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CONVERGENCE ANALYSIS OF PRESSURE RECONSTRUCTION METHODS

RODOLFO ARAYA!, CRISTOBAL BERTOGLIO?, CRISTIAN CARCAMO?®, DAVID NOLTE?*?

The intra-arterial spatial distribution of the blood pressure can be measured by means of catheterization [2].
This technique consists in inserting a catheter equipped with a pressure transducer into the vasculature of
the patient and manoeuvring it, under local anaesthesia and guided by fluoroscopy, to the location of interest.
Although it is the “clinical gold standard” for pressure quantification, the invasive nature of the method is

FROM DISCRETE VELOCITIES

AND SERGIO URIBE*

Abstract. Magnetic resonance imaging allows the measurement of the three-dimensional velocity
field in blood flows. Therefore, several methods have been proposed to reconstruct the pressure field
from such measurements using the incompressible Navier—Stokes equations, thereby avoiding the use of
invasive technologies. However, those measurements are obtained at limited spatial resolution given by
the voxel sizes in the image. In this paper, we propose a strategy for the convergence analysis of state-
of-the-art pressure reconstruction methods. The methods analyzed are the so-called Pressure Poisson
Estimator (PPE) and Stokes Estimator (STE). In both methods, the right-hand side corresponds
to the terms that involving the field velocity in the Navier—Stokes equations, with a piecewise linear
interpolation of the exact velocity. In the theoretical error analysis, we show that many terms of different
order of convergence appear. These are certainly dominated by the lowest-order term, which in most
cases stems from the interpolation of the velocity field. However, the numerical results in academic
examples indicate that only the PPE may profit of increasing the polynomial order, and that the
STE presents a higher accuracy than the PPE, but the interpolation order of the velocity field always
prevails. Furthermore, we compare the pressure estimation methods on real MRI data, assessing the
impact of different spatial resolutions and polynomial degrees on each method. Here, the results are
consistent with the academic test cases in terms of sensitivity to polynomial order as well as the STE
showing to be potentially more accurate when compared to reference pressure measurements.
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Figure 1: Pressure map estimation from in an experimental phantom of a thoraxic aorta [22], adapted and
reprinted from [16]: Left: The 4D Flow MRI velocity measurements. Right: Relative pressure map computed
from velocity data. Shown: cuts through roughly the center of the vessels.

associated with a risk of complications [17,25,27]. Given that there are recommendations to avoid its use [24],
to compute the pressure difference from measured flow fields is strongly preferred.

Time-resolved 3D velocity encoded magnetic resonance imaging, or 4D flow MRI, offers measuring the com-
plete 3D velocity field within a region of interest [14,20], Additionally, 4D flow MRI allows the computation
of several hemodynamic parameters, which can be used as new biomarkers [20]. Among those hemodynamic
outputs, relative pressures are one of the most popular ones due to its potential to replace the invasive catheter-
isation procedures.

When the full velocity field is measured as in 4D flow MRI — naturally at a finite spatio-temporal resolution —
it can be inserted in the linear momentum balance of the incompressible Navier—Stokes equations (NSE). Then,
the velocity terms laid in the right-hand-side while the pressure holds as an unknown, which needs to be found
using appropriate discretization approaches. An example of pressure map estimation from real 4D Flow MRI
data is shown in Figure 1.

In practice, and as it can be appreciated in Figure 1-Left, those measurements are obtained at limited spatial
resolution — given by the voxel size in the image — and therefore the velocity entering to the right-hand-side
corresponds to an interpolated version of the exact velocity. Therefore, there is not a unique numerical approach
to compute the reconstructed pressures. A review and preliminary numerical comparison of methods can be
found in [3]. Among those methods, only a few can compute pressure fields and not just averaged pressure
differences between two locations.

The first one is the so-called Pressure Poisson Estimator (PPE) [8,13] and it consists of applying the divergence
to the NSE obtaining a pressure Poisson equation, similarly as it is used in projection methods [11]. However, the
original PPE method cannot include the viscous contribution to the pressure gradient at the level of accuracy
of the measured data. Therefore, recently in [18] the PPE method was modified by adding a boundary term
with the viscous contribution.

Another more modern method corresponds to the Stokes Estimator (STE) was reported in [23]. The STE
consists in adding to the NSE the Laplacian of an artificial incompressible velocity field with null trace leading
to a linear Stokes problem for both pressure and artificial velocity fields. Such artificial velocity is supposed to be
zero for perfect velocity measurements. The STE has shown more accurate results than the PPE in numerically
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simulated data [3,23] and in real phantom and patient data [16]. However, the STE method is considerably
more expensive computationally than the PPE.

To the best of the authors’ knowledge, neither a mathematical convergence analysis of both PPE and STE
methods or a comparison among discretization schemes for each of the methods has been reported.

