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(7) ABSTRACT

Embodiments and aspects described herein provide a
method of determining pressure difference across a tube
arising from fluid flow within the tube, comprising: obtain-
ing three-dimensional time dependent fluid velocity data at
a plurality of points along the tube; processing the three-
dimensional time dependent fluid velocity data to determine:
1) a flow rate (Q) of the fluid through the tube; ii) the kinetic
energy (K) of the fluid flow through the tube; iii) an
advective energy rate (A) of the fluid flow through the tube;
and iv) a viscous dissipation rate (V) pertaining to the fluid
flow; and calculating the pressure difference in dependence
on all of the flow rate (Q), kinetic energy (K), advective
energy rate (A), and viscous dissipation rate (V). Further
embodiments and aspects are also described.
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METHOD AND SYSTEM FOR PRESSURE
DROP ESTIMATION

TECHNICAL FIELD

[0001] The present invention relates to a method and
system for estimating the pressure drop through a vessel, and
in particular embodiments to the estimation of blood pres-
sure drop through a blood vessel based on measurements of
velocity obtained from various medical imaging modalities.

BACKGROUND TO THE INVENTION AND
PRIOR ART

[0002] Pressure drops or differences (also referred as
pressure gradients in some clinical literature) measured over
vascular segments are widely used clinically as biomarkers
for a number of cardiovascular disorders (Baumgartner,
Hung, Bermejo, Chambers, Evangelista, Griffin, Jung, Otto,
Pellikka, Quinones, 2009, Sawaya, Stewart, Babaliaros,
2012 and Vahanian, Baumgartner, Bax, Butchart, Dion,
Filippatos, Flachskampf, Hall, Jung, Kasprzak, Nataf, Tor-
nos, Torracca, Wenink, 2007). A well-known example is
aortic coarctation (CoA), where the pressure drop is used as
a diagnostic metric to risk stratify patients undergoing
surgery (Jenkins, Ward, 1999 and Oshinski, Parks, Markou,
Bergman, Larson, Ku, Mukundan, Pettigrew, 1997) and to
evaluate patients after stenting (Tan et al.,, 2005). Other
examples of pressure based metrics in the clinic include the
transvalvular drop—an accepted metric to classify the sever-
ity of aortic valve stenosis (Baumgartner, Hung, Bermejo,
Chambers, Evangelista, Griffin, Jung, Otto, Pellikka, Qui-
fiones, 2009, De Bruyne, Manoharan, Pijls, Verhamme,
Madaric, Bartunek, Vanderheyden, Heyndrickx, 2006 and
Feldman, 2006), the Left-Ventricle Outflow Tract (LVOT)
pressure drop—used to define the guidelines for the treat-
ment of Hypertrophic Cardiomyopathy (HCM) (Gershet al.,
2011), and the transstenotic pressure difference in the coro-
nary artery—used to quantify the Fractional Flow Reserve
(FFR) (Deng et al., 2014).

[0003] The measurement of pressure differences in current
clinical guidelines is based on catheter measurements (Feld-
man, 2006 and Konecny, Khanna, Novak, Jama, Zawad-
owski, Orban, Pressman, Bukartyk, Kara, Cetta, Borlaug,
Somers, Reeder, 2014) or echocardiographic Doppler
recordings (Bach, 2010, Firstenberg, Greenberg, Smedira,
Prior, Scalia, Thomas, Garcia, Michael, Smedira, Thomas,
2000, Fyfe, Currie, Seward, Tajik, Reeder, Mair, Hagler,
1984, Labovitz, Ferrara, Kern, Bryg, Mrosek, Williams,
1986 and Zhang, Nitter-Hauge, 1985). Pressure catheteriza-
tion has seen significant improvement in terms of probe
sensitivity (de Vecchi, Clough, Gaddum, Rutten, Lamata,
Schaeffter, Nordsletten, Smith, 2014, Garcia, Carrozza,
2007 and Iwasaki, Kusachi, 2009) and surgical administra-
tion, making it the gold standard in pressure drop measure-
ment. However, despite its advantages, application of pres-
sure catheterization is limited to specific cohorts of patients
due to its intrinsic invasiveness and associated risks and
cost. To broaden the base of patients who could benefit from
these assessments, non-invasive evaluation using Doppler
echocardiography was developed. Applying this modality,
the pressure difference is estimated from the peak velocity
magnitude acquired along the direction of an ultrasound
beam through a simplified Bernoulli formulation (Hatle,
Brubakk, Tromsdal, Angelsen, 1978 and Oshinski, Parks,
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Markou, Bergman, Larson, Ku, Mukundan, Pettigrew,
1997). While useful for patient stratification, the accuracy of
this approach is limited by operator dependence and the
mathematical assumptions, which rely on neglecting tran-
sient effects and viscous losses on the flow (Holen, Simon-
sen, 1979, Laske, Jenni, Maloigne, Vassalli, Bertel, Turina,
1996 and Zhang, Nitter-Hauge, 1985).

