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2. Abstract and key terms 
Abstract: Intra-cardiac flow has been explored for decades but there is still no consensus on 
whether or not healthy left ventricles (LV) may harbour turbulent-like flow despite its poten-
tial physiological and clinical relevance. The purpose of this study is to elucidate if a healthy 
LV could harbour flow instabilities, using image-based computational fluid dynamics (CFD). 
35 cardiac cycles were simulated in a patient-specific left heart model obtained from cardio-
vascular magnetic resonance (CMR). The model includes the valves, atrium, ventricle, papil-
lary muscles and ascending aorta. We computed phase-averaged flow patterns, fluctuating 
kinetic energy (FKE) and associated frequency components. The LV harbours disturbed flow 
during diastole with cycle-to-cycle variations. However, phase-averaged velocity fields much 
resemble those of CMR measurements and usually reported CFD results. The peak FKE value 
occurs during the E wave deceleration and reaches 25 % of the maximum phase-averaged 
flow kinetic energy. Highest FKE values are predominantly located in the basal region and 
their frequency content reach more than 200 Hz. This study suggests that high-frequency 
flow fluctuations in normal LV may be common, implying deficiencies in the hypothesis usu-
ally made when computing cardiac flows and highlighting biases when deriving quantities 
from velocity fields measured with CMR. 
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3. Introduction 
The hemodynamics of the left ventricle (LV) conveys useful information regarding the heart 
function25,41. Therefore, direct observation of LV flow patterns or indirect measurements of 
the flow through LV bruits or ejection fraction may signal a normal LV or reflect the presence 
of an installed pathology. In addition to indicating an abnormal function, there is substantial 
evidence that the LV hemodynamics can be responsible for the initiation of ventricular re-
modelling through mechanical stimuli12,36. Indeed, LV adaptations involve mechanosensitive 
feedbacks, which modulate cardiomyocytes architecture and thus cardiac function38. There-
fore, accurate assessment of the intraventricular flow from smallest to largest scales is of 
paramount importance to get further comprehension of the role played by the hemodynam-
ics in normal and abnormal LV. 

Previous in vivo studies of 4D intra-cardiac flows have been heavily based on filtered velocity 
data obtained thanks to phase-contrast cardiovascular magnetic resonance (CMR)32 imaging. 
Although comprehensive, CMR velocity mapping is not real-time, but rather measure an av-
eraged heart cycle. Hence, cycle-to-cycle variations and instabilities in the flow cannot be 
recorded, as the k-space is filled over many cardiac cycles15,32. Moreover, CMR spatio-
temporal resolution precludes the observation of small-scale and fast time-varying flow fea-
tures in the case of disturbed flow. 

Used with caution, image-based computational fluid dynamics (CFD) offers a research tool40 
able to retrieve all the scales of the instantaneous flow, hence being able to capture highly 
disturbed flows. However, pioneering CFD studies focused only on the laminar features of 
the flow24,29,47,48,52. While these studies retrieve the large-scale flow features, they were not 
able to detect fluctuations as such features are likely to be damped by the numerical setup 
employed50. To the best of our knowledge, apart from our previous study10, only Le & So-
tiropoulos28 have mentioned flow fluctuations in a patient-specific LV model (although wi-
thout quantifications) and Domenichini et al.13 mentioned that in certain conditions LV could 
be on the edge of “turbulence”. 

We emphasise that in addition to be controversial, the nature of the flow in normal heart 
most probably does not comply with the canonical definition of developed turbulence.  
Due to the flow nature, the Kolmogorov energy cascade does not have time to establish43, 
making the definition of intracardiac turbulence problematic. Nevertheless, non-periodic, 
3D fluctuations may appear given the Reynolds number of order 5000, the flow domain 
complexity and the pulsatile nature of the flow. In the present study, irrespective of the ex-
act nature of the flow, we are referring to cycle-to-cycle flow fluctuations simply as  “fluctua-
tions”  and  we  are  defining  the  flow  as  “disturbed”  or  “transitional”. 

Despite its potential importance, little focus has been directed on the disturbed nature of 
the LV flow. The intrinsic technical limitations of the CMR exams or the numerical strategies 
generally employed in LV CFD studies are likely to be responsible for the quasi-absence of 
studies about fluctuations, as they cannot grasp the entire nature of the flow. Fluctuations 
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were reported in our previous studies9,10 in an abnormal heart and very recently, using a 
new CMR method to evaluate the intensity and the localization of velocity fluctuations, Zajac 
et al.53 confirmed the presence of non-negligible in vivo level  of  “turbulent”  kinetic  energy  in  
abnormal and normal LVs. As the nature of the flow directly affects the characteristic time 
scales and local levels of flow stresses, we believe that the analysis of the velocity fluctua-
tions can provide a new paradigm in the assessment of the cardiovascular flow and mecha-
nosensitive feedbacks. In addition, characterizing fluctuations might give potential explana-
tion to heart sounds46. In this paper we are using image-based simulations10 to address the 
question of whether or not fluctuations are detected in a normal LV. The implications of 
their existence are then discussed.    

