ADDITIONAL FILE 1 - Supplementary tables

	Supplementary table 1. Keywords used for database search

	Embase
	('heart left ventricle'/exp OR 'heart left ventricle ejection fraction'/de OR 'heart left ventricle function'/de OR 'heart left ventricle compliance'/de OR 'heart left ventricle contractility'/de OR 'heart left ventricle contraction'/de OR 'heart left ventricle ejection fraction'/de OR 'heart left ventricle ejection time'/de OR 'heart left ventricle enddiastolic pressure'/de OR 'heart left ventricle enddiastolic volume'/de OR 'heart left ventricle endsystolic volume'/de OR 'heart left ventricle failure'/de OR 'heart left ventricle filling'/de OR 'heart left ventricle filling pressure'/de OR 'heart left ventricle function'/de OR 'heart left ventricle hypertrophy'/de OR 'heart left ventricle infarction'/de OR 'heart left ventricle mass'/de OR 'heart left ventricle muscle'/de OR 'heart left ventricle outflow tract'/de OR 'heart left ventricle outflow tract obstruction'/de OR 'heart left ventricle overload'/de OR 'heart left ventricle performance'/de OR 'heart left ventricle pressure'/de OR 'heart left ventricle relaxation'/de OR 'heart left ventricle size'/de OR 'heart left ventricle volume'/de OR 'heart left ventricle wall'/de OR 'heart left ventricle wall motion'/de OR 'heart left ventricle work'/de OR ((left* NEAR/3 (ventric* OR intraventric*) NOT (lvad OR 'assist device'))):ab,ti,de) AND (('dynamics'/de AND 'blood flow'/de) OR 'vortex motion'/de OR 'computational fluid dynamics'/exp OR 'blood flowmetry'/de OR (((flow OR fluid) NEAR/3 (dynamic* OR analys* OR pattern* OR mechanic* OR mapping OR parameter* OR measurement* OR quantificat* OR imaging)) OR vortex OR vortices OR fluidynamic* OR biofluidynamic* OR velocimet*):ab,ti) AND ('nuclear magnetic resonance imaging'/exp OR 'echography'/de OR 'echocardiography'/exp OR 'color Doppler flowmetry'/de OR ((magnetic* NEAR/3 resonan*) OR mri OR echogra* OR echocardiogra* OR Doppler* OR mr OR ultraso*):ab,ti) NOT ([animals]/lim NOT [humans]/lim) NOT ([Conference Abstract]/lim) AND [english]/lim

	Medline Ovid
	(((left* ADJ3 (ventric* OR intraventric*) NOT (lvad OR assist device))).ab,ti.) AND ((((flow OR fluid) ADJ3 (dynamic* OR analys* OR pattern* OR mechanic* OR mapping OR parameter* OR measurement* OR quantificat* OR imaging)) OR vortex OR vortices OR fluidynamic* OR biofluidynamic* OR velocimet*).ab,ti.) AND (exp Magnetic Resonance Imaging/ OR Ultrasonography/ OR exp Echocardiography/ OR Laser-Doppler Flowmetry/ OR ((magnetic* ADJ3 resonan*) OR mri OR echogra* OR echocardiogra* OR Doppler* OR mr OR ultraso*).ab,ti.) NOT (exp animals/ NOT humans/) AND english.la.

	Cochrane Central
	(((left* NEAR/3 (ventric* OR intraventric*) NOT (lvad OR 'assist device'))):ab,ti) AND ((((flow OR fluid) NEAR/3 (dynamic* OR analys* OR pattern* OR mechanic* OR mapping OR parameter* OR measurement* OR quantificat* OR imaging)) OR vortex OR vortices OR fluidynamic* OR biofluidynamic* OR velocimet*):ab,ti) AND (((magnetic* NEAR/3 resonan*) OR mri OR echogra* OR echocardiogra* OR Doppler* OR mr OR ultraso*):ab,ti)





	Supplementary table 2. Included EPIV studies

	Study, year
	UCA
	Hardware platform
	Software Platform
	Frame rate (Hz)
	Healthy controls (n)
	Patient Group (n)
	Notes/clinical implications

	Abe, 2013 [s.12]
	Definity*
	Vivid 7
	Hyperflow†
	204 ± 39
	19
	HF with Preserved (10) and Reduced (13) ejection fraction
	Vortex Strength during isovolumic contraction (VSIC) decreased in patients with HFPEF and HFREF compared to controls.

