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Abstract

Introduction

In patients with ascending aortic (AA) aneurysms, prosthetic graft replacement yields benefit

but risk for complications in the descending aorta persists. Longitudinal impact of AA grafts

on native descending aortic physiology is poorly understood.

Methods

Transthoracic echocardiograms (echo) in patients undergoing AA elective surgical grafting

were analyzed: Descending aortic deformation indices included global circumferential strain

(GCS), time to peak (TTP) strain, and fractional area change (FAC). Computed tomography

(CT) was used to assess aortic wall thickness and calcification.

Results

46 patients undergoing AA grafting were studied; 65% had congenital or genetically-associ-

ated AA (30% bicuspid valve, 22% Marfan, 13% other): After grafting (6.4±7.5 months),

native descending aortic distension increased, irrespective of whether assessed based on

circumferential strain or area-based methods (both p<0.001). Increased distensibility paral-

leled altered kinetics, as evidenced by decreased time to peak strain (p = 0.01) and increased

velocity (p = 0.002). Augmented distensibility and flow velocity occurred despite similar pre-

and post-graft blood pressure and medications (all p = NS), and was independent of pre-sur-

gical aortic regurgitation or change in left ventricular stroke volume (both p = NS). Magnitude

of change in GCS and FAC was 5–10 fold greater among patients with congenital or geneti-

cally associated AA vs. degenerative AA (p<0.001), paralleling larger descending aortic size,
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greater wall thickness, and higher prevalence of calcific atherosclerotic plaque in the degen-

erative group (all p<0.05). In multivariate analysis, congenital/genetically associated AA etiol-

ogy conferred a 4-fold increment in magnitude of augmented native descending aortic strain

after proximal grafting (B = 4.19 [CI 1.6, 6.8]; p = 0.002) independent of age and descending

aortic size.

Conclusions

Prosthetic graft replacement of the ascending aorta increases magnitude and rapidity of dis-

tal aortic distension. Graft effects are greatest with congenital or genetically associated AA,

providing a potential mechanism for increased energy transmission to the native descending

aorta and adverse post-surgical aortic remodeling.

Introduction

Prosthetic graft replacement is a well-established interventional therapy for patients with

ascending thoracic aortic aneurysms (AA), in whom it provides potential lifesaving benefits

and is recommended by consensus guidelines [1, 2]. While graft replacement eliminates risk for

dilatation or dissection in surgically replaced regions, event risk persists in non-grafted areas–

especially in patients with genetically associated aortopathies [3–7]. Nearly 50% of type B dissec-

tions in patients with Marfan syndrome occur in context of prior prophylactic graft surgery [5,

6]. Patients with bicuspid aortic valve are also at increased risk for recurrent clinical events,

including re-operation after initial aortic valve replacement and/or prophylactic graft surgery

[7, 8]. Given the clinical seriousness of such events, improved mechanistic insight into reasons

for adverse changes in aortic physiology after graft implantation is of substantial importance.

One reason for heightened risk following prosthetic graft surgery may be due to altered vas-

cular tissue properties of the native aorta. An added factor may stem from the impact of grafts

on aortic physiology. Prosthetic grafts differ from the native aorta with respect to geometry

and distensibility [9–12], and thus provide a stiff conduit to propagate high velocity flow into

distal (non-grafted) segments. Consistent with this, prior studies by our group have shown

ascending aortic grafts to acutely increase energy transmission to the native descending aorta,

resulting in increased descending aortic distension as measured via intra-operative transeso-

phageal echocardiography [13]. However, it remains uncertain whether such changes persist

post-operatively in ambulatory patients (without modulatory effects of cardiac anesthesia), or

whether magnitude of prosthetic graft-induced alterations in native aortic distension varies

between patients with and without congenital or genetically associated aortopathies.

This study examined temporal changes in descending aortic mechanics among patients

undergoing prosthetic graft replacement of the ascending aorta. To do so, transthoracic echocar-

diography (echo) was used to quantify descending aortic distension (strain) and flow pre- and

post-operatively, together with input variables including left ventricular function and aortic size.

Goals were to (1) determine impact of AA graft implantation on descending aortic distension

post-operatively; and (2) identify pre-operative clinical, hemodynamic, and imaging variables

associated with graft-induced effects on the native descending aorta.

Materials and methods

Study population

This entailed a retrospective review of pre-existing (imaging, clinical) data; informed consent

for study participation was not obtained given the retrospective nature of this protocol. The
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study protocol was approved by the Weill Cornell Institutional Review Board, which approved

analysis of pre-existing data for research purposes, approved query of institutional databases to

identify eligible patients for this study (prior to data de-identification), and waived the require-

ment for informed consent. A pre-designated study investigator (JWW) oversaw access to

patient identifiers for data query purposes prior to data de-identification for image/research

analyses.

