gludles on the consecutive phases of the cardiac cycle American Journal of thsnolngy--Legacy ..., 1921 - Am thSIOngICa| Soc
2 Remme EW, Lyseggen E, Helle-Valle T, Opdahl A, Pettersen E, Vartdal T, Ragnarsson A, Ljosland M, Ihlen H, Edvardsen T, Smiseth OA. Mechanisms of preejection and postejection velocity spikes in left ventricular
myocardium: interaction between wall deformation and valve events.Circulation. 2008 Jul 22;118(4):373-80.
3 Aase SA, Torp H, Stoylen A. Aortic valve closure: relation to tissue velocities by Doppler and speckle tracking in normal subjects. Eur J Echocardiogr. 2008 Jul;9(4):555-9.
4 Stoylen A, Daae AS.Physiological significance of pre- and post-ejection left ventricular tissue velocities and relations to mitral and aortic valve closures. Clin Physiol Funct Imaging. 2021 Sep;41(5):443-451.

https:/stoylen.folk.ntnu.no/strainrate/Basic_physiology.html#Protodiastole




Isovolumic relaxation (IVR)

IVR it the period of LV pressure drop from end ejection at AVC to early filling onset at MVO. In terms of the myocardium, this is
relaxation (devolution of active tension), by dissolution of myosin-actin bindings, mediated by active, (energy demanding)

calcium transport from cytoplasm to the Sarcoplasmatic reticulum.
AVC valve click AVCvalve click

e
s
1
1

¥
N ‘ﬂ
e

" Onset MV earl

LV pressure = myocardial tension. During IVR,  IVRT is dependent on the LV end systolic pressure, relaxation rate and LA
there is reduction of active tension, but with no  pressure. As the IVRT& is defined by AVC and MVO, Doppler flow is the gold
volume change, no release of passive (elastic)  standard for IVRT, and in flow recordings, both valve click of AVC and onset of
tension. The releaxation rate can be described MV flow can be visualised simultaneously in some views.

by the time constant for the pressure drop, tau.

During IVR, the apical part of
LV stretches, the basal part
shortens 1. This is not basal
contraction, as both parts relax
- reducing tension, but uneven
tension decline results in
shortening / elongation of
interacting segments, giving a
volume shift = flow from base
to apex, and with more
shortening of septum also
showing a lateral tilt1.

AVC"MVO

Apically directed blood flow, across
the whole width of the LV has been
shown both by Doppler2 and blood
speckle imaging3. The IVR flow is
thus giving a flow momentum for the’
subsequent early filling.

The basal shortening is thus
relaxation, not contraction, and the
energy creating the apical gradient,
is the relaxation, meaning apical

dominance.

he concept of the basal shortening being “wasted work” because it mainly stretches the apex, is non sensical, firstly, because
it isn’t work, being relaxation - and the main energy input is from the apex, and secondly because it isnt “wasted”, generating a

omentum for early filling.

1 Stoylen A, Daae AS.Physiological significance of pre- and post-ejection left ventricular tissue velocities and relations to mitral and aortic valve closures. Clin Physiol Funct Imaging. 2021 Sep;41(5):443-451
2 Sasson Z, Hatle L, Appleton CP, Jewett M, Alderman EL, Popp RL.Intraventricular flow during isovolumic relaxation: description and characterization by Doppler echocardiography. J Am Coll Cardiol. 1987 Sep;10(3):539-46.
3 Annichen Soyland DaaeAS, Wigen MS, Fadnes S, Lovstakken L, Stoylen A. Intraventricular Vector Flow Imaging with Blood Speckle Tracking in Adults: Feasibility, Normal Physiology and Mechanisms in Healthy Volunteers,

Ultrasound in Medicine & Biology, 2021, https://doi.org/10.1016/.ultrasmedbio.2021.08.021.
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Early LV filling

MVO thus marks both
onset of early inflow
and volume expansion,
seen by the basal AV-
plane motion1, as both
are manifestations of
filling. Intraventricular
, | apical flow is started

| before MVO2,
transmitral flow starts
at MVO.

AVC MVO At MVO, LV pressure

‘ C=AV/AP continues the drop from

r\—- o IVR, marking the end of
\ | restriction is eliminated,
i

Mitral flow

relaxation. The volume
and the LV can fill
“ 4N (increase in size),
" consequently, there is
pressure drop and .
volume increase, so there

is negative compliance in
this phase.

