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Abstract

Objective: Ross procedure is an excellent option for children or young adults who need aortic 

valve replacement because it can restore survival to normal aged-matched population. However, 

autograft remodeling can lead to aneurysmal formation and reoperation, and the biomechanics of 

this process is unknown. This study investigated postoperative autograft remodeling after Ross 

procedure by examining patient-specific autograft wall stresses.

Methods: Ross procedure patients who had intraoperative pulmonary root and aortic specimens 

collected were recruited. Patient-specific models (n=16) were developed using patient-specific 

material property and their corresponding geometry from cine magnetic resonance imaging (MRI) 

at one-year follow-up. Autograft ± Dacron for aneurysm repair and ascending aortic geometries 

were reconstructed to develop patient-specific finite element models, which incorporated material 

properties and wall thickness experimentally measured from biaxial stretching. Multiplicative 

approach was used to account for pre-stress geometry from in-vivo MRI. Pressure loading to 

systemic pressure (120/80) was performed using LS-DYNA software.

Results: At systole, first principal stresses were 809kPa (25-75% IQR, 691-1219kPa), 567kPa 

(485-675kPa), 637kPa (555-755kPa), and 382kPa (334-413kPa) at autograft sinotubular junction 

(STJ), sinuses, annulus, and ascending aorta, respectively. Second principal stresses were 

360kPa (310-426kPa), 355kPa (320-394kPa), 272kPa (252-319kPa), and 184kPa (147-222kPa) 

at autograft STJ, sinuses, annulus, and ascending aorta, respectively. Mean autograft diameters 

were 29.9±2.7mm, 38.3±5.3mm, and 26.6±4.0mm at STJ, sinuses, and annulus, respectively.
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Conclusions: Peak first principal stresses were mainly located at STJ, particularly when Dacron 

reinforcement was used. Patient-specific simulations lay the foundation for predicting autograft 

dilatation in the future after understanding biomechanical behavior during long-term follow-up.

Keywords

Ross procedure; pulmonary autograft; remodeling; dilatation; computational modeling; wall stress; 
finite element analysis; Ross operation; heart valve replacement; autograft

Introduction

The Ross procedure has emerged as an ideal choice for surgical aortic valve replacement 

(SAVR) in pediatric patients and young adults1, 2 who desire an active lifestyle, and 

prefer to avoid life-long anti-coagulation. Benefits of the Ross procedure also include 

excellent hemodynamics, and a living valve that can grow with children and young adults. 

More importantly, recent evidence suggests that the pulmonary autograft restores patient 

life-span to normal age-matched population-based survival3–5. Controversies regarding the 

Ross procedure remain including 1) converting a single to double valve operation, 2) 

increased technical complexity compared to mechanical or stented bioprosthetic valve 

replacement, 3) need for reoperation due to autograft dilatation with aneurysm formation 

or aortic insufficiency, and 4) need for reoperation for pulmonary homograft stenosis6, 7. 

Specialized centers5, 8–11 with Ross expertise have largely overcome issues with the 

technical complexity of the operation, demonstrating excellent operative outcomes, while 

oversized pulmonary homografts have reduced concerns regarding homograft stenosis12.

Pulmonary autograft dilatation remains the primary concern and can lead to reoperation 

due to aneurysm formation and/or autograft valve insufficiency, though reported 

reoperation rates vary among different institutions2, 13, 14. Ross techniques vary, including 

subcoronary15, 16, full root with and without native aortic support11, 17, 18, root inclusion11, 

as well as differences in length of pulmonary artery utilized, and use of autograft annulus 

or sinotubular junction (STJ) reinforcement19, 20. While such technical differences have 

been cited as potential causes for differences in long-term reoperation rates17, for the 

full root replacement technique. Fundamentally, the autograft root is transposed from 

the low-pressure pulmonary environment to the high-pressure systemic one. Normally, 

the pulmonary root experiences a mean arterial pressure (MAP) of ~15mmHg in adult 

pulmonary circulation, while MAP in systemic circulation is ~93mmHg, a greater than 

6x pressure change for the autograft immediately after transposition. Previously, we 

demonstrated in a single human autograft finite element (FE) model that wall stresses on the 

autograft root increased dramatically upon immediate exposure to systemic pressure without 

concurrent dilatation21. These wall stress changes may trigger and influence autograft 

remodeling including increased wall thickness and compliance; changes we have shown 

evident in late failed aneurysmal autografts 13 years after initial Ross operation22. However, 

not all autografts dilate; therefore, determining the degree of increased autograft wall 

stresses after Ross procedure may aid understanding of the risk of long-term dilatation 

and aneurysm formation. Yet, the nature of postoperative autograft biomechanics in any 

given patient is unknown. Our objective in this hypothesis-generating study was to examine 
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patient-specific autograft wall stresses after Ross procedure using patient-specific imaging 

at one year postoperatively combined with corresponding material properties determined 

from intraoperative tissue specimens to initiate our longitudinal tracking in correlation with 

early remodeling. To our knowledge, this is the first work that presents patient-specific 

stress distribution using image-based geometry, experimentally measured material properties 

for each patient combined with the detailed surgery technique with and without Dacron 

replacement of the dilated ascending aorta. Since wall stress cannot be directly measured 

in vivo, we performed finite element analysis (FEA) using patient-specific geometry and 

material properties to determine autograft wall stresses.