The population comprised patients who underwent surgical prosthetic graft replacement of

the AA, in whom transthoracic echo was performed pre- and post-operatively. Patients were

included based on availability of echo datasets inclusive of descending aortic images of ade-

quate quality to assess distension pre- and (within two years) post-operatively. CT (available in

74%) was used to further test whether descending aortic wall thickness modified graft response.

To examine the primary impact of prosthetic grafts on descending aortic physiology, patients

with concomitant conditions known to affect aortic distension (i.e. dissection, severe aortic

regurgitation or stenosis) were excluded.

Patients underwent prosthetic graft surgery and imaging at New York Presbyterian Hospi-

tal/Weill Cornell Medicine (New York, NY): Aortic reconstruction was performed using poly-

ethylene terephthalate (Dacron) grafts. Demographic indices were compiled via review of

electronic medical records. AA etiology (congenital/genetic, degenerative) and diagnostic

categories were classified based on review of clinical/records and images by a dedicated study

investigator (JK) blinded to strain analyses.

Image acquisition

Echocardiography. Transthoracic echoes were performed in accordance with consensus

(ACC/AHA, ESC) guidelines [14] using commercial equipment (Philips: iE33, EPIQ7 [Ando-

ver, MA]). Exams included short axis views of the mid-descending aorta, which was typically

assessed using left ventricular (LV) long (e.g. 3 chamber) or short axis datasets. Additional

data included pulsed and continuous wave Doppler to assess aortic regurgitation; pulsed

wave Doppler was also used to measure peak flow velocity in the proximal descending aorta.

Computed tomography. Chest CT imaging was performed in accordance with standard

clinical protocols. The imaging field of view varied based on body habitus, with adjustments

made to encompass the thoracic aorta. Images were acquired using both ECG gated and non-

gated algorithms. In 81% of exams, iodinated contrast was intravenously infused in conjunc-

tion with image acquisition with contrast timing tailored to opacify the thoracic aorta.

Image analysis

Aortic strain. Aortic size and deformation were assessed on echo using short axis images

(perpendicular to longitudinal plane of mid descending aorta). Strain analyses were performed

using commercial software (TomTec [Unterschleissheim, Germany]). In brief, multiple (~10)

seed points were placed equidistantly throughout the circumference of the aorta. Automated

speckle tracking was then performed such that seed points were tracked throughout the car-

diac cycle. Automated tracking analyses were visually inspected: If deemed suboptimal (discor-

dant with visualized aortic contours), seed points were manually adjusted to optimize vessel

tracking. Consistent with prior studies by our group and others [15–17], the aorta was parti-

tioned into equidistant segments for which segmental results were averaged to derive the fol-

lowing indices:
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• Global Circumferential Strain (GCS)–peak circumferential deformation of the aortic wall

between systole and diastole (measured as the relative (%) difference between these two time

points; [end-systole–end-diastole] / end-diastole � 100).

• Pulse Pressure Adjusted GCS–GCS normalized for pulse pressure (systolic–diastolic blood

pressure), the latter of which was based on brachial measurements at time of echo [18].

• Time to peak (TTP) strain–calculated as the time interval between initial LV systolic contrac-

tion (R wave onset) and maximal circumferential aortic strain.

Fig 1 provides representative examples of aortic strain analyses performed using echo

exams acquired pre- and post-proximal aortic grafting.

Aortic analyses also included quantification of end-systolic luminal area (ESA) and end-

diastolic area (EDA) as well as corresponding linear diameters. Aortic area measurements

were used to calculate fractional area change (FAC = [ESA–EDA]/EDA). In addition, aortic

distensibility (AD) was calculated via an established equation (AD = [ESA–EDA] / [EDA x

PP]), for which PP represents pulse pressure, and EDA and ESA the area of the descending

aorta at end systole and end diastole [19].

Fig 1. Representative examples of descending aortic strain assessed pre- and post- ascending aortic graft implantation in patients

with congenital or genetically associated AA associated (top) and degenerative (bottom) AA. Circumferential strain over the entire

cardiac cycle is represented by the red curve (upper right panel) from which systolic and diastolic frames were used to compute global

circumferential strain (GCS); corresponding end-diastolic and end-systolic border delineation are represented by green and yellow

circles (lower left). Note increased circumferential strain (Δ = 4.78) in a patient with congenitally associated aortic aneurysm (bicuspid

aortic valve), despite similar pre-operative strain (Δ = 1.38) in a patient with a degenerative aortic aneurysm.

https://doi.org/10.1371/journal.pone.0230208.g001
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Aortic regurgitation and LV remodeling. Aortic regurgitation (AR) was assessed based

on 2D and Doppler indices of severity, including jet width, vena contracta, pressure half-time,

and calculated regurgitant volume/ fraction: Aggregate data was used to assess AR severity,

which was graded in accordance with consensus guidelines [20].

