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Abstract

The diagnosis of aneurysms is informed by empirically tracking their size and growth rate. Here, 

by analysing the growth of aortic aneurysms from first principles via linear stability analysis of 

flow through an elastic blood vessel, we show that abnormal aortic dilatation is associated with 

a transition from stable flow to unstable aortic fluttering. This transition to instability can be 

described by a critical threshold for a dimensionless number that depends on blood pressure, the 

size of the aorta, as well as the shear stress and stiffness of the aortic wall. By analysing data 

from four-dimensional flow magnetic resonance imaging for 117 patients who had undergone 

cardiothoracic imaging and for 100 healthy volunteers, we show that the dimensionless number 

is a physiomarker of the growth of thoracic ascending aortic aneurysms and that it can be used 

to accurately discriminate abnormal and natural growth. Further characterization of the transition 

to blood-wall fluttering instability may aid the understanding of the mechanisms underlying 

aneurysm progression in patients.

1. Introduction

Aneurysms are pathological, localized dilations of a blood vessel that may occur throughout 

the human body. Intracranial, thoracic aortic, and abdominal aortic aneurysms (IA, TAA, 

AAA) are each estimated to occur with a global prevalence of 2 – 5%1;2;3. Rupture of an 
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aneurysm induces a high rate of mortality and morbidity for the patient. Studies showed that 

over half of patients with ruptured TAAs or AAAs died before reaching a hospital, with 

overall mortality ranging from 80 to 100%4;5. For patients with IA, between 10 to 30% died 

suddenly away from hospitals3, and of those admitted for treatment, 45% experienced an 

outcome categorized as either moderately disabled, severely disabled, vegetative survival, 

or death on the Glasgow Outcome Disability Scale. Surgical intervention can be performed 

to prevent rupture but also carries the risk of complications or death4. Thus, it is vital to 

accurately predict the risk of aneurysm formation and abnormal aortic growth to inform 

timely treatment.

1.1. Current standard of care.

The standard of care is to recommend elective treatment for aneurysms based on correlations 

between rupture risk and aneurysm dimensions. For TAAs, the chance of rupture increases 

from 2% for diameters between 4 and 4.9 cm to 7% for diameters above 6 cm6. The mean 

growth rate is approximately 0.1 cm/year17. This informs current clinical practice, which 

suggests surgical intervention for aneurysm diameters larger than a range between 5.5 to 

6.0 cm or exhibiting growth rate larger than a range between 0.5 to 1 cm/year, depending 

on the aneurysm location and patient history17;8. However, clinical assessment of growth 

requires comparison between images taken at two time points, typically between 2 to 5 

years. Over this period, an aneurysm can grow substantially or rupture fatally. Conversely, 

an aneurysm which exceeds these statistical criteria may nonetheless remain stable. Thus, 

prevailing diagnostic guidelines are retrospective and apply population trends to individual 

patients. To improve predictive capability, the fundamental mechanism underlying aneurysm 

growth, dissection and rupture must be resolved.

1.2. Tissue mechanics associated with aneurysm progression.

A literature review of clinical observations on how aneurysm distensibility evolves during 

disease progression is provided in Table S3. As an aneurysm enlarges, the aortic wall 

degrades due to the loss of elastin and smooth muscle content (SMC)9;10;11. This stage, 

sometimes also referred to as Stage 1, has been reported to be accompanied by intimal 

thickening16. Overall, the wall stiffness is found to decrease in this stage16.

In the subsequent stage (Stage 2), further decrease in elastin and SMC content has been 

reported along with the formation of a neo-adventitia layer from new collagen deposition on 

the outer walls. Wall stiffness has been reported to further decrease16.

Two possible developmental paths diverge after Stage 2. In Stage 3, either increasing 

collagen deposition stiffens the aortic wall to preclude further growth (a Type 1 aneurysm 

group), or the wall remodels to a weakened state due to a failure to lay down collagen, wall 

inflammation, and/or adipocyte accumulation (a Type 2 aneurysm group)16. This second 

branch triggers further growth and can lead to eventual dissection or rupture11. It is noted 

that among all the stages of disease progression, listed above, stiffening of the wall is 

reported in the Stage 3, Type 1 aneurysm group, whereas wall stiffness is reported to 

decrease in all other stages.
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While this important body of work explicates the tissue mechanics underlying growth, the 

invasive biopsy required to characterize aortic wall makeup preclude its use in clinical 

decision-making.

1.3. Prediction of aneurysm growth and rupture.

The pursuit of a causative relation between aneurysm progression and certain physical 

properties falling outside a normative range remains inconclusive. For instance, high blood 

pressure13, abnormal wall shear stress distribution14, large aortic size6, and high wall 

compliance16 have all been correlated with aneurysmal growth. However, it is uncertain how 

these factors interact to trigger abnormal aortic dilatation. For example, high shear stresses 

have been implicated in some scenarios while low shear stresses in other scenarios14.

Thus, the state-of-the-art to predict aneurysm growth is based on regression analyses for 

risk factors such as age or smoking history15; regression on morphologic features such as 

aneurysm diameter or undulation index16; machine learning approaches trained on imaging 

features such as aneurysm diameter or intraluminal thrombi thickness17. These methods are 

based on establishing a correlation between available clinical data and aneurysm growth 

rates. As with all regression techniques, the breadth of data used to train the model 

is the main determinant for performance; with a small training cohort relative to the 

disease population, the predictive capability of the model becomes extrapolative rather than 

interpolative.

1.4. A unifying hypothesis for aneurysm prediction.

Here, we introduce a unifying, ab initio hypothesis that elucidates the role of known physical 

factors – blood pressure, aortic size, wall shear stress, and pulse wave velocity – in the 

development of an aneurysm. The key ansatz is that when these interacting physiological 

variables fall outside of a normative range, they can trigger a fluid-structure instability that 

may lead to or signal the onset of abnormal aortic growth.

The dominant properties that destabilize the coupled fluid-structure motion within the aorta 

are the pressure gradient driving blood flow and the blood vessel diameter. They cause 

the vessel wall to ‘flutter’ under higher frequency, oscillatory modes of the heartbeat 

cycle. Concurrently, the viscosity dampens and the wall stiffness constrains these flutter 

perturbations to help stabilize the blood vessel. A first principles analysis of these competing 

factors yields a clinically measurable, dimensionless number that describes the transition 

from stable flow to unstable aortic fluttering. This is analogous to how the Reynolds number 

describes the transition from laminar to turbulent flow.

A physically intuitive analogy is the unstable fluttering of a banner in the wind, where 

the flow velocity, banner size, drag coefficient, and material elasticity take the place of 

blood pressure, aortic size, wall shear stress, and pulse wave velocity, respectively. Note 

that the pulse wave velocity, to be formally defined later in the paper, depends on material 

elasticity. Flutter in this mechanical context induces a substantial increase in stresses within 

the material due to large deformations. Analogously, we hypothesize that the instability that 

induces aortic wall fluttering may lead to or signal the necessary conditions for aneurysm 

growth and eventual rupture.
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Pulsatile flow in a compliant channel has been studied prior18;19;20;21, in which the walls 

of a 2D channel are modeled as spring and damper backed plates. The main instabilities 

resolved are boundary shear flow instabilities such as the Tollmien-Schlichting wave, 

which drives the transition to turbulence. Elastic wall deformation is obtained via a Kelvin-

Helmholtz type shear instability driven by the Stokes layer near the wall.

In this work, our focus is on what mechanisms act on the aortic wall to trigger aneurysm 

development and progression. We therefore resolve a tubular 1D fluid-structure instability 

that depends on flow pulsatility, wall shear, blood pressure, and pulse wave velocity (wall 

stiffness). The wall fluttering stemming from this instability is primarily pressure mediated 

via the tube law describing the behavior of the elastic tube. We find that this instability 

appears strongly correlated with abnormal aortic dilatation.

1.5. Application of the instability-based aneurysm physiomarker.

This paper presents a theoretical analysis of the fluid-structure interaction that yields a 

critical threshold for the dimensionless number beyond which the instability occurs. This 

criticality condition is obtained from first principles and can be measured for each patient. 

Together, the dimensionless number minus the critical threshold encapsulates the instability 

onset potentially driving or signaling aneurysm progression. We further propose that this 

flutter instability parameter (dimensionless number minus critical threshold) can act as a 

aneurysm physiomarker to forecast abnormal aortic dilatation.

In a retrospective study of patients indicated for cardiac imaging with follow-up assessment 

of aortic dimensions available, we observed that the proposed aneurysm physiomarker is 

highly predictive of whether an aneurysm exhibits abnormal vs natural growth. The only 

input to calculate this aneurysm physiomarker for each patient is a single 4D flow magnetic 

resonance imaging (MRI) scan taken at an initial time point. This analytical determination 

was then compared with the clinical outcomes reported from a follow-up at least one year 

after the baseline MRI to evaluate its potential for predicting significant aortic dilation. As 

a binary predictor for abnormal growth and surgical intervention, the area under the curve 

(AUC) for a receiver operating characteristic analysis is 0.997. No training data is necessary 

to tune the calculation or performance of the aneurysm physiomarker.

The aneurysm physiomarker clarifies the exact interaction between physical properties like 

blood pressure and wall stiffness that trigger the instability and associated abnormal growth. 

Thus, it also reveals what physiological variables must be controlled to prevent this flutter 

instability. At a macro level, the dominant factor driving aneurysm progression is shown 

to vary depending on the patient’s aneurysm stage, which is useful for overall disease 

progression analysis. Patient-level differences are also captured explicitly by the aneurysm 

physiomarker, which can show the specific location along the aorta at highest risk for 

abnormal growth. Lastly, by binning participants according to age and sex, we also found 

that the proposed aneurysm physiomarker dominantly describes the clinically observed 

population traits of aneurysm development in both patient and normal participant cohorts.
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1.6. Derivation of the ab initio aneurysm physiomarker.

Here, we derive the flutter instability parameter from first principles. A classical model for 

flow through a blood vessel consists of 1D conservation equations for mass and momentum 

from the Navier-Stokes equations, closed by a constitutive ‘tube law’ for the variation of 

pressure with the cross-sectional area22;23 due to elasticity of the wall. The pressure gradient 

is chosen to vary periodically in time with frequency equal to that of the heartbeat cycle24.

Following this problem formulation (Fig. 1), we conduct a linear stability analysis to 

determine a critical threshold beyond which the blood vessel area fluctuates unboundedly 

under infinitesimal perturbations. The blood vessel is assumed to be infinitely long along 

the axial direction to keep the theoretical analysis tractable. The base flow is chosen to be 

a periodic limit cycle following the pulsatile waveform of blood pressure over the cardiac 

cycle. The effect of perturbations at all higher order frequencies are resolved via the Floquet 

theory. We find that a single dimensionless number and its critical threshold describes the 

onset of the proposed instability which triggers the fluttering of the vessel wall.

