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ABSTRACT

Background Efficient transportation of blood through
the left ventricle (LV) during diastole depends on vortex
formation. Vortex formation time (VFT) can be measured
by echocardiography as a dimensionless index. As elite
athletes have supranormal diastolic LV function, we aim
to assess resting and post-exercise VFT in these athletes
and hypothesised that VFT may predict myocardial
performance immediately post-exercise.

Method Subjects were world class speedskaters
training for the Winter Olympic Games.
Echocardiographic measurements were obtained before
and immediately after 3000 m of racing. VFT was
computed as 4x(1—B)/rxo3xleft ventricle ejection
fraction where 3 is the fraction of diastolic stroke volume
contributed by atrial contraction, ot is the biplane end
diastolic volume (EDV)"”? divided by mitral annular
diameter during early diastole.

Results Baseline VFT was 2.6+0.7 (n=24, age
22+3years, 67% males). Post-exercise, heart rates
increased (64+10 vs 89+12 beats/min, p<0.01);
however, VFT was unchanged (2.9+1.0, p>0.05). VFT at
rest correlated modestly with post-exertion early diastolic
mitral in-flow velocity (E; r=0.59, p=0.01), tissue
Doppler-derived early mitral annular velocity (E’; septal
and lateral, both r=0.59, p=0.01) and systolic annular
velocity (S’; septal: r=0.46, p=0.02 and lateral: r=0.48,
p=0.02) but not late diastolic mitral in-flow velocity (A;
r=0.06, p>0.05) or annular velocity (A”; septal: r=0.34,
p=NSand lateral: r=0.35, p>0.05).

Conclusion There was no significant difference
between VFT at rest and immediately post-exercise.
However, VFT at rest correlated with immediate post-
exercise augmented systolic and early diastolic tissue
Doppler indicators of myocardial performance in elite
athletes.

INTRODUCTION

It has been demonstrated that in a normal heart,
flow of blood from the left atrium into the left
ventricle (LV) during early diastole results in the
formation of a vortex ring.! Using cardiac magnetic
resonance velocity mapping and echocardiographic
particle image velocimetry, this transmitral flow
has been demonstrated to transform through
vortex ring into a laminar and unidirectional LV
outflow.” * This form of fluid transportation by
vortex ring formation is more efficient than by a
steady straight jet.* Gharib et al have quantified the
process of vortex ring formation using a dimen-
sionless index.* Subsequently, we used non-inva-
sive transthoracic echocardiography to quanti-
tate vortex formation time (VFT) index using the
formula 4x(1—B)/mxo’xleft ventricle ejection
fraction (LVEF) (where o represented LV geometry
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What is already known about this subject?

» Vortex formation time is a dimensionless
echocardiographic index that has a role
in prognostication in heart failure, dilated
cardiomyopathy, hypertrophic cardiomyopathy
and is increasingly studied in other pathological
cardiac conditions.

What does this study add?

» This study examined vortex formation time in
elite athletes. The study demonstrated that the
efficiency of vortex formation in the LV at rest
correlated with and appeared to predict post-
exercise augmented systolic and early diastolic
tissue Doppler myocardial performance in elite
athletes.

How might this impact clinical practice?

» This study demonstrates the expanding interest
and use of vortex formation time in various
clinical settings. It may be used to monitor the
progress and training of elite athletes. It may
also serve as a springboard for the application
of vortex formation time in other cardiac
conditions.

ratio and B was fraction of total transmitral dias-
tolic filling contributed by atrial contraction) and
had previously found that it was reduced in clinical
patients with heart failure.’

As elite athletes are known to have enhanced
diastolic LV function, we aim to examine VFT at
rest and after exercise in world class speedskaters
training for the Winter Olympics.® We also hypoth-
esised that VFT may predict myocardial perfor-
mance post-exercise.