LV chamber size and function were quantified on echo based on standardized linear dimen-

sions measured in parasternal long axis orientation, concordant with established methods vali-

dated in prior research [21, 22]. LV mass was quantified using anteroseptal and posterior wall

thickness and LV diastolic dimension, in accordance with necropsy validated methods [23].

Aortic vessel wall characteristics. Aortic wall thickness was measured on CT using (dou-

ble oblique) reformatted short axis images in the mid descending thoracic aorta. CT datasets

were also reviewed for presence of calcific atherosclerotic plaque in the aortic arch and

descending thoracic aorta, which was graded in a binary (present/absent) manner.

Statistical analyses

Comparisons between groups were made using Student’s t-test (expressed as mean ± standard

deviation) for continuous variables. Categorical variables were compared using chi-square or

Fisher’s exact test (when < 5 expected outcomes per cell). Bivariate correlation coefficients

were used to evaluate associations between continuous variables. Univariable and multivariate

modeling was performed via linear regression. Reproducibility of GCS was assessed based on

mean difference and limits of agreement (mean ± 1.96 standard deviation) between repeated

measurements, as well as intra-class correlation coefficients (ICC). Statistical calculations were

performed using SPSS 22.0 (SPSS Inc. [Chicago, IL]). Two-sided p<0.05 was considered indic-

ative of statistical significance.

Results

Population characteristics

The population comprised 46 patients with AA aneurysms who underwent elective surgical

prosthetic graft repair. Aneurysms were attributable to congenital or genetically associated

conditions in over half (63% [n = 30]) patients, including 30% (n = 14) with bicuspid aortic

valve, 22% (n = 10) with Marfan syndrome and 13% (n = 6) with other conditions. In the

remaining 37% (n = 16) of patients, AA was deemed sporadic (degenerative) in etiology.

Table 1 reports baseline clinical and imaging characteristics of study participants, including

comparisons between patients with congenital or genetically associated and degenerative AA.

As shown, patients with congenital or genetically associated AA were younger and less likely

to have systemic hypertension or coronary artery disease (CAD) (p<0.05), but were similar

with respect to medication regimen. Regarding imaging, descending aortic size was smaller in

patients with congenital or genetically associated AA (p<0.001), but both LV systolic function

and severity of (� severe) aortic regurgitation were similar between groups (p = NS).

Graft-associated alterations in native aortic distention

Echo was performed at median [inter-quartile range] intervals of 1.9 [0.6–4.5] and 2.4 [0.7–

12.4] months pre- and post-operatively. Table 2 reports changes in native descending aortic

biomechanics between pre- and post-operative time points, as assessed by distension and flow

indices. As shown, descending aortic distension increased post-operatively, irrespective of

whether assessed based on circumferential strain or area-based methods (both p<0.001).

Increased distention paralleled altered kinetics, as evidenced by decreased time to peak strain

(p<0.05).
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Table 1. Population characteristics.

Overall

(n = 46)

Congenital / Genetic

(n = 30)

Degenerative

(n = 16)