Bl rositive pressure gradient LA- LV Flow velocity is a function of pressure gradients, ' t v
- Negative pressure gradient LA - LV accelerated by pos., decelerated by neg. gradients. AV-plane motion

Vidth (mm)

formatian
inCVOT |
e ¥
Basal motion of

N telvbese

AV-plane motion

The basal motion of the AV plane expands the LV volume. In the mitraL part of the ventricle the expanding volume is filled by
inflow, but behind the closed AV, there is created a void that must be filled by deflection of the inflow, initiating a vortex that
originates at the base, not by the deflection of flow by the apex2. This can be seen both by pwDoppler, cDoppler and blood speckle
tracking.

LV wall deformation during early I Flow velocity I 11 II Vortex expansion
filling can be seen to start at the propagation

base and propagate towards the
apex, both by colur tissue
Doppler and strainrate imaging3.
This is a necessity, as the
expansion must be filled by
inflow, which likewise can be seen
to propagate from base to apex
during early filling (phase 1 of E
wave).

The elongation during early filling generates negative pressure, meaning that much of it is dependent on recoil, as neither
relaxation alone, nor the negative pressure can expand the ventricle. Thus, the deformation wave is dependent on the inflow
(filling), inflowing blood will fill the expanding space created by the combined elongation and wall thinning, while the blood in
the inflowing column will be substituded with later arriving blood. This process will then repeat with the later inflowing blood,
filling the cavity expansion moving towards the apex, and later arriving blood is replacing the inflow column. Thus, the flow
propagation (1) is the velocity vectors that propagate, while the blood column itself is replaced during filling, and the flow
velocity vectors from behind propagate to the wave front. Thus, in the normal physiology, the strain rate propagation and flow
velocity propagatin will match4.

Basal motion

of the AV-plane = longitudinal

wexpansion At the same time, and extending into diastasis, the initial vortex will
expand, meaning it proceeds more slowly towards the apex2 (ll).

1 Stoylen A, Daae AS.Physiological significance of pre- and post-ejection left ventricular tissue velocities and relations to mitral and aortic valve closures. Clin Physiol Funct Imaging. 2021 Sep;41(5):443-451.

2 Annichen Soyland DaaeAS, Wigen MS, Fadnes S, Lovstakken L, Stoylen A. Intraventricular Vector Flow Imaging with Blood Speckle Tracking in Adults: Feasibility, Normal Physiology and Mechanisms in Healthy
Volunteers, Ultrasound in Medicine & Biology, 2021, https://doi.org/10.1016/j.ultrasmedbio.2021.08.021.

3 Stoylen A, Slordahl S, Skjelvan GK, Heimdal A, Skjaerpe T. Strain Rate Imaging in Normal and Reduced Diastolic Function: Comparison with Pulsed Doppler Tissue Imaging of the Mitral Annulus. J Am Soc Echocardiogr
2001, 14:264-274.

4 Stoylen A, Slordahl S, Skjelvan GK, Heimdal A, Skjaerpe T. Strain Rate Imaging in Normal and Reduced Diastolic Function: Comparison with Pulsed Doppler Tissue Imaging of the Mitral Annulus. J Am Soc Echocardiogr
2001, 14:264-274.
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Left ventricular diastolic function
- Negative LA-LV pressure gradient Compliance o %

‘ \ Ao pressure ‘ \ ﬁ \ 5|
\ Reduced early | | L
LV pressure \ compliance \
: : /i
ey +---Normal early- - - 4= - --- -i- H £t
\//” i compliance & = iR
E
- LV relaxation starts at peak pressure - In elevated LA, LA/LV pressure crossover is
- during ejection, there is volume decrease earlier despite slow relaxation
- during IVR there is volume constraint - In delayed relaxation, IVRT is prolonged. - MVO is at incomplete relaxation and thus
- at LA/LV pressure crossover (MVO) - more elastic tension is released during IVRT  with higher active and elastic tension,
the volume constrain is released giving lower early compliance.
- at early filling there is continuing relaxation - Thus less relaxation and recoil at E flow -Peak flow velocity reflects peak LA/LV pressure
and elastic recoil generating negative dP/dt and thus lower peak negative pressure; gradient, normalised by increased pressure
- relaxation/recoil ends at peak neg. pressure lower flow acceleration and peak flow, thus -Peak e’ reflects volume increase rate, which is
and pressure starts increasing reduced by reduced early compliance
- Peak E flow is at 2nd LA/LV pressure crossover - lower deceleration gradient after peak flow - The increased E/e’ (E/e’ discrepancy) is thus
-Negative gradient decelerates E flow velocity due to increased early compliance because of
earlier MVO