METHODS

We analysed 24 world class speedskaters training
for the Winter Olympics Games. All subjects had
undergone a comprehensive echocardiographic
examination (two-dimensional, pulsed and contin-
uous Doppler) as well as myocardial tissue Doppler
studies, before and immediately after 3000m of
racing. Echocardiographic images were obtained
within § min of termination of exercise. We meas-
ured the mitral annulus diameter (D, mm) in early
diastole from the four-chamber view. LVEF and
end-diastolic volume (EDV) were quantified using
the biplane method of disks. oo was determined
by EDV'? divided by D. Transmitral flows were
assessed using pulsed Doppler in the four-chamber
view. Velocity time integrals of early (E) and late
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Table 1 Baseline clinical and echocardiographic profile at rest of
the athletes studied

Table 2 Pearson correlations between VFT index and other
continuous variables

Parameter Athletes (n=24), mean (+SD)
Age (years) 22+3
Male gender (n) 16 (67%)
Body surface area (m?) 1.6+0.2
Resting heart rate (beats per min) 64+10
Systolic blood pressure (mm Hg) 110+7
Diastolic blood pressure (mm Hg) 66+8
Left atrial volume index (mL/m?) 33+7

LV end-diastolic dimension (cm) 5.0+0.4
LV end-systolic dimension (cm) 3.5+0.4
LV end-diastolic volume (mL) 125+24
LV end-systolic volume (mL) 51+12
LV interventricular septum (mm) 8.4+1.3
LV posterior wall dimension (mm) 9.4+1.5
LV mass index (g/mz) 105+21
LV ejection fraction (%) 60+5
Peak E velocity (cm/s) 8.5+1.7
Peak A velocity (cm/s) 4.9+2.1
E/A ratio 1.9+0.6

A, late diastolic in-flow velocity; E, early diastolic in-flow velocity; LV, left ventricular.

(A) diastole were measured to calculate B which was the frac-
tion of total transmitral diastolic filling contributed by atrial
contraction. VFT was computed using the formula 4x(1—p)/
mx 0 X LVEE.® Peak systolic (S"), early (E’) and late (A") diastolic
tissue Doppler echocardiograhic (TDE) velocities were meas-
ured at the septal and lateral mitral annulus in the apical four-
chamber view. An average of three measurements was made for
each parameter.

Continuous variables were expressed as mean value=SD.
Paired Student’s t-tests were used to examine differences
between pre-exercise and post-exercise variables. Correlation
coefficients (r) were obtained between relevant parameters and
resting VFT. Statistical significance was attributed when p<0.05.
SPSS for Windows (V.15.0) was used for all analyses.

RESULTS

Compared with non-athletes, these 24 elite athletes, aged 22+3
years, 67% males, had larger atrial and LV volumes, lower LV
filling pressures and evidence of right ventricular remodel-
ling.” The baseline echocardiographic profile of these athletes
at rest is shown in table 1. Baseline VFT at rest was 2.6+0.7.
Figure 1A showed the relationship between LV geometry (o) and
VFT. Immediately postexercise, heart rates increased (64+10
vs 89+12 beats/min, p<0.01); however, VFT was unchanged
(2.9%£1.0, p>0.05). VFT at rest correlated modestly with
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Figure 1  (A) Relationship between left ventricular (LV) geometry
(o) and vortex formation time (VFT). (B) Relationship between tissue
Doppler-derived early mitral annular velocity and VFT.