Materials & Methods

Patients undergoing the Ross procedure were recruited consecutively at Montreal Heart 

Institute (MHI) (n=290) and the subset of patients with both follow-up 1-year magnetic 

resonance imaging (MRI) and intraoperative pulmonary root specimen collection for patient-

specific material properties were included in the study (n=16). The study was approved 

by the institutional review board at MHI, San Francisco Veterans Affairs Medical Center 

(SFVAMC) and Committee on Human Research at University of California San Francisco 

(UCSF) and written informed consent was waived for publication. Pulmonary root samples 

for all patients (n=16) and ascending aortic samples for most patients (n=10) were excised 

intraoperatively via a standardized approach, performed by a single surgeon. Specimens 

for biaxial stretch testing were taken from the anterior quadrant 3mm distally above the 

respective commissures for pulmonary and aortic roots. Patients at the time of operation 

with enlarged ascending aortic diameters additionally underwent an interposition Dacron 

graft.17 Extracted specimens underwent biaxial stretch testing up to 75% strain as previously 

described23 to measure patient-specific material properties. The stress-strain data was then 

fitted to the fiber-embedded hyperelastic material model24 to derive the patient-specific 

material property parameters (Supplemental Table 1). Sample thicknesses were measured. 

De-identified MRI images were transferred to SFVAMC for patient-specific FE modeling.

Development of patient-specific models

Patient-specific simulations integrated image-based geometry and experimental 

measurements of material properties for each patient. Also, fiber-embedded hyperelastic 

material model was used to represent the non-linear material property of aortic and 

pulmonary tissues. The material model was previously described24 and the governing 

equation of the two groups of dispersed collagen fibers is listed below

Ψcollageni C =
k1
2k2

exp k2Ei
2 − 1 , i = 1, 2

where Ei is an invariant that reflects the impact of each fiber family deformation on strain 

energy function; k1 an k2 are material parameters determined by mechanical testing of the 

material. The patient-specific material properties were also averaged and utilized in a second 

set of pressure simulations for each patient model to compare the impact of patient-specific 
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material properties vs. the group averaged material properties on wall stress (Supplemental 

Table 1).

MRI images acquired 1-year postoperatively were then manually contoured under diastolic 

pressure to reconstruct 3D geometry of pulmonary autograft and distal ascending aorta. 

Images were exported as Digital Imaging and Communications in Medicine (DICOM) 

files and imported into MeVisLab (http://www.mevislab.de/home/about-mevislab) for image 

segmentation. Next, smooth three-dimensional surfaces with patient-specific thicknesses 

(Figure 1) were constructed and imported into TrueGrid (XYZ Scientific, Applications, 

Inc., Pleasant Hills, CA) to generate FE hexahedral meshes (Figure 1) which were 

subsequently imported into LS-DYNA (LSTC Inc., Livermore, CA) for physiological 

pressure simulations. Since in vivo images represented pre-stressed geometries under in 
vivo physiologic blood pressures, we used a modified update-Lagrangian method to account 

for pre-stress through an iterative process24. Distal ascending aorta (AscAo) and pulmonary 

autograft were modeled as incompressible hyperelastic material, comprised of extracellular 

matrix reinforced with dispersed collagen fibers24. As previously described, dynamic 

simulations were performed by applying physiologic systemic pressure loading conditions to 

inner lumens21. Physiologic cardiac cycle of 800ms duration was applied which included 

systole, increasing arterial pressure up over 300ms from diastolic (80mmHg) to peak 

systolic pressure (120mmHg), followed by 500ms of diastole, decreasing downwards to 

minimum diastolic pressure.

Data Analysis and Statistics

Simulation results were examined at times corresponding to peak systolic pressures to 

measure wall stress and autograft diameter. The 99th-percentile wall stress as previously 

described25 was examined in this study, as it more reproducibly represents peak stress 

by avoiding the non-physiologic peak stresses that can occur from inhomogeneities in the 

FE mesh. References to peak wall stresses will hereafter be represented by 99th-percentile 

wall stresses. To measure maximum diameter, distances between the furthest sets of nodes 

on perpendicular planes to the centerline were tracked at each sub-region of the root 

and ascending aorta. The reproducibility of the current study was performed by having 

authors E.A. and Y.X. independently develop separate sets of computational models from 

the MRI images of each subject. Both performed independent FEA and stress distributions 

and magnitudes were compared. Validation of computational models was performed by 

comparing the model geometry against the MRI geometry.

