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Introduction
The cardiac cycle can be divided into two main phases: ventric-
ular contraction (systole) and ventricular relaxation (diastole), 
at both a macroscopic (Atria and Ventricular) and microscopic 
level (Actin: Myosin myofilament) [1]. A novel model is eluci-
dated in this paper incorporating the principles of biomechanics, 
physiology, anatomy and electrophysiology to clinically rede-
fine diastology. The ventricular diastolic phase divided into sub 
phases. During normal electrophysiological and hemodynamic 
conditions, the ventricular diastolic phase starts with the closure 
of the ventricular outflow tract valves (aortic and pulmonic) 
(S2). One of the three possible intraventricular diastolic vacu-
um phases follows known as the isovolumic relaxation phase 
(IVRT). Once the atrio-ventricular valves open, blood flows 
from the atria to the ventricles passively (producing the e wave) 
with subsequent active filling of the ventricles with atria con-
traction (producing the a wave).

Passive myocyte relaxation (micro diastology) is inadequate 
when the ventricular walls become less compliant (increased 
modulus). Once the walls become thick and stiff, primarily due 
to concentric hypertrophy from hypertension or possibly, from 
infiltrative or valvular conditions, ventricular diastolic volume 
decreases, thus, causing an increase in ventricular filling pres-
sure and a diminished ventricular output. Cellular and tissue 
changes can eventually lead to systolic dysfunction likely as a 
result of chronic, dynamic aberrations (e/a ratio, timing, wave-
form) of macro and micro myocardial tensile stress and strain 
at the actin: myosin interface and subsequent atrial: ventricular 
interface [2]. The degree to which these macro/micro diastol-
ic morphological changes occur with respect to the right and/or 
left ventricles dictates subsequent up stream repercussions (right 
heart-JVD, abdominal pain/ bloating, IBS; left heart- PV regur-
gitation/Afib and downstream repercussions (right heart- de-
creased RV filling/ output, dyspnea; left heart- decreased cardiac 

output, increased PCWP, MR), on physiology, symptomatology 
and pathology.

There are several ways to evaluate myocardial diastolic dysfunc-
tion. A traditional methodology uses mitral inflow Doppler echo-
cardiography to evaluate the transmittal flow velocity across the 
mitral valve, which reflects the pressure gradient between the 
left atrium and the left ventricle. Normal atria-ventricular flow 
has two major active filling phases: rapid early filling represent-
ed by the e wave and late atrial contraction, represented by a 
wave, which normally contributes up to 25% of the ventricular 
end diastolic volume [3]. A normal atria-ventricular flow has an 
e/a ratio from 0.75 to 1.5, a function of micro diastology [4]. 
Diastolic dysfunction is presently classified into four grades 
(pressure: volume/time = velocity) based on the mitral inflow 
findings using the e and a wave velocities and ratio to evaluate 
the severity of diastolic dysfunction. Grade 1, mild diastolic dys-
function, referred to as impaired relaxation, has an e/a ratio less 
than one. This is due to impaired LV micro diastolic relaxation 
without significant elevated LA pressure. Grade 2, moderate di-
astolic dysfunction, pseudo normal filling, has a normal e/a ratio 
appearance because the LA pressure is increased due to impaired 
LV relaxation and the pressure gradient across the mitral valve is 
re-established usually as a result of hypertension with increased 
left sided filling pressure. Grade 3 and 4, severe diastolic dys-
function with restrictive filling, are caused by further increases 
in ventricular filling pressure indicated by an increased e wave 
velocity with a peaked appearance and a small a wave. Grade 
3 is reversible, (i.e., with respiratory cycle, Valsalva, pharma-
ceuticals, etc.), while grade 4 has no reversibility of the wave 
peak velocity with the aforementioned conditions. Both grades 
are usually symptomatic in patients and are indicative of myo-
cardial creep with loss of actin: myosin cross bridging leading to 
myocardial fatigue and eventual myocardial failure [5-8].
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The description of novel and conventional principles by which 
ventricular diastole, diastology, are herein described. The e and a 
wave are “normally” minimally separated during right/left ven-
tricular diastole, producing a second intracardiac diastolic vac-
uum effect, and their distance inversely reflects the AV node/PR 
interval delay at the macro diastolic level. If the AV node delay is 
shorter than normal, as represented by the PR interval on EKG, 
then diastasis (de-fusion) may occur between the e and a waves 
with possible a wave truncation, resulting in premature closure 
of the tricuspid/ mitral valves. This produces a possible caval/ 
pulmonary vein regurgitation downstream effect. If there is a 
long AV node delay/PR interval, the e and a waves are described 
as fused with a possible early relaxation abnormality producing 
completion of atrial contraction before the AV valve is complete-
ly closed resulting in a prolonged isovolumetric contraction time 
(IVCT), the generation of a third intracardiac diastolic vacuum 
effect [9]. These intracardiac vacuums may be minimal or in ex-
cess of >50% of the cardiac cycle, i.e., >50% of life, thereby de-
marcating this effect as a major potential upstream and/ or down-
stream anatomical, electrophysiological and / or physiological 
process which must be considered when assessing etiologies of 
symptoms and pathological processes. 