VFT
Postexercise echo parameters (cm/s)  r P value
Mitral inflow Doppler
Peak E velocity 0.59 0.01
Peak A velocity 0.06 NS
Septal annular TDE
Peak S” velocity 0.46 0.02
Peak E’ velocity 0.53 0.01
Peak A” velocity 0.34 NS
Lateral annular TDE
Peak S’ velocity 0.48 0.02
Peak E” velocity 0.53 0.01
Peak A” velocity 0.35 NS

NS = Not statistically significant, p>0.05
A, late diastolic annular velocity; E’, early diastolic annular velocity; ', systolic annular
velocity; TDE, tissue Doppler echocardiography; VFT, vortex formation time.

immediate post-exercise early diastolic mitral in-flow velocity
(E, r=0.59, p=0.01), tissue Doppler (TD)-derived early mitral
annular velocity (E’; septal (figure 1B) and lateral, both r=0.59,
p=0.01) and systolic annular velocity (S’; septal: r=0.46,
p=0.02 and lateral: r=0.48, p=0.02) but not late diastolic mitral
in-flow velocity (A; r=0.06, p>0.05) or annular velocity (A’;
septal: r=0.34, p>0.05 and lateral: r=0.35, p=NS) (table 2).
VFT correlated better with change (difference between postex-
ertion to baseline) in E” (r=0.52, p=0.009) than with change in
E velocity (r=0.42, p=0.08).

DISCUSSION

VFT had been dubbed as a ‘universal parameter’ of LV filling.
It was conceived initially on fluid dynamic studies and has since
been growing in clinical interest and applications.® * Neverthe-
less, there have also been conflicting studies that suggested that
VFT cannot represent an index of diastolic ventricular func-
tion."?

Existing methods to non-invasively evaluate diastolic cardiac
function have had limited success. VFT had been proposed as
a viable alternative to existing echocardiographic parameters.
However, it had many limitations. It was based on in vitro exper-
iments with measurement of fluid dynamics in large-volume
tanks.®” The LV with which this VFT has been applied is instead a
confined space with dynamic conditions that includes an expan-
sile ventricular chamber with muscular walls that can rebound
and relax." ! Despite these inconsistencies, many studies had
found applications for VFT in various clinical scenarios, ranging
from heart failure to dilated cardiomyopathy.®’

With the growing clinical interest, however, there have also
been studies with more attenuated findings. It had been assumed
that VFT represented an index of diastolic ventricular function,
where patients with impaired relaxation or restricted ventricular
filling would exhibit lower than normal values of VFT.'> More
recent work, however, has shown that VFT did not correlate
with diastolic ventricular dysfunction, but it was instead related
to the intraventricular pressure difference during early filling." '*
Nevertheless, although not a measure of diastolic dysfunction, it
may still provide clinicians with insights into early ventricular
filling.

To the best of our knowledge, this was the first investigation
assessing LV VFT and post-exertional changes in athletes. VFT, as

2

Poh KK, et al. Heart Asia 2019;11:e011188. doi:10.1136/heartasia-2019-011188

"yBuAdo9 Aq paloalold 1sanb Aq +20Z ‘02 YoIew uo jwod g eisenesy//:dny woiy papeojumod "6T0Z |UdY 2 Uo 88TTTO-6T0Z-BISeLRay/9STT 0T St paysignd 1s11) ‘eisy LeaH


http://heartasia.bmj.com/

Original research

mentioned, would reflect early ventricular filling and efficiency
of fluid propagation through the LV. This study did not find any
significant differences between the VFT at rest and the VFT and
repeated measurement taken within 5 min immediate post-ex-
ercise. The athletes’ VFT appeared slightly lower than healthy
controls, but higher than those with heart failure.” We found
that the LV geometry (o) correlated well with VFT suggesting
the importance of LV remodelling in fluid propagation through
the LV. The relationship of o to VFT appeared similar to that
in healthy subjects, which was altered in systolic heart failure.’

Importantly, the small sample size in this study may have
meant that it may have been underpowered to demonstrate a
significant difference in the VFT at rest compared with imme-
diately post-exercise. Similarly, the increased heart rate immedi-
ately post-exercise and correspondingly shorter time of diastole
may also have affected the measurement of VFT. Furthermore, in
the immediate post-exercise state, athletes may be more volume
depleted compared with measurements taken at rest, which
would affect the LV load as well. To our knowledge, the effect
of heart rate and volume status on the measurement of VFT
has not been evaluated in previous studies. Nevertheless, these
may be important factors that affect early ventricular filling and
thus would consequently also affect measurement of VFT. These
differences may also therefore have abolished any significant
difference in the VFT measurements made post-exercise when
compared against the VFT at rest.