1.7. Governing equations.

In 1D, the mass and momentum conservation equations are22;23

∂A
∂t + ∂(uA)

∂x = 0,

(1)

A∂u
∂t + αAu ∂u

∂x = − A∂P
∂x + 2πR

ρ τw,

(2)

where A[x, t] and R[x, t] denote the cross-sectional area and radius, while the pressure P[x, t]
and velocity u[x, t] represent values averaged over the radial profiles at each location x and 

time t. Here, P  is the excess internal pressure inside the blood vessel normalized by the 
blood density ρ. The wall shear stress term is τw and α is a constant factor that arises from 

cross-sectional averaging of the non-linear convection term. Here, we take α = 122;23.

To close the problem, the tube law relating pressure to area is taken to be linear25

P = Ke
ρ

A
Ao

− 1 ,

(3)

where Ke is the blood vessel wall stiffness and Ao is the relaxed area of the blood vessel 

corresponding to excess internal pressure P = 0. In Supplementary S1.2, we show that the 

linear stability problem generalizes to any arbitrary tube law relating pressure to vessel area.
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1.8. Base flow.

For pulsatile blood flow, the base equilibrium solutions for area Ab, pressure gradient dPb
dx , 

and velocity ub can be written as

Ab = Am + Aω[t] ≃ Am,

(4)

ub = um + uω[t] = um + 1
2(ūωeiωt + ūω

∗e−iωt),

(5)

− ∂Pb
∂x = ϕb = ϕm + ϕω[t] = ϕb + ϕ̄ω

2 (eiωt + e−iωt),

(6)

where ω is the angular frequency of the heartbeat cycle. Am, um, and ϕm are the temporal mean 

values of area, velocity, and pressure gradient, respectively. uω and ϕω are the time dependent, 

oscillatory components. ūω is a complex amplitude associated with uω and superscript ∗
denotes the complex conjugate. The amplitude ϕ̄ω associated with ϕω is taken to be real for 

simplicity since it is the driving term. Finally, note that for the given form of the driving 

pressure gradient ∂Pb
∂x , the pressure Pb and consequently the area Ab (via the tube law) will 

vary along the axial (x) direction. Such variations in the base flow are typically on the order 

of 5% of the mean value as measured via transthoracic echocardiogram26. Thus in this work, 

we assume for simplicity that the area is approximately constant in the base state; that is, 

Ab ≃ Am.

The base flow is then described by the conservation equations

∂ub
∂x = 0,

(7)

Am
∂uω[t]

∂t = Am(ϕm + ϕω[t]) − βmπνum − βbπνuω[t] .

(8)

For constant forcing (as opposed to a pulsatile flow), a parabolic velocity profile generates 

a corresponding wall shear stress τw, parabolic = −4ρνu
R , where the kinematic viscosity of blood is 

given by ν and the negative sign indicates that the wall shear stress on the fluid is pointed in 

the direction opposite to that of u. For the constant mean flow um we assume parabolic flow 
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based mean shear stress which is equivalent to βm = 8 in equation (8). For the superposed 

oscillatory flow driven by the heartbeat cycle, the corresponding wall shear stress is obtained 

from a wall shear coefficient βb in the momentum equation via22

βb[w0] = 8 τw
τw, parabolic

= − 2w0i3 ∕ 2 J1[w0i3 ∕ 2]
J0[w0i3 ∕ 2]

1

1 − 2J1[w0i3 ∕ 2]
J0[w0i3 ∕ 2]

∕ (w0i3 ∕ 2)
,

(9)

where Jn denote Bessel functions of the first kind. The complex βb represents the ratio of 

wall shear stress (WSS) at a Womersley number ω0 = R ω ∕ ν ≥ 0 (pulsatile flow driven at 

angular frequency ω) to the fully developed WSS associated with w0 = 0 (constant forcing). 

The factor βb is determined via the functional dependence of the WSS τw on w0 as derived 

by Womersley27 (equation (9)) and displayed in Fig. S1. Finally, the mean terms ϕm and um

are related through momentum conservation (equation (8)) via um = ϕmAm
βmπν . Analogously, the 

oscillatory flow components are related by

ūω = ϕ̄ωAm(βbπν − iωAm)
(βbπν)2 + (ωAm)2

.

(10)

1.9. Linearized perturbation equations.

Next, the base solutions for the velocity, area, and pressure are perturbed by infinitesimal 

quantities Y ′ of the respective variables

Y = Y b + Y ′ = Y b + ∑
k = − ∞

∞
Y k

′ [t]eikx,

(11)

for Y ∈ {A, u, P}. The perturbations Y ′ are expressed as the sum of contributions from 

all wavenumbers k. After linearizing of the governing equations and subtracting the base 

solution, the equations for perturbation components Y k
′ [t] corresponding to wavenumber k

are

∂Ak
′

∂t + Abikuk
′ + ubikAk

′ = 0,

(12)

Ab
∂uk

′

∂t + Ak
′ ∂ub

∂t + Abubikuk
′ = − AbikPk

′ − βbπνuk
′ + ϕbAk

′ ,
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(13)

Pk
′ = Ke

ρ
Ak

′

Ao
.

(14)

We can combine the tube law (equation (14)) into the momentum equations (equation (13)) 

to express pressure Pk
′  in terms of area Ak

′  perturbations. The complex valued solution set 

tightens to Xk = [Ak
′ , uk

′ ]T .

The perturbation equations (12) and (13) can be written in matrix form as

X
.

k = HXk,

(15)

where X
.

k denotes the time derivative. The vector Xk ∈ C(ℝ, M2, 1[ℂ]), denoting a continuous, 

functional mapping from a real scalar in time to the complex vector space for [Ak
′ , uk

′ ]T . The 

coefficient matrix H[t] ∈ C(ℝ, M2, 2[ℂ]) is periodic with associated frequency ω. This class of 

periodic linear systems under parametric forcing admits solutions of the Floquet form.

1.10. Floquet solution.

The basis for all solutions to equation (15) can be expressed as the product of a periodic 

component, and an exponential term in time (Theorem 4.1 in Coddington et al.28). 

That is, Xk = P(t)eRt, where P[t] is invertible, P[t] = P[t + 2π ∕ ω], and P[t] ∈ C(ℝ, M2, 2[ℂ]). 
Xk[t] ∈ C(ℝ, M2, 2[ℂ]) is a complex valued matrix formed from the fundamental solution to 

equation (15). To assess the stability of the solutions Xk, we observe that the eigenvalues λ of 

R determine the stability of the system. Specifically, if there exist λ = μ + iαω such that μ < 0
for all wavenumbers k, then the perturbations A′ and u′ decay in time. Otherwise if μ > 0
for any wavenumber k, the base solution is unstable, which according to our hypothesis may 

trigger aneurysm formation and abnormal growth28.

To find λ, we see that each solution vector of the fundamental solution takes the form 

Xk = eλtP[t], where P[t] is a vector polynomial with coefficients periodic in the associated 

frequency ω (Section 4.5 in Coddington et al.28). This periodic function P[t] can therefore be 

written as the sum of temporal Fourier modes19, such that Xk becomes

Xk = ∑
−∞

∞
Xk, ne(u + i(n + α)ω)t,

(16)
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∂Xk
∂t = ∑

−∞

∞
(μ + i(n + α)ω)Xk, ne(μ + i(n + α)ω)t .

(17)

Using this in the linearized perturbation equations (eqns. 12, 13), we obtain

(μ + i(n + α)ω)Ak, n + Abikuk, n + ubikAk, n = 0,

(18)

Ab(μ + i(n + α)ω)uk, n + Ak, n
∂ub
∂t + Abubikuk, n = − Abik

Ke
ρ

Ak, n
Ao

− βbπνuk, n + ϕbAk, n .

(19)

Note that each equation corresponds to one temporal Fourier mode (nω, where 

n ∈ { − ∞, ∞}) at a particular spatial wavenumber k. We substitute the base solutions (eqns. 

5, 6) to obtain the final homogeneous equation for the Fourier coefficients Xk, n = [Ak, n, uk, n]
T .

(μ + i(n + α)ω)Ak, n + Abikuk, n + umikAk, n + 1
2ūωikAk, n − 1 + 1

2ūω
∗ ikAk, n + 1 = 0,

(20)

Ab(μ + i(n + α)ω)uk, n + ūω
iω
2 Ak, n − 1 − ūω

∗ iω
2 Ak, n + 1

+ umAbikuk, n + 1
2ūωAbikuk, n − 1 + 1

2ūω
∗Abikuk, n + 1 =

− Abik
Ke
ρ

Ak, n
Ao

− βbπνuk, n + ϕmAk, n + ϕ̄ω
2 Ak, n − 1 + ϕ̄ω

2 Ak, n + 1,

(21)

1.11. Dimensionless groups.

To simplify the representation, we nondimensionalize the problem via Table S1. Using the 

dimensionless groups introduced, the nondimensional forms of the characteristic equations 

20 and 21 are

mass conservation equation: 

(μ + i(n + α)ω)Ak, n + ik″uk, n
″ + 1

2Nmik″Ak, n + 1
pℎ[βb]

Nω
2(2 + iω ∕ (pℎ[βb]))

ik″Ak, n − 1

+ 1
pℎ[βb]

Nω
2(2 − iω ∕ (pℎ[βb]))

ik″Ak, n + 1 = 0,

(22)
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momentum conservation equation: 

(u + i(n + α)ω)uk, n
″ + 1

pℎ[βb]
Nω

2(2 + iω ∕ (pℎ[βb]))
iωAk, n − 1 − 1

pℎ[βb]
Nω

2(2 − iω ∕ (pℎ[βb]))
iωAk, n + 1

+ Nm
2 ik″uk, n

″ + 1
pℎ[βb]

Nω
2(2 + iω ∕ (pℎ[βb]))

ik″uk, n − 1
″ + 1

pℎ[βb]
Nω

2(2 − iω ∕ (pℎ[βb]))
ik″uk, n + 1

″ =

− ik″Ak, n − 2pℎ[βb]uk, n
″ + NmAk, n

βm
∣ βb ∣ + Nω

2 Ak, n − 1 + Nω
2 Ak, n + 1,

(23)

where βb is the complex wall shear coefficient as defined earlier (equation (9)), and 

pℎ[βb] = βb
∣ βb ∣  has only the phase information βb due to the normalization by the scalar 

amplitude ∣ βb ∣. Finally, ω is the dimensionless angular frequency of the cardiac cycle. The 

important parameters describing the oscillatory component of flow through the blood vessel 

— including wall shear coefficient βb, vessel area Am, pressure driven acceleration ϕ̄ω, and 

wall stiffness Ke — have been collected in a single dimensionless number

Nω = ϕ̄ωAm
1 ∕ 2

( ∣ βb ∣
2 πν)

ρAo
Ke

.