4. Materials and Methods 
In this study, a subject-specific left heart (LH) model and its deformation were extracted 
from CMR acquisitions. Computational fluid dynamics (more precisely large-eddy simula-
tions) was used to study the flow in this model.  

4.1. Patient-specific domain 
CMR images were obtained from a healthy subject of 26 years old. The 4D image set consists 
in 20 three-dimensional images of spatial resolution 5.0×1.1×1.1 mm3, which correspond to 
21×256×256 voxels. The subject cardiac cycles lasted on average T = 750 ms. We selected 
one 3D image (referred to as the native image) at an arbitrary moment of the heart cycle 
and we imported the corresponding volumetric data into an image processing software 
(ScanIP; Simpleware Ltd., Exeter, UK). We segmented a 3D domain covering all the space 
occupied by blood in the LH cavities using a thresholding method and a smoothing proce-
dure42. Figure S01 in the supplementary materials shows a long axis slice of the CMR exam 
and the segmentation resulting from the thresholding method. The 3D domain includes the 
ventricle, atrium, four pulmonary veins, the ascending aorta and the papillary muscles. We 
chose to simulate the entire LH, even if the focus is on the LV, in order to mitigate the uncer-
tainty related to the swirled and skewed flow at the mitral valve (MV)10,34. Figure 1 shows 
the domain used for the CFD. The extracted geometry was imported in a mesh generator 
(Gambit, ANSYS) to generate the grid of the native numerical domain. 

A set of numerical treatments was applied to the CMR images and the native grid in order to 
generate a time-varying computational domain representing the physiological deformations 
of the LV. The resulting LV volume (as defined in Fig. 1 i.e. the LV volume is delimited by the 
AO and MV annulus) varies from 109 mL (end diastolic volume) to 41 mL (end systolic vol-
ume). The stroke volume is 68 mL and the ejection fraction is 62 %, which falls within the 
normal physiological range31. Details are provided in previous studies9,10. 
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Figure 1 - Full human LH extracted from CMR images. The same domain is shown from four 
different points of view.  The inlets and outlet flow extensions are visible in the left figure. 
The left ventricle (LV), left atrium (LA), Aorta (AO), Anterio Lateral (A-L) and Postero Medial 
(P-M) papillary muscles are indicated. A black line passing through the LH indicates the 
position of the slice which will be used to display the velocity field in the next section. The 
red volume is the volume used for all the volumetric integrations over the LV. The volume 
is delimited by the aortic and mitral annulus. 
 
The aortic valve (AV) and the MV are difficult to extract from the medical images as they are 
thin and highly moving structures. However, as valves have an impact on the flow structure5,  
low-order models were included in the domain. The valve models have been described in detail 
in a previous work9,10 and are only briefly recalled here. Annuluses are reconstructed by in-
specting the medical images and placing markers manually on the native 3D domain. The 
motion of these markers is then obtained thanks to the heart motion extracted from the 
medical images. We modelled the AV, which has a moderate impact on the ventricular flow, 
as a planar region at the AV annulus being alternatively permeable and impermeable de-
pending on the phase in the cardiac cycle. We modelled the MV using parameters measured 
in the CMR exam: the leaflet length, annulus position and MV open area. Figure S02 in the 
supplementary materials depicts the measurements of the mitral open area and the 
measurements along the diastole. The median opened area is 𝑨𝑴𝑽  = 5.18 cm2, which falls 
in the normal physiological range31. The open area available for the fluid flow is modelled 
as an ellipse of axis a = 15 mm and b = 11 mm. Knowing the MV leaflets position during the 
heart cycle, their effect on the blood flow is accounted for by using an immersed boundary 
method9. For this purpose, the leaflets representations are given a thickness so that a few 
mesh nodes are located within the valves. Then, the fluid velocity is imposed to zero with-
in the leaflets. 

4.2. Fluid boundary conditions  
A no-slip condition was applied to the moving heart walls. The inflow boundary conditions 
at the pulmonary veins were computed by assuming that the mitral and aortic valves are 
either closed-open or open-closed at each instant. Under this assumption, the flow rate 
entering the flow domain is related to the time evolution of either the atrium volume or 
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the atrio-ventricular volume, by  using the mass conservation principle. In other words, the 
boundary conditions are derived from the medical images9 and the associated heart de-
formations over time. The resulting waveform is applied as a boundary condition at the four 
pulmonary veins, assuming an equipartition between the four inlets.  The same inlet wave-
form and wall deformation are applied for each cycle, precluding the generation of cycle-to-
cycle variations into the flow through boundary condition. A traction free outflow condition 
is applied at the outlet. Figure 2 displays the resulting flow rates at the AV and the MV. 