A previous study on subjects with hypertrophic cardiomyop-
athy also failed to demonstrate a significant difference in VFT
in patients with hypertrophic cardiomyopathy compared with
controls. VFT was, however, shown to correlate well with exer-
cise tolerance in patients with hypertrophic cardiomyopathy.'®
It remained unclear from this study if VFT could be used to
differentiate hypertrophy from an athlete’s heart compared with
pathological conditions or healthy controls, but this may be an
important aspect for future study.

However, we demonstrated reasonable correlations of baseline
VFT with post-exertional early diastolic and systolic Doppler
parameters. The process of vortex ring formation occurs mainly
during early LV diastole.”* In fact, although it was assumed that
VFT coincided with the completion of the early filling E-wave, it
had been found that VFT correlated with the onset of the early
filling wave deceleration instead.'® True enough, in our athletes,
VFT at rest correlated modestly with E and TD-derived E’ but
not A. Therefore, in athletes, the late diastolic annular A" may
contribute less to diastolic fluid propagation through the LV
compared with E’. In addition, we found VFT at rest correlated
with the difference in E’ from rest to immediate post-exercise.
It would appear that athletes with higher baseline VFT can
improve their early diastolic myocardial function better on exer-
tion. Previous studies have shown that the exercise capacity of
endurance athletes was best predicted from diastolic dimensions
and function during exercise.”” '® Dynamic exercise training in
elite athletes may improve cardiac performance by an effect on
diastolic filling and fluid propagation through the LV.

Limitations

We did not systemically image fluid propagation and vortices in
the LV in the elite athletes at rest and post-exercise. This may
be performed with aid of contrast echocardiography or digital
particle imaging velocimetry (PIV).®> ¥ 2° However, VFT has
been extensively verified in mechanical and controlled models
and shown to be robust.* Although the echocardiographic
images obtained were clear and of high quality, we did not report
interobserver or intraobserver variability for the measurement of

VFT in this study, and hence the reproducibility of the measure-
ments made may not be clear. In a prior study using an identical
method to measure VFT, the interobserver and intraobserver
variabilities as assessed by the intraclass correlation coefficients
(r) were: 0.96 (95% CI 0.84 to 0.99, p<0.0001) and 0.87 (95%
CI 0.58 to 0.97, p=0002), respectively.’

The values of VFT in our study were slightly lower compared
with healthy subjects in prior studies.” ** This may be because we
examined elite athletes. Cardiac adaptation in these athletes as
well as changes in LV morphology may influence VFT. Although
not the focus of our study, the difference in VFT between elite
athletes and sedentary controls may be of interest in future study.
We did not demonstrate any significant differences in VFT at
rest compared with immediately post-exercise in the athletes
studied. This may have been due to the relatively small sample
size that meant the study was underpowered to demonstrate a
statistically significant difference in the VFT. Nevertheless, the
findings remain exploratory and hypothesis-generating. VFT
at rest correlated with post-exercise systolic and early diastolic
tissue Doppler velocities. This may be the subject of future larger
prospective studies that may establish the role of VFT in athletic
cardiac physiology.

CONCLUSIONS

VFT, a dimensionless index incorporating LV geometry, systolic
and diastolic contributions to fluid dynamics can be derived
using transthoracic echocardiographic measurements in elite
athletes. Although VFT did not differ significant immediately
post-exercise compared with at rest, the VFT at rest appeared to
correlate with immediate post-exercise augmented systolic and
early diastolic tissue Doppler indicators of myocardial perfor-
mance.

Contributors KKP and MJW contributed to the conception and design and
acquisition of data. All authors contributed to the data analysis, interpretation of
data and writing of the manuscript.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.