	Agati, 2014 [s.11]
	Sonovue‡
	Philips IE33
	Hyperflow
	80
	30
	Post-MI patients LVEF > 50 % (14)
LVEF 30 – 50 % (10)
LVEF < 30 % (10)
	Energy dissipation, energy fluctuation, vorticity fluctuation and direct volume fraction (Vdirect) decreaed with decreasing LVEF. 

	Cimino, 2012* [s.13]
	Sonovue
	N/A
	Hyperflow
	80
	10
	N/A
	Cited in [s.11]. Values of vortex morphology, vorticity and vorticity fluctuation, kinetic energy dissipation and kinetic energy dissipation values reported in the healthy individuals.

	Goliasch, 2013 [s.10]
	Sonovue
	Vivid 7
	Hyperflow
	N/A
	11
	CRT patients (11)
	VL, VA and vortex intensity are greater in controls compared with patients with CRT. Diastolic vortex formation is delayed in HF patients and becomes more delayed when CRT is deactivated.

	Gurel, 2016 [s.22]
	Sonovue
	BT 09
	Q flow§
	95-110
	10
	AAI pacing (20) DDD pacing (20)
LBBB (6)
	VA, VL, RS, VRS, VPC smaller in AAI and normal subjects compared to DDD and LBBB. VD larger in Normal subjects, patients with LBBB and DDD compared with patients with AAI. Later onset of Vortex formation and shorter vortex duration in LBBB and DDD patients compared to AAI and NSR 

	Hong, 2008 [s.23]
	Definity
	Sequoia C512
	Omegaflow
	60 - 80
	10
	DCM (15)
	VL, VW and VD higher in controls

	Kutty, 2014 [s.15]
	Definity
	Sequoia C512
	Hyperflow
	60
	23
	TOF (14)
	VA lower and kinetic energy dissipation higher in controls compared to patients with TOF

	Lampropoulous, 2012 [s.16]
	Sonovue
	Sequoia C512
	Omega Flow|
	N/A
	15
	Patients with Fontan circulation (8)
	VL  and SI higher, VW and VD lower in healthy controls compared to Fontan patients

	Prinz, 2014 [s.34]
	Sonovue
	GE Vingmed
	Hyperflow
	100-120
	20
	HNCMP with LVDD grade 1 (13), grade 2 (12) and grade 3 (5)
	VL, VW and SI as well as pressure and velocity gradients between mid-LV and LA higher, energy dissipation significantly lower im healthy controls compared with HCM patients with diastolic dysfunction

	Tang, 2018 [s.24]
	not mentioned
	LOGIQ E9
	Hyperflow
	N/A
	20
	DCM (20)
	VA, VL, VD, KED higher in DCM. Mean LV flow vector is more horizontal in patients with DCM.

	
	EPIV = echocardiographic particle image velocimetry, UCA = ultrasound contrast agent, HF = heart failure, N/A = not available, CRT = cardiac resynchronization therapy, VA = vortex area, VL = vortex length, VW = vortex width, RS = relative strength, VRS = vortex relative strength, VPC = vortex pulsation correlation, SI = sphericity index, VD = vortex depth, LBBB = left bundle branch block, DCM = dilated cardiomyopathy, TOF = tetralogy of Fallot, HNCMP = hypertrophic nonobstructive cardiomyopathy, LVDD= left ventricle diastolic dysfunction, LV = left ventricle, EF = ejection fraction, MI = myocardial infarction, *Lantheus Medical Imaging, Inc., North Billerica, MA, USA, †AMID, Trieste, Italy, ‡Bracco, Milan, Italy, §Siemens Healthcare, Erlangen, Germany, |Siemens, Mountain View, USA ● included manually






	Supplementary table 3. Included VFM studies

	Study, year
	Software Platform
	Frame Rate (Hz)
	Healthy controls (n)
	Patient Group (n)
	Notes/clinical implications

	Akiyama, 2017 [s.36]
	DAS-RS1*
	N/A
	50
	None
	LV EL, KE in LVOT and KEcycle/ELcyclewere reported healthy adults.