 

 
 
Figure 2 - Flow rates at the aortic valve (null during diastole) and at the mitral valve (null 
during systole). The grey area delimits the systolic phase from 0 to 0.34 T. Note that a nor-
mal time ratio of one-third (systole) to two-thirds (diastole) is respected. 
 
The E wave peak (0.57 T) corresponds to an entering flow rate of 365 mL s−1 in the ventricle. 
The A wave peak occurs at 0.89 T and corresponds to an entering flow rate of 180 mL s−1 
resulting in a E/A ratio of 2. The maximum Reynolds is Re = 4524 at the MV tips using the 
area 𝐴ெ, the effective mitral mean diameter 𝐷 = 2ඥ𝐴ெ 𝜋⁄ , the maximum flow rate and a 
constant kinematic viscosity ν = 4.0x10-6 m2 s-1. The Stokes number is β = 𝐷ଶ/  νT = 220 and 
the  Strouhal  number  is  St  =  β  /  Re  =  0.049. Table 1 summarizes the main characteristics of 
the simulation compared to normal values. 

 
 Present simulation Normal range 

Heart rate (Beat min-1) 85 60 - 100 
E/A ratio 2.0 1.0 - 2.0 
EDV (mL) 109 65 - 240 
ESV (mL) 41 16 - 143 
SV (mL) 68 55 - 100 

Cardiac output (L min-1) 5.8 4.0 - 8.0 
Ejection fraction (%) 62 55 - 70 
MV Open area (cm2) 5.18 4.0 - 6.0 

Umax at MV (m s-1) 0.7 0.6 - 1.0 
Remax at MV 4524 4146 - 5642 

Q
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Table 1 – Main flow characteristics of the LV simulated compared to LV normal ranges. Note: 
the range of the Reynolds number is computed from Umax, using the normal range of the MV 
open area, and the viscosity used in the simulation (ν  =  4.0x10-6 m2 s-1). EDV: end-diastolic 
volume; ESV: end-systolic volume; SV: stroke volume. 

4.3. Numerical setup 
The Navier-Stokes equations (NS) are solved using large-eddy simulations and the finite-
volume method as implemented in the YALES2BIO solver10,33 (www.math.univ-
montp2.fr/~yales2bio). The YALES2 solver and its biomechanical spin-off YALES2BIO have 
been extensively validated in prior studies. Simple and idealized geometries have been 
used to validate the solver and can be found here8. The code has shown its capability to 
reproduce accurately industrial configuration against another CFD code and against exper-
imental measurements via Particle Image Velocimetry (PIV)1. Moreover, Toda et al.2 stud-
ied the accuracy of the LES model we are using in this study thanks to an experimental 
setup of a pulsatile jet impinging a flat-plate in the presence of a cross-flow. This configu-
ration shows a strong similarity with the mechanisms present in the heart and reported in 
the present study. Toda et al.2 showed the capability of the LES model in reproducing accu-
rately this experimental configuration against PIV. 

The code uses spatial gradients computed with a centred fourth-order scheme. The time-
advancement scheme of the NS equation is an explicit low-dissipative, low-storage, four-step 
Runge-Kutta scheme recast in an arbitrary Lagrangian-Eulerian formalism. The pressure term 
is   treated  with  the  Chorin’s  projection-correction method. We modelled the subgrid-scales 
with the Sigma eddy-viscosity model35. We discretized the LH geometry using ten million 
tetrahedral elements. The average edge length of the tetrahedra was close to 0.55 mm dur-
ing diastole. See Fig S03 in the supplementary materials for a representation of the compu-
tational mesh. The time step calculation was based on a Courant-Friedrichs-Lewy stability 
number of 0.9, which resulted in a temporal resolution varying from 0.2 ms during the be-
ginning of diastole to 0.5 ms during diastasis. Five cycles were simulated to wash out the 
initial conditions and statistics were accumulated over 30 additional cycles. 

As a common practice when using properly resolved LES, all quantities are computed from 
the resolved velocity field in this study4,43. We note that during our computations the sub-
grid scale viscosity remains low in the LV during the whole the heart cycle, showing that 
the sub-grid scale model dissipates a moderate amount of energy. Figure S04 (supplemen-
tary materials) shows the ratio between the sub-grid scale viscosity and the fluid viscosity. 
As expected, the sub-grid scale viscosity is virtually zero during the systole and has moder-
ate values, but non-null, during the most turbulent part of the cycle. The maximum mean 
ratio is approximatively 0.2 during the more turbulent part of the cycle. To go further, an 
estimation of the Pope criterion44 can be computed as 𝒌𝒔𝒈𝒔/  𝒌   ≈   𝟑𝑪𝚫𝒌 𝟐𝝅𝑳⁄   43 where C = 
1.5, 𝚫 = 0.55 mm and, L = 0.04 m being the characteristic length of the largest structures. 
For the present LES, 𝒌𝒔𝒈𝒔/  𝒌 = 𝟔% which remains three times below the 15-20% threshold 
usually used to evaluate if a LES is sufficiently resolved44. 
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5. Results 

5.1. General flow features within the left ventricle 

 
Figure 3 - Phase-averaged diastolic velocity field over a cutting plane through the LH (see Fig. 
1 for the plane position). The MV and the AV are depicted in black. Colour map represents 
the velocity magnitude. The velocity vectors are plotted each 3.7 mm. The figure shows the 
classically reported structure of the LV diastole: the E wave vortex ring during the second 
half of the E wave filling (0.65 T), the recirculating cell during the diastasis (0.75 T) and the A 
wave filling (0.9 T).  