Continuous measurements of autograft size and patient age are presented as mean±SD, 

while wall stresses are presented as median and (25%-75%) interquartile range. Categorical 

measurements are presented as numbers and percentages. The data were tested for normal 

distribution using the Shapiro-Wilk test. Spearman rank correlation coefficients were 

used for the correlation between autograft diameter and wall stress, and continuous and 

categorical variables were compared using Mann-Whitney U-test and Kruskal-Wallis test, 

respectively. A p-value <0.05 was considered statistically significant. Statistical analyses 

were performed using R (R 3.6 www.r-project.org).
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Results

Table 2 identifies the clinical profiles of each Ross study patient. The study population was 

63% male (n=10), 37% female (n=6), with a mean age of 47.8 ± 12.9, ranging 17-60 years 

old. Clinically, 81% (n=13) of the group had a bicuspid aortic valve and 19% (n=3) had 

a unicuspid aortic valve, with 56% (n=9) having aortic stenosis and the remainder having 

mixed stenosis and regurgitation. Average wall thickness of the pulmonary autografts and 

ascending aorta were 1.2 ± 0.2mm and 1.7 ± 0.3mm, respectively. Postoperative mean 

pulmonary autograft size was 3.8 ± 0.5cm, ranging 3.1-4.8cm. Postoperative maximum 

autograft diameters were significantly larger in men than women (p<0.001). Postoperative 

annulus diameters (2.7 ± 0.4cm) were significantly smaller than autograft STJ (3.0 ± 0.3cm, 

p=0.03), which were in turn smaller than sinuses (3.8 ± 0.5cm, p<0.001). Postoperative 

autograft sinus diameters were also significantly larger than those of annulus (p<0.001) as 

expected.

In comparing the 1yr postoperative pulmonary autograft diameters to the preoperative 

aortic diameters at each subregion (14 patients out of the 16), significant reduction of 

diameter was found at the annulus from 3.4 ± 0.7cm (preop aortic) to 2.7 ±0.4cm (postop 

autograft) (p<0.001) and STJ from 3.3 ± 0.7cm (preop aortic) to 3.0 ± 0.3cm (postop 

autograft) (p=0.035). The diameter at the ascending aorta was not significantly different 

from preoperatively 3.8 ± 0.6cm to postoperatively at 1-year, 3.6 ± 0.4 (p=0.15). No 

significant differences were found in the preoperative aortic sinus diameter 3.8 ± 0.7cm 

and the postoperative autograft sinus diameter 3.8 ± 0.5cm (p = 0.42) at 1-year.

Interestingly, the pulmonary autograft diameters did not change significantly at the annulus 

(p=0.29) from preoperative pulmonary pressures to postoperative aortic systemic pressures 

at 1-year (2.8 ± 0.7cm vs 2.7 ± 0.4cm, respectively, p=0.29). Similarly, the autograft 

diameters at the STJ also did not significantly change from the preoperative pulmonary 

pressures to the postoperative aortic systemic pressures at 1-year (2.9 ± 0.5cm vs 3.0 ± 

0.3cm, respectively, p=0.13). On the other hand, the sinus diameters of the pulmonary 

autograft did increase in size from preoperative pulmonary position (2.8 ± 0.5cm) to 

postoperative aortic position at 1-year (3.8 ± 0.5cm), p<0.001.

At end systole, median first and second principal stresses on the pulmonary autograft 

overall, which roughly correlate with circumferential and longitudinal directions, were 

651.1kPa (599.0-796.8kPa) and 345.2kPa (317.2-396.4kPa) (p<0.001) (Figure 2). Peak 

stresses in the autograft subregions: STJ, sinuses of Valsalva, and annulus were also 

examined. Peak first and second principal stresses at autograft STJ were 808.8kPa 

(691.2-1219.0 kPa) and 359.7kPa (310.1-426.3kPa), respectively (p<0.001). At autograft 

sinuses, peak first and second principal stresses were 566.7kPa (484.8-675.2kPa) and 

355.5kPa (319.7-394.1kPa), respectively (p<0.001). At the annulus, peak first and 

second principal stresses were 636.8kPa (554.7-755.0kPa) and 271.9kPa (252.4-318.7kPa), 

respectively (p<0.001). Above the autograft and/or Dacron STJ reinforcement, peak first 

and second principal stresses on the AscAo were 381.5kPa (333.9-413.2kPa) and 183.9kPa 

(146.9-221.8kPa), respectively (p<0.001). Overall, peak wall stresses in the autograft as a 
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whole and in each subregion were significantly different between first and second principal 

stresses as related to circumferential and longitudinal directions.

