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Contraction 
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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. 

 

 
 
Series of twitches with di>erent 
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. 

 

 
 
Series of twitches with the same 
load, but with di>erent 
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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Volumes 

 
 

 

          
 

  
Tracing the flow velocity curve by pulsed Doppler 
in LVOT through one heartbeat, gives the velocity 
time integral by the area under the curve. The 
LVOT diameter, can be measured in the B-mode.   
 
 

 
 
 
 

       
 
The velocity time integral is the distance d, that 
somethin moving with the velocity of the traced 
curve moves, the stroke distance. The area A of 
the LVOT (assuming a circular cross section) is 
given by the measured LVOTdiameter. Thus, the 
volume of the cylinder given by d × A, equals the 
stroke volume. 
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AV-plane bending: 

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

 
 

 
 
 
Støylen A, Mølmen 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 di>erential 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 As the tension (load) then is distributed across a smaller area, this reduces the load. 
o As the heart tapers from the AV-plane towards the apex, bending to a narrower 

diameter fits the AV plane into the narrower apical space.  
o 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 it is 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) 
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Strain in three dimensions 
 

 
ex = DX / X0  ey = DY / Y0  eZ = DZ / Z0 

 
 

o The cardiac coordinates are also cartesian. Strain directions are spatial coordinates of 
deformation, not fibre function 

o  
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As long as the myocardium is partly incompressible, longitudinal shortening must result in 

transmural thickening. 
 
 
 

Volume before deformation (V0) =  X0 * Y0 * Z0 

Volume after deformation V = (X0 + DX)(Y0 + DY)(Z0+DZ) 
ex = DX / X0  ey = DY / Y0  eZ = DZ / Z0  
V / V0 = (X0 + DX) / X0 * (Y0 + DY)/Y0 * (Z0 + DZ)/Z0 = (1 + DX/X0) (1+ DY/Y0) (1+ DZ/Z0) 
 

V / V0 = (1 + ex) (1 + ey) (1+eZ) 
 

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

 
 

 
Transmural strain – wall thickening: 

 
 

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 e]ect 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.  
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As diameter and circumference are proportional, fractional circumferential shortening and 

fractional diameter shortening are equal. 

 
Wall thickening means displacement of midwall contour 

 
1. Outer circumferential strain reflects circumferential fibre shortening 
2. Midwall circumferential strain is the most representative, and the one demonstrating the 

interaction between strains, but is partly a function of wall thickening, which again is a 
function of  
 
 

1. longitudinal shortening and 
2. circumferential outer shortening and wall thickening 

3. Endocardial circumferential strain equals fractional diameter shortening, but is mainly wall 
thickening 
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All three strains decline numerically by age. 

 
 
 
 
 
 
 
 
 

 
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. 

 

 
Støylen A, Mølmen 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) 

 
 
 

 
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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Flow 

 
Vs longitudinal motion and velocity 
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Vs longitudinal strain and strain rate 
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Volume vs pressure 

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

 
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: 
 

 
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.. 
 
 
 

 
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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Early diast. velocity (E) is a function of pressure gradient, e' 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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