(24)

Akin to the role of the Reynolds number in describing the onset of turbulence, this 

dimensionless number Nω tracks the inception of the flutter type instability at given values 

of the remaining variables. The other nondimensional number Nm has similar definition as 

Nω (see Table S1) with ϕm replacing ϕ̄ω. Nm encapsulates the effect of mean flow and its 

value is typically smaller (0.05 – 0.7) compared to the values of Nω (0.5 − 12) (0.5 – 12) for 

physiologic conditions. The dimensionless angular frequency ω takes values in the range of 

12 – 34. Finally, the Womersley number w0 has values in the range of 13 – 35.

The marginal stability curve μ = 0 marks the critical point above which μ > 0 perturbation 

amplitudes grow exponentially in time, and below which μ < 0 the base flow is stable under 

the decay of perturbation modes. To find the locus of points where μ = 0, we refer to the 

methodology proposed by Kumar et al19. That is, by fixing the values of k″, ω, Nm, and w0

(and therefore of βb) for a specific flow scenario, as well as presetting μ = 0 in eq. 22 and 

23, we solve an eigenvalue problem for the critical Nω, crit on the marginal stability curve. This 

procedure is detailed in Supplementary S1.15.

In Fig. 2, we plot the harmonic α = 1 and subharmonic α = 1 ∕ 2 “tongues” of instability19. 

The space of dimensionless wavenumber k″ and dimensionless number Nω is divided into 

tongue regions of instability, where perturbations to the flow grow in time, and outside zones 

of stability, where the base flow remains stable to perturbations. The harmonic response has 

the same frequency ω (and its multiples) as that of the driving pressure gradient in the base 

flow, whereas the subharmonic response has half the frequency ω (and its multiples). The 

subharmonic solution is excited first as Nω increases past the lowest threshold value Nω, threshold. 
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This critical threshold value occurs at the bottom tip of the first subharmonic tongue. It is the 

global minimum of the critical dimensionless number on all tongues of marginal stability, 

min(Nω, crit) = Nω, threshold (see Fig. 2).

If Nω > Nω, threshold, the blood vessel will be unstable to a waveband of perturbation modes, 

whereas below this threshold, the base flow should remain stable. We hypothesize that 

the growth of perturbation modes will trigger or signal the permanent dilatation of a cross-

sectional area of the blood vessel over time. We may test whether the dimensionless number 

is predictive of future aortic growth and potential aneurysm development by measuring the 

patient specific physiological properties comprising Nω (e.g., through cardiac imaging) and 

validating this theoretical forecast against observed aortic dilatation at follow-up.

1.12. Pulse wave velocity.

To determine the flow stability for a specific patient, the above formulation requires 

information about the wall stiffness Ke of the blood vessel. This physiological property 

can be found from the pulse wave velocity (PWV) measured from imaging techniques such 

as MRI scans and echocardiograms. The PWV is the propagation speed of the pulse wave in 

the aorta and is related to the elastic modulus or stiffness of the aortic wall. This relationship 

can be derived by transforming the set of simplified governing equations to the standard 

form of the wave equation1. The precise steps are listed in Supplementary S1.2.

Although a linear tube law was used in the derivation of the dimensionless number, a general 

tube law is likewise permissible via P = 1
ρG(A), where G can be some nonlinear function of 

the local cross-sectional area. The function G represents the full dependence of the excess 

internal pressure on the cross-sectional area and thus can encapsulate aortic wall properties 

such as elastic moduli, wall thickness, etc. in the most general case. The pulse wave velocity 

is then shown in Supplementary S1.2 to be

cpw
2 = 1

ρ
dG
dAA .

(25)

In the context of the dimensionless number derivation, the tube law term appears in the 

linearized perturbation equations. By expansion around the base pressure Pb and area Am,

P = Pb + P′ = Pb + 1
ρ

dG
dA b

A′ = Pb + cpw
2 A′

Am
.

(26)

We see that no matter which form the tube law G(A) takes, the measured PWV can be used 

to quantify the blood vessel’s elastic properties. The key dimensionless number can be recast 

in terms of PWV as follows
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Nω = ϕ̄ωAm
1 ∕ 2

( ∣ βb ∣
2 πν)

ρAo
Ke

= ϕ̄ωAm
∣ βb ∣

2 πνcpw

.

(27)

Using equation (27), Nω can now be calculated explicitly from clinical imaging data for each 

cross-section along a blood vessel. The difference between this clinical patient specific value 

Nω and the critical threshold Nω, threshold on the marginal stability curve produces an overall 

flutter instability parameter

Nω, sp[Nm, ω, βb[w0]] = Nω − Nω, threshold[Nm, ω, βb[w0]] .

(28)

Eqns. 22 and 23 imply that Nω, threshold depends on Nm, ω, and βb. This is reflected in 

equation (28) from the functional dependence of Nω, threshold and by consequence of Nω, sp on 

these variables. Note that βb depends on the Womersley number w0 (equation (9). All the 

independent variables (Nm, ω, w0) can be determined clinically.

If Nω, sp > 0, we hypothesize that the blood vessel cross-section is expected to grow due to the 

increase in perturbation amplitude. Otherwise for Nω, sp ≤ 0, the blood vessel diameter should 

remain constant in time since all perturbation modes decay. Thus, the flutter instability 

parameter Nω, sp can serve as an aneurysm physiomarker that is predictive of abnormal aortic 

growth and is convenient to apply clinically.

In summary, we have developed an ab initio theoretical framework to predict the stability 

of an aortic section depending on a patient’s aorta diameter Am, blood pressure gradient ϕ̄ω

causing oscillatory acceleration, pulsatile contribution to wall shear βb, blood viscosity ν, and 

blood density ρ. These values can be extracted from 4D flow MRI or reference literature8.

2. Results

To gauge the performance of the proposed aneurysm physiomarker in analyzing aneurysm 

growth, a retrospective study was carried out for participants with and without existing 

aortopathies. For both the patient and healthy participant cohorts, the flutter instability 

parameter was calculated from each participant’s 4D flow MRI and used as an aneurysm 

physiomarker to gauge their disease state.

In a subcohort of patients with follow-up data, clinical outcomes were quantified for growth 

at the maximal-area ascending aorta (MAA) and the sinus of valsalva (SOV) through 

standardized imaging assessment. Surgical procedures were also noted for each patient. 

The flutter instability parameter was calculated from each patient’s first available 4D flow 

MRI at time 0 and used as an aneurysm physiomarker to forecast growth/surgical outcomes 

at follow-up. Further details are provided in Methods (5).
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2.1. Patient aortic growth and Nω, sp predictive performance.

Since the flow velocities are resolved spatially through 4D flow MRI, the aneurysm 

physiomarker Nω, sp can be visualized based on location along the centerline of the aorta 

as a result of our 1D analysis (Fig. 3). The aneurysm physiomarker is calculated from 

the patient’s initial MRI taken at year 0 and can be evaluated against follow-up data that 

report SOV and MAA diameters. For instance, Fig. 3A shows that a patient’s SOV and 

MAA growth rates of 0.38 cm/year and 0.15 cm/year agree with their spatial aneurysm 

physiomarker distribution; Nω, sp > 0 is localized near the SOV rather than the MAA. 

Similarly, Fig. 3B demonstrates that a second patient’s SOV and MAA growth rates of 

0.08 cm/year and 0.30 cm/year likewise matches their aneurysm physiomarker distribution; 

here, Nω, sp > 0 occurs at the MAA rather than the SOV. The growth rates in SOV and MAA 

vs their respective, locally measured aneurysm physiomarker are shown in Fig. S6.

Next, the per patient growth rates for the SOV and MAA are visualized in Fig. 3C 

and compared with our theoretical predictions. Each x in Fig. 3C denotes Nω, sp > 0, as 

calculated from the patient’s MRI image at year 0. This indicates that the ascending aorta 

is expected to grow due to the flutter type instability. Conversely, each downward pointing 

triangle represents Nω, sp ≤ 0. Since all perturbation modes are damped in this case, the 

ascending aorta should not be subject to the identified instability. Data points for patients 

who experienced surgical intervention after their initial MRI are circled. All aneurysm 

physiomarker values Nω, sp were calculated from patient MRI at time zero, without reference 

to follow-up data.

Growth rates exceeding 0.2 cm/year lie outside the range of normal growth of the thoracic 

aorta17. When the stability of aneurysm measured at time zero via Nω, sp are plotted with 

respect to the growth rates measured from follow-up data, we find that a growth threshold 

of 0.24 cm/year optimally discriminates between stable and unstable aneurysms forecast by 

the proposed aneurysm physiomarker. This is an emergent division of the growth data based 

purely on the transition of Nω, sp from negative to positive- from natural aortic dilatation over 

time to abnormal growth driven by unstable flutter.

The proposed discriminating boundary of 0.24 cm/year falls within the clinically observed 

range of significantly higher growth rates (0.24 cm/year for smaller 4 cm aneurysms to 0.31 

cm/year or larger 5.2 cm aneurysms) that is associated with chronic dissection in patients17. 

Growth between 0.2 to 0.3 cm/year thus appears to delineate a transition zone from low to 

high risk. For instance, the growth rate in a non-referral, low risk population of patients with 

ascending thoracic aneurysms (> 4 cm) ranged from 0.07 to 0.16 cm/year32; meanwhile, 

European Society of Cardiology (ESC) guidelines33 have suggested that growth exceeding 

0.3 cm/year is a risk factor that can prompt surgical intervention for thoracic ascending 

aortic aneurysms.

This agreement between the emergent boundary based on the aneurysm physiomarker and 

the statistically significant growth rate that clinicians have independently deduced validates 

the aneurysm physiomarker as an unbiased, clinically valuable predictor of abnormal 

aneurysm growth. This boundary for abnormal growth has been visualized in Fig. 3C.
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Fig. 3D shows that by using the aortic growth rate of 0.24 cm/year as an indicator of 

significant growth, the aneurysm physiomarker Nω, sp > 0 serves as a good binary predictor 

for the growth outcome of each patient. The accuracy, sensitivity, and specificity of this 

proposed aneurysm physiomarker in predicting abnormal growth in the thoracic aorta 

are 0.986, 0.962, and 1.000, respectively. The area under the curve (AUC) of a receiver 

operating characteristic (ROC) analysis (Fig. S7) is 0.997; an AUC above 0.9 is typically 

considered "outstanding" for the performance of a binary predictive diagnostic34.