	Bermejo, 2014 [s.8]
	Custom software
	30 ± 8
	61
	DCM (61)
	Larger and stronger vortices in DCM compared with controls. 

	Chen, 2012 [s.9]
	DAS-RS1
	N/A
	30
	Uremia (33)
	Size and duration of vortex during ejection were higher in uremic patients compared with controls.

	Chen, 2013 [s.42]
	DAS-RS1
	≥ 30
	22
	Impaired relaxation (34), restrictive filling (27)
	Intraventricular apicobasal velocity gradient was higher in controls compared to patients with diastolic dysfunction.

	Fukuda, 2014 [s.43]
	DAS-RS1
	45 ± 5.3
	20
	DCM
nonischemic (29) ischemic (31)
	Vortex duration/ejection time was higher in patients with ischemic LVSD compared with controls

	Ji, 2018 [s.28]
	DAS-RS1
	+20
	40
	HCM (40)
	EL during IVC was higher in HCM patients, EL during early diastole was higher in controls. 

	Li, 2017 [s.29]
	DAS-RS-1
	20 - 25
	58
	DM
controlled (58)
uncontrolled (58)
	Diastolic EL > Systolic EL in healthy controls. EL was higher in controlled DM and highest in uncontrolled DM patients compared to controls.

	Li, 2019 [s.3]
	DAS-RS-1
	53 ± 9
	36
	ischemic DCM (76)
CAD (61)
	Vortex resided in basal segments and LVOT velocities were higher in controls. Apical localization of vortices in patients with LVSD.

	Lin, 2018 [s.30]
	DAS-RS-1
	22
	44
	AF (53)
	ELsys/ELed ratio was higher in patients with AF compared to controls. This disturbance in energetic efficiency recovered during short-term follow-up after RFCA.

	Martinez, 2014 [s.17]
	Custom software
	N/A
	20
	NIDCM (20)
HCM (20)
	Contribution of vortical flow to LV filling increased in patients with NIDCM and decreased in patients with HCM

	Munoz, 2015 [s.18]
	DAS-RS-1
	N/A
	48
	N/A
	Relative duration of late diastolic vortex was shorter in healthy adults with impaired relaxation (e’< 8 cm/s)

	Nogami, 2013 [s.44]
	DAS-RS-1
	30 ± 8
	36
	Impaired relaxation (25)
	Time to peak KE during diastole longer in mid and apical LV higher in patients with pseudonormal relaxation and low LVEF was longer. Basal LV energy loss values higher compared with mid and apical values in patients and controls.

	Nogami, 2014 [s.45]
	DAS-RS-1
	30 ± 8
	36
	HF (24)
	Presence of an EL peak before E peak, termed suction flow, is present in all controls but half of the patients with elevated filling pressures. LV twist was lower in patients with absent suction pattern. 

	Ro, 2014 [s.19]
	DAS-RS-1
	38,5 ± 10
	37
	HCM
nonobstructive (23)
obstructive (22)
	Angle of velocity vectors to mitral leaflets higher in HOCM patients, ricochet vectors, absent in controls and more frequent in HOCM compared with HNCM.


	Wang, 2016 [s.31]
	DAS-RS-1
	+60
	38
	Prediabetes (30) Diabetes (51)
	EL values were increased in prediabetes and diabetes patients compared with controls. 

	Xu, 2017 [s.35]
	DAS-RS-1
	19-28
	51
	N/A
	EL range in healthy adults was reported. EL correlated with AVTI, A wave peak velocity and IVCT

	Yoshida, 2019 [s.5]
	DAS-RS-1
	27-40
	16
	Repaired MV  (52) 
Normal (33)
Depressed EF (19)
Prosthetic MV (37)
Normal (19)
Depressed EF (18)
	EL is greater in repaired and greatest in prosthetic mitral valves. EL in all patient groups lower when LVEF is lower.

	Zhang, 2012 [s.46]
	DAS-RS1
	63±5 
vs
45±5 
	58
	HF (61)
	Vortex area decreased significantly during IVC in HF patients but didn’t change in controls. Vortex circulation decreased during IVC in all participants.