Therefore, the purpose of this work is to propose a strategy for performing a priori error analysis and applied
it to the PPE and STE methods. The strategy is based on the splitting of the solution in two components and
adding their contributions to the overall error. Moreover, for both methods we studied different discretization
strategies in order to verify the theoretical analysis and give insights on the cost-effectiveness of each approach.
In order to assess the impact of discretizations on each of the methods, calculations of pressure fields based on
experimental MRI data are also included.

The remainder of this work is organized as follows. In Section 2 we present and analyze the PPE method
in the standard and modified variants using Continuos Galerkin approaches. Section 3 introduces the STE and
analyzes the classical Taylor-Hood and a tailored PSPG discretization. Then, in Section 4 we show numerical
results using three known analytical solutions for the NSE, confirming the a priori error analysis. In Section 5
the methods are assessed under different spatial resolutions and polynomial degree on experimental MRI data.
Finally, in Section 6 we draw some interpretation of the results and give recommendations for the use of these
methods.

2. THE PoOISSON PRESSURE ESTIMATOR

2.1. The continuous problem

The Poisson Pressure Estimator (PPE) consists in obtaining the pressure from the classical Navier—Stokes
equation by mean a Poisson equation. That is, by applying the divergence operator on the Navier—Stokes
equations one obtains

—Aq=V-f,, in Q

—g—fl =fu.-m, on 00 (1)
Joqdz=0.

Given measurements of the velocity w, with w being free divergence [18], the term f, has the form f, :=
(u-V)u — vAu, and n corresponds to the outward normal vector of 9.
We will make use of the function spaces H := [H(Q)]¢,V := [H(Q)]¢ and

ve H:Ave [13(Q)"} if j =1,
Hj:= d

ve H:Vx(Vxu)e [L2(Q)] } if j =2,
Q::{reHl(Q):/Qrdx:O}.

Assuming u € H ;, the weak formulation of the (1) is given by: find ¢ € @) such that
Alg,r) = Fi(r), Vreaq, (2)
where A(q,r) = (Vq, Vr)q and
Fi(r)=—((u-V)u,Vr)g + 81, (vAu, Vr)g — d2; (Vr,vV x (V x u))g, (3)

where ¢;; is the Kronecker delta. We refer to Standard-PPE if j = 1 and Modified-PPE if j = 2 [18].
The uniqueness of the solution of Problem (2) follows from the Lax—Milgram Lemma [9]. Indeed, the coercivity
of the left-side is straightforward. The continuity of F follows from

[FL()] < ([ V)ul

0, + 01V [|Aulloq + d2;v[|V x (V x u)

0.2) [7[1,0-
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In spite of the last term of FJ, for j = 2 is given as in (3), in the practice we will use the identity

—(Vr,vV x (V xu))g = (n x Vr,vV x u),yq, - (4)

2.2. Continuous Galerkin discretizations

Let {7;}n>0 be a shape-regular family of partitions of the polygonal domain 2, composed by elements K of
diameter hx with mesh size h = max hx. En denotes the set of all edges of 7, and F' the edges that compose
€7h

it. In addition, Pk (K) denotes the polynomial function spaces defined on K of total degree less than or equal
to k.
The finite element spaces for the pressure approximation and velocity interpolation are:

Qn:={q € Q:qnlx € Pr(K) VK €Ty},
Hjh:={’UhEHjﬂ[Hl(K)]d:Uh|K€P1(K) VKE/T;L}

We will also consider the interpolation operators J : Q N H*1(Q) — @, and Ly, : H; N[H?*(Q)]? — Hjj, such
that:

g — Tndlm.a < ar B glki1.0, Vge H(Q), 0<m<k+1,
|’v—£hv|m,K Sakh%{m|v|2,;{, V'UEHQ(K), OSWSQ,

(5)

where J}, and L}, corresponds to a modified Lagrange interpolator with average zero and the classical Lagrange
interpolator, respectively. Note that it is possible to prove that 7, satisfy the same error approximation prop-
erties than the classical Lagrange interpolator.

Thus, the Galerkin scheme associated with the continuous variational formulation (2) reads as follows: Find
qrn € Qp, such that

A(qh,rh) = F,ih (Th) Vrn, €Qp (6)
with
th (Th) = — Z ((ﬁhu : V)Lhu, V?‘h)ﬂ + (52]‘ Z (n X Vrp, vV X Ehu>p. (7)
KeTy, Fe&pnos

According to discrete Lax—Milgram Theorem, problem (6) has a unique solution ¢, € @, -

Remark 2.1. Note that from the definitions (3) and (7) we can assure that the problem (6) is not a Galerkin
scheme of the continuous problem (2). Indeed, the scheme is not consistent.

The strategy to prove convergence is to use the known Strang’s lemma for conformal and non-consistent
cases.
In order to prove the convergence theorems, let us state the next result.