Additionally, the optimal operating point occurs at the minimum positive value for Nω, sp

for patients with follow-up data, suggesting that the analytically derived threshold Nω, threshold

accurately describes the onset of the underlying instability. No training data set was 

necessary to tune the calculation of the aneurysm physiomarker for each patient. If the more 

conservative threshold 0.31 cm/year is selected instead as a binary indicator of clinically 

significant growth, the accuracy, sensitivity, specificity, and AUC of this proposed aneurysm 

physiomarker become 0.875, 1.000, 0.8393, and 0.952 respectively. Its performance in 

classifying abnormal growth is therefore bounded from below in the "outstanding" category 

for typical clinical use cases 34.

2.2. Cohort comparisons.

Next, the distributions of the aneurysm physiomarker Nω, sp in both the normal participant 

cohort and the patient cohort are examined. As seen in Fig. 4, the median aneurysm 

physiomarker value for the normal participant cohort is shown to be significantly (p= 

0.0370) smaller than that for the patient cohort, via a one-tailed Wilcoxon rank sum test. 

This agrees with the inclusion criteria used to establish the patient and normal participant 

cohorts; Fig. S4 shows that the aneurysm physiomarker Nω appears to trend with increased 

growth rates in the SOV and MAA. The sample size of both cohorts exceed 93, the value 

required to establish significance at a level of p<0.05 for the difference in their median 

values with 90% statistical power.

To neutralize potential bias in the statistics arising from lack of age or sex matching, we also 

binned the aneurysm physiomarker measured for patient and normal participant cohorts into 

different age and sex groups in Table S2. The female normal participants in the youngest 

age group (Age < 40) show a significantly smaller aneurysm physiomarker value compared 

to males in the same cohort. This could reflect population level observations that TAAs 

occur more commonly in males than in females, despite poorer outcomes in females35. We 

also note that for the patient cohort, females exhibit systematically though not significantly 

higher Nω, sp than males across every age group. This sex disparity may mirror clinical 

observation that TAA growth is accelerated in females compared to males35. Thus, the 

distribution of the aneurysm physiomarker among different sex and age groups in the two 

cohorts appear to agree with general population trends reported in the literature.
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3. Discussion

3.1. Predictive power of the aneurysm physiomarker.

While the aneurysm physiomarker proves predictive of abnormal growth, we do not expect 

it to discriminate between no growth and any nonzero amount of aortic dilatation. After 

all, increase in aortic dimensions occurs with natural aging. Normal aortic growth, while 

complex in etiology, is generally understood to occur as a result of the repeated natural 

stresses induced by pressurized blood flow, which ultimately result in gradual loss of 

elastin fibers, remodeling of elastic lamellae, and ultimately increase of vessel diameter36;37. 

Normative rates of increase in adults have been assessed at 0.11 cm/year in adults for both 

men and women, but several factors such as blood pressure and body surface area are 

associated with larger diameters. There is high variation in baseline aortic diameter at any 

given age range38;39;37.

Instead of describing all modes of aortic dilatation, the aneurysm physiomarker identifies 

the specific presence of the flutter instability, which appears to signal subsequent abnormal 

growth for a substantial percentage of patients who eventually experience rates exceeding 

0.24 cm/year. Thus, the aneurysm physiomarker’s ability to predict abnormal dilatation 

in contrast to natural growth is crucial for prompt clinical decision-making and accurate 

treatment17.

The aneurysm physiomarker may also expand aneurysm detection and prediction to 

aortic segments heretofore less commonly examined due to the effort and cost involved. 

Interestingly, the spatially resolved aneurysm physiomarker distribution in Fig. 3B displays 

a global maximum near the aortic arch as well as multiple pockets of instability Nω, sp > 0
along the descending aorta; this spatial variation in the aneurysm physiomarker is largely 

due to local change in the pressure driven acceleration ϕ̄ω and area Ab. This demonstrates 

that abnormal aortic dilatation is not necessarily confined near the SOV and MAA. 

More comprehensive imaging analysis motivated by predictive aneurysm physiomarker 

distributions may help detect "silent-until-rupture" aneurysms that evade screening at 

common sites14. It would be of strong interest to conduct a complete chart review showing 

whether such spatial aneurysm physiomarker predictions can be confirmed by follow-up 

imaging and clinical intervention; this procedure is out of the scope of the current work.

3.2. Aneurysm development in normal participants with respect to age.

Although age is not a direct input into the eigenvalue analysis that yields the aneurysm 

physiomarker Nω, sp, many physiological properties vary systematically with age. For 

instance, both aortic diameter and wall stiffness are known to increase naturally in older, 

healthy participants. Less is known about how these age related variations affect aneurysm 

formation and growth. We elucidate important trends here.

Table 3 shows the breakdown of physiological properties that make up the aneurysm 

physiomarker Nω, sp. This comparison occurs across three age groups. In the normal 

participant cohort, an unstable flow condition Nω, sp > 0 is induced on average by two 

significant factors relative to the stable Nω, sp ≤ 0 normal participants – the larger pressure 
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gradient ϕ̄ω that causes blood flow oscillatory acceleration as well as the smaller pulse wave 

velocity cpw. Nω, sp becomes positive primarily because Nω (equation (28)) increases for larger 

ϕ̄ω and smaller cpw, while Nω, threshold decreases for larger ϕ̄ω and smaller cpw.

For the youngest age group (Age < 40), the dominant factor is larger (p = 0.0081) pressure 

gradient ϕ̄ω. That is, normal participants with unstable aneurysm physiomarker Nω, sp > 0
exhibit larger ϕ̄ω compared to normal participants with a stable aneurysm physiomarker 

Nω, sp ≤ 0 in a one-tailed Wilcoxon rank sum test. The role of greater blood flow acceleration 

is well established as a qualitative marker in aneurysm development; hypertension is well 

acknowledged as a risk factor in aneurysm formation and growth41 and has been implicated 

in modulating the morphology of unstable aneurysms42.

In the middle age group (40 ≤ Age < 60), the pressure gradient ϕ̄ω is likewise significantly 

higher for unstable aortic flow Nω, sp > 0. The second factor that appears is smaller (p = 

0.029) pulse wave velocity cpw, which indicates lower aortic stiffness. Compliant aortic walls 

distend farther and can sustain more unstable flutter modes under the same pressure gradient 

compared to stiffer aortas characterized by higher cpw. Thus, the natural stiffening of the aorta 

with age for healthy participants serves to protect against further dilatation. This explains 

why the oldest age group (Age ≥ 60) has no normal participants exhibiting Nω, sp > 0.

3.3. Aneurysm development in patients with respect to age.

In the patient cohort (Table 3), flutter instability aneurysm physiomarker Nω, sp > 0 is mainly 

driven by a smaller pulse wave velocity cpw compared to patients experiencing stable flow 

Nω, sp ≤ 0. In the youngest age group (Age < 40), we observe that aortic area Am is likewise 

significantly higher for patients with positive aneurysm physiomarker values. This matches 

clinical observations of increased dilatation risk with larger aneurysm size6. As before, Nω, sp

becomes positive primarily because Nω (equation (28)) increases and Nω, threshold decreases for 

smaller cpw. Larger aortic area also leads to increased Nω and, to a lesser extent, increased 

Nω, threshold, such that the aneurysm physiomarker (equation (28)) increases overall.

In every age group for the patient cohort, the median pulse wave velocity is significantly 

lower for patients with unstable aortic flows Nω, sp > 0 compared to stable patients Nω, sp ≤ 0. 

This suggests that greater wall distensibility plays a dominant role in facilitating growth 

of larger, developed aneurysms in the patient cohort. Permanent dilatation occurs when the 

aortic wall weakens and becomes less stiff. Such a process can form a self-perpetuating 

cycle, since thinning of the intimal and medial layers during aneurysm expansion increases 

aortic distensibility, which supports further dilation by increasing aortic wall susceptibility to 

unstable flutter modes.

A summary of clinical observations on how aneurysm distensibility evolves during disease 

progression is provided in Table S3. As noted earlier, the aortic wall degrades due to 

elastin and smooth muscle loss through aneurysm enlargement 9;10;11. Hereafter, collagen 

deposition either stiffens the aortic wall (no further growth; Type 1), or the aortic 

wall weakens due to lack of collagen deposition, wall inflammation, and/or adipocyte 

accumulation (Type 2)16. The latter can lead to eventual dissection or rupture11.
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Our proposed aneurysm physiomarker provides support for these clinically observed 

pathways. Patients who exhibit stable flows Nω, sp ≤ 0 have significantly larger pulse wave 

velocities and therefore fall within the Type 1 "stiff" aneurysm group. On the other hand, 

every patient age group with unstable aortic flows Nω, sp > 0 has significantly lower pulse 

wave velocity than stable patients in the same age group. Thus, patients whose compliant 

aortic walls fail to respond and lay down collagen remain vulnerable to growth driven 

by the flutter instability. This indicates that unstable patients possess Type 2 "soft/at-risk" 

aneurysms.

3.4. Cross cohort comparisons of aneurysm drivers.

Next, we compare different physiological properties driving aneurysm growth between the 

normal participant cohort and the patient cohort.

In the youngest age group (Age < 40), the stable Nω, sp ≤ 0 patient cohort exhibits a 

significantly larger median pulse wave velocity than stable normal participants. This further 

reinforces the clinical observation that the branch of aneurysm progression toward the 

stable Type 1 aneurysm is marked by stiffening of the aortic wall that prevents additional 

dilatation. Similarly, the unstable Nω, sp > 0 patient cohort exhibits a significantly smaller 

median pulse wave velocity than stable (p=5 × 10−4) normal participants. Thus, unstable 

patients comprise the second trajectory of aneurysm development – the Type 2 aneurysm 

group for which increased wall distensibility triggers further growth.

As the age of normal participants increases through the three defined groups, we observe 

that the pulse wave velocity of stable normal participants Nω, sp ≤ 0 increases significantly 

from (Age < 40) to (40 ≥ Age < 60) with (p =0.0011), as well as from (40 ≥ Age < 60) to 

(Age ≥ 60) with (p = 0.0011). This reflects the natural stiffening of the aorta with age and 

also serves to protect against unstable flutter. However, we note that the median pulse wave 

velocity of the youngest (Age < 40) stable normal participant cohort is still significantly 

larger than that of unstable patients of any age group. The Type 2 progression of aortic 

aneurysms therefore marks a diseased state in which distensibility increases abnormally 

above reference, healthy values due to wall remodeling. This disease trajectory is especially 

prominent in the oldest age group (Age ≥ 60), where the pulse wave velocity for the unstable 

patient cohort is significantly lower than that of the stable normal participant cohort (p =5 

× 10−7). Natural stiffening of the aorta has entirely failed to kick in for the unstable patient 

cohort and is replaced by aneurysmal weakening of the wall. Thus, the trends obtained for 

our ab initio aneurysm physiomarker are in good agreement with observed tissue biology 

during aneurysm development and it provides a quantitative, noninvasive prediction of 

anticipated growth.