	Zhang, 2016 [s.47]
	DAS-RS1
	
	41
	CAD (29)
DCM (41)
	Increasing level of vortical flow during isovolumic relaxation was found associated with impaired LV systolic and diastolic function

	Zhang, 2013 [s.6]
	DAS-RS1
	52 ± 9
	62
	CAD
Normal EF (51)
Depressed EF (70)
	Vortex duration and vortex duration/ ejection time were greater in patients with low EF. % VA and area flux change from start of ejection to peak ejection was smaller in patients with low EF compared with controls.

	Zhong, 2016 [s.32]
	DAS-RS-1
	20-25
	50
	Patients preparing for Hemodialysis (21), on hemodialysis (21), on periton dialysis (21)
	Systolic and diastolic EL were higher in patients with ESRD.

	Zhou, 2015 [s.48]
	DAS-RS-1
	N/A
	38
	Simple HT (37)
	More vortical flow observed in HT patients. Peak systolic velocity and flow, velocity gradient apex to aortic valve were higher in HT compared to controls. 

	Zhou, 2017 [s.7]
	DAS-RS-1
	≥ 25
	27
	Simple HT (21),
Thyrotoxic cardiomyopathy (22)
	Circulation and intraventricular pressure gradient were higher in simple HT compared to thyrotoxic CMP. VA was greater in thyrotoxic CM and greatest in simple HT.

	VFM = vector flow mapping, N/A = not available, LV = left ventricle, EL = energy loss, LVOT = left ventricle outflow tract, KE = kinetic energy, DCM = dilated cardiomyopathy, 4D flow CMR = 4D-flow cardiovascular magnetic resonance, LVSD: left ventricle systolic dysfunction, IVC = isovolumic contraction, HCM = hypertrophic cardiomyopathy, DM = diabetes mellitus, LVOT = left ventricle outflow tract, ELSYS: Systolic energy loss, ELED: End-diastolic energy loss, RFCA: radiofrequency catheter ablation, NIDCM = nonischemic dilated cardiomyopathy, HOCM = hypertrophic obstructive CMP, HNCM = hypertrophic nonobstructive CMP, LVEF: left ventricle ejection fraction,  IVR: isovolumic relaxation, ESRD: end-stage renal disease, HT: hyperthyroidism, * DAS-RS1 (Hitachi-Aloka Medical Ltd., Tokyo, Japan)





	Supplementary table 4. Included 4D flow CMR studies

	Study, year
	Software platform
	Tenporal resolution (msec)*
	Healthy controls (n)
	Patient Group (n)
	Notes/clinical implications

	Arvidsson, 2017 [s.49]
	Custom software & Segment†
	40
	25
	Elite athletes (14) /DCM with LBBB (2)
	Controls and athletes higher level of apicobasal forces. Patients with HF and LBBB had more horizontal distribution of forces.

	Bolger, 2007 [s.41]
	Custom software & EnSight‡
	40
	17
	DCM (1)
	Higher Vdirect in controls compared with DCM. KE loss of Vdirect < KE loss of V retained in controls. This difference not present in DCM patients.

	Calkoen, 2015 [s.50]
	MASS§
	30
	30
	Surgically corrected AVSD(32)
	Vdirect is smaller in corrected AVSD patients compared with controls.

	Calkoen, 2015 [s.2]
	MASS§
	30
	30
	Surgically corrected AVSD (32)
	Absence of the diastolic vortex ring is more common in corrected AVSD patients compared to controls. Vortex rings in the patients had more anterior and apical position, more elliptical shape and oblique orientation.

	Calkoen, 2015 [s.51]
	MASS§
	30
	25
	Surgically corrected AVSD (25)
	More laterally directed peak inflow flow vector in corrected AVSD patients compared with controls.

	Crandon, 2018 [s.52]
	MASS§
	30
	53
	-
	KEE/KEA ratio demonstrated good correlation with the E/A ratio in healthy individuals. Peak E and Peak A KE demosntrated better correlation with age than Peak E and A values.

	Elbaz, 2014 [s.53]
	MASS§
	30
	24
	-
	Distinct diastolic vortices during E and A waves, A-wave vortex being closer to mitral annulus, LV long axis and more elliptical in shape.