Lemma 2.2. Let us assume that uw € H2(2). Then, there exists C independent of h such that
[(w- V)u = (Lhw- V) Lpullox < C hxlulzx|ull2 k. (8)

Proof. In this proof we will assume that a;,as are the error interpolation constants, C' is an injection constant
and C7 an inverse inequality constant.
Using properties of interpolation given by (5) and Young inequality we obtain

[(w-V)u— (Lru-V)Lyu

0.5 < |[(u-V)(u—Lru)lox + [[((w—Lyu) - V)Lyrullox
< Ju = Lpuly k|| wlloo,x + IVLh U] 0o || — Lrullo x
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IN

arhi|uls x Cllulla,x + Crig' | Latl|oo, xazhic lul2 x 9)

IA

C a1 hi |uls,k|[ull2,x + a2 C thic|[w]l oo,k el

IA

Cay hi lula i |[ull2,x + az C Crhi w2,k |w

2,K
C (a1 + a2 Cp) b [uls.0 |u

2.k
(]

Lemma 2.3. Assume thatu € H;NH*(Q)? if j =1 and u € H; with u’ag € [H%(0Q)]? if j = 2. Then, there
exists Co and C5 independent of h such that

|F3(rn) — F3,, ()|
sup

ThEQN |rh|1,ﬂ
70

< Cihlulzgllullza + 615l Aullo.q + 02, Cavh?|uls oo

Proof.
|F3(rn) = F, (rn)]

sup < (w- Vyu— (Zyu- V)Zhullox + 015 Aufoo
7‘;L€Qoh |71h|1,Q KeT,
Th )
ZFEE;LHBQ \(n X VT’h,I/V X (U 7Ih’u,)>ag|
+52,j sup .
ThEQR ‘Th|1,ﬂ
rh;éO

For the first term in the above inequality, we use Lemma 2.2 and for the third term we have

Yoregunon | XV, vV x (u=Thw))pl _ Ypeg,nonV [VrallorllV X (u = Znu)or
< .

10
[Thl1,0 - ITnl1,0 (10)
Now, thanks to [7, Lemma 1.46], we have
IVrallo.r < Cihglrnl (11)
~ (k1) (k+2) | /2 .
where Cy = (f) (see [26, Theorem 3]). Besides, from [21, Lemma 10.8] we get
IV x (u = Zpu)llor < Co |u—Thulir < Cs hi |ulsp. (12)
and then, from (10) to (12) we arrive to
n X Vry, vV X (u—Zpu
EFEE;J‘]SQ |< h ( h )>F| < 03 Vhl/QIU‘QﬂQ,
|7“h|1,sz
which allows us to arrive at the desired result, wherefrom Lemma 2.2, Cy = C (a1 + axCy). O

Finally, the next theorem holds.

Theorem 2.4 (Main Result I). Let ¢ € Q N H**Y(Q) and g, € Qp solutions of (2) and (6), respectively.
In addition, we assume that w € H; N [H*(Q)]? and w € H; with u‘ag € [H2(0Q)]4, for j =1 and j = 2
respectively. Then, there exists constants C1,Co and C3 such that

g — anlie < C1 B¥|glis1.0 + Co hlulzgllulze + 615l Aullo.q + 625 Cs vh'/2|uls 00

with k > 1.
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Proof. Thanks to the Strang’s Lemma (see [9, Lemma 2.27]) we have that

FJ — FJ
|F5(rn) — FY, (rn))] 2 i

rhE€QR |rh‘1,Q ThEQ
rh#0

The bound for the first term on the right-hand side follows directly from Lemma 2.3. For the second term,

we will consider the interpolation operator, and then

inf |g— 7|10 < g — Tndle < C1 R |qlki1.0-
T}LEQ’L

Theorem 2.5. Let the hypothesis of Theorem 2.4 hold with §2 is a convez polygonal domain. Then,

lg = anllo.o < Cr W glryr0 + Co
with C}, is the Poincaré inequality constant and k > 1.

Proof. The proof starts taking g, € @, such that satisfies the equation

(Van, Vrn)a = Fi(rp),

i CollAulloq + a5 Cs Cp vh'?|uls 90

(13)

where u is the continuous vector function representing the measured velocity field. It follows from the triangle

inequality that
I

Given that ¢ — g, € Q N H*T1(Q), there exists a unique ¢ € H?() such that (see [4])

7A90 =4q— qhn in
an@ = O, on Of)

/ @ dQ2 =0.
In addition, thanks to the convexity of €2, by elliptic regularity we have there exists Cq > 0 such that

lol2,0 < Callg — dnlloo-

Notice, the weak formulation for (15) is given by

(Vo,Vo)a = (¢ — Gn, d)a Voeq.

