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We read with interest the study by Liu and coworkers in which they have addressed the role of
hemodynamics in the development of aortopathy in bicuspid aortic valve (BAV) patients (Liu
et al., 2018). BAV is the most common congenital cardiac malformation, with a prevalence of 1–
2% in the general population (Michelena et al., 2015). Approximately half of the BAV population
undergoes cardiac surgery in their lifetime due to aortopathy. Aortic dissections are eight times
more likely as compared to patients with a tricuspid aortic valve (TAV) (Michelena et al., 2011).
The present aortopathy treatment guidelines are based on the aortic diameter and are therefore
inadequate to predict the increased risk of aortic events in the individual BAV patient (Hiratzka
et al., 2016). A number of recent publications have therefore focused on identifying potential
aortopathy predicting biomarkers and hemodynamic factors (Della Corte et al., 2007; Grewal et al.,
2014a; Fatehi Hassanabad et al., 2019).

Janet Lui and coworkers are commendable for their effort to define the difference in wall shear
stress (WSS) between BAV and TAV patients by using a new matric integrating the magnitude and
angular distribution uniformity of the local WSS vector. We however do not completely agree with
their suggested direct correlation between hemodynamics and aortopathy in BAV patients. As the
main issue is that only a proportion of all BAV patients develop aortopathy, whereas Liu et al.
performed calculations on a whole cohort.

In our earlier work we concluded that the ascending aortic wall in BAV patients is characterized
by a maturation defect of the vascular smooth muscle cells (VSMCs) (Grewal et al., 2014b). As,
however, the lack of differentiation of the aortic wall was seen in all BAV patients, it could not
select those patients with an increased risk for aortic complications. In search of predictive factors
for aortopathy, several studies have searched for serological and immunohistochemical factors
(Schmoker et al., 2007; Tzemos et al., 2010; Black et al., 2013; Drapisz et al., 2013; Ikonomidis
et al., 2013; Suzuki et al., 2013; Wang et al., 2016; Wu et al., 2016; Naito et al., 2018). We described
a pathway of activated pc-Kit which distinguishes BAV patients with an increased susceptibility for
future aortic wall complications. The described markers were however not related to which cusps
were fused (Grewal et al., 2014a).

In search of rheologic markers, several studies revealed helical blood flow in BAV patients as
compared to TAV patients, with eccentric outflow jet patterns disrupting laminar flow and flow
impingement zones along the greater curvature of the ascending aorta (Girdauskas et al., 2012;
Mahadevia et al., 2014a; Kimura et al., 2017).

Recent literature further focused on the hemodynamic influences for the different raphe
positions in the BAV population. Normalized flow displacement is a reliable quantification of

flow eccentricity as compared to systolic flow angle (Mahadevia et al., 2014b; Raghav et al., 2018).
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Flow displacement was greater in BAV as compared to TAV
patients (Mahadevia et al., 2014b; Raghav et al., 2018). A
correlation was further observed between the distal ascending
aorta diameter in BAV patients with fusion of the right and non-
coronary cusps (RN-BAV) but not in BAV patients with fusion
of the right and left coronary cusps (RL-BAV) (Youssefi et al.,
2017; Raghav et al., 2018). Flow displacement correlates with
both type 1 aortopathy (involvement of the aortic root) and type
3 aortopathy (distal ascending aorta) which are more common
in RN-BAV, whereas type 2 aortopathy (mid-ascending aorta) is
more common in RL-BAV (Della Corte et al., 2012; Della Corte,
2014; Mahadevia et al., 2014b) as confirmed by Liu et al. (2018).
In the current study the WSS data are not directly correlated to
histopathologic investigation of the aortic tissue. In a recent study
we investigated the role of hemodynamics in the development
of aortopathy in BAV patients (Grewal et al., 2017), identifying
the maximum jet stream in the ascending aorta in BAV and TAV
patients. Aortic specimen were obtained during operation from
the maximal jet side and the corresponding opposite non-jet side.
We found a significant increase in intimal thickness on the jet
side of both BAV and TAV patient groups.

An obvious increase in α smooth muscle actin positive VSMC
was seen in the outer intima, whereas the inner media shows a
significant decrease in expression of α smooth muscle actin of
the VSMCs (Grewal et al., 2017).