In addition to the macro diastolic component, the micro diastolic 
element must be considered when assessing symptoms, condi-
tions and/or diseases possibly due to diastology derangement. 
Microdiastology refers to the microscopic processes which occur 
during ventricular diastole, i.e., any process, physiological (aci-
dosis, hypocalcaemia, etc.) and/or pathological (fibrosis, elasto-
sis, etc.) at the actin/myosin interface level. The three potential 
intracardiac vacuum periods, IVRT, e-a diastasis, IVCT, must 
be considered in assessing symptoms, pathologies and/poten-
tial treatments for cardiac and systemic conditions so as to treat 
and/or prevent diastolic related symptoms/pathologies by elim-
inating these periods of intracardiac vacuum. The downstream 
vacuum effects may potentially lead to inadequate ventricular 
preload, as an example, while the upstream vacuum effect could 
produce gastrointestinal symptoms possibly misconstrued as ir-
ritable bowel syndrome as one of multiple such consequences 
due to this diastolic aberration.

The AV node delays the electrical impulse as it travels from the 
atria to the ventricles resulting in the macro diastolic feature of 
the novel diastology concept described herein. This delay allows 
for adequate ventricular filling during diastole. There is also 
a significant influence of the autonomic nervous system and/
or aging/pathological processes on the AV node. Sympathetic 
stimulation allows for shortening of the conduction time and the 
refractoriness of the impulse via the fast pathway [10]. How-
ever, it must remember that as the AV node becomes diseased, 

decrement and prolongation of AV conduction occurs at lower 
sinus rates and, therefore, fusion of e-a waveforms occurs. Al-
ternatively, with enhanced AV conduction, e-a diastasis occurs 
with the generation of an intracardiac vacuum being produced. 
AV nodal decremental conduction is a protective feature of the 
heart that does not allow rapid atrial signals, i.e., atrial fibrilla-
tion/ flutter, to transmit to the ventricles through the HIS bundle. 
Pathological, iatrogenic, pharmaceutical and/or certain cardiac 
conduction processes can be used to prolong or shorten the AV 
interval allowing for optimization/normalization of diastolic fill-
ing physiology. 

The methodology discussed is based on published CIED* opti-
mization techniques and applied standard electrophysiological 
and echocardiographic principles to individuals without CIEDs 
using chronotropic and dromotropic pharmacotherapies while 
assessing cardiac function using echocardiography to primari-
ly optimize diastolic cardiac function based on previously de-
scribed, novel parameters of diastology characterization [9-12]. 
This was assessed by improvement in AV valve inflow physi-
ology and e-a wave morphology and timing. This case and the 
applied echocardiographic principles described aim to use ac-
cepted timing intervals in current echocardiographic CIED opti-
mization techniques to normalize inherent cardiac physiology to 
modify and prevent future cardiac decompensation in diastolic 
and systolic disease and heart failure states [9-11]. A case illus-
trating pharmacotherapy optimization of both systolic and dia-
stolic function in various states of diastolic dysfunction will be 
presented.