(14)

(16)

(17)

Now, replacing ¢ by ¢ — gn, using the orthogonality property of (17), Cauchy—Schwarz inequality and interpo-

lation properties given in (7), we get

lg = @nllg.0 = (¢ — Gn.q — dn)og
= (Vp, V(g —qn)oo
=(V (<p In), V(g = Gn))o.e
<lp

— Inel,0ld — nlo
< Chlpla.0 Ch*|qls1.0-

Applying the inequality (16) we arrive to

g — dnllo.e < C R glrs1.0

(18)
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For the second term of the right-hand side in (14) we proceed as follows:

|G — gnli.o < sup AGn = an,n) < F&(Th)_Fah(Th).
T reQn I7n 1.0 T rh€On 75|10
rn#0 70

From Lemma 2.3 and Poincaré inequality, we get
1Gr — anlloe < Cpldn — anlie < Co Cphlulzallullzg + 615 CpllAulloq +d2,5 Cs Cp vh'Plulz00.  (19)
Hence, the result is a direct consequence of the estimates (18) and (19).
O

3. THE STOKES ESTIMATOR

3.1. The continuous problem

The STE consists then in adding the Laplacian of an incompressible auxiliary velocity w € V and to the
left-hand side of the Navier—Stokes equations, i.e.:

~Aw+Vg=—f, in Q
V-w=0 in Q. (20)

Let us define the space P = L3(12). Hence, we can define the weak problem of (20) as: Find (w,q) € V x P
such that

B((waQ)v(var)):gu(var) V(’U,T) €V xP, (21)
where
B((w7 Q)a ('U, T)) = (V’LU, VU)Q - (q7 V- U)Q + (Ta V- w)Q (22)
Gu(v,7) := —((u - V)u,v)q — v(Vu,Vv)q.
For the analysis, we will use the following norm
[(,7)lvxp = |vl1.a + [Irlloq
and if F' is an linear functional operator we use the norm
|F'(v,7)|
F fi= sup ————— 23
| ”(VXP) (v,r)EVXP [(v,7)lvxp 23)
(v,m)#0

Note that the problem (21) is well posed thanks to the V-ellipticity of the bilinear form (Vw, Vv)q, and
(¢, V - w)q satisfy an inf-sup condition (cf. [9, Prop. 2.36]).

Lemma 3.1. There exists a positive constant Cg such that
1B]| < Cs.

Proof. Using triangular inequality, Cauchy-Schwarz inequality, together to the inequalities 1 < +/d and
Va? +b% <a+b, with a,b > 0, we get

B((w, q), (v,7))| < [walv]i.e + Vdldloalvle + Vd|rloolw.o
< Vdlwly olvly.0 + Vdlgloalvlie + Vlrioalwl e
<V (Jwf2 g+ [wlg + lallon) " (02 + w20+ [rloo)
< Cs (jwlig + llal2 )" (g + lIrf3.0) "
< Cll(w, )llvxpll(v,7) [vxp

and the result is obtained straightforwardly, with Cg = 2v/d. (I
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3.2. Discrete spaces

Now, for each h let Wj, and P, be finite-dimensional spaces such that:

W, = {v, € [H'(Q)]? : vp|x € [PUK)]? VK €Ty},
P, :={qn € P:qu|lx € Pr(K) VK €T},
Hy = {'wh € H:wylk € [Pl(K)]d VKG/T},}

For our error analysis, we will need to make use of some known results.
Theorem 3.2. There exists C independent of h such that
IVwllo.x < Crhg [wlo,x- (24)
Proof. See [4, Lemma 4.5.3]. O

3.3. Taylor-Hood discretization

For the discrete STE we set Vi, = Wj, NV where inf-sup stable pairs of finite elements require the use of
different spaces for velocity and pressure and for this reason, we take Taylor-Hood, where | = k 4+ 1. Otherwise,
it is not possible to use conforming spaces of the lowest order for the discrete velocity. Furthermore, we will
consider the property of the interpolation operator Z;, : V. N [H*+1(Q)]? — V,:

|w — Tpw|m.o < ap BT w0, Vawe [H QY 0<m<k+1. (25)
Thereby, the discrete version of the problem (21) reads as follows: Find (wp,qn) € Vi X Py such that
B((whqn), (Vr:h)) = Guy, (Vn,7h) ¥ (Vh,Th) € Vi X Py, (26)
where the bilinear form B is like in the continuous case, and
Gu, (Un,rh) == — ((Lru - V)Lpu,vp)g — v (VLyu, Vo) g, (27)
with £y : [H?%(Q)]? — H, a Lagrange interpolant.
Lemma 3.3. There exists a constant 31, independent of h, such that

B((wh, qn), (vn, 1))

sup = Bill(wn, an)llvxp, ¥ (wn,qn) € Vi X Pp.
(’Uh,,T],,)GVh X Py, ||(’Uh, rh)”VXP
(Vh,Th)#0
Proof. See equation [10, (1.39)] and [10, Corollary 4.1] O

For the next result, we consider the pair (wp, Gn) € Vj, x Py, such that

B((wh,qn), (0, 7h)) = Gu(Vn,mh)  V(Vn,mh) € Vi X Py, (28)

where Gy (vn,rh) = — ((u - V)u,v,), o —v(Vu, Vup,)q with the continuous velocity w. Let us recall the following
convergence result.