When comparing among autograft subregions (Figure 3), peak first and second principal 

stresses were not significantly different between autograft STJ and annulus (p=0.08 and 

p=0.07, respectively). Peak first principal stresses in autograft sinuses were also not 

significantly different than that in the annulus (p=0.27), or STJ (p=0.05). In contrast, 

peak second principal stresses in autograft sinuses were significantly greater than that in 

the annulus (p=0.01), but were not significantly different than that in the STJ (p=0.95, 

Figure 3). Notably, peak first and second principal stresses of all autograft subregions were 

significantly greater than those of the distal AscAo (p<0.001).

Among the n=16 patients, n=11 had an ascending aortic repair with Dacron interposition, 

while n=5 did not. Peak first principal stresses were significantly greater in those 

with Dacron interposition grafts than those without at the STJ, 895(809-1280)kPa 

vs. 507(363-599)kPa, respectively (p=0.002), and at AscAo, 387(377-479)kPa vs. 

274(274-309)kPa, respectively (p=0.02), but not in the sinuses, 592(511-828)kPa 

vs. 488(475-588)kPa, respectively (p=0.21), or at the annulus, 671(597-808)kPa vs. 

565(479-600)kPa, respectively (p=0.05). Similarly, peak second principal stresses were 

significantly greater in patients who had Dacron interposition grafts than those without 

at the STJ, 403(360-512)kPa vs. 219(206-255)kPa, respectively (p=0.003), and at the 

AscAo, 201(184-240)kPa vs. 137(116-141)kPa, respectively (p=0.002), but not at the 

sinuses, 365(349-441)kPa vs. 321(315-334)kPa, respectively (p=0.14), nor at the annulus, 

290(266-331)kPa vs. 241(212-264)kPa, respectively, (p=0.14).

When examining the relationship between peak autograft stresses and diameter, pockets of 

peak wall stresses occurred most often in the STJ region rather than the sinuses, which had 

the largest diameter (Figure 3). Correlation between maximum diameter and peak stresses 

was extremely weak along both the circumferential (r=−0.29) and longitudinal (r=−0.21) 

directions (Supplemental Figure 1). Autograft thickness was weakly related to the first 

principal stress (r=−0.48).

Lastly, we examined the influence of patient-specific vs averaged material properties on 

wall stresses, since clinical determination of patient-specific material properties will be 

time-consuming and potentially challenging for clinical application. Overall, there were no 

significant differences in the magnitude and location of first and second principal stresses 

when using patient-specific vs. averaged material properties. In each subregion, using 

patient-specific vs. averaged material properties revealed no significant differences in first 

principal wall stresses in STJ (p=0.90), sinuses (p=0.98), annulus (p=0.98), and ascending 

aorta (p=0.72); and similarly, no significant differences in second principal wall stresses in 

STJ (p=0.70), sinuses (p=0.98), annulus (p=0.40) and ascending aorta (p=0.55). Detailed 

wall stresses in each subregion are shown in Table 4.

The distensibility from diastole to systole was calculated at each subregion of the pulmonary 

autograft (Table 5). Without Dacron replacement of the ascending aorta, distensibility of STJ 
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was similar to the annulus. Distensibility of the sinus was generally less than at STJ and 

annulus.

Our computational models were validated by overlaying the geometry from MRI 

reconstructed images to geometry from our computational models at diastolic pressure 

(Supplemental Figure 2). The geometry from our diastolic simulations tightly overlapped 

with those from MRI. Furthermore, in the reproducibility study, stress distribution of 

each aortic model between the two independent investigators was nearly identical, and 

variation of peak stress magnitudes was <6% which was within the accepted range of prior 

interobserver study26. Figure 4 summarizes the overall study design and results.

Discussion

We studied the maximum diameters and patient-specific in vivo wall stresses of 

postoperative pulmonary autografts at 1-year after Ross operation. This study presents the 

most accurate patient-specific simulation by integrating image-based geometry, experimental 

measurements of material properties from intraoperative tissue for each patient, and the 

detailed surgery technique with and without Dacron replacement of the dilated ascending 

aorta. Peak first and second principal stresses were seen at autograft STJ and were primarily 

driven by the placement of Dacron interposition graft. Notably, in all autograft subregions, 

peak first and second principal stresses were significantly greater than those in the distal 

AscAo. These elevated wall stresses along the autograft may trigger continued remodeling 

over time and may be associated with later autograft dilatation. At this early time-frame, 

autograft dilatation was not seen despite elevated autograft wall stresses compared to lower 

wall stresses in corresponding native distal ascending aorta.

Understanding the magnitude and distribution of wall stress experienced by the pulmonary 

autograft as it moves from its low-pressure pulmonary circulation to systemic pressure fills 

a fundamental gap in knowledge to understand autograft remodeling. Autograft dilatation 

likely reflects the inability of the native pulmonary root to adapt to demands of the systemic 

circulation. Using computational modeling and FEA, we previously demonstrated in a single 

human autograft, a significant 6-fold increase in autograft wall stress when exposed to 

the higher MAP (~93mmHg) in systemic circulation, from the lower MAP (~15mmHg) 

of pulmonary circulation. However, this model did not incorporate patient-specific material 

properties, unlike our present study21. In this study, using patient-specific material properties 

and in vivo autograft geometries, autograft wall stresses at one-year post-Ross operation 

were still higher than their corresponding distal ascending aorta controls regions, but no 

significant autograft dilatation was seen. This can be explained by the nonlinearity of 

the autograft stress-strain curve, where at systemic pressure the increased stiffness of the 

autograft material properties prevents early dilatation.