Flow
velocity
reflects
pressure

gradients

Tissue
velocity

Early diast. velocity (E) is a function of pressure gradient, €' of volume. In delayed relaxation with normal
LA pressure, peak flow velocity (E) is reduced, filling starts at hi LV tension, i.e at high early compliance;
and thus reduced volume. Thus, E and e' are disconnected E_e' reduced.
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Diastasis

The diastasis is commonly viewed as the interval between early and late filling, which of course is true, but which omits the point
that as the heart cycle really starts with the P-wave, the diastasis is in reality the interval between heart cycles, so a single heart
cycle is P-QRS-T, corrsponding to a- LVOT - E and a’- S’- .

; The E - A interval is thus determined by HR (RR-interval), or PQ interval, or both.
Increased HR: shortened RR- (and TP interval) Constant HR (RR-interval), increased PQ interval

| 1 s | 11I | T |1 | v
| |

2 vy "’”’4’7“‘[ / { ' \ ) , » i p v "'
\ \ \ N
E \ ‘E \ E
‘ - [ 1% Va 15 A\l /.! SN A | L\ I /l \\
s s s |s / k % s
\/ \/ k e / v - V
This means that the initial mechanical event is the atrial systole, stretching the LV, so it seems that the heart cycle starts with

pre stretch, activating both the Frank-Starling mechanism and the passive stretch, thus increasing both active and passive
(elastic) tension in ejection.

End diastole

Mean regional and global AV-plane systolic and diastolic motion in HUNT 3

Motion is higher in the tricuspid annulus than
TAPSE 2.8 cm S the mitral rir?g 4
S'RV 12,6 cm/s i herd
' MAPSE 1.5¢cm ¢ 11.2cm/s Lo S
e'RV12.3cm/s §'8.0 cm/s 2 11.0 cm/s a'is highest inferiorly and septally,
a’'RV149cm/s e 99cm/s Inferior Inferolateral lowest lateral and anterior - AV plane tilts

a'10.2 cm/s towards the right

MAPSE 1.6cm
eptal. < — Lateral
Mlt@ PSE 1.6 cm MAPSE and S’ are highest inferiorly and

'8.8cm/s  |aterally, lowest septally and anteriorly, AV-

g €125¢ws  plane beds in an U-shape, and tilts towards the
! Ant a' 94cm's  joft in ejection
MAPSE 1.5 cm

$'8.3cm/s

Tricuspid
annulus
free wall

Displacement by M-mode

™ 1.6 cm/s e’ is highest laterally, lowest septally, U shape

Velocities by spectral Doppler a'94 cmis unbends in early filling (recoil).
Global LV: Global LV correlations:
MAPSE: mean of septal/ateral: 1.56 cm MAPSE withS’ R=0.34
MAPSE: mean of septal/anterior/ateral/inferior: 1.58 cm MAPSE withe’ R=0.42
MAPSE: mean of septal/anteroseptal/alterior/lateral/inferiolateral/inferior:  1.51 cm MAPSE witha’ R=0
S': mean of septal/lateral: 8.4cm/s S’ with e’ R=0.58
S mean of septal/anterior/l Vinferior: 8,4cm/s S’ with @’ R=0.18
e’ mean of septal/lateral: 11.2cm/s e’ with a' R=-0.38
e’ mean of septal/anterior/l Vinferior: 11.3cm/s
a: mean of septal/lateral: 9.7 cm/s
a: mean of septal/anterior/l finferior: 10.0 cm/s

Looking at the AV-plane motion1, we see that the atrial systole, in addition to moving the AV plane basally and stretching the
ventricles, there is tilting of the AVplane towards the right, with more motion in the septal than the lateral mitral ring. The
ejection moves the AV-plane apically, compressing the ventricles. In addition, this motion is highest in the RV, and higher in the
lateral LV than in the sepotum, thus bending the AV-plane in an U-shape. During early filling, there ios correlation between
MAPSE and e’ and S’ and e’, showing a close connection, possibly by e’ being recoil of compression form systole. The e’ is also
highest in the RV and lateral LV, also showing a connection - unbending, possibly also recoil. The a’ does not correlate with
MAPSE, and only slightly with S’, so atrial and ventricular systole are more independent events. The negative correlation
between e’ and a’, however, shows a possible dependence of a’ on the preceeding e’, possibly by filling volume.