Lemma 3.4. Let (w,q) and (wp,Gn) solutions of (21) and (28) respectively. Assume that (w,q) € [HL(Q) N
HML(Q)]? x [LE() N H*(Q)], with k > 1. Then, there exists C > 0 independent of h such that

[(w —@n,q—dn)llvxr < Ch* (|wliri.a+ lglka) -
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Proof. See [9, Lemma 2.44] O

In order to show the convergence of g, (Main Result II, see later Theorem 3.7), we set the following Lemma.

Lemma 3.5. Let (wy, qn), (Wn,Gn) € Vi X Py, solutions of (26) and (28) respectively, and (51 the constant
given in Lemma 3.3. Then,

(@1, — wh,dn — an)lvsr < B7 1Gu — Gun (v Py
with (Gu — Gu,,)(Vn, 1) = =D _ger, (w- V)u— (Lpu - V)Lru,vp) e — v (Vu — VLu, Vop) .
Proof. By Lemma 3.3 together with the Cauchy—Schwarz inequality, we arrive to the inequality

B((wn — wn, G — qn), (Va,7h))

Bill(wr — wh, G — qn)llvxp < sup
(Vh,rh)EVRX Py ||('Uh77"h)HV><P
(Vn,Th)#0
_ sup Gu(Vn,7h) — Gu,, (Vi Th)
('Uh,Th)EVhXPh H(v’wrh)”VXP
(vh,,rh);ﬁo
— sup (gu - guh)(vh) Th)

() eVax Py (On, )|l vxP
(Vn,TR)#0

< ng - guhH(VXP)’A
(I

Lemma 3.6. Let G, and Gy, be as in (22) and (27) respectively and denote by (V x P)" the dual space of the
product space V x P. In addition, we assume that uw € [H?(Q)]%. Then, there exists C independent of h such
that

1Gu = Guy (v py < hlulao[C||u]

2,0 + ual] .
Proof.

1Gu(Vhs 1) = Gy, (VnsT) 0,0 <[[(w - V)u — (Lpu - V)Lyu)loallvs
+ z/HVu — VﬁhuHo,QHV’Uh

0,0

l0,02-

For the first term of the right-hand side, we use Lemma 2.2.
For the second term of the right-hand-side, we have from the interpolation bounds:

IV(u — Lru)|o,o < arhlulzo.
Finally, using the above inequalities and Poincaré inequality we get
1(Gu = Gu) (o 70)ll0.0 < Blulza [Cy € (a1 + a2 Ol + v an ] [l
< Blulz €y C (a1 + ax )z + var | lwn,m)llvcr,
where C), is the Poincaré constant. Thereby, we arrive straight at the result of the lemma. (I

Finally, we can derive the first main convergence result.

Theorem 3.7 (Main Result IT). Assume that (w,q) € [HF(Q)NH*L(Q)]x [LE(Q)NH*(Q)] and u € [H?(2)]%.
Then,

lw — w10+ [lg — anllo,e < C1CohF (|wliir0 + k) + 87 "hlulaq (C |lullz2,0 + par) .
Proof. The proof follows from Lemmas 3.4, 3.5, and 3.6. O
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3.4. Stabilized PSPG discretization

Let us consider again the Stokes problem given as in (20) and its respective variational formulation (21). We
will now analyze the PSPG Stabilization [12] with the end of comparing the error of convergence between the
pressure obtained with both schemes.

We want to use spaces of finite element of order k for the velocity and the pressure, i.e., k = [, by means of
the following stabilized formulation.

B* ((wh, qn)(vn,mh)) = Gu, (v, ), (29)

where

B*((wh, an) (v, 7)) = B((wn, qn) (v, ) + Y b5 (Van, Vra)x

KeTy,
G (Vs h) = Guy (On, ) + Y S (= Fu,, Vi)
KeTy,
with B((-,-), (-,-)) and Gy, (-, ) defined as in (27), and
fuh = (Lpu-V)Lpu. (30)

Remark 3.8. Note that the term Awy, is not included in the stabilization. This is possible to do while keeping
strong consistency since w = 0. Our choice allows also us to avoid conditional well-posedness of the discrete
solution as in standard PSPG stabilized formulations.

Let us define the mesh-dependent norm on the product space V x P

(v, 717 == B*((v,7), (v,7)) = [Vol5o+ Y Sh|Vrl§ «- (31)
KeT,

Remark 3.9. It is possible to prove that ||(vn, 1)l = ||(Vn,7h)||vxp for all (vp,ry) € Vi x Pp. Indeed,

applying the inequality (24) and the previous assumptions we get

(wh,r)lli = IVorlg o+ Y ShklVralgx < IVorlga +6CT Iralisq
KeTy,

< max {1,6C7} (IVonllg o + lrnl3 o)
and then,
(v, ) lIn < Ceqll(Vn,Tn)|lvx P, (32)
where
Ceq = [max{l,dC’IQ}]l/z .
Lemma 3.10.