Case Report
We need to create a patient life scenario from a healthy youth to 
a teenager with mild symptoms of chest pressure at rest brushed 
off as atypical chest pain due to costchondritis with subsequent 
development of dyspnea with exertion in his 20-40’s. In his 50s, 
he developed palpitations with paroxysms of “SVT” treated with 
the addition of a calcium channel blocker to his ACE inhibi-
tor for hypertension. At 58yrs old, he began developing scoto-
mas and fleeting memory loss with EKG (SR with fractionated 
p wave). At 60yrs., he had his first CVA “due to hypertensive 
crisis”. At 62yrs., he developed a cold left leg with gangrenous 
changes requiring a left BKA. At 64yrs, he had documented atri-
al flutter with spontaneous contrast and significant MR noted 
on TEE with preserved EF, was placed on a NOAC, and subse-
quently underwent a cardioversion and ablation. At 66-year-old, 
this Hispanic male with diabetes mellitus and hypertension pre-
sented to the hospital emergency room with dry gangrene of the 
right foot in sinus rhythm. A surgical debridement of the wound 
was planned and cardiology clearance was requested. 
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Figure 1: Pulse Doppler of the mitral valve from 2016 (left) and 2019 (right) in a patient without a CIED* on metoprolol.

A preop 2016 2D-echo Doppler revealed trace mitral regurgita-
tion with mild diastolic dysfunction with an e/a ratio < 1 (Type 
1) by conventional definition, significant e-a diastasis with min-
imal a wave truncation by Doppler on no dromotropic agents. 
LVEF was greater than 55%. In 2019, Figure 1, right image, 
while treated with metoprolol 50mg BID, the pulse Doppler of 
the mitral valve revealed an e/a ratio slightly less than 1 and a 
normalized e-a waveform morphology and timing with no e-a 
diastasis. The ejection fraction remained preserved with only 
mild mitral regurgitation. 

Discussion
The patient presents a unique case of corrected e-a diastasis phar-
maceutically based on echocardiographic CIED optimization 
principles [9,11]. In Figure 1, the 2016 echo showed diastasis 
of the e and a waves with the e wave taller than the a wave con-
ventional as Type 2 diastolic dysfunction, pseudo normal pattern 
(e/a 0.8-1.5, MV DecT 160-200ms) [8]. Three years later, the 
patient exhibited a taller a wave than e wave (Type 1 diastolic 
dysfunction by current definition, e/a <1.0, DecT >200ms). The 
patient's diastolic dysfunction “regressed” by the conventional 
definition of diastolic dysfunction utilizing e/a ratios with in-
creased ventricular stiffness or modulus, however there was no 
further evidence of diastasis, fusion, truncation or early relax-
ation, a primary function of macro diastology, purportedly as 
a result of the dromotrophic effect of metoprolol normalizing 
waveform, morphology and timing evidenced by fusion of the 
e-a waveforms [13]. The addition of a dromotroph, metoprolol, 
a selective Beta 1 antagonist, slowed fast pathway conduction of 
the AV node, resulting in diminution of the e-a diastatic period 
and a more physiologically normal diastology waveform with 
loss of the a wave truncation. 

In Grade 2 diastolic dysfunction, pseudo normalization, the 
pressure between the ventricles and the atria is re-established, 
although, the intracardiac pressure is increased initially due to 
decreased left ventricular relaxation (decreased elasticity/ in-
creased modulus), occurring at a micro diastolic level, i.e., be-

tween the actin and myosin interface [14,15]. After the patient 
started metoprolol, his echocardiogram showed a reversible con-
ventional pattern to grade 1 diastolic dysfunction, but with com-
plete loss of the diastasis/intracardiac vacuum effect due in part 
to effects on macro diastolic properties. It is also hypothesized 
that the loss of the elastic recoil mechanism of the ventricles at 
a micro diastolic level causes a decrease in the force of blood 
into the ventricles without changes in the left atrium pressure. 
Physiologically, a delay of the IVRT is seen which is responsible 
for the delay in the atria-ventricular valves opening potential-
ly producing upstream (pulmonary vein, caval) regurgitation/
volume/pressure overload. The rate of the blood flow into the 
ventricles fall so the slope of the e wave decreases. The taller a 
wave in grade 1 dysfunction can be attributed to the abnormally 
high atrial filling pressures generated with atrial contraction into 
a downstream volume/pressure overloaded right/left ventricle.