p

Clinical

Age [years] 52 ± 18 44 ± 15 68 ± 13 <0.001

Body Surface Area [m2] 2.0 ± 0.3 2.0 ± 0.3 1.9 ± 0.2 0.07

Male gender 29 (63%) 21 (70%) 8 (50%) 0.18

AA Etiology

Bicuspid Aortic Valve 14 (30%) 14 (47%) - -

Marfan Syndrome 10 (22%) 10 (33%) - -

Other� 6 (13%) 6 (20%) - -

Coronary Artery Disease 5 (11%) 0 (0%) 5 (31%) 0.003

Cardiovascular Medications

Beta-blocker 20 (44%) 11 (37%) 9 (56%) 0.20

ACE-Inhibitor 5 (11%) 2 (7%) 3 (19%) 0.33

Angiotensin Receptor Blocker 14 (30%) 10 (33%) 4 (25%) 0.56

Hypertension 19 (41%) 8 (27%) 11 (69%) 0.006

Diabetes 3 (7%) 1 (3%) 2 (12%) 0.27

Tobacco 3 (7%) 2 (7%) 1 (6%) 1.00

Concomitant Aortic Valve Replacement 20 (44%) 10 (33%) 10 (63%) 0.11

Imaging

LV End-Diastolic Volume [ml/m2] 78.0 ± 22.8 76.7 ± 12.2 80.6 ± 36.3 0.69

LV End-Systolic Volume [ml/m2] 34.1 ± 20.2 31.3 ± 8.6 41.2 ± 35.4 0.35

LV Stroke Volume [ml/m2] 44.9 ± 10.0 45.8 ± 8.8 43.1 ± 12.2 0.41

LV Cardiac Output [l/min] 5.6 ± 1.4 5.9 ± 1.4 5.0 ± 1.3 0.08

LV Ejection Fraction [%] 58.4 ± 10.6 59.5 ± 8.3 55.7 ± 14.9 0.30

LV Mass [g/m2] 95.3 ± 29.9 87.9 ± 20.9 110.0 ± 39.5 0.06

Aortic Regurgitation [mild, mild-moderate, moderate] 7 (15%) / 7 (15%) / 9 (20%) 6 (20%) / 4 (13%) / 6 (20%) 1 (6%) / 3 (19%) / 3 (19%) 0.82

Ascending Thoracic Aortic Size [cm] 4.8 ± 0.6 4.7 ± 0.6 5.0 ± 0.7 0.16

Descending Thoracic Aortic Size [cm] 2.3 ± 0.4 2.2 ± 0.3 2.6 ± 0.4 0.001

�Loeys-Dietz syndrome (n = 2), vascular Ehlers-Danlos syndrome (n = 1), indeterminate (n = 3)

https://doi.org/10.1371/journal.pone.0230208.t001

Table 2. Descending aortic biomechanics before and after ascending aortic graft replacement.

Overall Congenital/Genetic Degenerative

Pre Post p Pre Post p Pre Post p

Global circumferential strain [%] 8.6 ± 3.2 11.7 ± 4.6 <0.001 8.7 ± 2.9 13.3 ± 4.1 <0.001 8.4 ± 3.7 8.7 ± 4.1 0.65

TTP [ms] 328.1± 63.6 290.3 ± 72.6 0.01 333.4 ± 53.5 307.7 ± 67.5 0.13 318.2 ± 80.1 257.6 ± 72.6 0.01

TTP/RR [%] 35.6 ± 8.3 31.8 ± 9.3 0.02 35.9 ± 9.2 32.2 ± 8.3 0.07 34.8 ± 6.8 31.0 ± 11.2 0.19

Δ Area/TTP [cm2/s] 2.4 ± 1.1 3.7 ± 2.2 <0.001 2.2 ± 0.9 3.4 ± 1.5 <0.001 2.8 ± 1.3 4.1 ± 3.1 0.04

PP corrected strain (CAS/PP) 19.2 ± 7.8 26.4 ± 13.8 <0.001 19.6 ± 7.0 28.1 ± 9.6 <0.001 18.2 ± 9.6 23.1 ± 20.0 0.27

Distensibility [10−3 mmHg-1] 4.1 ± 1.7 5.6 ± 2.9 <0.001 4.1 ± 1.5 6.0 ± 2.2 <0.001 3.9 ± 2.1 4.8 ± 4.0 0.27

Δ Area [cm2] 0.8 ± 0.3 1.0 ± 0.4 <0.001 0.7 ± 0.3 1.0 ± 0.4 <0.001 0.9 ± 0.4 0.9 ± 0.5 0.70

Fractional Area Change [%] 18.3 ± 7.0 24.9 ± 10.4 <0.001 18.4 ± 6.5 28.5 ± 9.4 <0.001 18.0 ± 8.1 18.2 ± 9.0 0.87

TTP = time to peak strain; PP = pulse pressure; CAS = global peak circumferential aortic strain

https://doi.org/10.1371/journal.pone.0230208.t002
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Alterations in descending aortic distensibility primarily occurred in patients with congeni-

tal or genetically associated aneurysms: As shown in Table 2, sub-group analyses demonstrated

GCS and FAC to increase post-operatively (p<0.001) among congenital or genetic AA aneu-

rysm patients; among patients with degenerative aneurysms only kinetic indices were altered

significantly (p<0.05) whereas primary strain or area-based indices were not (p = NS). Fig 2

illustrates that magnitude of change in GCS and FAC was 5–10 fold greater among patients

with congenital or genetically associated compared to degenerative AA (p<0.001). Of note,

magnitude of augmentation in aortic distensibility (2.1 ± 1.8 vs. 1.6 ± 2.2 [10-3mmHg-1]) and

strain indices were numerically greater among patients with Marfan/genetically associated AA

compared to BAV although differences between groups did not achieve significance (all

p>0.10) in context of limited sample size (n = 16 Marfan/genetically associated AA, n = 14

BAV). Regarding geometry, descending aortic size was similar between patients with Marfan

syndrome compared to those with BAV, irrespective of whether assessed on pre-operative (2.2

±0.4 vs. 2.3±0.3 cm, p = 0.33) or post-operative echo (2.3±0.3 cm vs. 2.3±0.3, p = 0.91).