”BSH <Cp: = maX{CB7 \/gceq C[} . (33)
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Proof. Using the inequalities (24) and (32), Theorem 3.1 and Cauchy—Schwarz inequality we obtain that

1B° ((wn, an), (0n,70)) | < 1Bl (wn, an)llvxpll(wn, ) lvse + D 6hicl|Vanllo,s [ Vrallo,x
KEIJ—’L

< Cpll(wh, an)llvxpll(Vn, rh)|lvxp

1/2 1/2
¥ ( ) ah%(nwmaK) (Z 6h%<||wh|3,K>

KeTy, KeT,
< Cal|(wh, qn)|lvxpl| (v, rs)[[vxp

1/2
+ ( > 5C?thlﬁ,x> 1(vn, 1) n

KeTy,

< Cgs||[(wh, qn)||vx Pl (Vn, Th) v x P

and then the result follows. ]
In the next lemmas we will consider the pair (wp, ¢n) € V}, X P, which are solution of the equation
B?((wh, qn)(vn, mh)) = Gy, (O, 1), Y (vp,rn) € Vi, X Py, (34)
where

Go(vn,mh) 7= Gu(On,mh) + Y 6B5e(Four Vrn) k.
KeT,

We highlight that the solvability of the problem (34) has been guaranteed in [12].

Lemma 3.11. Let (w,q) and (W, n) solutions of (21) and (34) respectively. Assume that (w,q) € [Hg(2) N
HML(Q))E x [LE() N H*(Q)] . Then, there is C > 0 independent of h such that

lw — w10+ lg — dnlloo < C1 Cs h* (|wki1,0 + |glk0)
with C5 =1+ ||B*|.
Proof. We note that (w, q) and (wy,, ¢x) satisfy the orthogonality property
B* ((w — wh,q — Gn), (Vn,mn)) =0 Y(vn,74) € Vi X P
Indeed, thanks to the consistency of bilinear form B we get

B* ((w — @p,q — Gn), (vn,74)) = B((w — @n,q— Gn), (vn, 7)) + Y 6hie(Vg, Vrn)k

KeTy,
= > h%(Van, Vrn)k
KE,]-}L
= Z 5h§((fu7vrh)K_ Z 6h%((fuavrh)K
KeTy, KeTy,
=0.

By the triangle inequality, we can get,

(w—wp,q — @n)llvxp = |lw—Thw+Thyw — w10 + |l¢ — Tng + Tng — arlloq

< (w —Thw,q — Tna)|lvxp + [(Wn — Znw, G — Tna)||[vxp- (35)
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For the second term of the right-hand side, we must consider the result earned in [12] from where we get

B*((wh — Znw, gn — Jnq), (Vn,7h))

(@ — Znw, G — Tna)||vxp < sup
(vh,Ph)EVE X Py | (vn, 70 )R
(vh,Th)#0
_ sup B*((w — Zrhw,q — Jnq), (Vn,12))
(Vn,Th)EVR X Py ”(Umrh)”h
(vh,rn)#0

< 1B|[(w — Zpw, g — Tnq)|lvxp

and so, from this inequality and (35) we obtain

l(w = @1, a — @n)llvr < (1+ B l(w = Tnw, g — Tud)llvxr

and thereby we arrive to

lw — w10+ lg — dnlloa < C103h" (|wks1.a + ldlka)

O

Lemma 3.12. Let (Wwp,§n) and (wp,qn) be solutions of (34) and (29), respectively. Additionally, we assume
that uw € [H%(Q)]%. Then, the following bound is satisfied:

| (@5 — wn,Gn — n) 0 <IGu = Gus, (v py + VOh*Clay + a2Cr)|uls ol w2l (vn, ) |[n + Vovh|| Aullo o
Proof. Let e}’ := wj;, — wy, and e} := G, — g5. Then, thanks to the stability of B* given in (31) we have

B* ((e)y, en) (el ¢n)

I(er’ ep)lln =

(&3, ex)lln
S w 9
S sup B ((eh 7€h)(vh7Qh))
(Vh,rh)EVR X Py ”(vhaCIh)Hh
(Vh,rR)#0

Ga(Vn,mh) — Gy, (O, 1)

= sup

(Vn,71)EVH X Py | (vhs qn)lln
(vn,mn)#0
= sup Gu(On,7h) = Gu (V0 71) = Licer, S (Fu = Fun VTh)K.
(Vh,h)EV R X Py H(vhth)Hh
(Vn,mn)#0

We take the term within the sum, making use of the Cauchy—Schwarz inequality and proceeding similarly as
in (9), we obtain

= 0k (Fu— Fur Vi) = Y b3 (w- V)u— (Lpu- V) Lyu, Vry)

