
Vol.:(0123456789)1 3

Biomechanics and Modeling in Mechanobiology (2023) 22:575–591 
https://doi.org/10.1007/s10237-022-01665-3

ORIGINAL PAPER

Assessment of valve implantation in the descending aorta 
as an alternative for aortic regurgitation patients not treatable 
with conventional procedures

A. García‑Galindo1 · R. Agujetas1 · J. R. López‑Mínguez2 · C. Ferrera1

Received: 15 September 2022 / Accepted: 2 December 2022 / Published online: 23 December 2022 
© The Author(s) 2022

Abstract
Background:  Aortic Regurgitation (AR) produces the entrance of an abnormal amount of blood in the left ventricle. This 
disease is responsible for high morbidity and mortality worldwide and may be caused by an aortic valve dysfunction. Surgical 
and transcatheter aortic valve replacement (TAVR) are the current options for treating AR. They have replaced older proce-
dures such as Hufnagel’s one. However, some physicians have reconsidered this procedure as a less aggressive alternative 
for patients not eligible for surgical or TAVR. Although Hufnagel suggested a 75% regurgitation reduction when a valve is 
placed in the descending aorta, a quantification of this value has not been reported.
Methods:  In this paper, CFD/FSI numerical simulation is conducted on an idealized geometry. We quantify the effect of 
placing a bileaflet mechanical heart valve in the descending aorta on a moderate-severe AR case. A three-element Windkes-
sel model is employed to prescribe pressure outlet boundary conditions. We calculate the resulting flow rates and pressures 
at the aorta and first-generation vessels. Moreover, we evaluate several indices to assess the improvement due to the valve 
introduction.
Results and conclusions:  Regurgitation fraction (RF) is reduced from 37.5% (without valve) to 18.0% (with valve) in a single 
cardiac cycle. This reduction clearly shows the remarkable efficacy of the rescued technique. It will further ameliorate the left 
ventricle function in the long-term. Moreover, the calculations show that the implantation in that location introduces fewer 
incompatibilities’ risks than a conventional one. The proposed methodology can be extended to any particular conditions 
(pressure waveforms/geometry) and is designed to assess usual clinical parameters employed by physicians.

Keywords  Computational fluid dynamics · Fluid-structure interaction · Aortic regurgitation · Descending aorta · Bileaflet 
mechanical heart valve

1  Introduction

Heart Failure (HF) affects 6 million Americans, and this 
number is expected to reach 8 million by 2030 (HF total 
costs projection is $69.8 billion) (Virani et  al. 2021). 
One of the diseases that can lead to HF is chronic Aortic 

Regurgitation (AR). In AR, there is an entrance of an abnor-
mal amount of blood in the left ventricle (LV) coming from 
the aorta. It mainly affects people older than sixty years 
(Singh et al. 1999). Its prevalence is 4.9% of the American 
population and 0.5% for moderate, severe, and acute cases 
(Singh et al. 1999; Maurer 2006). The incidence increases in 
the Western World as the population is aging (Cheng et al. 
2021; Stachon et al. 2020; Goldsweig et al. 2019).

AR may be caused by an aortic valve (AV) dysfunction 
(Fernández-Golfín 2020). Its treatment is based on either 
a valve replacement or medical care. As the yearly death 
rate ranges from 10% to 20% (El-Gamel 2021) in medi-
cally treated AR patients, surgical aortic valve replacement 
(SAVR) has traditionally been considered the gold stand-
ard (Franzone et al. 2016). For those AR patients suffering 
from Aortic Stenosis (AS), SAVR results in an 80% survival 
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These are expected to mimic long-term ones seen when 
SAVR is practiced on patients diagnosed with aortic insuf-
ficiency. In this way, following Frank-Starling mechanism 
(Fig. 12), which describes the coupling of volume and pres-
sure at the LV (Vlachopoulos et al. 2011), the closed-loop 
curve would be gradually modified to a flatter one. Both end 
systolic and diastolic volumes would be reduced and also 
the systolic stress on LV walls. That would be similar to a 
healthy patient (Lang et al. 2016). Therefore, both preload 
and afterload would be reduced. Since RVol becomes 
smaller and hence the LV does not need to eject a greater 
amount of blood to compensate the subsequent retrograde 
flow circulation, SV would be reduced too. At the same 
time, the ejection fraction (EF) would be increased, indi-
cating an improvement of LV function (Rothenburger et al. 
2003). This would imply an alleviation of O 2 consumption, 
an increase of aorta O 2 saturation, and a reduction of cardiac 
output (CO).

Besides, as the end-diastolic volume would become 
smaller, so it would gradually be the left ventricular dimen-
sion at end-diastole (Gaasch et al. 1978; Rothenburger et al. 
2003), following a ventricular reverse remodeling process 
(Seldrum et al. 2019). It is possible that the time required for 
reaching the same level of amelioration of LV and hemody-
namics would tentatively be greater than that resulting from 
SAVR intervention. However, the benefits of Hufnagel’s 
technique are extendable to patients disqualified from SAVR 
or TAVR at the ascending aorta.

4.4 � Limitations

The purpose of the present work has been to perform 
a conceptual approach on the benefits of Hufnagel’s 
technique in a moderate-severe AR patient employing 
an ideal geometry. Future works will switch towards a 

patient-specific paradigm (segmented geometries from CT 
scan and particular BCs), valve positioning and typing. 
In like manner, we will gradually avoid simplifications: 
considering the non-Newtonian behaviour of the blood, 
the inclusion of coronary arteries, the addition of vessel 
compliance and keeping the damaged aortic valve to check 
hemodynamics at the aortic root level. Finally, we aim 
to compare CFD/FSI results with pure experimental ones 
to refine the fit between WK3-based waveforms and real 
ones.

5 � Conclusions

In the present work, we have numerically evaluated the 
effect of positioning a bileaflet MHV in the descend-
ing aorta distally to the LS artery on a moderate-severe 
AR case. The reduction on RF from a basal case of 
37.52–18.01% within a single cardiac cycle, clearly shows 
the remarkable efficacy of the proposed technique. Moreo-
ver, it is implied that the evaluated RF reduction over one 
cardiac cycle can be associated with an amelioration of 
LV function. Ventricular reverse modeling is expected in 
the long term following the aforementioned conventional 
procedures.

We have also evaluated the risk of incompatibilities 
derived from valve implantation in the descending aorta, 
such as hemolysis, platelet aggregation, and atherogenesis. 
The values of a complete set of WSS-based indices have 
shown that those incompatibilities’ risk is minimal. As the 
flow rate is lower in the descending aorta, that risk would 
be lower than the one obtained in conventional implanta-
tion in the ascending aorta (Bronzino 1999; Nygaard et al. 
1994; Brown et al. 1975; Mohandas et al. 1974).

The proposed methodology can provide resources to 
quantify cases lacking some invasive clinical data. It is 
adaptable to any particular geometry, and it is designed 
to provide parameters commonly employed in engineer-
ing. Finally, it can also assess clinical parameters that are 
easily understandable by physicians to account for the 
improvement introduced.
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Fig. 12   Frank-Starling diagrams of patients with acute severe and 
chronic severe AR as compared with a normal left ventricle. Data 
from (Lang et al. 2016) were normalized to the maximum pressures 
and flow rates measured for a healthy patient, respectively
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