During diastasis, the vortex
initiated in early filling
expands further, but remains
in the LV2, conserving the
momentum from early filling.
The vortex goes basally along
the septum, contributing to the
partial closure of the MV, and
apically along the lateral wall,
preserving momentum for the
late filling during the following
atrial systole.

1 Stoylen A, Molmen HE, Dalen H.Regional motion of the AV-plane is related to the cardiac anatomy and deformation of the AV-plane. Data from the HUNT study. Clin Physiol Funct Imaging. 2023 Jul 3. doi: 10.1111/
cpf.12845.

2 Annichen Soyland DaaeAS, Wigen MS, Fadnes S, Lovstakken L, Stoylen A. Intraventricular Vector Flow Imaging with Blood Speckle Tracking in Adults: Feasibility, Normal Physiology and Mechanisms in Healthy
Volunteers, Ultrasound in Medicine & Biology, 2021, https://doi.org/10.1016/j.ultrasmedbio.2021.08.021.
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How physiologically correct is this schematic wiggers diagram?
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Left atrial mechanics.

Atrial contraction Ejection Early filling

Ventricular Ventricular & Ventricular
expansion/ compression/ o expansion/
filling < ) ». emptying K > filling

‘ Atrial Atrial :
S 3 compression/ expansion/ compression/

- emptying filling 1 - emptying

Atrial and ventricular volumes show reciprocal relations through the heart cycle by the longitudinal AV-plane motion1:
- During systolic ventricular longitudinal shortening, atria expand longitudinally, the atria are passive in this phase.

- During early diastolic ventricular filling, ventricles elongate by relaxation and recoil, atria, still passive are compressed.

- During late filling, the atrial contracts actively, injecting bloood into the passive ventricles, which expand by the volume kick,

and the atria compresses actively. Thus, most of the heart’s volume changes take place withing an outer contour that changes
far less, by the AV-plane motion.

{{MAPSE- - -
,}MAPsE wte

Septa
Lateral

= e
The AV-plane motion can also be visualised by displacement curves, by Tissue Doppler (integrated velocities) or M-mode

Left ventricle Pressures in the atria and ventricles are influenced by the volume
' f changes of the chambers in the different phases, separated by the
valves2. At start of the ventricular contraction, there is a small LA
pressure increase (c), possibly related to pre ejection contraction,
MV closure or both. During LV ejection, there is LA pressure drop (x-
descent), as the atrium expands by the apical AV-plane motion. At
the end of LV ejection, the LA pressure rises, possibly both as a
function of the RV pressure wave propagated via the pulmonary
circulation and the blood volume inflow. At MVO, the volume
constraint of the LV disappears, there is elastic recoil of the LV, as
seen by the negative LV compliance, and free flow of blood into the
LV from the LA, so the LA pressure also drops (y-descent), despite
atria being compressed. This must indicate some extra ventricular )
“Left atrium gxpansion, as pure AV-plane motion would only cause A\ C\ - a%m
Y Soee atrioventricular volume shift, with no pressure change?3 4, and atrial azc\l/ \ /
0 Modified from Appleton 1897 compression alone would increase, not decrease pressure.
During active atrial contraction, the LA pressure rises, initially over J  Swe
ﬁ A the LV pressure, but with pressure gradient reversal during ’ Nodified from Appleton
deceleration of late atrioventricular flow.

Pulmonary venous flow, is directly related to the atrial pressure curve, with systolic inflow during LV
ejection, corresponding to the x-descent, and diastolic inflow during early LV filling corresponding to the
y-descent. During atrial contraction, the distal pulmonary veins also contracts, (increasing PV
impedance), but with a small PV flow reversal.

» 23148 s |¥

Thus, atrial filling and emptying are intimately related to ventricular systolic and diastolic function through the AV-pIae
motion, with the AV-plane motion being the main mechanism, meaning the ventricular contraction and recoil.