[0004] Working with the same Doppler Echocardiography
data, pressure differences estimation has been improved by
the use of Euler equations, as used in the characterisation of
diastolic performance (Bermejo, Antoranz, Yotti, Moreno,
Garcia-Fernandez, 2001, Greenberg, Vandervoort, Firsten-
berg, Garcia, Thomas, Neil, Firstenberg, 2001 and Yotti,
Bermejo, Antoranz, Rojo-Alvarez, Allue, Silva, Desco,
Moreno, Garcia-Fernandez, 2004). This approach benefits
from high temporal resolution of the data, but neglects the
effects related to advective acceleration out of the line of
insonation as well as to viscous dissipation. Doppler acqui-
sitions are also dependent on the ability of the operator to
detect the blood flow direction. All these factors have
motivated continued research to improve robustness, accu-
racy and operator independence.

[0005] Recent advances in Magnetic Resonance Imaging
(MRI) and Echocardiography have allowed the acquisition
of velocity data in three-dimensional space and time (Deng,
Fan, Xie, He, Natsuaki, Jin, Bi, An, Liu, Zhang, Fan, Li,
2014, Herment, Besson, Frouin, 2008, Markl, Wallis, Bren-
decke, Simon, Frydrychowicz, Harloff, 2010 and Nielsen,
Powell, Gauvreau, Marcus, Prakash, Geva, 2005). Ongoing
research efforts have produced a number of different tech-
niques to estimate pressure differences using these images.
Particularly, Four Dimensional Phase-Contrast MRI (4D
PC-MRI) data enables the solution of the Poisson Pressure
Equation (PPE), where pressure is derived explicitly as a
function of the acquired velocity field (Bock, Frydrychow-
icz, Lorenz, Hirtler, Barker, Johnson, Arnold, Burkhardt,
Hennig, Markl, 2011 and Krittian, Lamata, Michler, Nord-
sletten, Bock, Bradley, Pitcher, Kilner, Markl, Smith, 2012),
allowing the estimation of the convective effects in all
spatial directions and the contribution of viscous dissipation
(Lamata et al., 2014). This approach has been successfully
applied for the estimation of the pressure in aortic coarcta-
tion (Riesenkampff et al., 2014). Building on these data-
driven methods, reconstruction of the velocity field at the
vascular walls (Donati et al., 2014) has been proposed to
improve the accuracy of the computation of the viscous
effects, and data-assimilation techniques attempted to over-
come the limitations of data acquisition with physically-
based simulations (de Hoon et al., 2014).

[0006] An alternative approach to estimate pressure dif-
ferences in the vascular anatomy is based on 3D Computa-
tional Fluid Dynamics (CFD) simulations (Kim, Vignon-
Clementel, Coogan, Figueroa, Jansen, Taylor, 2010, LaDisa,
Figueroa, Vignon-Clementel, Jin Kim, Xiao, Ellwein, Chan,
Feinstein, Taylor, 2011, Sankaran, 2012 and Vignon-Clem-
entel, Figueroa, Jansen, Taylor, 2010). In this case, patient
specific geometric models are reconstructed from images
such as computed tomography angiography and velocity
boundary conditions are defined from flow measurements.
Consequently, pressure and velocity are simulated over the
cardiovascular model (Coogan, Humphrey, Figueroa, 2013
and Xiao, Alastruey, Figueroa, 2014), providing detailed
metrics of flow, pressure differences, wall shear stress,
amongst others. While providing these detailed metrics,
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forward cardiovascular modeling based on CFD requires
robust multi-scale approaches for boundary conditions (For-
maggia, Gerbeau, Nobile, Quarteroni, 2002, Gresho, Sani,
1987 and Vignon-Clementel, Figueroa, Jansen, Taylor,
2006), accurate anatomical definition and the solution of
expensive, parallel simulations in a computer cluster