Patient consent for publication Not required.

Ethics approval National Healthcare Group Institutional Review Board.
Provenance and peer review Not commissioned; externally peer reviewed.
Data sharing statement No data are available.

REFERENCES

1. Reul H, Talukder N, Miiller EW. Fluid mechanics of the natural mitral valve. J Biomech
1981;14:361-72.

2. Kim WY, Walker PG, Pedersen EM, et al. Left ventricular blood flow patterns in normal
subjects: a quantitative analysis by three-dimensional magnetic resonance velocity
mapping. JAm Coll Cardiol 1995;26:224-38.

3. Kheradvar A, Houle H, Pedrizzetti G, et al. Echocardiographic Particle image
velocimetry: a novel technique for quantification of left ventricular blood vorticity
pattern.J Am Soc Echocardiogr 2010;23:86-94.

4. Gharib M, Rambod E, Kheradvar A, et a/. Optimal vortex formation as an index of
cardiac health. Proc Natl Acad Sci U S A 2006;103:6305-8.

5. Poh KK, Lee LC, Shen L, et al. Left ventricular fluid dynamics in heart failure:
echocardiographic measurement and utilities of vortex formation time. Eur Heart J
Cardiovasc Imaging 2012;13:385-93.

6. Mantziari A, Vassilikos VP, Giannakoulas G, et al. Left ventricular function in elite
rowers in relation to training-induced structural myocardial adaptation. Scand J Med
Sci Sports 2010;20:428-33.

7. Poh K-K, Ton-Nu T-T, Neilan TG, et al. Myocardial adaptation and efficiency
in response to intensive physical training in elite speedskaters. Int J Cardiol
2008;126:346-51.

Poh KK, et al. Heart Asia 2019;11:e011188. doi:10.1136/heartasia-2019-011188

"yBuAdoo Aq paloalold 1sanb Aq +20Z ‘02 YoIew uo Jwod wg eisenesy/:dny woiy papeojumod "6T0Z |UdY 2 Uo 88T TTO-6T0Z-BISeLRay/9STT 0T St paysijgnd 1s11) ‘eisy LeaH


http://dx.doi.org/10.1016/0021-9290(81)90046-4
http://dx.doi.org/10.1016/0735-1097(95)00141-L
http://dx.doi.org/10.1016/j.echo.2009.09.007
http://dx.doi.org/10.1073/pnas.0600520103
http://dx.doi.org/10.1093/ejechocard/jer288
http://dx.doi.org/10.1093/ejechocard/jer288
http://dx.doi.org/10.1111/j.1600-0838.2009.00957.x
http://dx.doi.org/10.1111/j.1600-0838.2009.00957.x
http://dx.doi.org/10.1016/j.ijcard.2007.04.051
http://heartasia.bmj.com/

Original research

8.

Weigand A, Gharib M. On the evolution of laminar vortex rings. Exp Fluids
1997,22:447-57.

Gharib M, Rambod E, Shariff K. A universal time scale for vortex ring formation. /
Fluid Mech 1998;360:121-40.

. Pasipoularides A, Vlachos PP, Little WC. Vortex formation time is not an index of

ventricular function. J Cardiovasc Transl Res 2015;8:54-8.

. Pasipoularides A. Analysis of vortex flow imaging in normal and dysfunctional RV's.

American Society of Echocardiography 22ndAnnual Scientific Sessions, Montreal,
2011 EE02d — Flow Vortex Imaging; PROLibraries.com. Available: http://www.
aseuniversity.org/session/3053/Flow-Vortex-Imaging-br-Analysis-of-Vortex-Flow-
Imaging-in-Normal-and-Dysfunctional-RV-s

. Pasipoularides A. Diastolic filling vortex forces and cardiac adaptations: probing the

epigenetic nexus. Hellenic J Cardiol 2012;53:458-69.