We further observed a trend in transition of squamous
endothelial cells in the non-jet specimen to more cuboidal

endothelial cells in the jet specimen of both BAV and TAV
patients. Although the 2D magnetic resonance is not appropriate
to describe wall shear stress features as the flow is observed
in a flat plane, we could correlate the maximum jet stream
in the ascending aorta to the histopathological findings in the
aortic specimen.

The main limitation of the findings of the hemodynamic
studies published till date is that the WSS is observed is
all BAV patients. Whereas, 20–40% of BAV patients do
not develop aortic complications, implicating that the
development of aortopathy in BAV cannot be explained
by hemodynamic influences alone. WSS, together with
the intrinsically immature aortic media which is also
seen in all BAV patients, increases the vulnerability of
the ascending aorta (Grewal et al., 2014b). However a
second hit is necessary to cause aortopathy in selected BAV
patients (Grewal et al., 2014a).

Thus, with the currently available data, a hypothesis of WSS
causing aortopathy in BAV patients is hardly sustainable without
ruling out the contribution of additional genetic influences.

AUTHOR CONTRIBUTIONS

NG: first draft of article; AG-dG: revision of article.
All authors conception and design of the paper and
contributed to manuscript revision, read and approved the
submitted version.

REFERENCES

Black, K. M., Masuzawa, A., Hagberg, R. C., Khabbaz, K. R., Trovato, M. E.,

Rettagliati, V. M., et al. (2013). Preliminary biomarkers for identification of

human ascending thoracic aortic aneurysm. J. Am. Heart Assoc. 2:e000138.

doi: 10.1161/JAHA.113.000138

Della Corte, A. (2014). Phenotypic heterogeneity of bicuspid aortopathy:

a potential key to decode the prognosis? Heart 100, 96–97.

doi: 10.1136/heartjnl-2013-305004

Della Corte, A., Bancone, C., Conti, C. A., Votta, E., Redaelli, A., Del Viscovo, L.,

et al. (2012). Restricted cusp motion in right-left type of bicuspid aortic valves:

a new risk marker for aortopathy. J. Thorac. Cardiovasc. Surg. 144, 360–369,

369.e361. doi: 10.1016/j.jtcvs.2011.10.014

Della Corte, A., Bancone, C., Quarto, C., Dialetto, G., Covino, F. E., Scardone, M.,

et al. (2007). Predictors of ascending aortic dilatation with bicuspid aortic valve:

a wide spectrum of disease expression. Eur. J. Cardiothorac. Surg. 31, 397-404;

discussion 404–395. doi: 10.1016/j.ejcts.2006.12.006

Drapisz, S., Góralczyk, T., Jamka-Miszalski, T., Olszowska, M., and Undas, A.

(2013). Nonstenotic bicuspid aortic valve is associated with elevated plasma

asymmetric dimethylarginine. J. Cardiovasc. Med. (Hagerstown). 14, 446–452.

doi: 10.2459/JCM.0b013e3283588dfa

Fatehi Hassanabad, A., Garcia, J., Verma, S., White, J. A., and Fedak, P.

W. M. (2019). Utilizing wall shear stress as a clinical biomarker for

bicuspid valve-associated aortopathy. Curr. Opin. Cardiol. 34, 124–131.

doi: 10.1097/HCO.0000000000000601

Girdauskas, E., Disha, K., Borger, M. A., and Kuntze, T. (2012). Relation of

bicuspid aortic valve morphology to the dilatation pattern of the proximal

aorta: focus on the transvalvular flow. Cardiol. Res. Pract. 2012:478259.

doi: 10.1155/2012/478259

Grewal, N., Gittenberger-De Groot, A. C., Deruiter, M. C., Klautz, R. J., Poelmann,

R. E., Duim, S., et al. (2014a). Bicuspid aortic valve: phosphorylation of c-

Kit and downstream targets are prognostic for future aortopathy. Eur. J.

Cardiothorac. Surg. 46, 831–839. doi: 10.1093/ejcts/ezu319

Grewal, N., Gittenberger-De Groot, A. C., Poelmann, R. E., Klautz, R. J., Lindeman,

J. H., Goumans, M. J., et al. (2014b). Ascending aorta dilation in association

with bicuspid aortic valve: a maturation defect of the aortic wall. J. Thorac.