Pulmonary Autograft Diameter

Our results showed that in early autograft remodeling one-year post-operatively, maximum 

diameter occurred as expected at the sinuses, while STJ and annulus were well constrained. 

Average sinus diameter was 29% larger than in the STJ (38.3mm vs. 29.8mm), and 44% 

larger than in the annulus (38.3mm vs. 26.6mm). Notably, compared to the preoperative 
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baseline aortic annulus and STJ diameters, the postoperative autograft reduced both the 

annulus and STJ diameters. However, the autograft preoperative diameters at pulmonary 

pressures did not significantly change from the autograft postoperative diameters at 1-year 

at the annulus and STJ. These findings suggest that the technique Dr. El-Hamamsy used to 

place the autograft annulus in the subannular position constrained the annulus diameter 

postoperatively, just as the Dacron interposition graft at the STJ constrained the STJ 

from dilating at systemic pressure. However, the sinuses of the autograft did dilate from 

preoperatively at pulmonary pressures to postoperatively at 1-year at systemic pressures. 

But, the diameter of the autograft sinuses did not significantly differ in size postoperatively 

from the aortic sinuses preoperatively at systemic pressure. This suggests that at systemic 

pressure the autograft achieved the size of the aortic sinuses which is larger than autograft 

sinuses at pulmonary pressures. It is reassuring that the autograft could achieve normal 

aortic sinus dimensions without dilatation. Clinical follow-up echocardiography of human 

pulmonary autografts after the Ross operation have shown sinus diameters of 36mm 

immediately following cardiopulmonary bypass by Hokken et al.27 and 37.3mm by Carr-

White et al.28. These results were well correlated to our sinus diameter of 38.3mm.

Clinically, STJ diameter was found to be an independent predictor of autograft regurgitation 

which led to reoperation2. Failed autografts showed STJ dilatation without associated sinus 

dilatation2, though this was not uniformly so and sinus dilatation was also demonstrated. 

Progressive autograft enlargement was found pronounced at sinuses and STJ in 119 patients, 

whose mean sinus and STJ diameters increased from 30.8 to 42.4mm and 26.6 to 32.2mm, 

respectively, at 10 years2. David et al. showed dilated sinuses with STJ dilatation with the 

aortic root replacement technique29. Another group observed a trend of more marked STJ 

dilatation in serial follow-up over four years28. Overall, these clinical follow-up studies 

suggest that STJ remodeling to accustom the autograft to systemic pressure may be critical 

in discerning autografts at risk of dilatation vs not. In this study n=11 patients had Dacron 

interposition which constrained STJ from dilatation postoperatively.

Maximum Diameter and Peak stress

Interestingly, peak stresses were not located in the region of maximum diameter in the 

majority of our study population, suggesting that factors such as complex noncylindrical 

geometries contributed to the stress distribution, and were not well predicted by diameter 

using LaPlace’s Law. Our results showed peak stresses in the STJ despite the largest 

diameter occurring in the sinuses. Since n=11/16 patients had Dacron interposition, Dacron 

graft had particular impact on wall stresses. Dacron interposition technically reinforces the 

STJ similarly to felt strip reinforcement. Notably our results showed that this reinforcement 

had no impact on stresses in the sinuses or annulus. STJ stresses were significantly greater as 

expected due to the transition from native autograft tissue to a much thinner and stiffer 

Dacron material. One criticism of the Ross procedure is need for reoperation due to 

autograft dilatation and aneurysm formation because of concern for autograft dissection 

or rupture. Since dissection/rupture can be considered a mechanical failure when wall stress 

exceeds wall strength, autograft dilatation alone may not be an indication for reoperation 

if 1) the leaflets remain competent, and 2) autograft stresses do not exceed wall strength. 

Circumferential stresses account for autograft expansion, while longitudinal stresses control 
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elongation. While STJ circumferential stresses were largest, Dacron actively constrains the 

STJ diameter and also prevents dissection propagation. It is noted that the protective role of 

Dacron in this situation is similar to other Ross surgical techniques to stabilize the STJ such 

as STJ reinforcement with felt or full root inclusion as shown in previous studies30–32. These 

techniques were found to promote longer freedom from reintervention.

The underlying biomechanical mechanism is similar in each of those scenarios. STJ 

stabilization with Dacron interposition, felt reinforcement, or full inclusion root techniques 

physically confines the STJ from later expansion to prevent remodeling. Dacron or felt 

provides strong support as a loading bearing structure which releases the high stress 

concentration that may drive the autograft remodeling given the strength of the materials. 