SUMMARY OF THE INVENTION

[0007] In one embodiment described herein we present a
non-invasive semi-automatic method for the estimation of
pressure differences based on the work-energy principle,
namely the Work-Energy Relative Pressure (WERP)
method. The arrangement has benefits of simplicity and
computational efficiency, requiring integrations and compu-
tations that can be executed directly from the image acquired
using 4D PC-MRI or Echocardiography (ECG). Introducing
the mathematics behind the method, we detail its application
for cardiovascular flow data. In the first accompanying
appendix we describe tests of the method on a series of in
silico test cases with progressively increasing complexity,
evaluating robustness to segmentation variability and noise.
Subsequently, the proposed method is thoroughly compared
with other available methods on an in silico CFD solution.
Finally, the satisfactory performance of the method is dem-
onstrated on 4D PC-MRI acquisitions on a cohort of 9
healthy patients, by comparing estimated aortic pressure
differences to previously reported results obtained with a
PPE-based approach (Lamata et al., 2014).

[0008] In further embodiments based on the above
described embodiment, we also describe two simplified
approaches for pressure estimation, which require less infor-
mation than the WERP method, and as a consequence can be
used with data from other imaging modalities other than 4D
PC-MRI, and in particular using 3D Doppler echocardio-
graphic (ECG) images or 2D PC-MRI for the first simplified
approach, or even Doppler ECG images from conventional
2D probes for the second simplified approach. The tech-
niques can also be applied to velocity fields reconstructed
from compound ECG, or from speckle/contrast tracking in
ultrafast ECG. As 2D and 3D ECG imaging is much more
prevalent in clinical settings than 4D PC-MRI, the simplified
approaches have significantly more widespread application
than the full WERP approach.

[0009] In view of the above, from a first aspect there is
provided a method of determining pressure difference across
a tube arising from fluid flow within the tube, comprising:
obtaining three-dimensional time dependent fluid velocity
data at a plurality of points along the tube; processing the
three-dimensional time dependent fluid velocity data to
determine: 1) a flow rate (Q) of the fluid through the tube; i1)
the kinetic energy (K) of the fluid flow through the tube; iii)
an advective energy rate (A) of the fluid flow through the
tube; and iv) a viscous dissipation rate (V) pertaining to the
fluid flow; and calculating the pressure difference in depen-
dence on all of the flow rate (Q), kinetic energy (K),
advective energy rate (A), and viscous dissipation rate (V).
[0010] From another aspect there is also provided a
method of determining pressure difference across a tube
arising from fluid flow within the tube, comprising: obtain-
ing fluid velocity data at the inlet and outlet planes of the
tube; processing the fluid velocity data to determine: i) a
flow rate (Q) of the fluid through the tube; and ii) an
advective energy rate (A) of the fluid flow through the tube;
and calculating the pressure difference in dependence on
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both of the flow rate (Q), and the advective energy rate (A),
without considering a viscous dissipation rate (V) and the
kinetic energy (K) of the fluid flow through the tube.
[0011] A further aspect provides a method of determining
pressure difference across a tube arising from fluid flow
within the tube, comprising: obtaining fluid velocity data
only at the outlet of the tube, (which is a valid assumption
when the velocities at the inlet are negligible compared to
outlet velocities); processing the fluid velocity data to deter-
mine: 1) a flow rate (Q) of the fluid through the tube; and ii)
an advective energy rate (A) of the fluid flow through the
tube but only considering the outlet; and calculating the
pressure difference in dependence on both of the flow rate
(Q), and the advective energy rate (A), without considering
a viscous dissipation rate (V) and the kinetic energy (K) of
the fluid flow through the tube.