. Stewart KC, Charonko JC, Niebel CL, et al. Left ventricular vortex formation is

unaffected by diastolic impairment. Am J Physiol Heart Circ Physiol 2012;303:H125
5-H1262.

. Pasipoularides A. Right and left ventricular diastolic flow field: why are measured

intraventricular pressure gradients small? Rev £sp Cardiol 2013;66:337-41.

20.

. Maragiannis D, Alvarez PA, Schutt RC, et al. Vortex Formation Time Index in Patients

With Hypertrophic Cardiomyopathy. JACC Cardiovasc Imaging 2016;9:1229-31.

. Stewart KC, Kumar R, Charonko JJ, et al. Evaluation of LV diastolic function

from color M-mode echocardiography. JACC Cardiovasc Imaging
2011;4:37-46.

. Vinereanu D, Florescu N, Sculthorpe N, et al. Left ventricular long-axis diastolic

function is augmented in the hearts of endurance-trained compared with strength-
trained athletes. Clin Sci 2002;103:249-57.

. Legaz-Arrese A, Arrese AL, Gonzélez-Carretero M, Carretero MG, Blasco IL, et al.

Adaptation of left ventricular morphology to long-term training in sprint- and
endurance-trained elite runners. Eur J Appl Physiol 2006,;96:740-6.

. Sengupta PP, Khandheria BK, Korinek J, et al. Left ventricular isovolumic flow

sequence during sinus and paced rhythms: new insights from use of high-resolution
Doppler and ultrasonic digital particle imaging velocimetry. J Am Coll Cardiol
2007,49:899-908.

Hong G-R, Pedrizzetti G, Tonti G, et al. Characterization and quantification of vortex
flow in the human left ventricle by contrast echocardiography using vector Particle
image velocimetry. JACC Cardiovasc Imaging 2008;1:705-17.

Poh KK, et al. Heart Asia 2019;11:e011188. doi:10.1136/heartasia-2019-011188

"yBuAdoo Aq paloalold 1sanb Aq +20Z ‘02 YoIew uo Jwod wg eisenesy/:dny woiy papeojumod "6T0Z |UdY 2 Uo 88T TTO-6T0Z-BISeLRay/9STT 0T St paysijgnd 1s11) ‘eisy LeaH


http://dx.doi.org/10.1007/s003480050071
http://dx.doi.org/10.1017/S0022112097008410
http://dx.doi.org/10.1017/S0022112097008410
http://dx.doi.org/10.1007/s12265-015-9607-7
http://www.aseuniversity.org/session/3053/Flow-Vortex-Imaging-br-Analysis-of-Vortex-Flow-Imaging-in-Normal-and-Dysfunctional-RV-s
http://www.aseuniversity.org/session/3053/Flow-Vortex-Imaging-br-Analysis-of-Vortex-Flow-Imaging-in-Normal-and-Dysfunctional-RV-s
http://www.aseuniversity.org/session/3053/Flow-Vortex-Imaging-br-Analysis-of-Vortex-Flow-Imaging-in-Normal-and-Dysfunctional-RV-s
http://www.ncbi.nlm.nih.gov/pubmed/23178429
http://dx.doi.org/10.1152/ajpheart.00093.2012
http://dx.doi.org/10.1016/j.rec.2012.07.011
http://dx.doi.org/10.1016/j.jcmg.2015.10.009
http://dx.doi.org/10.1016/j.jcmg.2010.09.020
http://dx.doi.org/10.1042/cs1030249
http://dx.doi.org/10.1007/s00421-005-0076-6
http://dx.doi.org/10.1016/j.jacc.2006.07.075
http://dx.doi.org/10.1016/j.jcmg.2008.06.008
http://heartasia.bmj.com/

	Left ventricular vortex formation time in elite athletes: novel predictor of myocardial performance
	Abstract
	Introduction﻿﻿
	Methods
	Results
	Discussion
	Limitations

	Conclusions
	References