Beta-blockers, such as metoprolol, if titrated correctly, can cause 
normalization of the e-a waveform without excessive fusion. Me-
toprolol has beta 1 receptor blockade activity with minimal beta 
2 receptor blockade effect. It has negative inotropic and chro-
notropic activity thus resulting in potentially decreased cardiac 
output [16]. Metoprolol also has a direct effect of slowing the AV 
nodal fast pathway electrophysiology conduction properties. As 
seen in Figure 1, it is evident that beta-blockers can potentially 
normalize both micro and macro diastolic dysfunction. While 
it is unknown when this patient was placed on a beta-blocker 
during the three years between the two echocardiograms, it is 
evident there was improvement in diastasis and waveform mor-
phology/timing eliminating the intracardiac vacuum effect on 
upstream structures. This finding provides evidence of the bene-
fits of using a beta-blocker and other dromotrophs in the normal-
ization of diastolic function and atria-ventricular inflow physi-
ology. (This reasoning process, i.e., at both a macro and micro 
diastolic level, should be clinically applied to all cases where 
chronotropic and dromotropic pharmaceuticals are used and/or 
where certain symptoms/ conditions go unexplained) [17]. 
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Figure 2: Drawn image (A) An Actual Image (B) Showing the e and a Doppler waves and their variations according to diastolic 
dysfunction grades. This schema shows the different grades of DD (normal DF, grade 1 DD, grade 2 DD, and grade 3 DD from left 
to right) as initially suggested by Appleton et al.10 DD, diastolic dysfunction; DF, diastolic function.
CIED- Cardiovascular Implantable Electronic Device

Conclusion
Based on the above description and redefinition of ventricular 
diastolic filling waveforms, patterns, timing and ratios, the ac-
cepted CIED timing intervals for echocardiographic AV opti-
mization can be applied to patients without CIEDs using phar-
maceuticals and their known effects on AV conduction with 
correlation simultaneously to the ventricular filling patterns, 
morphologies and timing by Doppler of the AV valves. The 
pharmaceutical effects of dromotropic agents can be used, di-
rectly and/or indirectly, to alter the AV nodal conduction system. 
Negative dromotropic drugs, such as non-dihydropyridine calci-
um channel blockers, beta-blockers and digoxin, can be used to 
increase the AV node delay. Positive dromotrophs, dihydropyri-
dine calcium channel blockers, such as nifedipine or amlodipine, 
can be used to shorten AV nodal conduction, directly or indi-
rectly. Studies need to be performed to evaluate the changes in 
micro/macro diastolic function of patients without CIEDs using 
echocardiographic optimization techniques with various dromo-
trophic drugs. For instance, if fusion of the e/a waves is seen on 
the echocardiogram shortening the AV delay by either adding a 
medical therapy that enhances the AV conduction or eliminating 
medical therapy that prolongs AV conduction would benefit dia-
stolic filling parameters/patterns. It is even hypothesized that the 
application of ablative therapies of the periAV nodal structures 
be further studied and characterized with enhanced mapping 
techniques so as to apply micro-ablation to the periAV nodal tis-
sues to either shorten or length AV conduction to correct macro 
diastolic fusion or diastasis of the e-a waveforms, respective-
ly. If such interventions fail to normalize the Doppler AV valve 
waveforms, it is proposed that an “Ablate and Pace” approach be 
utilized whereby the AV node would be ablated and a dual pace-
maker implanted and paced AV delays would be programmed so 
as to provide AV valve normal inflow waveforms and physiol-
ogy. From a micro diastolic standpoint, if after attempting cor-
rection of e-a morphology, waveform, morphology and timing 
is not successful as described above, consideration for evaluat-
ing the myocardial substrate for micro diastolic processes, i.e., 
inflammation and/ or fibrosis from rheumatologic/immunolog-

ic and/ or infectious processes should be undertaken with endo 
myocardial biopsy. Today, this tool of EchoOp and PharmOp 
may prove to identify processes such as infiltrative amyloidosis, 
hemochromatosis, etc. or other genetic abnormalities such as fa-
milial hypertrophic cardiomyopathy. Etc. and to better provide 
more discrete treatment options to improve clinical outcomes 
and downstream risks of heart failure and secondary conditions.