[0012] A further aspect provides a set of methods of
determining the advective energy rate (A) in all previous
embodiments adapted to the resolution and availability of
data depending on the imaging modality. The methods
comprise: (a) a method that uses data from the complete
cross-section of the inlet or outlet plane of the tube, and each
data point is the complete 3D velocity vector as originated
by 4D PCMRI; (b) a method that uses data from the
complete cross-section of the inlet or outlet plane of the
tube, and each data point is a projector of the 3D velocity
vector in the direction of the insonation line, as originated by
3D ECG; (c) a method that uses data from only a line of the
cross-section of the inlet or outlet plan of the tube, and each
data point is a projection of the 3D velocity vector in the
direction of the insonation line, as originated by 2D ECG;
(d) a method that uses data from a combination of lines of
the cross-section of the inlet or outlet plane of the tube, and
each data point is a projection of the 3D velocity vector in
the direction of the insonation line, as originated by multiple
2D ECG acquisitions.

[0013] Finally, from another aspect, some embodiments of
the invention also provide a method of determining pressure
difference across a tube arising from fluid flow within the
tube, comprising: obtaining three-dimensional time depen-
dent fluid velocity data at a plurality of points along the tube;
segmenting a domain of interest in the tube for which flow
information therethrough is desired defining a flow vector
field w through the segmented domain, being a field that is
divergence free and that has null values in the lateral walls
of the tube; processing the flow vector field w and the
three-dimensional time dependent fluid velocity data to
determine: 1) a flow rate (Qw) of the flow vector field w; 1)
a surrogate kinetic energy (Kw) of the fluid flow through the
tube; iii) a surrogate advective energy rate (Aw) of the fluid
flow through the tube; and iv) a surrogate viscous dissipation
rate (Vw) pertaining to the fluid flow; and calculating the
pressure difference in dependence on all of the flow rate
(Qw), and surrogates of kinetic energy (Kw), advective
energy rate (Aw), and viscous dissipation rate (Vw).
[0014] Further features of embodiments of the invention
will be apparent from the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Embodiments of the invention will now be further
described by way of example only and with reference to the
accompanying drawings, wherein like reference numerals
refer to like parts, and wherein:
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[0016] FIG. 1 is a set of diagrams illustrating various uses
of embodiments of the invention;

[0017] FIG. 2 is a set of diagrams illustrating measure-
ments collected by embodiments of the invention, and
associated mathematical formula for the computation of the
pressure drop;

[0018] FIG. 3 is a drawing illustrating the comparison of
the process of one of the embodiment of the invention with
the existing alternatives in the state of the art;

[0019] FIG. 4 is a drawing illustrating an aspect of the
theoretical basis of the first embodiment of the invention;

[0020] FIG. 5 is a block diagram of a first embodiment of
the invention;
[0021] FIG. 6 is a flow diagram relating to the operation

of the first embodiment of the invention;

[0022] FIG. 7 is a flow diagram relating to the operation
of a second embodiment of the invention;

[0023] FIG. 8 is a flow diagram relating to the operation
of a third embodiment of the invention;

[0024] FIG. 9is a block diagram of a second embodiment
of the invention;

[0025] FIG. 10 is a block diagram of a second and third
embodiment of the invention; and

[0026] FIGS. 11 to 17(a) and (b) are various graphs
illustrating results and effectiveness of embodiments of the
invention.

DESCRIPTION OF THE EMBODIMENTS

[0027] Embodiments of the invention will now be
described. Three embodiments will be described, the first
embodiment relating to pressure drop estimation in the heart
using the full WERP approach which models the pressure
drop in detail over a whole length of the blood vessel of
interest, the second embodiment relating to the so-called
“complete Advective WERP” approach which models the
pressure drop via measurements at the inlet and outlet of the
vessel only, and the third embodiment being a so-called
“simplified advective WERP” method, which makes use of
measurements at the outlet of the vessel only. FIG. 2
illustrates the measurements and the computations required
for each approach, whereas FIG. 12 gives further details of
the anatomical regions of interest (particularly used in the
second and third embodiments) (see FIG. 1(A)), and the
different data that can be obtained from different imaging
modalities (FIG. 1(B)).