The aneurysm physiomarker trends also elucidate other physiological drivers that contribute 

to abnormal aortic dilatation. For instance, we observe that the initial growth of aneurysms 

in normal participants is driven mainly by a significantly larger pressure gradient ϕ̄ω for 

(Age < 40) and (40 ≥ Age < 60). Without the associated wall stiffening to constrain 

these unstable modes, due to a failure to remodel or insufficient response time relative to 

growth progression, abnormal aortic dilatation occurs. Meanwhile, the abnormal growth 
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of aneurysm in the patient cohort for all age groups is driven primarily by lower pulse 

wave velocity, as we have already examined in depth. Thus, the fundamental physiology 

responsible for aneurysm progression varies significantly depending on whether the 

participant is in an earlier or later stage of the disease. Different treatment options and 

drug targets would then be necessary to address the root cause of abnormal growth for 

each patient depending on the dominant physiological property associated with or triggering 

the flutter instability. Quantitatively, this can be defined by measuring the sensitivity of 

Nω to factors like pressure gradient ϕ̄ω associated with blood oscillatory acceleration and 

pulse wave velocity cpw. For instance, if reducing ϕ̄ω to a manageable level would bring the 

aneurysm physiomarker Nω below 0, indicating stable flow, then blood pressure management 

may be the preferred course of treatment for a patient.

Finally, we note that the median aortic area Am and oscillatory wall shear coefficient βb

are both significantly larger for stable patients compared to stable normal participants in 

the age groups (40 ≥ Age < 60) to (Age ≥ 60). In the same age groups however, these 

two physiological properties are not significantly different between stable patients and 

unstable patients, nor for stable normal participants and unstable normal participants. This 

suggests that larger Am and βb accompany disease progression and may differentiate between 

participants who have already experienced aortic dilatation, but not necessarily drive further, 

abnormal growth on a consistent basis.

In existing literature, many ambiguous observations surround each of the individual physical 

properties examined in Table 3. For instance, a definite relationship between hypertension 

and aneurysm growth is not apparent13, especially since patients without hypertension can 

likewise experience both aneurysm growth and rupture42. High blood pressure is often 

interpreted as the mechanism driving increased shear stress along the aortic walls, but both 

high wall shear stress, low wall shear stress, and the spatio-temporal heterogeneity of wall 

shear stress have been implicated in wall remodeling and aneurysm growth14;43. Similarly, 

larger aortic size is known to correlate with increasing risk of rupture6, but it is unclear why 

this is the case.

The aneurysm physiomarker presented in the current work explains not just how these 

properties trend at the cohort level, but also reveals the mechanism of how they interact 

explicitly in each patient. For instance, this aneurysm physiomarker framework suggests 

a future study to clearly delineate the role of shear stress in driving flutter at different 

parametric conditions. Under varying values of aortic area Am, pulse wave velocity cpw, and 

other physiological variables, wall shear can exhibit nonlinear, non-monotonic dependencies 

with Nω, sp that may account for the significant breadth of prior clinical observations.

The proposed aneurysm physiomarker clarifies the role of each physical property in driving 

the flutter type instability and delineates the threshold which separates stable aneurysms 

from unstable growth. These physiological properties cannot be used to predict abnormal 

dilatation on their own without knowing their relative, quantitative role in driving or 

inhibiting aneurysm growth for each patient – this, we propose, is the key problem resolved 

by the aneurysm physiomarker Nω, sp > 0.
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3.5. Limitations.

While 4D flow MRI provides a resolved spatial view of flow variables and aneurysm 

dimensions, it is time limited to a window of one single heartbeat. The physiological 

variables measured in this interval may not necessarily be representative of a patient’s 

average daily hemodynamic flow conditions. Variability in physiological properties is not 

described.

3.6. Sensitivity analysis.

Thus, we gauge the local sensitivity of the aneurysm physiomarker toward uncertainty in 

the measurement of the input physiological properties. This analysis also estimates the error 

incurred by the constant kinematic viscosity value ν assumed for every participant; the 

finite spatial and temporal resolution of 4D flow MRI (S1.7); and retest variation4. Table 

1 reports the resulting change in Nω, sp given an ϵ ∈ [5, 10, 15] % variation of the individual 

parameters around the measured values for the patient cohort. The aneurysm physiomarker 

proves most sensitive to the pulse wave velocity cpw and pressure driven acceleration ϕ̄ω, both 

of which are measured algorithmically from the mean cross-sectional velocity calculated 

from 4D flow imaging (S1.8). The kinematic viscosity ν is of tertiary yet nonnegligible 

importance; a rigorous method to calculate blood viscosity and density through imaging or 

other non-invasive methods is therefore highly desirable, but out of the scope of the current 

work.

Fig. S5 shows that the resulting area under the curve (AUC) of the aneurysm physiomarker 

as a binary predictor for abnormal growth still exceeds 0.99 even for an ϵ % = 5 % variation 

of the input parameters around their measured or assumed constant value (e.g. kinematic 

viscosity). The AUC drops to 0.98 for an ϵ % = 10 % variation, and to 0.94 for ϵ % = 15 %. 

Given the maximum change in ΔNω, sp shown by Table 1 for ϵ % = 5 %, an uncertainty band 

of ±0.33 around the marginal stability case Nω, sp = 0 can be defined. That is, Nω, sp which 

fall in this band may swing between positive and negative values given natural deviation 

or measurement error of the physiological input parameters, such as pulse wave velocity 

cpw. This uncertainty band occupies about 6% of the total range in measured aneurysm 

physiomarker values [−2.00, 9.13] within the patient cohort. The size of the uncertainty 

band increases to 12% for ϵ = 10 and 18% for ϵ = 15. Thus, uncertainty in the aneurysm 

physiomarker scales linearly with measurement error. In scenarios where Nω, sp ≈ 0 falls 

near the marginal stability state, repeat imaging and more frequent clinical follow-ups are 

therefore recommended to accurately quantify the physiomarker and predict future abnormal 

growth for the patient.

3.7. Imaging limitations.

Note that in this study, we have used clinical CT or MR measurements of aortic dimensions 

to asses growth over time. These measurements are subject to uncertainty due to need for 

manual selection of an oblique measurement plane, with intra- and inter-observer error rates 

around 5% in either modality45;46. From the prognosis patient cohort, we have conducted 

a reproducibility analysis on the diameter measurement of SOV and MAA, finding a mean 

inter-observer error of 4.5% and 4.2% respectively over a set of 35 images each. This agrees 
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with the inter-observer error of 5% reported in literature. Of the 35 SOV images, 5 were 

from CT; meanwhile, 4 of the 35 MAA images were from CT.

Additionally, there may be considerable discrepancy when different imaging modalities such 

as MRI or CT are used to measure patients’ SOV and MAA diameters at follow-up if 

measurement standards are not met47. However, there appears to be no significant difference 

in maximum aortic root diameter, ascending aorta diameter, and aortic arch diameter 

measured using CT and MRI when the same techniques are used (e.g. inner lumen to inner 

lumen or outer lumen to outer lumen)48. Since growth was tracked in this study only at 

the sinus of valsalva and maximal-area ascending aorta, the low mean differences between 

imaging modalities (0.2 mm for aortic root, 0.3 mm for the proximal ascending aorta)48 

suggests that growth rates > 0.2 cm can be meaningfully distinguished.

To test the effect of measurement error, we introduce 5% Gaussian noise (mean 0%, 

standard deviation 5%, truncated ±5%) to the diameter reported at every time point for 

all patients. The process was repeated 1000 times, yielding the mean 0.90 and standard 

deviation 0.02 for the AUC of the aneurysm physiomarker as a binary predictor of abnormal 

growth > 0.24 cm/year. The mean AUC increases to 0.92 when the threshold for abnormal 

growth is increased to 0.4 cm/year so that the signal threshold exceeds the average noise 

level. Thus, the performance of the aneurysm physiomarker is robust against the presence of 

aortic diameter measurement error in this comparative validation.

Note that adding this much random noise can effectively kill any robust measurement of 

growth through imaging. Even for a very conservative clinical intervention threshold of 0.5 

cm/year, a potential intraobserver error of 0.2 cm means that an actual growth rate of 0.1 

cm/year can be mistaken for 0.5 cm/year and vice versa. With the input of 5% error, the 

uncertainty band for direct diameter measurements via imaging is therefore 40% of the 

range of growth rates; the one order of magnitude lower 6% uncertainty of the aneurysm 

physiomarker suggests that it outperforms the current clinical standard in tracking abnormal 

aortic growth.

3.8. Modeling assumptions.

The prediction of flutter in this work is a linear approximation, in the sense that the 

aneurysm physiomarker measures whether flutter occurs given the patient’s current imaged 

physiological properties. It does not account for changes in physiological properties like 

blood pressure, aortic stiffness, aortic size, etc. from year to year. In essence, we are positing 

that observed flutter now is clinically indicative of abnormal growth in the future. This can 

be ameliorated by more frequent surveillance such as annual or bi-annual imaging for at-risk 

patients identified via Nω, sp > 0.

The data analyzed for this study have all originated from one site. Patients were selected 

without any precondition on inclusion that might explicitly bias the cohort composition 

in any way with respect to the aneurysm physiomarker; however, future work that 

investigates predictive performance from prospective data acquired across multiple sites 

would strengthen confidence for interpretation of our results.
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We have conducted a linear stability analysis of a 1D blood vessel model. The immediate 

advantage is that the problem becomes tractable and yields a closed form solution. However, 

nonlinear damping or instability inducing effects may become important in certain flow 

conditions. Note additionally that the flutter instability examined in this work is primarily 

caused by pressure driven deformation of the aortic wall through the tube law. This flutter 

is therefore different from the shear induced destabilization of the channel walls induced by 

the Kelvin-Helmholtz type instability explored in prior literature18. Although we have shown 

that the pressure mediated flutter instability analyzed in this work is strongly associated with 

abnormal aneurysmal growth, a follow-up study of shear driven wall instabilities18 is of 

strong interest, though outside the scope of the current work.