Of note, time to peak strain decreased across the study population (p = 0.01), reflecting

similar patterns in patients with congenital or genetically associated and degenerative AA

aneurysms. Similarly, pulsed wave Doppler derived velocity (assessable in 59% of patients)

increased post-operatively (89.5 ± 29.9 vs. 106.0 ± 36.3 cm/s, p = 0.002). Despite differences in

imaging-evidenced temporal indices, non-invasive pulse pressure was similar pre- and post-

operatively (48.8 ± 13.8 vs. 50.0 ± 14.5mmHg, p = 0.64), possibly reflecting imprecision of

brachial arterial blood pressure measurements.

Reproducibility of strain indices was tested in 15 random exams (33% of study population),

among whom descending aortic GCS strain yielded good intra-observer (intra-class correla-

tion [ICC]: 0.91 [0.77–0.97], p<0.001| Δ = 0.39, limits of agreement [LOA] = -3.40, 2.62), and

inter-observer reproducibility (ICC: 0.90 [0.46–0.97], p<0.001 | Δ = -1.16, LOA = -3.61, 1.30).

Hemodynamics and aortic remodeling

To elucidate causality of graft-induced changes in native aortic distension, hemodynamic and

aortic remodeling indices were assessed pre-and post-operatively. As shown in Table 3, blood

pressure and heart rate were similar between time points (p = NS). Regarding LV performance,

stroke volume declined (p = 0.001)–a finding likely attributable to post-surgical improvement

in aortic regurgitation. However, as shown in Fig 3A, magnitude of changes in both LV stroke

Fig 2. Differences in post- vs. pre-operative descending aortic strain (left) and fractional area change in patients with congenital or

genetically associated and degenerative AA (data shown as mean±standard deviation). Note that both distension indices similarly

increased to a greater extent among patients with congenital or genetically associated AA.

https://doi.org/10.1371/journal.pone.0230208.g002
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Table 3. Hemodynamic and imaging characteristics in relation prosthetic graft surgery.

Pre Post p Pre Post p Pre Post p

Hemodynamics
Heart Rate 63.4 ± 11.3 64.7 ± 11.4 0.49 63.4 ± 12.6 64.5 ± 12.4 0.64 63.6 ± 7.8 65.3 ± 8.9 0.56

Systolic Blood Pressure [mmHg] 120.6 ± 16.3 118.8 ± 18.4 0.48 117.5 ± 12.5 114.9 ± 14.9 0.38 127.1 ± 21.4 126.8 ± 22.7 0.95

Diastolic Blood Pressure [mmHg] 71.8 ± 9.3 68.8 ± 10.4 0.12 71.6 ± 8.3 67.1 ± 10.6 0.07 72.3 ± 11.4 72.4 ± 9.2 0.98

Pulse Pressure [mmHg] 48.8 ± 13.8 50.0 ± 14.5 0.64 45.9 ± 10.6 47.8 ± 9.2 0.39 54.9 ± 17.8 54.4 ± 21.7 0.95

Imaging
Aortic End Diastolic Area [cm2] 4.3 ± 1.4 4.1 ± 1.4 0.23 3.9 ± 1.0 3.7 ± 0.9 0.09 5.1 ± 1.6 5.1 ± 1.7 0.97

Aortic End Systolic Area [cm2] 5.0 ± 1.6 5.1 ± 1.6 0.70 4.6 ± 1.2 4.7 ± 1.1 0.60 5.9 ± 1.8 5.9 ± 1.9 0.96

Ascending Thoracic Aorta [cm] 4.8 ± 0.6 2.9 ± 0.2 <0.001 4.7 ± 0.6 2.9 ± 0.3 <0.001 5.0 ± 0.7 2.9 ± 0.2 <0.001

Descending Thoracic Aorta [cm] 2.3 ± 0.4 2.4 ± 0.4 0.16 2.2 ± 0.3 2.3 ± 0.3 0.24 2.6 ± 0.4 2.6 ± 0.4 0.43

LV End-Diastolic Volume [ml/m2] 76.0 ± 22.8 68.5 ± 19.3 0.01 76.8 ± 12.4 70.8 ± 17.6 0.07 74.0 ± 39.5 62.6 ± 23.1 0.08