[0028] In FIG. 1 (A) the definition of anatomical regions
where the pressure drops are computed are as follows: Trans
Valvular Region (TVR): from the left ventricle outflow tract
(LVOT) (Plane 1) to the vena contract (VC) (Plane 2);
Ascending Aorta Region (AAR): from the VC to the bra-
chiocephalic artery (Plane 3); Descending Aorta Region
(DAR) from the left subclavian artery (Plane 4) to a plane at
the same height of the aortic valve plane (Plane 5).

[0029] In FIG. 1(B) is shown schematics of the velocity
field at the VC acquired at peak systole with different
techniques and increasing level of data availability, as fol-
lows. Top left: A single velocity value is obtained from
continuous 1D Doppler. Top right: A 1D velocity profile
along a plane of insonation is available from a 2D color
Doppler. Bottom left: A complete 2D velocity profile is
available from a 3D color Doppler. Bottom right: The
complete velocity vector field over the entire plane, and not
simply its projection along the insonation line, is available
from 4D PC-MRI.
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[0030] With respect to the first embodiment, referred to as
the full WERP approach, this can be summarised as follows:
Given a fluid through a tubular structure, the computation of
the difference of pressure between the inlet and outlet is
given by the work-energy relative pressure (WERP) method,
which is derived from the work-energy principle obtained
from the Navier Stokes equation, and computes the pressure
difference as an addition of three rates of energy transfer
(kinetic, advective and viscous) divided by the net flow
through the tube. The kinetic term integrates the rate of
temporal change in kinetic energy of all particles within the
tubular domain. The second term describes the rate of energy
transfer due to the physical movement of a fluid in and out
of the domain. And the third term describes the energy
dissipated due to viscous friction of the fluid.

[0031] With respect to the second embodiment, referred to
as the complete advective WERP approach, this can be
summarised thus: Given a fluid through a tubular structure,
the computation of the difference of pressure between the
inlet and outlet is given by the advective WERP equation,
which is a simplification of the WERP equation by only
taking one of the three additive terms of energy, the advec-
tive term. In more detail, this component of energy neglects
the contribution of the advected energy from the lateral
walls, as velocities perpendicular to the wall are small in the
near-wall regions, and the computation of the pressure
difference reduces to the integral of the advected energy rate
at the inlet and outlet planes of the tubular structure.
[0032] Finally, with respect to the third embodiment,
being the simplified advective WERP approach, the follow-
ing is a summary thereof: Given a fluid through a tubular
structure, the computation of the difference of pressure
between the inlet and outlet is given by the simplified
advective WERP equation, which is a simplification of the
complete advective WERP equation by only taking the
contribution of either the inlet or outlet planes of the tubular
domain. The assumption here is that the integral of advected
energy rate at the other end of the tubular domain is
negligible.

First Embodiment: Full WERP

2. Methods

[0033] Starting from the work-energy principle, we derive
the formula for the pressure difference over a vascular
segment (Section 2.1). Subsequently, we detail its discrete
formulation (Section 2.2) and pre-processing steps (Section
2.3) required to work with 4D PC-MRI data.

2.1. Pressure Difference from Fluid Work Energy

[0034] Pressure differences in a fluid system are related to
the kinematics of the flow field. This relationship is
described by the well-known NavierStokes equations where,
in the absence of gravity, variations in pressure are balanced
by fluid accelerations and viscous stresses. Using the con-
servation of mass and momentum for closed systems, the
work-energy for an incompressible isothermal Newtonian
fluid over a Region Of Interest (ROI) () with boundary I"
yields,