1 Carlsson M, Cain P, Holmgvist C, Stahlberg F, Lundback S, Arheden H. Total heart volume variation throughout the cardiac cycle in humans. Am J Physiol Heart Circ Physiol. 2004 Jul;287(1):H243-50.
2 Appleton CP . Hemodynamic determinants of Doppler pul y venous flow velocity components: new insights from studies in lightly sedated normal dogs.J Am Coll Cardiol. 1997 Nov
15:30(6):1562-74. doi: 10.1016/50735-1097(97)00354-9.
3 Bowman AW and Kovics SJ. Left atrial conduit volume is generated by deviation from the constant-volume state of the left heart: a combined MRI-echocardiographic study. American journal of
physiology Heart and circulatory physiology (2004); 286: H2416-2424.

4 Stgylen A, Mglmen HE, Dalen H.Regional motion of the AV-plane is related to the cardiac anatomy and deformation of the AV-plane. Data from the HUNT study. Clin Physiol Funct Imaging. 2023 Jul
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Left atrial strain.

Strain is the absolute change in length, divided by the initial length £ = AL/L,
Il The absolute atrial and ventricular longitudinal change in length, AL are equal,

""" A - only with the signs reversed. This is due to the fact that most of the heart
. il volume changes take place within an outer contour that changes little, so
volume changes are mostly reciprocal shifts between atria and ventricles.

Atrlal contraction Early filling

¥ Cpniragtion phase

reservoir strain, corresponding to atrial expansion, conduit strain, corresponding to early diastolic atrial compression, and
atrial contraction strain, during active atrial systole. But these phases are the same as the LV ejection phase, early and late
filling phase, when described from the ventricular side. Thus, atrial and ventricular strain share the same numerator, MAPSE
or absolute LV shortening, while the denominators are the atrial and ventricular wall lengths, respectively. This means that
GLS is the relative LV shortening, while the reservoir strain is absolute LV shortening relative to LA size, which does not
make so much sense physiologically.

he term “reservoir strain” (LARS) seems to indicate that this ia an atrial function during atrial filling.
his would indicate that this is a measure of atrial distensibility. But as the numerator of LARS is the
MAPSE, this is a function of LV systolic shortening. Obviously, the interpretation of the MAPSE

he atrium performs some sort of braking effect on the AV plain, counteracting the ventricular
shortening, but given the large difference in the amount of myocardium, this effect will probably be
negligible. The left atrial reservoir strain ), it thus partly a function of MAPSE, and in fact is highly
interdependent with MAPSE, R2 of 0.951. Thus it doesn’t measure any amount of LA distensibility.

The denominator of LARS is LA size, which is related to LA pressure, but also to atrial fibrillation and mitral disease. As LA size
is increased, LARS is reduced, and the relative distension of the LA is decreased for a given LA systolic filling, but of less
importance than MAPSE.

LARS has beeen shown to be reduced in elevated LA pressure. It has beeen argued that there is a specific relation between LA
pressure and LARS, as there is only a weak relation to LA volume index. However, this is as expected, the denominator of
LARS is either a function of LA radius (depth), or radius2 (wall length), while LA volume is a function of radius3, and does not
impart a specific relation between LARS and LA pressure.

As MAPSE (and thus LARS) is reduced in both HFpEF and HFrEF, they are confounders in the pressure evaluation. And in fact,
this means that it is not LA pressure that is measured in reality.

As a proportion of HF patients will have increased LA pressure, it may seem to be a sensitivce measure, and may, as a
compound measure even be more sensitve that LA size alone, as shown in invasive and non invasive studies. However, as a
proportion of patients may have normal LA pressure, this will affect specificity, depending on the patient selection.

The mis interpretation of LARS as LA distensibility, has led to an even more freaky measure, called Left Atrial Stiffness Index
(LASI). This is defined as E/e’/LARS. Taking E/e’ as a proxy for LA pressure, LARS being a measure of LA volume increase, this
would be equivalent to LA elastance; E = AP/AV . However, this definition is only valid when the volume increase is caused by
the pressure increase. In this case, however, the volume increase is caused by the LV shortening, and thus LASI is not a
measure of LA stiffness, and hence, physiologically meaningless.
Resolving the expression for LASI, we get:

LASI = [E/e'|/[LARS) = [E/e'|/[MAPSE /LAlenght] = |E x LAlenght|/[MAPSE x e'| = [E/e'| x [MAPSE /LAlenght)
Which means that: LASI increases with E (both good diastolic function and pseudonormalisation), with reduced LV systolic
function and with reduced LV diastolic function. Still, there will be correlation with invasive pressure in studies, but thoroughly
confounded with LV systolic function.