LV End-Systolic Volume [ml/m2] 32.5 ± 20.0 30.9 ± 14.1 0.42 30.6 ± 8.5 30.0 ± 10.0 0.77 40.3 ± 41.1 35.2 ± 24.3 0.51

LV Ejection Fraction [%] 59.4 ± 9.1 56.8 ± 10.0 0.06 60.1 ± 7.5 57.9 ± 7.9 0.15 56.8 ± 13.7 52.6 ± 15.2 0.26

LV Stroke Volume [ml/ m2] 44.4 ± 9.5 39.0 ± 11.0 0.001 45.8 ± 8.8 40.5 ± 10.7 0.007 41.5 ± 10.5 35.9 ± 11.4 0.051

LV = left ventricle

https://doi.org/10.1371/journal.pone.0230208.t003

Fig 3. Aortic morphology and left ventricular performance indices between AA subtypes. (A) Note similar changes in ascending

aortic size and LV stroke volume between groups, without significant differences either pre- or post-operatively. (B) Conversely, both

pre-operative descending aortic size and wall thickness were greater among patients with degenerative AA. Data shown as

mean ± standard deviation.

https://doi.org/10.1371/journal.pone.0230208.g003
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volume and ascending aortic size were similar between patients with degenerative and congen-

ital or genetically associated AA (both p = NS).

Regarding aortic morphology, Fig 3B demonstrates that pre-operative descending aortic

size was larger among patients with degenerative AA aneurysms; results were near equivalent

on post-operative echo (both p = 0.001). CT (available in 74% of patients) demonstrated simi-

lar differences in descending aortic size (2.5 ± 0.3 vs. 2.9 ± 0.6 cm, p = 0.09), while also demon-

strating patients with degenerative AA to have higher wall thickness (1.1 ± 0.5 vs. 1.6 ± 0.7

mm, p = 0.01) and higher prevalence of calcific atherosclerotic plaque in the descending aorta

(82% vs. 4%, p<0.001).

Predictors of graft-induced increments in native descending aortic strain

Regression analysis was employed to discern relative impact of pre-operative clinical and

imaging variables on post-operative increments in native aortic strain. As shown in Table 4,

congenital or genetic AA etiology (p<0.001) and younger age (p = 0.03) were the sole clinical

parameters associated with increased GCS. Regarding imaging, descending aortic size was

Table 4. Univariate regression analysis for change in decending aortic strain.

B 95% Confidence Interval p

Clinical

Congenital/Genetic AA Etiology 4.3 (2.3, 6.3) <0.001

Age [per 10 year decrement] 0.67 (0.07, 1.3) 0.03

Body Surface Area [m2] -1.72 (-6.0, 2.5) 0.42

Male gender 0.13 (-2.2, 2.5) 0.91

Known CAD -1.90 (-5.6, 1.7) 0.30

Hypertension -1.07 (-3.4, 1.2) 0.36

Diabetes mellitus -1.20 (-5.8, 3.4) 0.60

Tobacco use 0.66 (-4.0, 5.3) 0.77

Concomitant Aortic Valve Replacement -0.70 (-3.0, 1.6) 0.54

Follow-up Interval -0.11 (-0.27, 0.04) 0.13

Medications

Beta blocker -0.19 (-2.5, 2.1) 0.87

Angiotensin Receptor Blocker 1.55 (-2.1, 5.2) 0.40

ACE-Inhibitor 1.87 (-1.9, 5.6) 0.32

Imaging

LV Stroke Volume [ml/m2] -0.01 (-0.1, 0.1) 0.90

Aortic Regurgitation [grade] 0.05 (-0.6, 0.7) 0.89

Ascending Thoracic Aortic Size [cm] -0.30 (-2.1, 1.5) 0.74

Descending Thoracic Aortic Size [cm] -3.96 (-6.8, -1.1) 0.01

Change (Δ) vs. baseline

Δ LV End-Diastolic Volume [ml/m2] 0.02 (-0.05, 0.09) 0.64

Δ LV End-Systolic Volume [ml/m2] -0.02 (-0.12, 0.08) 0.71

Δ LV Stroke Volume [ml/m2] 0.06 (-0.06, 0.17) 0.33

Δ Ascending Thoracic Aortic Size [cm] -0.23 (-2.1, 1.7) 0.81

Δ Descending Thoracic Aortic Size [cm] -0.30 (-5.47, 4.87) 0.91

Δ Heart Rate -0.04 (-0.13, 0.04) 0.28

Δ Systolic Blood Pressure [mmHg] -0.002 (-0.07, 0.07) 0.96

Δ Diastolic Blood Pressure [mmHg] -0.01 (-0.10, 0.08) 0.81

Δ Pulse Pressure [mmHg] 0.005 (-0.07, 0.08) 0.89

https://doi.org/10.1371/journal.pone.0230208.t004
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negatively associated with increased GCS (p = 0.01). Of note, change in descending aortic

strain was not associated with follow-up interval between graft surgery and post procedural

echo.