Hence, by normalization of diastolic patterns, timing, morphol-
ogy and ratios echocardiographic and clinical outcomes, may 
be improved utilizing the EchoOp and PharmOp principles de-
scribed. The above proposed concept and protocol of altering the 
timing interval of the cardiac cycle to optimize the macro dia-
stolic cardiac function has significant potential in which diastol-
ic dysfunction and disease should be evaluated and treated. In 
addition, micro diastolic parameters must be considered as well 
so that any given treatment provides for optimization of both 
the macro and micro components of the myocardium in diastole. 
Given that ventricular diastole accounts for nearly 2/3s of one’s 
life, it is paramount that the timing, waveform and morphology 
of macro diastole be optimized, while concomitantly consider-
ing micro diastolic aberrations utilizing pacemaker optimization 
principles and endo myocardial biopsies with pharmaceuticals 
to diagnose, treat and prevent the acute and chronic downstream 
and upstream pathologies of abnormal diastology.

References 
1. Fukuta, H., & Little, W. C. (2008). The cardiac cycle and 

the physiologic basis of left ventricular contraction, ejec-
tion, relaxation, and filling. Heart failure clinics, 4(1), 1-11. 

2. Aggarwal, A., Brown, K. A., & LeWinter, M. M. (2001). 
Diastolic dysfunction: pathophysiology, clinical features, 
and assessment with radionuclide methods. Journal of Nu-
clear Cardiology, 8(1), 98-106. 

3. Morrissey, C. (2016). Echo for diastology. Annals of Cardi-
ac Anaesthesia, 19(Suppl 1), S12. 

4. Mottram, P. M., & Marwick, T. H. (2005). Assessment of 
diastolic function: what the general cardiologist needs to 

https://doi.org/10.1016/j.hfc.2007.10.004
https://doi.org/10.1016/j.hfc.2007.10.004
https://doi.org/10.1016/j.hfc.2007.10.004
https://doi.org/10.1067/mnc.2001.112136
https://doi.org/10.1067/mnc.2001.112136
https://doi.org/10.1067/mnc.2001.112136
https://doi.org/10.1067/mnc.2001.112136
https://doi.org/10.4103%2F0971-9784.192585
https://doi.org/10.4103%2F0971-9784.192585
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413


     Volume 7 | Issue 4 | 295Cardio Open, 2022

Copyright: ©2022 John R Dylewski, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction 
in any medium, provided the original author and source are credited.

know. Heart, 91(5), 681-695. 
5. Nagueh, S. F., Smiseth, O. A., Appleton, C. P., Byrd, B. F., 

Dokainish, H., & et al. (2016). Recommendations for the 
Evaluation of Left Ventricular Diastolic Function by Echo-
cardiography: An Update from the American Society of 
Echocardiography and the European Association of Cardio-
vascular Imaging. Journal of the American Society of Echo-
cardiography, 29(4), 277-314. 

6. Oruganti, R. (2012). Creep and material design. Material 
Science Research India, 9(1), 169-171.

7. Fatigue in materials, a key factor in the lifespan of structures. 
(2021, April 14). Retrieved March 7, 2022, from https://
www.mapfreglobalrisks.com/en/risks-insurance-manage-
ment/article/fatigue-in-materials-a-key-factor-in-the-lifes-
pan-of-structures/

8. Burns, S. J. (2015). The theory of materials failure, by Rich-
ard m. Christensen: Scope: monograph. level: postgraduate, 
advanced undergraduates. 56(3), 404-404. 

9. Poller, W. C., Dreger, H., Schwerg, M., & Melzer, C. (2015). 
Prevalence of E/A wave fusion and A wave truncation in 
DDD pacemaker patients with complete AV block under 
nominal AV intervals. Plos one, 10(2), e0116075. 

10. Mani, B. C., & Pavri, B. B. (2014). Dual atrioventricular 
nodal pathways physiology: a review of relevant anatomy, 
electrophysiology, and electrocardiographic manifestations. 