Lastly, the asymmetry, curvature, and branching of the full 3D aortic geometry may also 

play a role. However, 1D models have in general been well validated against 3D clinical 

data49;50;51;1. The reduced order 1D model we formulate from first principles preserves 

the key biomechanical features of the actual human aorta – flow pulsatility, wall elasticity, 

local blood acceleration and shear, etc. – while allowing the system to experience blood-wall 

interaction instability. The only factor missing is the complex 3D geometry of the system, 

but it would enter as higher order geometric correction terms to the core biomechanical 

mechanisms already described. That is, the underlying dimensionless number Nω derived 

would not change because the core physics remain the same.

If the 1D model was not sufficient, then the critical threshold predicted by 1D model would 

not agree with clinical data. However, good agreement is observed. Experimentally, the 

3D character of the actual system is injected in an average sense into our analysis via the 

actual area and pressure driven acceleration locally measured along the centerline through 

4D flow MRI. These local flow values carry the effect of a complex 3D geometry as 

input into the 1D model. However, anatomical heterogeneity (lumen concavity, convexity, 

angulation, etc.) could undoubtedly impact the pressure-wall interaction beyond what the 

flow information can carry into the model. Additional data would be necessary to quantify 

how less axisymmetric anatomical domains influence generalization of Nω, sp. This is a 

challenging task ripe for future work.

4. Conclusion

In this work we analyzed an instability-driven growth mechanism of aortic aneurysms from 

first principles through a linear stability analysis of flow through an elastic blood vessel. 

The perturbation equations around the base flow gives us a dispersion relation between the 

temporal growth rate of each flutter mode and its wave number. Floquet theory is used 

to account for the parametric effect of the heartbeat frequency—essentially, the oscillatory 

blood flow waveform.

The important parameters determining the onset of unstable flutter—including viscosity, 

vessel diameter, pressure gradient that drives acceleration, etc.—are collected in a single 

dimensionless number. Akin to the role of the critical Reynolds number in describing the 

onset of turbulence, the critical threshold of the dimensionless number tracks the transition 

of the system to the flutter type instability. If this flutter instability parameter (dimensionless 
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number minus its critical threshold) exceeds zero at a local cross-section of the blood 

vessel, the growth of perturbation modes may trigger the abnormal dilatation of the local 

blood vessel. We therefore hypothesize that an aneurysm will form or grow at the site. 

Otherwise, perturbation amplitudes decay in time, and the location remains stable to this 

flutter mechanism.

Through follow-up analysis in a group of patients with suspected aortopathy, we’ve shown 

that the flutter instability parameter may serve as an aneurysm physiomarker to forecast 

aneurysm growth. The only input to calculate the aneurysm physiomarker for each patient 

was a baseline 4D flow magnetic resonance imaging scan taken during the initial visit. 

We found that this aneurysm physiomarker predicts abnormal aortic growth and/or surgical 

intervention at clinical follow-up with high accuracy, specificity, and sensitivity.

This ab initio aneurysm physiomarker has the potential to become a predictive diagnostic 

tool for aneurysm development. It captures the observed qualitative population trends in 

participants and clarifies the qualitative growth modes of nascent aortic dilation vs. the 

evolution of large, developed aneurysms. Here, we have presented a full derivation of the 

aneurysm physiomarker, tested its potential for diagnostic capability, and contextualized it as 

a fundamental mechanistic precursor to aneurysm formation and growth.

5. Methods

5.1. Study cohorts.

5.2. Overall patient cohort.

Patients were respectively identified from a database of patients who underwent a clinical 

cardiothoracic MRI exam, including 4D flow MRI, at Northwestern Memorial Hospital 

between 2011 and 2019. Inclusion criteria were referral for clinical imaging assessment 

of aortic dimensions and a normal tricuspid aortic valve (TAV). Exclusion criteria were 

presence of aortic valve stenosis (mild to severe), ejection fraction lower than 50%, or 

bicuspid aortic valve. In addition, patients with 4D flow MRI data that have not undergone 

dedicated analysis (eddy current and concomitant phase corrections, aortic 3D segmentation) 

were excluded. A summary of the selection process with inclusion and exclusion counts is 

given in Fig. S2.

A total of 125 patients were identified for inclusion in this study. Of these, 8 patients were 

excluded due to 4D flow MRI imaging artifacts, resulting in 117 patients for this study. All 

patients in this HIPAA compliant study were retrospectively included with approval from 

the Northwestern University Institutional Review Board (IRB) and IRB-approved waiver of 

consent. Records were de-identified prior to analysis.

5.3. Healthy participant cohort.

For comparison to the overall patient cohort, a total of 100 healthy control participants were 

included, evenly distributed across a wide range of ages and sexes (age range 19 years to 

79 years, 50% female). The 100 healthy participants included were selected from a group 

of healthy participants who had been prospectively enrolled for research MRI exams under 
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a separate IRB-approved protocol. Informed consent was provided by all study participants. 

The group of 100 healthy control participants selected for analysis was created by taking 

the first ten (chronological order) recruited participants of each sex, divided into the age 

ranges of 19-30, 31-40, 41-50, 51-60, and 61-79 years. The control cohort demographics are 

summarized in Table 2.

5.4. Subcohort for patient outcomes classification.

To evaluate the predictive performance of Nω, sp, a subcohort (labeled prognosis aortopathy 

patients) was created for patients with follow-up measurement of aortic dimensions. The 

inclusion criterion was having magnetic resonance angiography (MRA) or computed 

tomography angiography (CTA) aortic dimensions assessment within five years of initial 4D 

flow imaging. Exclusion criteria for this subcohort were presence of genetic tissue disorders, 

congenital heart malformations, and history of aortic or mitral valve repair occurring before 

the 4D flow imaging analyzed (Fig. S2). Of the 117 patients, 25 patients lacked follow-up 

imaging, 3 had a history of dissection, 14 history of aortic repair, and 3 had Marfan 

syndrome. The final prognosis patient subcohort included 72 patients.

In this subcohort of patients, two outcomes were quantified: “growth” and “surgery”. The 

aortic diameter growth was assessed from radiological measurements taken with CT or 

MR angiography imaging, which included standardized assessment of the maximal-area 

ascending aorta (MAA) and the sinus of valsalva (SOV) diameters in double-oblique 

view. During the follow-up period, any intervention, such as valve repair or aortic graft 

placement, that occurred after the 4D flow imaging was used to categorize patients as having 

“surgery” outcomes. Additional details of image acquisition and processing are described in 

Supplementary S1.7 and S1.8, respectively.

As an illustration of how growth outcomes are calculated, the maximum of the SOV 

and MAA diameters recorded during each clinic visit (SOVmax and MAAmax ) are 

presented in two time series after the initial MRI at year 0 (Fig. S4A, S4B). The 

growth rate was then calculated as the maximum rate of change over time between 

consecutive pairs of follow-up assessments. That is, the maximum SOV growth rate was 

characterized as ΔSOVmax = max
∀t

dSOVmax
dt , and the maximum MAA growth is characterized 

as ΔMAAmax = max
∀t

dMAAmax
dt . A diameter change in SOV or MAA of 0.24 cm/year or greater 

was then categorized as an abnormal “growth” outcome for the patient.

An example of a patient’s time-series is shown in Fig. S4A, where ΔSOVmax = 0.05 cm/year 

due to a stepwise jump in measured SOVmax between years 2 to 3. This growth rate is defined 

analogously for the maximum MAA diameter; Fig. S4B gives ΔMAAmax = 0.14 cm/year for 

the same patient. Since ΔMAAmax < 0.24 cm/year, ΔSOVmax < 0.24 cm/year, and this patient 

also did not undergo any surgery during follow-up, the classification "no growth or surgery" 

was applied.

Zhao et al. Page 23

Nat Biomed Eng. Author manuscript; available in PMC 2024 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Research reported in this publication was supported by the National Heart, Lung, And Blood Institute of the 
National Institutes of Health under Award Number F32HL162417. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the National Institutes of Health.

Data Availability

The main data supporting the findings of this study are available within the paper and its 

Supplementary Information. The raw clinical data in the study are too large to be publicly 

shared, yet they are available for research purposes from the Markl group (co-author) on 

reasonable request.

Code availability

Codes for the collection and analysis of data are available on request.

References

[1]. Jersey AM and Foster DM. Cerebral Aneurysm. Northwell Health; North Shore University 
Hospital, Jan 2020.

[2]. Laukka D, Pan E, Fordell T, Alpay K, Rahi M, Hirvonen J, Rinne J, and Gunn J. Prevalence of 
thoracic aortic aneurysms and dilatations in patients with intracranial aneurysms. J Vasc Surg, 
70(6):1801–1808, Dec 2019. [PubMed: 31327605] 

[3]. Li X, Zhao G, Zhang J, Duan Z, and Xin S. Prevalence and trends of the abdominal aortic 
aneurysms epidemic in general population–a meta-analysis. PLoS One, 8(12):e81260, 2013. 
[PubMed: 24312543] 

[4]. Johansson G, Markström U, and Swedenborg J. Ruptured thoracic aortic aneurysms: a study of 
incidence and mortality rates. J Vasc Surg, 21(6):985–988, Jun 1995. [PubMed: 7776479] 

[5]. Gawenda M and Brunkwall J. Ruptured abdominal aortic aneurysm: the state of play. Dtsch 
Arztebl Int, 109(43):727–732, Oct 2012. [PubMed: 23181137] 

[6]. Kuzmik GA, Sang AX, and Elefteriades JA. Natural history of thoracic aortic aneurysms. J Vasc 
Surg, 56(2):565–571, Aug 2012. [PubMed: 22840907] 

[7]. Coady MA, Rizzo JA, Hammond GL, Kopf GS, and Elefteriades JA. Surgical intervention criteria 
for thoracic aortic aneurysms: a study of growth rates and complications. Ann Thorac Surg, 
67(6):1922–1926, Jun 1999. [PubMed: 10391339] 

[8]. MA3RS Study Investigators. Aortic wall inflammation predicts abdominal aortic aneurysm 
expansion, rupture, and need for surgical repair. Circulation, 136(9):787–797, Aug 2017. 
[PubMed: 28720724] 

[9]. Wilson K, Bradbury A, Whyman M, Hoskins P, Lee A, Fowkes G, McCollum P, and Vaughan 
Ruckley C. Relationship between abdominal aortic aneurysm wall compliance and clinical 
outcome: a preliminary analysis. European Journal of Vascular and Endovascular Surgery, 
15(6):472–477, 1998. [PubMed: 9659880] 

[10]. Wilson KA, Lindholt JS, Hoskins PR, Heickendorff L, Vammen S, and Bradbury AW. The 
relationship between abdominal aortic aneurysm distensibility and serum markers of elastin and 
collagen metabolism. European Journal of Vascular and Endovascular Surgery, 21(2):175–178, 
2001. [PubMed: 11237793] 

Zhao et al. Page 24

Nat Biomed Eng. Author manuscript; available in PMC 2024 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[11]. Wilson KA, Lee AJ, Lee AJ, Hoskins PR, Fowkes FGR, Ruckley CV, and Bradbury AW. 
The relationship between aortic wall distensibility and rupture of infrarenal abdominal aortic 
aneurysm. Journal of Vascular Surgery, 37(1):112–117, 2003. [PubMed: 12514586] 

[12]. Niestrawska JA, Regitnig P, Viertler C, Cohnert TU, Babu AR, and Holzapfel GA. The role 
of tissue remodeling in mechanics and pathogenesis of abdominal aortic aneurysms. Acta 
Biomaterialia, 88:149–161, 2019. [PubMed: 30735809] 

[13]. Mulè G, Nardi E, Morreale M, Castiglia A, Geraci G, Altieri D, Cacciatore V, Schillaci M, 
Vaccaro F, and Cottone S. The Relationship Between Aortic Root Size and Hypertension: An 
Unsolved Conundrum, pages 427–445. Springer International Publishing, Cham, 2017.