As shown in Table 5, multivariable modeling demonstrated congenital or genetic AA etiol-

ogy to be independently associated with greater post-operative increments in descending aor-

tic GCS: Results demonstrated congenital or genetic etiology to confer over a 4-fold increment

in magnitude of augmented strain (p = 0.002), with a lesser trend for descending aortic size

(p = 0.12) and a non-significant association with age (p = 0.36).

Discussion

This study demonstrates that prosthetic grafting of the ascending thoracic aorta produces sus-

tained alterations in native descending aortic biomechanics, which are most marked among

patients with congenital or genetically associated AA. Aortic distention–whether assessed

based on GCS or FAC–increased among congenital or genetically associated AA patients, but

was unchanged among patients with degenerative AA. Increased distention was strongly asso-

ciated with differences in aortic morphology, as evidenced by smaller descending aortic cali-

ber, lesser wall thickness, and lower prevalence of aortic calcification among patients with

congenital or genetically associated AA.

Our current findings build upon prior research by our group, in which intraoperative trans-

esophageal echocardiography was employed to demonstrate that circumferential deformation

and distensibility of the distal native aorta increased significantly acutely after prosthetic

replacement of the ascending aorta [15]. Additionally, our results provide mechanistic insight

into prior clinical studies demonstrating that risk for adverse aortic remodeling (e.g. dilation,

dissection) of the descending aorta persists after proximal grafting, and that such risks are great-

est in patients with genetically associated aortopathies. Among 1991 patients with genetic AA

aneurysms followed in the NIH-sponsored GenTAC registry, over half (52%) of all dissections

occurred in patients who had undergone prior prophylactic AA graft repair and 71% occurred

in the distal aortic arch or descending aorta [5]. Similarly, among a cohort of 600 patients with

Marfan syndrome, den Hartog et al reported that prophylactic aortic surgery was associated

with a>2-fold increase in risk for subsequent type B aortic dissection [24]. Even in absence of

dissection, longitudinal studies have reported an association between prosthetic grafting and

adverse remodeling: Among a cohort of 189 Marfan syndrome patients without dissection, sur-

gical grafting of the ascending aorta was associated with a 4-fold increase in subsequent dilation

of the distal aorta, independent of age or gender [25]. While studies have generally shown risk

to be greatest in patients with Marfan syndrome, it should also be noted that other genetically

associated aortopathies augment risk for both incident aortic dissection as well as post-opera-

tive events following proximal aortic repair [7, 26]. For example, among patients undergoing

surgical aortic root reconstruction, Svensson et al reported that bicuspid valve morphology con-

ferred increased risk for aortic reoperation [7]. While it is well-established that native aortic tis-

sue properties influence prognosis, our findings support the notion that augmented risk for

Table 5. Multivariate regression analysis for change in decending aortic strain.

Model r2 = 0.263, p = 0.001 B 95% Confidence Interval p

Congenital/Genetic AA Etiology 4.19 (1.6, 6.8) 0.002

Age [per 10 year decrement] -0.37 (-1.2, 0.4) 0.36

Descending Thoracic Aortic Size -2.66 (-6.0, 0.72) 0.12

https://doi.org/10.1371/journal.pone.0230208.t005
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clinical events following prosthetic grafting may in part be attributable to graft induced alter-

ations in distal aortic flow, wall stress, and distension.

Our results are consistent with prior research employing computational simulation and

animal models [10, 27–29]. In an ex-vivo study for which explanted porcine aortas were stud-

ied under mock circulatory conditions, Scharfschwerdt et al demonstrated that prosthetic graft

replacement of the ascending aorta increased distal aortic systolic pressure and wall tension

[27]. In a computational fluid dynamics study, Vardoulis et al reported that prosthetic grafting

of the ascending aorta augmented amplitude and slope of forward pressure propagation [10].