Figure 3 displays phase-averaged flow velocity solutions projected onto the slice indicated in 
Fig. 1. Atrium and aorta are displayed, but the description focuses on the LV flow. As flow 
patterns in ventricles are dominated by the diastolic inflow, we only show salient moments 
of the diastolic phase. 

During the E wave filling, a jet enters the ventricle and generates a vortex ring, quickly re-
gionally constrained due to its interaction with the LV surface. The vortex ring becomes 
asymmetric: the unconstrained part of the vortex moves and grows as shown by the velocity 
field plotted at 0.65 T. Therefore, at the end of the E wave, the initial vortex ring forms a 
recirculating cell, as shown by the velocity field plotted at 0.75 T, which takes up the entire 
ventricle for the rest of the cycle. After diastasis, at 0.9 T, a new jet enters the ventricle as 
displayed in the right figure. This second injection of fluid corresponds to the A wave. This 
vortex ring is less intense than the E wave vortex and remains more coherent, as it does not 
impinge with the heart wall. At the end of diastole, the MV closes and the AV opens. The 
systolic phase begins; the ventricle volume decreases and blood is ejected from the LV. 
Overall, the simulation retrieves the classically reported large-scale flow structures26,32,51. 
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In addition, small-scale structures are present in the LV, but they are not visible on the 
phase-averaged fields. Figure 4 displays instantaneous velocity solutions at 0.75 T (left and 
middle plots) for two consecutive heart cycles while the right plot shows the phase-averaged 
flow for the same time (also displayed in Fig. 3). Instantaneous velocity solutions exhibit cy-
cle-to-cycle fluctuations, looking like random flow variations in time and space, mainly from 
the impingement of the E wave vortex ring (at roughly 0.65 T) to the end of diastole. Cycle-
to-cycle differences are visible in the entire LH while the phase-averaged flow (right plot) 
shows the large-scale features usually reported in in vitro, in silico and in vivo studies.   

 

 
Figure 4 - Left and middle plots: instantaneous velocity fields at 0.75 T for two consecutive 
heart cycles. Right plot: phase-averaged velocity field over thirty heart cycles at 0.75 T. Note 
the large cycle-to-cycle fluctuations while the phase-averaged flow shows the classically re-
ported flow pattern. 

5.2. Regional repartitions of the fluctuations in the LV 
In order to study the regional distribution and quantify these fluctuations we computed 
the difference between the phase-averaged velocity components 𝑈 and the instantaneous 
velocity components 𝑢  (i=1,2,3). The fluctuating part of the fluid velocity is,  

𝑢′ =   𝑈 − 𝑢, 

and we defined the fluctuating kinetic energy (FKE) per unit volume as, 

𝐹𝐾𝐸 = ఘ
ଶ
< 𝑢ᇱ𝑢ᇱ >, 

where <.> denotes phase-averaged values, and with implicit sum. Figure 5 displays the FKE in 
the LV when the vortex ring interaction with the heart wall occurs (left figure), during diasta-
sis (centre figure) and at the A wave peak (right figure).  
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Figure 5 - 3D volume rendering of the FKE in the LV during the second half of the E wave 
peak (left, 0.65 T), diastasis (middle, 0.75 T) and at the A wave peak (right, 0.9 T). The opacity 
is set to 0% for FKE values below 10 J m-3 and then grows linearly from 0% to 100% for the 
maximum FKE values displayed.  
 
We also provide an animation of the volumetric rendering of the FKE in the LV during the 
heart cycle, as supplementary online material. During the heart cycle, the FKE ranges from 
zero to 150 J m-3 in the LV. Fluctuations around 60 J m-3 are observed in the vortex ring and 
its wake. The highest FKE values are predominantly located in the basal region, in the upper 
third of the LV, when the vortex ring begins to interact with the heart wall at ~0.62 T. After 
this interaction, fluctuations are visible in the major part of the LV, while their intensity de-
creases throughout the rest of the cycle. Values under 10 J m-3 are mainly detected in the LV 
apical area. Later during the cycle, fluctuations are generated in the wake of the A wave vor-
tex ring and remain in the basal region. Fluctuations are dissipated during systole.  