Because the sinuses are spared of the increased stresses with these techniques, other 

non-inclusion root techniques may potentially be protective of dilatation, such as partial 

inclusion of the noncoronary sinus aortic wall to support the autograft sinuses, as long as the 

STJ remains stabilized by Dacron or felt. In our models, both autograft STJ and sinuses had 

stresses that were greater than that of their respective distal AscAo as well as those reported 

for normal human aortic sinuses (100-130kPa)33. Further follow-up over time of autograft 

stresses in these specific patients will be essential to understand if wall stresses diminish 

and approach normal aortic wall stresses over time. Understanding in vivo autograft sinus 

stresses will be important for correlation of future autograft dilatation.

This study is unique in that patient-specific material properties of pulmonary root and 

AscAo were available at the time of Ross operation to incorporate in the FE models 

along with in vivo MRI patient-specific 1-year post-operative Ross geometries to determine 

patient-specific wall stresses. As further understanding of Ross biomechanics is acquired 

during follow-up, the challenges in using biomechanics to predict adverse Ross remodeling 

and autograft dilatation will be to acquire patient-specific material properties in vivo. We 

have previously demonstrated the ability of displacement encoding with stimulated echo 

(DENSE)-MRI to determine patient-specific material properties in ascending thoracic aortic 

aneurysms34; however, our DENSE-MRI protocols at this time are vendor-specific and our 

Siemen’s based sequences were not available for the retrospectively acquired MRI images 

from the Phillips scanners in Montreal. As such we limited the study to those patients whose 

actual tissue specimens were available for material property assessment experimentally and 

examined the influence on FEA derived stress results. We found no significant differences 

in wall stress magnitudes or distribution based upon patient-specific vs averaged material 

properties (Table 4). With hundreds of patients that received a 1-year postoperative MRI 

but did not have intraoperative specimen collected, these results suggest we can reasonably 

approximate patient-specific wall stresses with group-averaged material properties. This will 

aid in simplifying the computational modeling process and applying FEA more broadly to 

the majority of Ross patients with follow-up imaging.

We developed patient-specific Ross models to lay the foundation for understanding autograft 

remodeling over time. We hypothesize that higher autograft wall stresses drive autograft 

remodeling and that autograft dilatation results from abnormal remodeling responses such 

as increased autograft compliance as we previously found in failed autografts22 or failure 

of autograft wall stresses to normalize towards aortic wall stresses. This initial study of 
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postoperative pulmonary autografts sets the stage to understand autograft wall stress changes 

over time in mid- and long-term follow-up with an expanded patient cohort. Patient-specific 

autograft simulations could fill the gap in knowledge of what leads to autograft dilatation. 

Using pre-operative MR imaging, virtual Ross simulations of stress profiles coupled with 

evaluation of changes in stress distribution and magnitude over time at 5-10 years could 

identify predictors for dilatation. Anticipating which patients are at risk of autograft 

dilatation and thus during Ross procedure require adjunctive preventative measures, such 

as Dacron inclusion root to support autograft sinuses, rather than proximal and distal support 

of non-inclusion root with STJ stabilization with Dacron/felt or annular support, would be 

extremely beneficial given the additional technical complexities. For postoperative patients, 

early Ross remodeling simulations could stratify patients at higher risk for dilatation and 

aneurysm formation based on their post-operative imaging and allow opportunity for earlier 

medical optimization such as stricter blood pressure control and more frequent follow-up.

Study Limitations

While the application of the Ross procedure is not widespread, we selected the patients 

with intraoperative tissue and postoperative MRIs, which further reduced the study cohort. 

Such highly selected cohort ensured us to develop the most accurate computational models 

based on patient-specific geometry and material properties in this preliminary study. With 

this cohort of patients, we were able to have a proof of concept, by identifying the extent 

wall stress plays in early remodeling and highlighting how averaged-material properties may 

provide comparable results. This will allow us to further expand future studies to additional 

patients over longer follow-up.

In our simulations, we focused on the effects of pressure loading on diameter and wall 

stress. As such, valve leaflets were not included in the models, since velocity distribution 

and flow characteristics using computational fluid dynamics or fluid shear stress using 

fluid-structure interaction were not examined.

Our goal was to create the best approximation of patient-specific models in the early 

post-operative period to establish a baseline for the remodeling process anticipated over the 

following 10-15 years. The material property was measured from extracted intra-operative 

specimen, however due to clinical limitations the earliest 3D imaging available is 1-year 

postoperatively. Our previous study of failed Ross autografts indicated that the time of 

the autograft in circulation prior to autograft dilatation and reoperation was 13 years22. 

While we have no information regarding the time course of material property change, it is 

reassuring that the autografts did not become aneurysmal at this time frame. These models 

were meant to reflect the postoperative baseline autograft stresses from which to compare 

future work with patient-specific follow-up at 5 and 10 years after the Ross procedure. 