Miliescu GG, Mirea O, Capotd R, Petrescu AM, Duchenne J, Voigt JU. Left Atrial Strain Determinants During the Cardiac Phases. JACC Cardiovasc Imaging. 2022 Mar;15(3):381-391. doi: 10.1016/j jemg.2021.09.009.

cannot change just by looking at the AV-plane motion from the atrial side. It might be conceivable that
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Atrial filling

The atria fill during ventricular ejection and early ventricular filling. During ventricular ejection, the ventricles shorten by apical
AV-plane motion, expanding the atria simultaneously12. This expansion also decrease atrial pressure (x-descent)3, showing that
the atrium is not distended by pressure, but by ventricular contraction, being the driving force, and decreasing atrial pressure
generates the gradient and inflow from the veins. During ventricular ejection, there is transverse as well as longitudinal
shortening, contributing to about 30 - 40% of total SV, but as the AV valves are closed, atrial expansion only corresponds to ca
70% of SV4, the rest has to be total heart volume reduction.

At opening of the AV valves, the volume constraints of the ventricles disappear, so there is elastic recoil of the LV, as seen by the
negative LV compliance, and free flow of blood into the LV from the LA, so the LA pressure also drops (y-descent)3, albeit more
slowly, setting up a positive atrioventricular pressure gradient and early (E) atrioventricular flow. The atrial pressure drop shows
that AV-flow is not due to the atrial compression. During early filling, there is transverse ventricular recoil, and thus additional
ventricular expansion, driving the pressure drop and atrioventricular flow. This is the necessary prerequisite for the AV-flow,
basal AV-plane motion would by itself only create a passive volume shift, by ventricularisation of the atrial volume$. With open
AV-valves this flow also empties the atrial volume, which leads to pressure drop in the atrium and diastolic inflow to the atria,
supplying the remaining 30% of SV to the atrial filling. This is thus dependent on the transverse diastolic ventricular recoil6.
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Thus, the driving force in this phase is the ventricular recoil, driving ventricular expansion as well as the pressure gradients
from the pulmonary arteries to the atrium to the ventricle. The blood fills the inceasing ventricular size, by atrial pressure
drop generating the atrioventricular gradient. Blood is replenished into the atria by the gradient from the veins, so the
atrium can be seen mainly as a conduit in this phase.
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Looking at atrial strain, this phase has been termed “atrial conduit strain”. But it is still t

he longitudinal AV-plane motion
towards the base, both ventricular longitudinal expansion as well as atrial compression, driven by ventricular recoil. And
what does that mean physiologically? It means ventricular expansion or atrial compression relative to the end diastolic atrial
length. This is a complicated measure, and with an unclear interpretation. And the atrial compression that is measured as
“conduit strain” is not the mechanism for the conduit function. In fact, the atrial compression actually detracts from the
conduit flow: Atrioventricular flow fills the expanding ventricles from the atria, but the replanishment from the pulmonary
veins only needs to fill the diminshing atria. The term conduit strain thus isn’t very meaningful or useful physiologically.

1 Carlsson M, Cain P, Holmgqvist C, Stahlberg F, Lundback S, Arheden H. Total heart volume variation throughout the cardiac cycle in humans. Am J Physiol Heart Cire Physiol. 2004 Jul;287(1):H243-50.

2 Stoylen A, Dalen H, Molmen HE. Left ventricular longitudinal shortening: relation to stroke volume and ejection fraction in ageing, blood pressure, body size and gender in the HUNT3 study. Open Heart. 2020 sep;7(2):¢001243.
3 Appleton CP Hemodynamic determinants of Doppler pulmonary venous flow velocity components: new insights from studies in lightly sedated normal dogs J Am Coll Cardiol. 1997 Nov

15;30(6): 1562-74. doi: 10.1016/50735-1097(97)00354-9

4 Steding-Ehrenborg, K., Carlsson, M., Stephensen, S. & Arheden, Atrial aspiration from pulmonary and caval veins is caused by ventricular contraction and secures 70% of the total stroke volume independent of resting heart rate
and heart size. Clinical Physiology and Functional Imaging, 33, 233-240.