5.3. Time-frequency analysis of the fluctuations 
In order to describe the energetic distribution of the fluctuating part of the velocity 𝑢′ over 
the different flow frequencies, we computed spectrograms for different locations in the LV. 
Spectrograms have been preferred to the energy-frequencies study since the flow is here 
non-ergodic and highly transient, which precludes the classic use of such approach.  We 
decomposed each velocity signal in 800 windows, applied a Hann window with 50 % over-
lapping and used a short-time Fourier transformation. The resulting spectrograms are then 
phase-averaged over the 30 cycles. Spectrograms computed with different overlapping and 
window functions displayed only small differences, which guarantee that the following re-
sults are robust to the details of the signal processing. Figure 6 displays the computed spec-
trograms at three Eulerian locations for the fluctuating energy.   
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Figure 6 - Time-frequency representation of the Power Spectral Density (PSD) in log scale of 
the velocity fluctuations u’ at three locations. Each horizontal slice of a spectrogram exhibits 
the frequency spectrum of the flow at a specific time. Red lines on spectra delimit systole 
from diastole. The LH is made transparent. Atrium, open mitral valve and closed aortic valve 
are displayed. The three Eulerian probes p1, p2 and p3 are located as shown in the left hand 
side view (blue spheres). 

The diastolic flow features broad ranges of frequencies at probes 𝑝ଵ and 𝑝ଶ while 𝑝ଷlocation 
displays lower frequencies. During the first half of diastole, the energy in the LV rises and is 
transferred from lower to higher frequencies. At location 𝑝ଵ, the broader range of frequen-
cies occurs at roughly 0.65 T, while the maximum is reached at 0.77 T for 𝑝ଶand 0.9 T for 𝑝ଷ. 
The frequency content of the fluctuations is in a range of frequencies up to 200 Hz for 𝑝ଵ,180 
Hz for 𝑝ଶand 70 Hz for 𝑝ଷ. For the three locations 𝑝ଵ, 𝑝ଶ, 𝑝ଷ, beside the short time windows 
when higher frequencies were visible, more than 95% of the energy remains concentrated in 
frequencies lower than 35 Hz. 

5.4. Integrated fluctuating kinetic energy 
Figure 7 displays the FKE and the averaged velocity kinetic energy, integrated over V(t), the 
time varying volume of the LV . The volume V(t) is delimited by the AO and MV valve annu-
lus as shown in Fig. 1. We defined the integrated FKE as, 

PSD [J m-3 Hz-1] 
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𝐸(𝑡) =
𝜌
2  න < 𝑢ᇱ𝑢ᇱ >

(௧)
𝑑𝑉, 

And the integrated average flow kinetic energy as, 

𝐸(𝑡) =
𝜌
2  න < 𝑈𝑈 >

(௧)
𝑑𝑉. 

𝐸 ranges from 0.1 to 1.5 mJ. During diastole, the increase of 𝐸 measured throughout the 
LV chamber is associated with the beginning of the E wave. The FKE energy reaches its peak 
value during the inflow deceleration at 0.71 T, occurring 0.12 T after the E wave peak. The E 
wave peak energy of the phase-averaged flow has an energy of 5.5 mJ, which falls into the 
range of measurements reported with CMR3,23. The amount of FKE decreases during the rest 
of the diastole with a slight inflexion occurring during the last third of the A wave. The relam-
inarization continues during systole while a peak of averaged velocity energy occurs because 
of the flow ejection through the aortic valve. Note that this peak seems 3 to 4 times higher 
than the values reported with CMR3,23. We stress that in contrast to 𝑬𝒌 or, the diastolic 
peak of 𝑬, the peak value of 𝑬 during systole is sensitive to the choice of volume of inte-
gration. As a sensitivity study, we integrated the energies with different volumes to show 
that the systolic peak show the same values as reported with CMR3,23 when the aortic root 
is not considered in the integration. See Fig. S05 of the supplementary materials. 

 

 

Figure 7 - Fluctuating (black solid line) and averaged (blue dashed line) velocity kinetic ener-
gy integrated over the LV during a heart cycle.  

5.5. Impact of the fluctuations on the wall shear stress 
In order to demonstrate the consequence of these fluctuations on a hemodynamic factor, 
we computed the wall shear stress (WSS) in the LV for two consecutive cycles and for the 
phase-averaged velocity field. This estimation is a first approximation since the surface of 
the ventricle is simplified. The WSS was computed as the multiplication of the total fluid 
stress and the surface traction vector6. Figure 8 shows the resulting patterns over a part of 
the LV inner surface during diastasis. Cycle-to-cycle differences are important in term of 
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patterns and local intensity while the phase-averaged pattern is more evenly distributed. 
The magnitude of the phase-averaged WSS falls into previously reported range in the LV37. 
 
 
 

 
Figure 8 - Left and middle plots: instantaneous wall shear stress maps at 0.75 T for two con-
secutive heart cycles. Right plot: phase-averaged wall shear stress map over 30 heart cycles 
at 0.75 T. Note the large cycle-to-cycle differences.  