This future follow-up will allow us to test the hypothesis that autograft biomechanical 

remodeling influences dilatation over time. Lastly, it is to be noted that patient-specific 

material properties of aortic and pulmonary tissue are variable as to be expected based on 

variations in age, sex, disease process, etc and as witnessed by surgeons in the operating 

room. Despite the variability in material parameters, we assessed the impact of averaged 

vs. patient-specific material properties in the simulation results and found no significant 
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differences. We plan to simplify future computational modeling processes for the vast 

majority of Ross patients based on these data.

Finally, we used normotensive blood pressure 120/80 for all patients to assess wall stress 

consistently within the group, but clinically, these patients were subjected individually to 

strict blood pressure control, often ≤100mmHg during the early remodeling period, to 

effectively reduce the peak autograft stresses.

Conclusions

Patient-specific modeling of pulmonary autograft after Ross procedure demonstrated greater 

in-vivo wall stresses at the sinotubular junction, sinuses, and annulus when compared to 

the internal controls of wall stresses in the native distal ascending aorta at 1 year post-

operatively. Despite elevated autograft wall stresses, no autograft dilatation was seen at this 

early time frame, due to the stiffness of the autograft in that region of the stress-strain curve. 

Whether autograft wall stresses normalize to the magnitude of the native aorta over time 

will be important to determine in future studies. Dacron graft interposition anatomically 

constrained autograft dilatation at the STJ, and is associated with increased STJ stresses due 

to the Dacron material stiffness, but had little effect in the annulus and sinus regions. This 

study fills a critical knowledge gap by examining patient-specific wall stresses in autograft 

subregions, as well as the influence of dacron graft interposition at the STJ.
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Glossary of Abbreviations

3D 3 dimensional

DICOM Digital Imaging and Communications in Medicine

MAP mean arterial pressure

MRI magnetic resonance imaging

MHI Montreal Heart Institute

UCSF University of California San Francisco

SFVAMC San Francisco Veterans Affairs Medical Center

FE finite element

FEA finite element analyses
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SOV sinuses of Valsalva

STJ sinotubular junction

AscAo ascending aorta

cm centimeter

kPa kilopascal
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Central Message

At one-year postoperatively, patient-specific simulations after Ross procedure revealed 

that all autograft regions had elevated wall stresses compared to native distal aorta 

without early dilatation.
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Perspective Statement

Elevated wall stresses may lead to autograft dilatation requiring reoperation. Using finite 

element modeling of patient-specific autografts, we found wall stresses in all autograft 

regions were greater than distal ascending aorta without concurrent dilatation at one-year 

post-Ross operation. Our work provides the necessary first step towards understanding 

how autograft wall stresses lead to dilatation.
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Figure 1. 
Representative 3D mesh models of pulmonary autograft and ascending aorta without(a) 

and with Dacron interposition graft(b); cross section of autograft and ascending aorta mesh 

showing the thickness variation without(c) and with Dacron interposition(d).
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Figure 2. 
a. First principal wall stress profiles (circumferential stresses) of patient-specific autograft 

and ascending aorta models (top) b. Second principal wall stress profiles (longitudinal 

stresses) of patient-specific autograft and ascending aorta models (bottom). First row and 

the first 3 of the second row had Dacron interposition graft to the ascending aorta and the 

remaining did not have Dacron graft. Each individual patient in left-to-right order in (a) is 

reflected in the same order in (b).
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Figure 3. 
Comparison of autograft subregions and ascending aorta: peak first (a) and second 

(b) principal wall stresses (solid markers=patients with Dacron interposition; unfilled 

markers=patients without Dacron interposition; black bar=median value). The first and 

second principal stresses on sinotubular junction, sinus, and autograft annulus were higher 

than ascending aorta. The second principal stresses on sinuses were larger than that in the 

annulus.
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Figure 4. 
Of 290 patients undergoing Ross procedure at Montreal Heart Institute, a subset of n=16 

patients had autograft and aortic tissue removed during surgery for biaxial stretch testing for 

material properties and postoperative magnetic resonance imaging at 1 year. Patient-specific 

modeling of pulmonary autografts were performed using 3D patient-specific imaging and 

material properties. Finite element analyses were performed to determine wall stresses in 

the autograft and ascending aorta. Pulmonary autograft had significantly higher wall stresses 

than distal ascending aorta (native internal control) which could drive remodeling over time. 
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Future clinical follow-up can provide understanding of autograft biomechanics in relation to 

clinical dilatation.
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Central Figure. 
First principal stresses of representative patient-specific autograft, ascending aorta, and 

Dacron graft.
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Table 2.

Patient-specific Characteristics (N=16).