[14]. Staarmann B, Smith M, and Prestigiacomo CJ. Shear stress and aneurysms: a review. 
Neurosurgical Focus FOC, 47(1):E2, 2019.

[15]. Geisbüsch S, Stefanovic A, Schray D, Oyfe I, Lin H-M, Di Luozzo G, and Griepp RB. 
A prospective study of growth and rupture risk of small-to-moderate size ascending aortic 
aneurysms. J Thorac Cardiovasc Surg, 147(1):68–74, Jan 2014. [PubMed: 23953716] 

[16]. Chandrashekar A, Handa A, Lapolla P, Shivakumar N, Ngetich E, Grau V, and Lee R. Prediction 
of abdominal aortic aneurysm growth using geometric assessment of computerised tomography 
images acquired during the aneurysm surveillance period. Annals of Surgery, Publish Ahead of 
Print, 2020.

[17]. Hirata K, Nakaura T, Nakagawa M, Kidoh M, Oda S, Utsunomiya D, and Yamashita Y. Machine 
learning to predict the rapid growth of small abdominal aortic aneurysm. J Comput Assist 
Tomogr, 44(1):37–42, Jan/Feb 2020. [PubMed: 31939880] 

[18]. Tsigklifis K and Lucey AD. Asymptotic stability and transient growth in pulsatile poiseuille flow 
through a compliant channel. 820:370–399, 2017.

[19]. Davies C and Carpenter PW. Numerical simulation of the evolution of tollmien–schlichting 
waves over finite compliant panels. 335:361–392, 1997.

[20]. Davies C and Carpenter PW. Instabilities in a plane channel flow between compliant walls. 
352:205–243, 1997.

[21]. Pitman MW and Lucey AD. On the direct determination of the eigenmodes of finite flow–
structure systems. Proceedings of the Royal Society A: Mathematical, Physical and Engineering 
Sciences, 465(2101):257–281, 2022/09/27 2009.

[22]. Azer K and Peskin CS. A one-dimensional model of blood flow in arteries with friction and 
convection based on the womersley velocity profile. Cardiovasc Eng, 7(2):51–73, Jun 2007. 
[PubMed: 17566860] 

[23]. Wang X-F, Nishi S, Matsukawa M, Ghigo A, Lagree P-Y, and Fullana J-M. Fluid friction and 
wall viscosity of the 1d blood flow model. Journal of Biomechanics, 49(4):565–571, 2016. 
[PubMed: 26862041] 

[24]. WOMERSLEY JR. Method for the calculation of velocity, rate of flow and viscous drag in 
arteries when the pressure gradient is known. The Journal of physiology, 127(3):553–563, 03 
1955. [PubMed: 14368548] 

[25]. Raines JK, Jaffrin MY, and Shapiro AH. A computer simulation of arterial dynamics in the 
human leg. Journal of Biomechanics, 7(1):77–91, 1974. [PubMed: 4820654] 

[26]. Huang J, Wang Y, Lin L, Li Z, Shan Z, and Zheng S. Comparison of dynamic changes in 
aortic diameter during the cardiac cycle measured by computed tomography angiography and 
transthoracic echocardiography. Journal of Vascular Surgery, 69(5):1538–1544, 2019. [PubMed: 
31010518] 

[27]. He X, Ku DN, and Moore JE. Simple calculation of the velocity profiles for pulsatile flow in a 
blood vessel using mathematica. Annals of Biomedical Engineering, 21(5):557–558, 1993.

[28]. Coddington A and Carlson R. Linear Ordinary Differential Equations. Miscellaneous Bks. 
Society for Industrial and Applied Mathematics, 1997.

[29]. Kumar K and Tuckerman LS. Parametric instability of the interface between two fluids. 279:49–
68, 1994.

[30]. Ma Y, Choi J, Hourlier-Fargette A, Xue Y, Chung HU, Lee JY, Wang X, Xie Z, Kang D, Wang 
H, Han S, Kang S-K, Kang Y, Yu X, Slepian MJ, Raj MS, Model JB, Feng X, Ghaffari R, Rogers 

Zhao et al. Page 25

Nat Biomed Eng. Author manuscript; available in PMC 2024 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



JA, and Huang Y. Relation between blood pressure and pulse wave velocity for human arteries. 
Proceedings of the National Academy of Sciences, 115(44):11144, 10 2018.

[31]. Aslan S, Mass P, Loke Y-H, Warburton L, Liu X, Hibino N, Olivieri L, and Krieger A. Non-
invasive prediction of peak systolic pressure drop across coarctation of aorta using computational 
fluid dynamics. Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society. IEEE Engineering in Medicine and Biology Society. Annual International 
Conference, 2020:2295–2298, 07 2020.

[32]. Weininger G, Mori M, Yousef S, Hur DJ, Assi R, Geirsson A, and Vallabhajosyula P. Growth 
rate of ascending thoracic aortic aneurysms in a non-referral-based population. Journal of 
Cardiothoracic Surgery, 17(1):14, 2022. [PubMed: 35109884] 

[33]. Wang TKM and Desai MY. Thoracic aortic aneurysm: Optimal surveillance and treatment. 
Cleveland Clinic Journal of Medicine, 87(9):557–568, 2020. [PubMed: 32868306] 

[34]. Mandrekar JN. Receiver operating characteristic curve in diagnostic test assessment. Journal of 
Thoracic Oncology, 5(9):1315–1316, 2010. [PubMed: 20736804] 

[35]. Boczar KE, Cheung K, Boodhwani M, Beauchesne L, Dennie C, Nagpal S, Chan K, and 
Coutinho T. Sex differences in thoracic aortic aneurysm growth. Hypertension, 73(1):190–196, 
2022/08/22 2019. [PubMed: 30571545] 

[36]. Collins JA, Munoz J-V, Patel TR, Loukas M, and Tubbs RS. The anatomy of the aging aorta. 
Clinical anatomy, 27(3):463–466, 2014. [PubMed: 24523152] 

[37]. Ohyama Y, Redheuil A, Kachenoura N, Ambale Venkatesh B, and Lima JA. Imaging insights 
on the aorta in aging. Circulation: Cardiovascular Imaging, 11(4):e005617, 2018. [PubMed: 
29653929] 

[38]. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, Greenland P, JacobsJr 
DR, Kronmal R, Liu K, et al. Multi-ethnic study of atherosclerosis: objectives and design. 
American journal of epidemiology, 156(9):871–881, 2002. [PubMed: 12397006] 

[39]. Voges I, Jerosch-Herold M, Hedderich J, Pardun E, Hart C, Gabbert DD, Hansen JH, Petko 
C, Kramer H-H, and Rickers C. Normal values of aortic dimensions, distensibility, and pulse 
wave velocity in children and young adults: a cross-sectional study. Journal of Cardiovascular 
Magnetic Resonance, 14(1):1–13, 2012. [PubMed: 22226320] 

[40]. Rabkin SW, Chan KK, Chow B, and Janusz MT. Pulse wave velocity involving proximal portions 
of the aorta correlates with the degree of aortic dilatation at the sinuses of valsalva in ascending 
thoracic aortic aneurysms. Ann Vasc Dis, 7(4):404–409, 2014. [PubMed: 25593626] 

[41]. Thompson BG, Brown RD, Amin-Hanjani S, Broderick JP, Cockroft KM, Connolly ES, 
Duckwiler GR, Harris CC, Howard VJ, Johnston SCC, Meyers PM, Molyneux A, Ogilvy CS, 
Ringer AJ, and Torner J. Guidelines for the management of patients with unruptured intracranial 
aneurysms. Stroke, 46(8):2368–2400, 2022/08/22 2015. [PubMed: 26089327] 

[42]. Liu Q, Jiang P, Jiang Y, Ge H, Li S, Jin H, and Li Y. Prediction of aneurysm stability 
using a machine learning model based on pyradiomics-derived morphological features. Stroke, 
50(9):2314–2321, 2022/08/22 2019. [PubMed: 31288671] 

[43]. Soulat G, Scott MB, Allen BD, Avery R, Bonow RO, Malaisrie SC, McCarthy P, Fedak PWM, 
Barker AJ, and Markl M. Association of regional wall shear stress and progressive ascending 
aorta dilation in bicuspid aortic valve. JACC: Cardiovascular Imaging, 15(1):33–42, 2022. 
[PubMed: 34419402] 

[44]. Markl M, Wallis W, Strecker C, Gladstone BP, Vach W, and Harloff A. Analysis of pulse 
wave velocity in the thoracic aorta by flow-sensitive four-dimensional mri: Reproducibility 
and correlation with characteristics in patients with aortic atherosclerosis. Journal of Magnetic 
Resonance Imaging, 35(5):1162–1168, 2022/08/22 2012. [PubMed: 22271330] 

[45]. Quint LE, Liu PS, Booher AM, Watcharotone K, and Myles JD. Proximal thoracic aortic 
diameter measurements at CT: repeatability and reproducibility according to measurement 
method. The International Journal of Cardiovascular Imaging, 29(2):479–488, February 2013. 
[PubMed: 22864960] 

[46]. Nejatian A, Yu J, Geva T, White MT, and Prakash A. Aortic Measurements in Patients with 
Aortopathy are Larger and More Reproducible by Cardiac Magnetic Resonance Compared 

Zhao et al. Page 26

Nat Biomed Eng. Author manuscript; available in PMC 2024 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with Echocardiography. Pediatric Cardiology, 36(8):1761–1773, December 2015. [PubMed: 
26174757] 

[47]. Elefteriades JA, Mukherjee SK, and Mojibian H. Discrepancies in measurement of the thoracic 
aorta: Jacc review topic of the week. Journal of the American College of Cardiology, 76(2):201–
217, 2020. [PubMed: 32646571] 

[48]. Frazao C, Tavoosi A, Wintersperger B, Nguyen E, Wald R, Ouzounian M, and Hanneman K. 
Multimodality assessment of thoracic aortic dimensions: Comparison of computed tomography 
angiography, magnetic resonance imaging, and echocardiography measurements. Journal of 
Thoracic Imaging, Publish Ahead of Print:1, 04 2020.