KeTy, KeTy,
—v Y hi (Aw, Vry)
KeTy,
< Y Sl V)u — (Lhu - V) Lywlool Vrnllo,x
KeT,

+v Z Sh3-||Au
KeTy,

0.xIVrallo.x
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1/2
<Z Shi|(w- V)u — (Lpu - V) Lyulg K>

KeT,

1/2
(Z Shi ||V7"h||0 K)

KeTy,

1/2 1/2
(Z Shi || Aul[3 K) (Z Shi Va3 K)

KeT, KeTy,
< Vo Clar + asCr)ula.allw]2,0ll (vn, 7)1k

1/2
+M<Z h; |Au||0K> @)l

KeTy,
< \/thC’(al + CLQC])
+vVoh| Aullo.all(vn, 4)Ia-

(On,78)n

O

As a main result of this section, by employing the approximation properties and a priori estimates, we obtain
the next result.

Theorem 3.13 (Main Result IIT). Assume that the hypothesis of Theorem 3.7 holds. Then,

Csh* (|wlis1,0 + |glk.0) + vVoh|Aullo.o

+ Blulz.0 |y C (a1 + a2 Cp)llullz.0 + var

+ \/SthC’(al + as C[)

Proof. The proof follows from combining the results of Lemmas 3.6, 3.11 and 3.12. O

4. NUMERICAL RESULTS FOR THE CONVERGENCE ANALYSIS

In this section, we present some numerical examples to illustrate the theoretical results previously described.
The legends in the plots follow the notation:

— e1(q): Pressure error in L?-norm with P4
— e3(q): Pressure error in L?-norm with Py,
with | |
qd — 4nljo,Q
eilg) o= M0,
' lallo.e
In addition, for Modified-PPE and Standard-PPE we will use the legend PPEvisc and PPE respectively. For
the STE computed using Taylor Hood spaces and PSPS we will use the legend STE (TH) and STE (PSPG)
respectively.
Every numerical routine has been sorted out using the open-source finite element libraries FEniCS [1].

Example 4.1. For the first example, we consider the exact solution of the two dimensional Kovasznay flow

(1 — e cos(2my) 1 32 -\
U($,y) - < %e)\m sin(Qﬂ'y) ) p(:C,y) - 56 - (6 —e€ )7



1852 R. ARAYA ET AL.

where Q) = (—%7 %) x (0,2) and the parameter X is given by A = % — ,/ﬁ + 472, For this illustration we have

1
o

taken the Reynold number as in [19] which is given by Re =

The convergence results for Example 4.1 are shown in Figure 2 and examples of pressure and velocity fields
in Figures 3-6.

First, it can be appreciated the lack of convergence of the PPE, while adding the viscous terms recovers it.
Also, the STE appears to be more accurate than the PPE (visc) and it seems not to profit from the increase
of polynomial order. Moreover, the STE-PSPG appears to deliver more accurate results than the STE-TH.
Finally, it is worth saying that the sensitivity of all methods with respect to the polynomial order decreases
when increasing the Reynolds number.

Example 4.2. Next we turn to the testing the scheme, where the computational domain is the rectangle
= (0,1)? and we consider the exact solution of the Navier-Stokes equation given by

v 174
—*6236 + —

5 4(82 —1). (36)

1
u(r,y) = (Ze”’sin(vy% 46%08(1/2/)) and  p(z,y) =

The convergence results for Example 4.2 are shown in Figure 7 and the examples of pressure and velocity
fields in Figures 8-11. Here, the same remarks given about the results in Example 4.1 apply, except that for
higher Reynolds numbers the STE methods appear to keep the sensitivity (though worsening) when increasing
the polynomial order.

5. COMPUTATIONS USING EXPERIMENTAL MRI DATA

Experimental MRI data was used to assess the impact of discretization in the pressure estimation methods
in realistic data and flow regimes. The setup consisted of a 3D printed, MR compatible phantom of the thoracic
aorta with 60% of obstruction in order to produce a typical obstruction. Blood mimicking fluid was pumped
into the phantom obtaining physiological velocities. The phantom was equipped with a catheterization unit to
measure invasively and simultaneously the pressure gradient across the obstruction. 4D Flow MRI was acquired
with an isotropic voxel size of 0.9 mm and 25 time instants along the emulated cardiac cycle. We refer to
[15,16,22] for the technical details of the experiment. The 4D Flow data is shown in Figure 1.

Two tetrahedral meshes for the pressure computations were constructed. The first one was created using the
original 0.9 mm resolution where the nodes of the mesh correspond to the voxels center. The second mesh has
2 mm resolution created using linear interpolation on the first mesh.

Pressure maps were computed from all 4D flow data sets with the PPE, PPEvisc and STE methods. Due to
the pulsatile nature of the experiment, the term

—(0ru,Vr)g and — (O;u,m)q

with O, the backward finite difference operator between two measured time instants, were added to the right-
hand-side of the PPE and STE methods, respectively. This implies that the convergence analysis does not fully
apply to the this experimental setup, however, the goal is merely to give an idea on how the discretization setup
and methods compare when using real 4D flow MRI data.