6. Discussion 

6.1. Summary  
The LV large-scale flow features we described i.e., the blood ejection, the two vortex rings 
for the E and A waves and the recirculating cell, are in accordance with the numerous obser-
vations performed in vivo26,32, in silico13,34 and in vitro19,45. However, our computation re-
veals also large velocity fluctuations, which are usually not reported in silico but which are 
in line with the results of previous experimental work that used both simplified ventricle 
geometries and inflow boundary condition14,45. The presence of these fluctuations is due to 
the conjunction of the complex geometry of the LV, the high Reynolds number of the E wave 
jet and several normal and known mechanisms of the diastolic flow: 

o the shear layer instabilities of the Kelvin-Helmholtz type generated by the jets during 
the E and A wave, 

o the interaction between the E wave vortex ring and the wall of the ventricle, 
o the flow decelerations associated with an adverse pressure gradient after each filling 

wave, which favours flow instabilities.  

Consequently, the velocity fluctuations are observed during diastole, primarily when the E 
wave jet impacts the heart wall and during the subsequent flow deceleration. During systole, 
the fluid undergoes an acceleration that dampens flow instabilities. The overall quantifica-
tion of the fluctuations indicates a clear scenario: the flow presents several regimes from 
laminar, to transitional if not turbulent, at each heartbeat. The fluctuations during the tran-
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sient phase are not negligible: during diastole, the peak ventricle-averaged FKE value occur-
ring during the E wave deceleration reaches 25 % of the maximum phase-averaged flow ki-
netic energy. 

The fluctuations are not restrained to a specific location and are observed in the whole ven-
tricle. However, their intensity and range of frequency vary in space. They exhibit low inten-
sity and limited frequency range in the apex area while they show high intensity and broader 
range of frequencies in the first third of the LV during 30 % of the diastole. Should it be re-
called, these fluctuations are just and only due to the non-linearity of the flow equations 
since the computational domain and boundary conditions are fully periodic in this study. 

6.2. Relationship with previous in silico studies 
Despite never being studied, direct or indirect evidence of flow instabilities in LV has been 
previously reported.  Today, the research tool most capable of detecting and characterizing 
instabilities in the heart is computational fluid dynamics. However, to the best of our 
knowledge, the only patient-specific studies evoking fluctuations are ours in a heart with 
restrictive filling9,10 and a study by Le & Sotiropoulos28 who mentioned “transitions  to  a  weak  
turbulent  state”  after  the  impingement  of  the  E  wave  vortex  ring,  without  further  analysis.  In  
an idealized geometry, Domenichini et al.13 mentioned that for a Strouhal number of St = 
0.05 and a Stokes number of β  =  81 the flow undergoes a transition to a weak turbulent re-
gime in their simulation. They added that a decrease of the Strouhal number, especially with 
large Stokes number, could trigger a transition to a turbulent regime. Our results confirm 
their statement, considering the present patient-specific model corresponds to a Strouhal 
number  of  St  =  0.0486  and  a  Stokes  number  of  β  =  220  during  the  E  wave.   

The scarcity of reports of fluctuations using CFD is actually not surprising. The majority of the 
pioneering LV CFD used low resolutions in space and/or dissipative numerical schemes, 
which can spuriously eliminate flow fluctuations. We stress that in addition to using fourth-
order, non-dissipative schemes, the number of elements used for the present simulation is 
comparable to recent studies using direct numerical simulations34,51 and two to three orders 
of magnitude larger than the other pioneering studies available24,29,47,48,52. These observa-
tions call into question the underlying idea of laminar flow in the LV. Indeed, we think that 
the main reason why reports of flow instabilities are rare in the LV CFD literature is the wide-
ly held conception that healthy LV flows are laminar. Undeniably, irrespective of flow pheno-
type, main large-scale hemodynamic features, namely jets, recirculating cell, and ejection 
can be retrieved. However, transient or turbulent state features small-scales phenomena 
that cannot be retrieved under the laminar hypothesis. Therefore, as shown recently in an-
eurysms CFD by Valen-Sendstad & Steinman50, our results suggest that the laminar assump-
tion often made implicitly, should be reconsidered in LV CFD if one wants to simulate all the 
flow features.  
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6.3. Relationship with previous in vivo measurements 
It is worth noting that any CFD study where flow instabilities are not properly represented 
cannot address the prevalence of ventricular bruits and murmurs31,46. Among the sounds 
usually reported, the S3 bruit is a low-frequency brief sound harbouring a main frequency 
content in the range of 10-100 Hz22 and occurring at the end of the E wave, 120-200 ms  af-
ter  the  start  of  the  diastole11,22. Although the genesis of this sound is controversial, it is 
widely reported that “vibrations”  occurring  during  the  deceleration  of  the  E  wave generate 
this sound20,27.  These  “vibrations”  may be generated by the interaction of the flow instabili-
ties with the LV tissue. 