5 Stoylen A, Molmen HE, Dalen H.Regional motion of the AV-plane is related to the cardiac anatomy and deformation of the AV-plane. Data from the HUNT study. Clin Physiol Funct Imaging. 2023 Jul

6 Bowman AW and Koviics SJ. Left atrial conduit volume is generated by deviation from the constant-volume state of the left heart: a combined MRI-echocardiographic study. American journal of physiology Heart and circulatory
physiology (2004); 286: H2416-2424.

40



Loft ventricle

Atrial contraction i |

During late filling, the atrial contract, while the ventricles are passive. Thus, the driving force in this
phase is the atrial contraction. But how is this reflected in the pressure curves, the ventricular filling
and the AV-plane motion?

2 VAl
Atrial contraction he AV-plane moves towards the cardiac base. It has been “- \f:/ Lo atrum
suggested that the atrial contraction lifts theAV-plane towards the W s

base. This is not the case, as: S ’
(ST 1 : LA pressure increases during atrial contraction, generationg a - |

Narwalllgradient towards the LV, but the LV pressure also increases1. This

- is true, both in the pulmonary and systemic veins2. Thus, it seems it

is the atrial contraction that injects blood into the ventricles, not the

- ventricles aspirating blood from the atria.
\l » B “uielW2: Most of the atrial volume reduction is contraction of the atrial
o S appendages, which is not seen by the AV-plane motion directly, but
- -~ indirectly by ventricular expansion.
—a Thus, the AV-plane motion during atrial contraction, is a measure of
he ventricular expansion by the injected volume from the atria
Ventricular Ventricular AV-plane motion is the same whether seen from
e eawaraiin - CERTT the atrial or the ventricular side, and the
o : SRR longitudinal compression of the ventricles vs atrial
are reciprocal. But during the atrial contraction
T I phase, the atrial compression is not a direct effect
: of atrial contraction, but indirectly from ventricular
et 4 ' expansion, which reflects the injected volume. This
= means it is equivalent to atrioventricular flow,
! which, given constant orifices, is proportional to
Mitral annulus Ptmonary vein the flow velocity, thus to the A-waves. Thus, the
m::_':' : added value of the AV-plane motion over mitral

comprassion flow is dubious. P Compliance

The ventricular volume expansion by the atrial contraction, is not simply a function of atrial C = AV/AP
contractility, but also of ventricular end diastolic pressure, which again is related to end diastolic
compliance. Increased LV stiffness (decreased compliance), means that the atria must generate
more pressure for the same volume of filling (increasing EDP), or generates less filling for the K,
same pressure increase (decreasing AV volume). In addition, in both cases, with increased '
ventricular filling (distension) the compliance (operational compliance) increases, needing more Kl v .
pressure for the same volume, or generates less filling for the same pressure increase. Thus, the
ventricular filling volume by atrial systole is to a large degree dependent on the passive end _[ AP, 14p,
diastolic properties of the ventricles (stiffness and dilation). 22 bl I

& Venous flow, is a function of the veno-atrial gradient. As the veins have no

valves, and the venous compliance is usually high, while the ventricular
compliance is higher and increasing more during atrial systole, most of the
volume ejected from the atria would be expected to go into the veins.
However, the right ventricle has a high compliance. The pulmonary veins, on
the other hand, has been shown to have muscular tissue, continuous with the
atrial muscle, which also contracts simultaneously with the atria45. Thus atrial
| contraction decreases pulmonary venous compliance as well, so the reversed
volume will be small, even with the lower LV compliance.

Mitral  valve

Decreased

But what about the “atrial contraction strain”?

- The numerator is the AV-plane motion during atrial contraction. As we have seen, this is a
measure of the ventricular expansion by the injected volume from atrial contraction, and in
fact equivalent to the A-wave.

- This, again is a function both of atrial contractility and ventricular EDP (compliance).

-This means, in prognostic studies, reduced LV compliance is a confounder for the prognostic

and diagnostic value of LA contraction strain.

-The denominator is the atrial end diastolic length, so again atrial contraction is a complicated

measure with a difficult physiological interpretation, especially as it is the ventricular properties

that deternines the volume to a great degree.

It seems to make more sense to relate the AV-plane motion to ventricular length, (i.e. to measure

ventricular strain during late filling). Wheter this adds value to the mitral flow A wave is uncertain.
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