Cardiovasc. Surg. 148, 1583–1590. doi: 10.1016/j.jtcvs.2014.01.027

Grewal, N., Girdauskas, E., Deruiter, M., Goumans, M. J., Lindeman, J. H., Disha,

K., et al. (2017). The effects of hemodynamics on the inner layers of the

aortic wall in patients with a bicuspid aortic valve. Integrat. Mol. Med. 4, 1–7.

doi: 10.15761/IMM.1000308

Hiratzka, L. F., Creager, M. A., Isselbacher, E. M., Svensson, L. G., Nishimura,

R. A., Bonow, R. O., et al. (2016). Surgery for aortic dilatation in

patients with bicuspid aortic valves: a statement of clarification from the

American College of Cardiology/American Heart Association Task Force

on Clinical Practice Guidelines. J. Thorac. Cardiovasc. Surg. 151, 959–966.

doi: 10.1016/j.jtcvs.2015.12.001

Ikonomidis, J. S., Ivey, C. R., Wheeler, J. B., Akerman, A. W., Rice, A., Patel, R.

K., et al. (2013). Plasma biomarkers for distinguishing etiologic subtypes of

thoracic aortic aneurysm disease. J. Thorac. Cardiovasc. Surg. 145, 1326–1333.

doi: 10.1016/j.jtcvs.2012.12.027

Kimura, N., Nakamura, M., Komiya, K., Nishi, S., Yamaguchi, A., Tanaka, O., et al.

(2017). Patient-specific assessment of hemodynamics by computational fluid

dynamics in patients with bicuspid aortopathy. J. Thorac. Cardiovasc. Surg. 153,

S52.e53–S62.e53. doi: 10.1016/j.jtcvs.2016.12.033

Liu, J., Shar, J. A., and Sucosky, P. (2018). Wall shear stress directional

abnormalities in BAV Aortas: toward a new hemodynamic predictor of

aortopathy? Front. Physiol. 9:993. doi: 10.3389/fphys.2018.00993

Mahadevia, R., Barker, A. J., Schnell, S., Entezari, P., Kansal, P., Fedak, P.

W., et al. (2014a). Bicuspid aortic cusp fusion morphology alters aortic

three-dimensional outflow patterns, wall shear stress, and expression of

aortopathy. Circulation. 129, 673–682. doi: 10.1161/CIRCULATIONAHA.113.

003026

Mahadevia, R., Barker, A. J., Schnell, S., Entezari, P., Kansal, P., Fedak, P.

W., et al. (2014b). Response to letter regarding article, “Bicuspid aortic

cusp fusion morphology alters aortic three-dimensional outflow patterns,

Frontiers in Physiology | www.frontiersin.org 2 March 2019 | Volume 10 | Article 225

https://doi.org/10.1161/JAHA.113.000138
https://doi.org/10.1136/heartjnl-2013-305004
https://doi.org/10.1016/j.jtcvs.2011.10.014
https://doi.org/10.1016/j.ejcts.2006.12.006
https://doi.org/10.2459/JCM.0b013e3283588dfa
https://doi.org/10.1097/HCO.0000000000000601
https://doi.org/10.1155/2012/478259
https://doi.org/10.1093/ejcts/ezu319
https://doi.org/10.1016/j.jtcvs.2014.01.027
https://doi.org/10.15761/IMM.1000308
https://doi.org/10.1016/j.jtcvs.2015.12.001
https://doi.org/10.1016/j.jtcvs.2012.12.027
https://doi.org/10.1016/j.jtcvs.2016.12.033
https://doi.org/10.3389/fphys.2018.00993
https://doi.org/10.1161/CIRCULATIONAHA.113.003026
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Grewal and Gittenberger-de Groot Role of Hemodynamics in Bicuspidy

wall shear stress, and expression of aortopathy”. Circulation 130, e171.

doi: 10.1161/CIRCULATIONAHA.114.010928

Michelena, H. I., Della Corte, A., Prakash, S. K., Milewicz, D. M., Evangelista, A.,

and Enriquez-Sarano, M. (2015). Bicuspid aortic valve aortopathy in adults:

incidence, etiology, and clinical significance. Int. J. Cardiol. 201, 400–407.