The fluctuations measured in the present study match the characteristics of the third sound 
S3. While we do not directly prove that the reported fluctuations are responsible for the S3 
bruit, extrapolation from our results would support a cause-and-effect relationship46. In-
deed, the present time-frequency analysis showed consistent results regarding a) the S3 
main frequency content previously reported22 (10-100 Hz) as well as b) the time window 
when the most intense fluctuations occurred11,22 (120-200  ms). These observations support 
the fact that the hemodynamic fluctuations reported in this paper are a plausible physical 
explanation for the S3 bruit.   

Furthermore, if this sound is induced by the interaction of the flow instabilities and the LV 
tissue, it suggests that flow fluctuations are widespread in normal LV. Collins et al.11 showed 
on a large cohort that the S3 bruit was detected in one third of asymptomatic individuals 
younger than 40. Note that their technic was not able to detect quiet or intermittent S3, un-
derestimating potentially the already high prevalence of this sound.  

Recently, Dyverfeldt et al.17 developed a new technique using CMR allowing the detection of 
velocity fluctuations and the estimation of their associated energy in vivo. Zajac et al.53 ap-
plied this technique on normal and myopathic LV and highlighted that the level of flow in-
stabilities could be a relevant biomarker of abnormal flows in the ventricle. However, less 
intense fluctuations were also measured in normal ventricles. The fluctuations were ob-
served in the basal third of the LV, with peaks associated with highest inflow velocity, i.e. 
peak E and peak A wave. For normal subjects, they reported a maximum of kinetic energy of 
2.5 +- 1.2 mJ during diastole, which agree with the maximum value of 1.5 mJ obtained from 
our computation.  

6.4. Potential clinical implications 
As shown by Zajac et al.53 a certain level of fluctuations intensity can be a sign of cardiac dys-
function. It is actually commonly accepted that flow fluctuations are synonym of pathologies 
in the cardiovascular system17,31. In light of the clinical observations discussed above and our 
results, it seems that non-negligible fluctuations in LV flows are actually not a synonym of 
pathological flow. Flow fluctuations in normal LV may be more common than thought so 
far, even though their intensity are an order of magnitude lower than the fluctuations 
found in the pathological cardiovascular flow previously reported16,18.  In other words, the 
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presence of flow fluctuations may reflect an altered LV function but should not be systemat-
ically considered as an absolute proof of a pathological state.  

As CMR is widely used to explore the LV flow, the prevalence of fluctuations in normal LV 
serves as a reminder that time-resolved velocity fields measured with CMR are not instanta-
neous but mean flow fields15. The blood flow patterns49 , blood residence times21 or any 
other quantity computed thanks to velocity gradients (pressure difference, vorticity, wall 
shear stress) correspond to the mean flow fields, not the actual in vivo flow. While the same 
mean flow as CMR is retrieved, Fig. 4 illustrates how different the instantaneous flow may 
be. The wall shear stress maps in Fig. 8 illustrate the consequences of these fluctuations on 
the cycle-to-cycle forces experienced by the heart cells. 

Rather than the simple idea that fluctuations are a sign of pathology, we suggest that con-
clusions also depend on the levels of the fluctuations: flow fluctuations with significant ener-
gy content would indicate that substantial energy is transferred to fluctuations and thus re-
sults in a loss of energy. However, some fluctuations may be present, with small energy con-
tent, as in the present study: the energy loss due to “turbulence” is then small. In addition, 
to place the intensity and duration of the fluctuations in perspective, a rapid analysis 
shows that these fluctuations should not trigger blood damages. Consider first that the 
components of the fluctuations are similar in magnitude in all three directions, i.e. 

𝒖𝟏ᇱ ≈ 𝒖𝟐ᇱ ≈ 𝒖𝟑ᇱ ≈ 𝒖′ . This assumption allows writing FKE ≈ 𝟑𝝆
𝟐
< 𝒖ᇱ𝟐 >  = 𝟑

𝟐
𝝈𝑹𝒆𝒚𝒏𝒐𝒍𝒅𝒔. The 

maximum FKE in the LV reached locally 150 J m-3, as described in the subsection 5.2, which 
corresponds to an estimated maximum Reynolds stress component of 100 J m-3. This value 
is several times lower than the threshold values commonly cited for hemolysis30, especially 
for such a short exposure time. Some fluctuations may actually even be beneficial, especial-
ly during diastasis, to prevent the increase of effective viscosity due to aggregation at low 
shear rates7. These fluctuating velocities amplify the forces exerted by the blood on the LV 
wall cells, as shown by Fig 8, and can potentially trigger mechanosensitive feedbacks. It has 
been shown in vitro that even weak flow stimuli can induce modifications of gene expres-
sion12,36 which in the LV, may result in its functional modification. Although the remodelling 
mechanisms of the LV are not completely understood and that the relevance of these fluctu-
ating velocities compared with the mean flow field remains to be defined, fluctuations can 
be expected to play an important role in myocardial function and adaptations38. Such fluid 
dynamic considerations point toward interesting directions for future clinical research, com-
plementing conventional studies focusing on the mean flow field39. 