Indian pacing and electrophysiology journal, 14(1), 12-25. 
11. Harry, M. J. (2007). Essentials of Echocardiography and 

Cardiac Hemodynamics. Forney, TX: Pegasus Lectures. 
12. Morris, J. (2022). Metoprolol. Retrieved March 7, 2022, 

from https://www.ncbi.nlm.nih.gov/books/NBK53292/
13. Young’s modulus. (2016). Encyclopedia of Nanotechnolo-

gy, 4405-4405. 
14. De Jong, M., Chen, W., Angsten, T., Jain, A., Notestine, R., 

& et al. (2015). Charting the complete elastic properties of 
inorganic crystalline compounds. Scientific data, 2(1), 1-13. 

15. Hiesinger, W., Brukman, M. J., McCormick, R. C., Fitzpat-
rick III, J. R., Frederick, J. R. & et al. (2012). Myocardial 
tissue elastic properties determined by atomic force mi-
croscopy after stromal cell–derived factor 1α angiogenic 
therapy for acute myocardial infarction in a murine model. 
The Journal of thoracic and cardiovascular surgery, 143(4), 
962-966.

16. Marcus, R. H., Harry, M. J., & Lang, R. M. (2009). Pace-
maker therapy in refractory heart failure: a systematic ap-
proach to electromechanical optimization of diastolic func-
tion. JACC: Cardiovascular Imaging, 2(7), 908-913. 

17. Melzer, C., Borges, A. C., Knebel, F., Richter, W. S., Combs, 
W., & et al. (2004). Echocardiographic AV-interval optimi-
zation in patients with reduced left ventricular function. 
Cardiovascular ultrasound, 2(1), 1-7. 

https://opastpublishers.com

http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
http://dx.doi.org/10.1136/hrt.2003.029413
doi:10.13005/msri/090125
doi:10.13005/msri/090125
https://www.mapfreglobalrisks.com/en/risks-insurance-management/article/fatigue-in-materials-a-key-factor-in-the-lifespan-of-structures/
https://www.mapfreglobalrisks.com/en/risks-insurance-management/article/fatigue-in-materials-a-key-factor-in-the-lifespan-of-structures/
https://www.mapfreglobalrisks.com/en/risks-insurance-management/article/fatigue-in-materials-a-key-factor-in-the-lifespan-of-structures/
https://www.mapfreglobalrisks.com/en/risks-insurance-management/article/fatigue-in-materials-a-key-factor-in-the-lifespan-of-structures/
https://www.mapfreglobalrisks.com/en/risks-insurance-management/article/fatigue-in-materials-a-key-factor-in-the-lifespan-of-structures/
doi:10.1080/00107514.2015.1049209
doi:10.1080/00107514.2015.1049209
doi:10.1080/00107514.2015.1049209
https://doi.org/10.1371/journal.pone.0116075
https://doi.org/10.1371/journal.pone.0116075
https://doi.org/10.1371/journal.pone.0116075
https://doi.org/10.1371/journal.pone.0116075
https://doi.org/10.1016/S0972-6292(16)30711-2
https://doi.org/10.1016/S0972-6292(16)30711-2
https://doi.org/10.1016/S0972-6292(16)30711-2
https://doi.org/10.1016/S0972-6292(16)30711-2
https://www.goodreads.com/book/show/4491509-essentials-of-echocardiography-and-cardiac-hemodynamics
https://www.goodreads.com/book/show/4491509-essentials-of-echocardiography-and-cardiac-hemodynamics
https://www.goodreads.com/book/show/4491509-essentials-of-echocardiography-and-cardiac-hemodynamics
https://www.goodreads.com/book/show/4491509-essentials-of-echocardiography-and-cardiac-hemodynamics
doi:10.1007/978-94-017-9780-1_10118
doi:10.1007/978-94-017-9780-1_10118
https://doi.org/10.1038/sdata.2015.9]
https://doi.org/10.1038/sdata.2015.9]
https://doi.org/10.1038/sdata.2015.9]
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jtcvs.2011.12.028
https://doi.org/10.1016/j.jcmg.2009.05.004
https://doi.org/10.1016/j.jcmg.2009.05.004
https://doi.org/10.1016/j.jcmg.2009.05.004
https://doi.org/10.1016/j.jcmg.2009.05.004
https://doi.org/10.1186/1476-7120-2-30
https://doi.org/10.1186/1476-7120-2-30
https://doi.org/10.1186/1476-7120-2-30
https://doi.org/10.1186/1476-7120-2-30