[49]. Flores J, Alastruey J, and Corvera Poiré E. A novel analytical approach to pulsatile blood flow 
in the arterial network. Annals of Biomedical Engineering, 44(10):3047–3068, 2016. [PubMed: 
27138525] 

[50]. Reymond P, Merenda F, Perren F, Rufenacht D, and Stergiopulos N. Validation of a one-
dimensional model of the systemic arterial tree. Am J Physiol Heart Circ Physiol, 297(1):H208–
22, Jul 2009. [PubMed: 19429832] 

[51]. Munneke AG, Lumens J, Arts T, and Delhaas T. A closed-loop modeling framework for cardiac-
to-coronary coupling. Frontiers in Physiology, 13, 2022.

Zhao et al. Page 27

Nat Biomed Eng. Author manuscript; available in PMC 2024 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The distensible blood vessel is modeled as a one-dimensional system with excess internal 

pressure P  (normalized by density) and velocity u being averaged across the radial direction 

r, which is normal to the centerline coordinate x. The interior area A = πR2 varies as a 

function of both space x and time t.
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Figure 2. 
The marginal stability curve μ = 0 as a function of the dimensionless wave number k″ of 

the perturbation mode and the dimensionless number Nω. The dimensionless number Nω

encapsulates the blood viscosity, vessel diameter, pressure gradient (or flow acceleration), 

and viscous contribution under pulsatile waveform of the flow. For a specific value of k″, Nm, 

and ω, Nω within the alternating tongues indicate that the system is unstable to perturbations 

and can grow unboundedly, whereas Nω outside the tongues correspond to stable base flow. 

The figure uses representative values of the angular frequency ω = 19.6 and Nm = 1.7 × 10−1

corresponding to human physiology.
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Figure 3. 
A) 1D spatial distribution of the aneurysm physiomarker Nω, sp along the central axis for one 

patient, calculated from their initial MRI taken at year 0. Each slice perpendicular to the 

centerline is colored the same to represent the value along the central axis. During clinical 

follow-up, the patient exhibited growth rates of 0.38 cm/year and 0.15 cm/year at their 

sinus of valsalva (SOV) and maximal-area ascending aorta (MAA). This agrees with the 

aneurysm physiomarker distribution, which shows Nω, sp > 0 localized near the SOV rather 

than the MAA. B) Spatial distribution of the aneurysm physiomarker for a second patient, 

who exhibited growth rates of 0.08 cm/year & 0.30 cm/year at the SOV & MAA. These 

rates likewise match the aneurysm physiomarker distribution, where Nω, sp > 0 at the MAA 

rather than the SOV. C) A prediction vs outcome diagram of all patients with follow-up 

imaging data. The maximum growth rate of their MAA and SOV (cm/year) measured from 

follow-up imaging data are visualized with respect to the theoretical prediction Nω, sp, which 

are measured from a single MRI at time 0. If Nω, sp > 0, the patient’s marker is labeled by 

an x. Otherwise, the data point is labeled by a downward pointing triangle. The circles 

indicate that the patient experienced a surgical intervention after their initial MRI at year 

0. The growth boundary of 0.24 cm/year is labeled by black dotted lines. This boundary 

optimally discriminates between stable and unstable aneurysms predicted by the proposed 

aneurysm physiomarker and falls within the clinically observed range of abnormal growth 

(0.24 cm/year for small aneurysms to 0.31 cm/year for large aneurysms) that is associated 

with chronic dissection17. D) Each patient has been labeled according to whether Nω, sp > 0
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accurately predicts a growth outcome (categorized as exhibiting a growth rate in SOV or 

MAA ≥ 0.24 cm/year), a surgical intervention, or both at follow-up.
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Figure 4. 
A) The distribution of the aneurysm physiomarker Nω, sp in the patient (n=117) and normal 

participant (n=100) cohorts. The median aneurysm physiomarker value for the normal 

participant cohort is shown to be significantly (p=0.0370) smaller than that for the patient 

cohort, via a one-tailed Wilcoxon rank sum test. Patient cohort: {min, 25% quartile, median 

75% quartile, max} = {−1.9961, −0.4107, −0.0561, 1.3035, 9.1285}. Normal participant 

cohort: {min, 25% quartile, median 75% quartile, max} = {−1.7499, −0.4807, −0.1180, 

0.3061, 2.6680}
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Table 1.

The fundamental physiological properties (e.g. pressure driven acceleration ϕ̄ω) that contribute to evaluating 

the aneurysm physiomarker Nω, sp for 117 patients are varied by a total range of 2ϵ % around either the measured 

value or the assumed constant value (kinematic viscosity) in a local sensitivity analysis (e.g. ϕ̄ω ± (ϵ % )ϕ̄ω). ϵ is 

varied from 5 to 15. The magnitude of the resulting change ΔNω, sp (e.g. 

∣ Nω, sp(ϕ̄ω + (ϵ % )ϕ̄ω) − Nω, sp(ϕ̄ω − (ϵ % )ϕω) ∣) is reported as mean ± standard deviation.

ϕ̄ω ± (ϵ % )ϕ̄ω
m/s2

cpw ± (ϵ % )cpw
m/s

Am ± (ϵ % )Am
cm2

ν ± (ϵ % )ν
m2/s

ω ± (ϵ % )ω
1/s

ΔNω, sp(ϵ = 5) 0.31 ± 0.18 0.33 ± 0.19 0.17 ± 0.11 0.18 ± 0.11 0.15 ± 0.09

ΔNω, sp(ϵ = 10) 0.61 ± 0.36 0.66 ± 0.39 0.35 ± 0.22 0.35 ± 0.22 0.30 ± 0.17

ΔNω, sp(ϵ = 15) 0.92 ± 0.54 0.99 ± 0.59 0.52 ± 0.32 0.53 ± 0.33 0.46 ± 0.25
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Table 2.

Characteristics of the study cohort are summarized as mean ± standard deviation and [minimum,maximum] of 

range or [percentage] values. Prognosis aortopathy patients had clinical follow-up data and were analyzed for 

growth rate validation of the aneurysm physiomarker; other patients did not have follow-up data. The p-values 

are reported for a Wilcoxon rank sum test between cohort statistics of healthy participants and all aortopathy 

patients.

normal participants
(n = 100)

all aortopathy patients
(n = 117)

p-value prognosis aortopathy patients
(n = 72)

age (years) 46.2±15.5 [19,79] 57.4±14.2 [22,86] 2 × 10−7 58.6±11.9 [29,79]

sex (female) 50 [50%] 35 [30%] 1.5 × 10−3 17 [24%]

height (m) 1.71±0.11 [1.30,1.96] 1.73±0.15 [1.14,2.03] 7.4 × 10−3 1.76±0.13 [1.40,2.03]

weight (kg) 79.2±17.9 [47.6,142.9] 84.8±18.1 [45.5,140.9] 3.5 × 10−2 86.5±19.2 [45.5,140.9]

follow-up (years) - - - 5.86 ± 1.77 [1.13,8.67]
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Table 3.

Each physiological term that contributes to the aneurysm physiomarker Nω, sp is tabulated for both patients and 

normal participants in three age groups. This includes the aorta diameter Am, blood pressure gradient ϕ̄ω

causing oscillatory accelerations, pulsatile contribution to wall shear βb, heartbeat angular frequency ω, and 

pulse wave velocity cpw. The one-tailed Wilcoxon rank sum test was used to determine whether the larger 

median of one population (e.g. patients, Nω, sp > 0) is significantly greater than the smaller median of the other 

(e.g. patients, Nω, sp ≤ 0). The p-values comparing patient and normal participant cohorts as well as the p-values 

comparing Nω, sp > 0 and Nω, sp ≤ 0 are presented. Rejection of the null hypothesis at the 5% level is in bold.

Nω, sp > 0 Nω, sp ≤ 0

ϕ̄ω
m/s2

cpw
m/s

Am
cm2

βb
none

ω
1/s

ϕ̄ω
m/s2

cpw
m/s

Am
cm2

βb
none

ω
1/s

Patients (Age<40)

median 7.7377 5.2650 7.5719 42.0645 7.1400 7.7079 7.3322 5.8507 38.2583 8.3087

p-value betweenNω, sp 0.4699 0.0014 0.0168 0.13006 0.3706 - - - - -

p-value between cohorts 0.2648 0.4666 0.0358 0.1572 0.3144 0.0113 0.0113 0.3517 0.5218 0.4008

Normal participants

median 7.5684 5.0998 6.4396 39.7752 8.0143 6.2113 6.3452 5.6152 36.9418 8.4361

p-value betweenNω, sp 0.0081 5 × 10−6 0.0533 0.1054 0.4539 - - - - -

Patients (40 ≤ Age < 60)

median 7.1694 5.3235 9.0482 43.0926 8.1812 6.4033 7.8868 8.9853 44.5748 7.7121

p-value betweenNω, sp 0.1230 3 × 10−8 0.3522 0.17438 0.4378 - - - - -

p-value between cohorts 0.0966 0.0335 0.0526 0.1905 0.2701 0.2821 0.0528 0.0153 0.0018 0.5028

Normal participants

median 9.1976 6.0647 7.1551 40.2202 8.3585 7.2424 7.5973 7.7359 40.4069 7.8228

p-value betweenNω, sp 0.0092 0.0286 0.3518 0.4939 0.2515 - - - - -

Patients (Age ≥ 60)

median 6.6368 4.2547 10.2915 43.5787 7.5166 6.7577 8.5646 10.1875 43.5171 7.4592

p-value betweenNω, sp 0.3181 6 × 10−9 0.2232 0.3592 0.4268 - - - - -

p-value between cohorts - - - - - 0.3190 0.2551 0.0039 0.0107 0.1911

Normal participants

median - - - - - 6.9007 8.3760 8.5243 39.8121 7.7121

p-value betweenNω, sp - - - - - - - - - -
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