Similar results have been shown using in-vivo data in a porcine model, in which impaired

proximal aortic compliance (consistent with effects of prosthetic grafting) increased pulse

pressure amplitude and decreased pressure recovery in the native descending aorta [29]. These

data are consistent with findings of our study, which demonstrated that increased distension

was accompanied by increased descending aortic flow velocity and decreased time to peak

strain–temporal indices which would be expected to be altered in the context of non-compli-

ant grafts. Regarding differential response between degenerative and congenital or genetically

associated AA, our data–which demonstrate increased distention to be paralleled by lesser wall

thickness and less frequent presence of calcific plaque–are consistent with broader concepts in

vascular physiology for which atherosclerotic plaque has been shown to reduce aortic compli-

ance [30, 31]. Our findings support a central mechanism whereby prosthetic graft replacement

of the ascending thoracic aorta produces similar hemodynamic modifications (including

amplitude and velocity of systolic forward flow) irrespective of AA etiology, but that conse-

quences on the aortic wall vary due to differences in downstream native aortic tissue properties

(Fig 4).

It is important to contextualize our findings with prior studies that have shown aortic stiff-

ness to be increased in patients with Marfan syndrome, [32, 33] and reported increased stiff-

ness to confer risk for aortic dissection [24, 34]. Our finding of increased descending aortic

distention after proximal aortic graft implantation supports the notion that graft induced

changes in aortic physiology are sufficient to overcome intrinsic tissue properties in patients

with Marfan syndrome. It is also possible that Marfan patients generally experience an increase

in descending aortic distention after ascending aortic prosthetic graft surgery, but that a con-

tinuum exists such that individuals with maximal pre-procedural aortic stiffness are at greatest

risk for subsequent clinical events. As pre-procedural aortic compliance would be expected to

modify graft induced alterations in biomechanics, we believe that our findings support the

need for future larger scale research to test whether pre-operative vessel wall properties and

graft induced aortic distention (increased strain) are synergistic with respect to their impact

on risk for adverse aortic remodeling and post-operative aortic dissection.

Several limitations should be noted. First, it is important to recognize that our results dem-

onstrate relatively short term changes in native aortic flow and distensibility in the months fol-

lowing preventive graft repair of dilated AAs: Longer term research is necessary to elucidate

whether graft-induced effects are sustained, and whether such effects vary based on diagnosis

(i.e. Marfan vs. bicuspid valve) or vascular tissue properties. Second, it is important to recog-

nize that whereas current analyses demonstrated good reproducibility of GCS within our data-

set, further research is warranted to establish reproducibility across vendor platforms and in

larger epidemiologic cohorts. It should also be noted that our study examined native aortic dis-

tension as an endpoint rather than actual clinical events, and that our study entailed longitudi-

nal imaging comparisons in patients undergoing surgery: Although lack of a (non-surgical)

control group prohibited us from fully excluding disease evolution as a cause for change in

descending aortic distensibility, descending aortic size was similar (p = NS) before and after

surgical grafting—supporting the notion that changes in aortic strain were not attributable to
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localized aortic remodeling (dilation) as would be expected in the context of disease progres-

sion. Moreover, our current results build upon prior work by our group in which intra-opera-

tive transesophageal echo data demonstrated that descending aortic strain increased near

immediately after graft implantation–supporting the notion that graft effects on aortic biome-

chanics were primarily responsible for our observed longitudinal changes in strain on serial

transthoracic echo. Last, it is important to recognize that whereas our data showed native

descending aortic distension to similarly increase in patients with genetic and BAV-associated

AA, clinical studies have shown that risk for dissection after graft surgery is elevated in Marfan

syndrome patients whereas risks in patients with BAV is predominantly (if not exclusively)

limited to recurrent aneurysmal dilation [8]. In this context, it is possible that these two groups

Fig 4. Proposed mechanisms underlying differential response of congenital or genetically associated and degenerative AA to

prosthetic aortic grafting. Whereas both AA subtypes manifest increased flow velocity in response to implantation of a relatively non-

compliant ascending graft, lesser downstream instrinsic aortic stiffness in patients with congenital or genetic AA results in increased

descending aortic distension.

https://doi.org/10.1371/journal.pone.0230208.g004
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ultimately respond differently to altered distending forces induced by a prosthetic graft, result-

ing in differences in clinical outcomes. Further longitudinal research in larger cohorts is

needed to test these concepts [3–8].

In conclusion, findings of this study suggest that prosthetic graft replacement of the ascend-

ing aorta increases magnitude and early timing of distal aortic distension in patients with con-

genital or genetically associated AA. Future studies are warranted to test whether post-

operative changes in native aortic distensibility varies based on extent of grafting or genetic eti-

ology of AA, and whether graft-induced effects are modifiable based on graft design or predic-

tive of long-term event risk.

Supporting information

S1 File. Minimal data set. A de-identified data set encompassing key variables used for analy-
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