The pressure differences, to be compared with the corresponding catheter values were defined as differences
of the pressure averages over two spheres with a radius of 4 mm at locations proximally (ascending aorta) and
distally to the obstruction.

For the PPE and PPEvisc continuous Galerkin finite elements with k = 1, 2, 3 were considered.

For the STE, both Taylor-Hood (TH) and PSPG cases were computed, the latter with stabilization parameter
0 = 0.01 as in the previous section for the convergence analysis. In the 2 mm element size mesh, k = 1,2 was
tested for both TH and PSPG. In the 0.9 mm element size mesh, only k = 1 was used for TH (due to the very
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Figure 2: Pressure error curves for viscosities values 1, 1071, 1072 and 103 of Example 4.1 (Kovaznay flow).
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Figure 3: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
k =1 (bottom) for v =1 in Example 4.1 (Kovaznay flow).
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Figure 4: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
=1 (bottom) for v = 0.1 in Example 4.1 (Kovaznay flow).
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Figure 5: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
k =1 (bottom) for ¥ = 0.01 in Example 4.1 (Kovaznay flow).
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Figure 6: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
=1 (bottom) for ¥ = 0.001 in Example 4.1 (Kovaznay flow).
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CONVERGENCE ANALYSIS OF PRESSURE RECONSTRUCTION METHODS 1857

K /

|

v

|

e -

¥ ¥ _—
e /

| -
///

| )

Exact velocity Exact pressure Mesh (h = 0.1768) Imaged velocity
:

STE (TH) STE (PSPG) PPEvisc PPE

Figure 8: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
k =1 (bottom) for v = 27 in Example 4.2.
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Figure 9: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order
k =1 (bottom) for v = 7 in Example 4.2.
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Figure 10: P;-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with
order k =1 (bottom) for ¥ = 7/2 in Example 4.2.
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Figure 11: Pi-interpolated reference velocity and pressure fields (top) and reconstructed pressure fields with order k = 1
(bottom) for v = 7/4 in Example 4.2.
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Figure 12: Pressure difference in the obstruction over time error computed from 4D flow and compared with
the catheter values.

high computational cost of higher-order) and k = 1, 2 was used for PSPG. These methods were implemented
using the FEM library FEniCS [1].

Figure 12 shows the results of the pressure estimation, where the catheter pressure values show that the 4D
flow-based pressure estimation delivers reasonable values. However, note that the catheter measurements cannot
be considered as ground truth, since the precision of the pressure measurements can be considered within a few
mmHg [5,6,16]. It can be noted that:

— PPE and PPEvisc deliver visually the same results, which may occur due to the fact that viscous effects are
negligible in this type of (patho-)physiological flows.

— PPE and PPEvisc allow for a larger pressure gradient when increasing k in the coarse mesh.

— PPE and PPEvisc are less sensitive to k for the finest mesh.

— STE methods allow to recover larger pressure differences than PPE methods.

— STE-PSPG delivers equal or better results than STE-TH for & = 1, what is consistent with the convergence
results of the numerical tests in the previous section.

— STE-PSPG seems not to profit from increasing polynomial order, what is consistent with convergence results
for high Reynolds numbers.

— If one may take the catheter measurements as a ground truth, STE-PSPG would deliver the most accurate
results.

6. CONCLUSIONS

In this article, we have analyzed theoretically and numerically some strategies employed to recover pressure
fields from discrete velocities using the incompressible Navier—Stokes equations.

Two main methods were analyzed, the STE and PPE. While the STE is implemented using the classical
Taylor-Hood finite element spaces and the Pressure-Stabilizing Petrov—Galerkin (PSPG), the PPE is imple-
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mented with the traditional Continuous Galerkin Method. For the PPE, two versions have been studied, the
standard one without the viscous term and a modified one that includes it.

The error analysis shows that all methods, except the standard PPE, converge to the exact solution when
decreasing the element size of the image mesh h. With respect to the convergence rate, terms of several orders
appear in the error analysis. The numerical results determine that the PPEvisc linear order dominates in the
test cases presented. For the STE, the convergence in the numerical examples varies depending on the test case
and the polynomial order.

Numerical results in academic test cases show that as the Reynolds number increases, the results seem to
lose sensitivity to an increase in polynomial order, in particular for the STE, while the PPEvisc shows some
improvements. In many of the cases, the error also appears to decrease faster with h for the STE than for the
PPEvisc. Among both STE discretizations, the PSPG appears to be equally or sometimes more accurate than
Taylor-Hood approximations.

The computations with real MRI data are consistent with these observations. Therefore, it seems that STE-
PSPG is likely to be the method of choice then it comes to the highest accuracy and a reasonable computational
cost.
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