doi: 10.1016/j.ijcard.2015.08.106

Michelena, H. I., Khanna, A. D., Mahoney, D., Margaryan, E., Topilsky, Y., Suri,

R. M., et al. (2011). Incidence of aortic complications in patients with bicuspid

aortic valves. JAMA 306, 1104–1112. doi: 10.1001/jama.2011.1286

Naito, S., Hillebrand, M., Bernhardt, A. M. J., Jagodzinski, A., Conradi, L.,

Detter, C., et al. (2018). The value of circulating biomarkers in bicuspid

aortic valve-associated aortopathy. Thorac. Cardiovasc. Surg. 66, 278–286.

doi: 10.1055/s-0036-1583525

Raghav, V., Barker, A. J., Mangiameli, D.,Mirabella, L., Markl,M., and Yoganathan,

A. P. (2018). Valve mediated hemodynamics and their association with distal

ascending aortic diameter in bicuspid aortic valve subjects. J. Magn. Reson.

Imaging 47, 246–254. doi: 10.1002/jmri.25719

Schmoker, J. D., Mcpartland, K. J., Fellinger, E. K., Boyum, J., Trombley, L.,

Ittleman, F. P., et al. (2007). Matrix metalloproteinase and tissue inhibitor

expression in atherosclerotic and nonatherosclerotic thoracic aortic aneurysms.

J. Thorac. Cardiovasc. Surg. 133, 155–161. doi: 10.1016/j.jtcvs.2006.07.036

Suzuki, T., Bossone, E., Sawaki, D., Janosi, R. A., Erbel, R., Eagle, K.,

et al. (2013). Biomarkers of aortic diseases. Am. Heart J. 165, 15–25.

doi: 10.1016/j.ahj.2012.10.006

Tzemos, N., Lyseggen, E., Silversides, C., Jamorski, M., Tong, J. H., Harvey,

P., et al. (2010). Endothelial function, carotid-femoral stiffness, and

plasma matrix metalloproteinase-2 in men with bicuspid aortic valve and

dilated aorta. J. Am. Coll. Cardiol. 55, 660–668. doi: 10.1016/j.jacc.2009.

08.080

Wang, Y., Wu, B., Dong, L., Wang, C., Wang, X., and Shu, X. (2016). Circulating

matrix metalloproteinase patterns in association with aortic dilatation in

bicuspid aortic valve patients with isolated severe aortic stenosis. Heart Vessels

31, 189–197. doi: 10.1007/s00380-014-0593-5

Wu, J., Song, H. F., Li, S. H., Guo, J., Tsang, K., Tumiati, L., et al. (2016).

Progressive Aortic Dilation Is Regulated by miR-17-Associated miRNAs. J. Am.

Coll. Cardiol. 67, 2965–2977. doi: 10.1016/j.jacc.2016.04.027

Youssefi, P., Gomez, A., He, T., Anderson, L., Bunce, N., Sharma, R., et al.

(2017). Patient-specific computational fluid dynamics-assessment of aortic

hemodynamics in a spectrum of aortic valve pathologies. J. Thorac. Cardiovasc.

Surg. 153, 8.e23–20.e23. doi: 10.1016/j.jtcvs.2016.09.040

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Grewal and Gittenberger-de Groot. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 3 March 2019 | Volume 10 | Article 225

https://doi.org/10.1161/CIRCULATIONAHA.114.010928
https://doi.org/10.1016/j.ijcard.2015.08.106
https://doi.org/10.1001/jama.2011.1286
https://doi.org/10.1055/s-0036-1583525
https://doi.org/10.1002/jmri.25719
https://doi.org/10.1016/j.jtcvs.2006.07.036
https://doi.org/10.1016/j.ahj.2012.10.006
https://doi.org/10.1016/j.jacc.2009.08.080
https://doi.org/10.1007/s00380-014-0593-5
https://doi.org/10.1016/j.jacc.2016.04.027
https://doi.org/10.1016/j.jtcvs.2016.09.040
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Wall Shear Stress Directional Abnormalities in BAV Aortas: Toward a New Hemodynamic Predictor of Aortopathy?
	Author Contributions
	References