	Elbaz, 2017 [s.54]
	MASS§
	30
	30
	Surgically corrected AVSD (32)
	Viscous EL was higher when vortex pattern was disturbed and highest when early diastolic vortex was absent.

	Eriksson, 2011 [s.40]
	Segment†, Ensight‡
	40
	13
	DCM (1)
	Vdirect is the greatest portion of LV inflow; is closest to LVOT and angle of the mean flow vector of Vdirect to LVOT long axis is smallest among all volumes.

	Eriksson, 2013 [s.55]
	Segment†, Ensight‡
	40
	10
	DCM (10)
	Vdirect is smaller in DCM patients compared with controls.

	Eriksson, 2016 [s.56]
	Segment†, Custom software
	40
	10
	DCM(10)
	Cited by [s.25]. Ratio of short-axis/long-axis forces was greater in HF patients compared with controls.

	Foll, 2013 [s.1]
	Ensight‡
	N/A
	24
	-
	2D parameters of vortex size and localization. Larger number of vortices with higher velocity distribution are found in younger patients. Vortex size at the basal segments were smaller in women. Vortex number, size and velocities correlated with LV end-diastolic volume, LV length and LVEF.

	Garg, 2018 [s.25]
	MASS
	30
	20
	MI (48)
	KE/LVEDV higher in controls compared with patients with ischemic LVSD/
Time to peak KEE difference between apex and base was greater in ischemic LVSD patients compared with controls.

	Kamphuis, 2018 [s.14]
	MASS
	30
	12
	-
	Time averaged EL over E and A waves shows better reproducibility compared with peak E and A EL values in healthy controls.

	Kamphuis, 2018 [s.57]
	MASS
	30
	10
	-
	Validation of particle tracing for determination of LV volume parameters (parameters of LV transport mechanics)

	Kanski, 2015 [s.26]
	Segment† with a custom module
	40
	12
	HF (29)
	Average systolic KE is higher and systolic KE/LVEDV is lower in patients compared with controls. Diastolic KE doesn’t differ between patients and controls. Smaller fraction of diastolic average KE inside the vortex ring is observed in patients vs controls.

	Rutkowski, 2019 [s.21]
	Ensight‡
	14
	15
	Single Ventricle + Fontan circulation (11)
	No difference with regard to Reynolds number or vorticity between healthy controls and Fontan patients. Kinetic energy was higher and efficiency index (flow/KE) lower in patients with Fontan circulation.

	Samnoy, 2017 [s.58]
	Custom software
	15-17
	13
	-
	Systolic peak velocities were higher in basal segments compared to apical segments. The inclination angle of  momentum vector moves has a small angle to LVOT long axis in end-systole.

	Schafer, 2016 [s.20]
	Matlab
Velomap
Paraview for 3D vorticity quantifiaction
	50
	10
	PH patients (9 idiopathic and 4 scleroderma-associated) (13)
	LV E-wave vorticity was significantly decreased in PH patients compared with controls and was associated with eccentricity index as well as LV and RV diastolic dysfunction.

	Sjoberg, 2018 [s.37]
	Segment† with a custom module
	40
	14
	TOF (15)
	Systolic KE parameters are significantly higher in controls compared with patients with repaired TOF

	Steding-Ehrenborg, 2016 [s.38]
	Segment† with a custom module

	40
	14
	Elite athletes (14)
	Peak early diastolic LV KE was lower in athletes compared to controls.

	Stoll, 2018 [s.33]
	CMR42|, Segment†, Ensight‡
	N/A
	45
	-
	Reference values for parameters of LV transport mechanics in healthy adults.

	Svalbring, 2016 [s.39]
	Ensight‡
	40
	10
	Chronic ischemic disease (26)
	Vdirect correlated with LVEF and was higher in controls as well as patients with lower LVEDVI.

	Van Ooij, 2016 [s.59]
	Ensight‡, Mimics¶
	N/A
	10
	HCM (35)
	Viscous EL in LVOT correlated with extracellular volume fraction by T1 mapping.

	Zajac, 2015 [s.27]
	Segment†, Ensight‡ Custom software
	40
	11
	LVSD (9)
	Peak A turbulent KE as well as total diastolic TKE was higher in DCM patients compared to controls.