6.5. Limitations 
An obvious limitation of our study is that we only simulate the LV of one subject under sev-
eral modelling hypotheses and thus can only comment on the fluctuations detected in this 
simulation. Nevertheless, the results of this study are in accordance with several in vivo, in 
silico and in vitro evidence, as discussed above, and constitute a first step toward the study 
of these detected instabilities.   
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Some simplifications were also made. First, blood is here considered as Newtonian, as gen-
erally done in simulations of flows in large vessels. We did not account for the impact of the 
cordae tendinae of the MV or the trabeculations of the LV as they could not be captured by 
the CMR. These features could influence the dissipation of the instabilities51. The MV leaflet 
dynamics is not modelled: it may be speculated that their physiological flapping movement 
could enhance instabilities because of the added vortex shedding5 while the widening of the 
MV could decrease the flow rate coming in the LV, decreasing the generation of instabilities. 
The degree to which our MV model will modulate the turbulence characteristics can hardly 
be judged.  

The medical images and the registration algorithm pilot the deformations of our image-
based LV. Thus, any images or registration flaws have an influence on the CFD results. A 
weak peak is visible on the MV flow rate at the very beginning of diastole: the quality of the 
CMR exam made it difficult for the registration algorithm to converge, generating indirectly 
this spurious peak. However, it can be speculated that this imperfection should have a lim-
ited impact on the presented results as the integrated FKE (Fig. 7) does only show a very 
weak inflexion corresponding to this event. 

To be fully converged, the FKE statistics would need more cycles. However, a look at the computed 
FKE point-wise show that its cycle-averaged value using 20 or 30 cycles varies only by a few percent 
when the flow is the most disturbed. Figure S06 and Table S1 in the supplementary materials show 
it.  Thus, while admittedly not fully converged, the statistics were judged sufficiently converged to 
conduct our study. 

Finally, we also did not consider the impact of beat-to-beat variations of the heart rate as 
the LV deformation was extracted from CMR. However, taking into account for such varia-
tions would most probably enhanced the cycle-to-cycle fluctuations observed in this study 
where the boundary conditions and heart deformations are periodic in time. 
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Figure S01 – (a) Slice of the CMR image during diastole: chosen native image. (b) threshold 
applied to image (a) on the grey values. The threshold is represented by the histogram (grey 
values versus number of voxels n) and allow to keep the voxels with a grey values between 
60 and 255. The corresponding mask (in red) is then created.  
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Figure S02 – (a) Short axis slice showing the tip of the mitral valve. The measured open surface area 
is depicted in red.  (b) Measurements (cross symbols) of the open mitral area during the diastole td. 
The median open mitral area is indicated by the dotted line at 518 mm2.  

 

  

Figure S03 – Cross sections of the grid mesh shown in the left ventricle of the studied left 
heart. The length unit is meters.  
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Figure S04 – Cycle-averaged values of the SGS viscosity ratio νୗୋୗ divided by the fluid viscosity ν. As 
expected the SGS viscosity tends to zero in the left ventricle during systole. The νୗୋୗ to ν ratio 
reaches at maximum ~0.2 in average in the LV during the most disturbed phase of the heart cycle. 

 
Figure S05 – Integration for the FKE and KE energy using three different domains of integration. The 
domain used for the integration is the present study is the LV as defined by the volume delimited by 
the aortic and mitral annulus (mask in red in the figure). The two other domains are volumes located 
under a fixed plane at z = 0.01 m or z = 0.00 m in our coordinates system.  The FKE integration is ro-
bust all along the heart cycle independently of the volume of integration. However, the systolic KE 
peak can change by a factor 6 during systole depending on the volume of integration. The KE during 
diastole remains consistent independently of the volume of integration.    
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Figure S06 – Convergence of the FKE at three probes for their maximum fluctuating intensities at 
0.65 T, 0.77 T and, 0.9 T for probe 1, 2 and, 3 respectively.    

 
Probe p1 at t = 0.65 T Probe p2 at t = 0.77 T Probe p3 at t = 0.9 T 

N FKE Difference FKE Difference FKE Difference 
10 33.4 - 20.8 - 5.9 - 
20 27.1 24% 15.7 33% 8.5 -31% 
30 27.4 -1% 15.2 3% 8.9 -4% 

Table S1 – Evolution of the FKE using 10, 20 and 30 cycles for the cycle-averaging. Note the low dif-
ferences (<5%) when N=20 or 30 cycles are used. Differences are calculated between averages over 
10 and 20 cycles line N=20), and between 20 and 30 cycles (line N=30). 