Age Sex Autograft 
Thickness (mm)

Aortic Thickness 
(mm)

Dacron Graft NYHA Valve Morphology Stenosis/
Regurgitation/Mixed

1 50 M 1.00 1.40 Y 3 BAV Mixed

2 58 F 0.84 1.35 Y 2 BAV Stenosis

3 59 F 1.36 2.05 Y 3 BAV Stenosis

4 57 F 0.84 1.81 Y 2 BAV Stenosis

5 56 M 1.24 1.85 Y 3 BAV Mixed

6 50 M 1.29 2.29 Y 2 BAV Mixed

7 23 F 0.69 1.24 Y 2 BAV Stenosis

8 60 M 1.29 1.81 Y 2 BAV Stenosis

9 28 F 1.16 * N 3 UAV Stenosis

10 53 M 1.15 * N 3 BAV Mixed

11 52 M 1.32 * Y 3 BAV Stenosis

12 17 F 1.19 * N 2 BAV Mixed

13 53 M 1.4 1.78 Y 2 BAV Stenosis

14 54 M 1.48 * N 1 UAV Mixed

15 41 M 1.35 1.625 Y 3 UAV Mixed

16 53 M 1.07 * N 3 BAV Stenosis

*
Aortic Thickness was not measured, averaged value used (1.84 mm)
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Table 3.

Patient-specific Pulmonary and Aortic Diameters

Pulm. Autograft Pre-op: Max 
Diameter (cm)

Aorta Pre-op: Max Diameter (cm) 1yr Post-op: Max Diameter (cm)

Annulus Sinus STJ Annulus Sinus STJ A.A. Annulus Sinus STJ A.A.

1 2.4 2.7 2.5 3.4 3.7 3.0 3.5 2.9 3.8 3.2 3.7

2 2.0 2.2 2.2 2.3 2.8 2.1 3.5 2.2 3.1 2.7 3.1

3 2.3 2.4 2.8 3.2 2.9 3.0 3.6 2.3 3.3 2.8 4.0

4 2.9 2.8 2.7 3.1 3.8 3.7 4.3 2.4 3.5 2.9 3.0

5 2.8 3.0 2.8 4.6 4.6 3.7 4.2 3.0 3.8 2.9 3.7

6 2.2 2.3 2.7 3.6 3.9 4.1 4.4 2.5 3.9 2.9 3.4

7 2.3 2.3 2.6 3.1 3.8 3.5 4.1 2.8 3.4 2.9 3.3

8 * * * * * * * 2.2 3.9 2.8 3.5

9 2.4 2.6 2.3 2.2 2.4 2.2 2.6 1.9 3.1 2.7 3.0

10 2.2 2.4 2.5 2.9 3.6 3.0 2.7 2.8 3.5 3.0 3.6

11 3.2 3.2 3.4 4.0 4.6 4.2 4.5 2.8 4.2 3.0 3.9

12 * * * * * * * 2.3 3.5 3.0 3.1

13 3.1 3.0 3.0 3.8 4.3 4.0 4.2 3.0 4.4 2.9 3.6

14 4.5 3.6 3.6 4.3 4.7 3.6 3.6 3.3 4.8 3.8 4.2

15 3.9 3.9 3.8 4.3 4.3 3.5 4.1 2.8 4.8 3.0 4.2

16 3.0 3.3 3.4 3.3 4.1 3.0 3.2 3.3 4.3 3.3 3.7

Avg. ± 
SD

2.8 ± 0.7 2.8 ± 0.5 2.9 ± 
0.5

3.4 ± 0.7 3.8 ± 0.7 3.3 ± 
0.7

3.8 ± 
0.6

2.7 ± 0.4 3.8 ± 0.5 3.0 ± 
0.3

3.6 ± 
0.4

Avg. = Average; A.A. = Ascending Aorta;

*
No pre-operative imaging available
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Table 4.

Peak first and second principal wall stresses in each subregion under systolic pressure, comparing patient-

specific and group-averaged (Avg) material properties at 1-year post Ross procedure.

Peak First Principal Stress Peak Second Principal Stress

(KPa) Patient-Specific 
Material Property

Avg Material 
Property P Patient-Specific 

Material Property
Avg Material 

Property P

Sinotubular 
Junction 809 (691-1219) 777(689-1225) 0.90 360 (310-426) 338(304-421) 0.70

Sinus 567 (485-675) 570(485-676) 0.98 355 (320-394) 355(320-392) 0.98

Annulus 637 (555-755) 642(527-751) 0.98 272 (252-319) 294(269-340) 0.40

Ascending Aorta 382 (334-413) 373(324-413) 0.72 184(147-222) 182(147-223) 0.95

Data presented as median (25-75% interquartile range).
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Table 5.

Distensibility of the subregions of the pulmonary autograft.

% With Dacron replacement Without Dacron replacement P value

Sinotubular Junction 0.03±0.01 3.38±0.69 0.001

Sinus 0.99±0.28 1.22±0.23 0.087

Annulus 3.48±0.64 4.20±0.44 0.016

Distensibility was defined as (perimeter at systole − perimeter at diastole)/ perimeter at diastole.
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