	N/A = not available, LV = left ventricle, LBBB = left bundle branch block, DCM = dilated cardiomyopathy, AVSD = atrioventricular septal defect, KEE/KEA = kinetic energy at E wave and A wave peaks, 2D-PC MRI: 2 dimensional phase contrast magnetic resonance imaging, LVOT = left ventricle outflow tract, LVSD = LV systolic dysfunction, EL = energy loss, MRI = magnetic resonance imaging, HF = heart failure, LVEDV = LV end diastolic volume, PH = pulmonary hypertension, TKE = turbulant kinetic energy. * Number of reconstructed phases, † Medviso AB, Lund, Sweden, ‡ CEI Inc, Apex, NC, US, § MASS, LUMC, Leiden, NL, ⁑ Kitware, Clifton, NY, US, | Circle Cardiovascular Imaging Inc. Calcary, Canada, ¶ Materialise, Leuven, Belgium, ● included manually






	Supplementary table 5. Intraventricular velocity and pressure profiles

	Parameter
	Definition
	EPIV
	VFM
	4D flow CMR
	Clinical Implications
	Ref.

	Diastolic velocities
	
	
	
	
	
	

	Atrioventricular velocity gradient 
	Velocity gradient between mid-LV and left atrium
	+
	-
	-
	Decreased early diastolic atrioventricular and increased intraventricular velocity gradients with increasing degree of LVDD in patients with HCM. 
	[s.34]

	Intraventricular apicobasal velocity gradient 
	Velocity gradient profile with sampling cursors placed on the center of the inflow at the baseline, middle and apex of LV
	-
	+
	-
	Increased intraventricular velocity gradient with increasing degree of LVDD. 
	[s.42]

	Pre-ejectional flow velocity in LVOT (VLVOT) 
	Velocity tracing over a sampling line drawn from LV apex to aortic valve in the pre-ejection frame
	-
	+
	-
	Significantly lower in patients with increasing degrees of LVSD. Proposed as a surrogate marker of momentum transfer from diastole to systole.
	[s.3]

	Systolic velocities
	
	
	
	
	
	

	Flow force angle
	Angle of mean systolic momentum vector to LV transverse axis (2D)
	+
	-
	-
	Flow force angle was higher in healthy controls compared to patients with DCM.
	[s.24]

	Direction of systolic momentum vector
	Angle of the systolic momentum vector to left ventricular outflow tract (3D)
	-
	-
	+
	Momentum vector of the ejecting components of the blood in LV displayed the minimal angle to the LVOT long axis.
	[s.40]

	Pressure Gradients
	
	
	
	
	
	

	Apicobasal pressure gradient
	Pressure gradients in LV apicobasal direction
	+
	+
	+
	Early diastolic IV gradient was decreased while mid and late diastolic IV gradient was increased in patients with thyrotoxic cardiomyopathy.
	[s.7]

	Early diastolic pressure gradient in LVOT
	Pressure gradients with sampling cursors placed in mid LV and LVOT
	+
	-
	-
	Early diastolic pressure gradient in LVOT was significantly decreased in diastolic dysfunction grade 2 and 3.
	[s.34]

	Intraventricular Hemodynamic Forces
	
	
	
	
	

	

	Hemodynamic forces in horizontal and vertical axis
	Integral of LV pressure gradient multiplied by the total voxel volume over the entire LV.
	-
	-
	+
	Forces in the vertical direction predominate in LV, in contrast, vertical and horizontal forces are more even for RV. 
	[s.49]

	Short Axis/Long-axis hemodynamic force ratio
	Ratio of short-axis to long-axis hemodynamic forces                                             
	-
	-
	+
	Short-axis/long-axis hemodynamic force ratios were lower in healthy controls compared with patients with DCM.
	[s.56]

	E-PIV: echocardiographic particle image velocimetry, VFM: vector flow mapping, 4D flow CMR: 4-dimensional flow cardiovascular magnetic resonance, LVDD: left ventricle diastolic dysfunction, HCM: hypertrophic cardiomyopathy, LVOT: left ventricle outflow tract, LVSD: left ventricle systolic dysfunction, RV: right ventricle, DCM: dilated cardiomyopathy, (-) not available, (+) available
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	Online resource 6. Graphical abstract. Noninvasive flow visualization with multimodality imaging.
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