A NN Y
ZBIJ;(V V)M+2ﬁ|v| (v-n)dx +
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-continued
fpv-ndx—fy[D(v)-n]-vdx+EfD(v):D(v)dx:O,
r r 2Jn
H(p) Se Ve

where v represents the velocity, p the pressure, n is the
normal vector on I', D(*)=[V(9)+VT(*)], and p and p as the
fluid density and dynamic viscosity. Here,

aK
e

is the temporal derivative of the kinetic energy within Q, A,
the advected energy rate describing the energy transfer due
to the physical movement of a fluid in and out of Q and V,
is the rate of viscous dissipation. H(p) and S, represent
energy inputs to the fluid system, the hydraulic power and
the shear energy rate, respectively. Here we assume that the
boundary of the Q can be written as I'=I",UI', UT", , where i,
o and w indicate contributions from the vessel inlet, outlet
and walls surface. The mathematical details behind the
work-energy principle derivation can be found in our pub-
lished paper Donati et al Non-invasive pressure difference
estimation from PC-MRI using the work-energy equation
Medical Image Analysis, Vol. 26, pp. 159-172, December
2015, the entire contents of which necessary for understand-
ing the present embodiments being incorporated herein by
reference.

[0035] Starting from this work-energy balance, as a first
approximation, we ignore the contribution to the advected
energy A, from the lateral walls I, as velocities are small
in the near-wall regions compared to the core blood flow
(Tayor, Figueroa, 2009, Xiao, Humphrey, Figueroa, 2013
and Xiao, Alastruey, Figueroa, 2014). Consequently, com-
putations are limited to the inlet and outlet cross-sections,

e.g.

4= P (- Equation (1)
2Jrun,
[0036] Furthermore, we assume the pressure to be nearly

constant on the inlet and outlet planes, making
H(p)y=pdryndxpJr yndetfp pynds.

[0037] When little or no compliance is present, Iv-nl<<I
on the wall, the global mass balance compatibility condition
vields,

Equation (2)

Jrvnde=fp vndepyndx=0, Equation (3)

letting,

H(p)=ApA, equation (4)

where Ap=p_-p; is the pressure difference between the outlet
and inlet and A=[ v-ndx is a term accounting for the flux
through surfaces, a term that can be expressed as a function
of the inlet surface only by means of Eq. 3.

[0038] Regarding the shear energy S,, we consider the
contribution over each boundary segment—inlet, outlet and
wall—to be effectively zero. On inlet/outlet planes, this term
contributes if there are significant gradients in the direction
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of the boundary normal. While these gradients can occur—
particularly in bending or tapering vessels—they are
extremely mild and effectively scaled away by the low
viscosity of blood. This argument on the flow gradients
cannot be assumed near the vessel walls, where a significant
wall shear stress is induced. However, as this shear stress is
principally orthogonal to the wall velocity (which predomi-
nantly dilates in the boundary normal direction), the contri-
bution of these shear stresses to S, is assumed negligible.
[0039] With the assumptions above, the Work-Energy
Relative Pressure (WERP) formulation to estimate the pres-
sure difference based on energy contributions yields,

Ap o 1 ﬁK A +V‘] Equation (5)
p__X(E et Agt Vel

[0040] From this equation, we observe that all RHS terms
are directly derived from flow data, enabling the computa-
tion of the pressure difference. However, we also observe
that this computation requires that [AI>0 (e.g. that flow is
observed through the vascular segment).

2.2. Computation from 4D PC-MRI

[0041] LetV,represent the velocity image acquired at time
t, Vi, j, k) the velocity field evaluated at time t at the voxel
(, J, k) and At the discrete time step between two consecu-
tive acquisitions. We discretize derivatives in Eq. 5 using a
central finite difference method and estimate the pressure
difference between inlet/outlet planes at time t+Y2 as

APH% _ Equation (6)

s+l ! 1 1
L (kD) KE(V)+A,(v’*7)+vg(v’*7)),

A

where velocities at 1+ are approximated to second order
accuracy O(At?) by equation (7)

ye2yp i pret),

[0042] Computation of the WERP formulation terms is
performed by integrating over a voxelized version of Q,
Iror Surface integrals are evaluated on the planes obtained
by clipping the 3D mask to define inlet I,,*” and outlet I *°
cross-sections (see FIG. 3) and the normal vectors N,D(j, j).
The discrete terms are then estimated from the image-based

velocity field as,

AW)=ds ) Map(V)ii, ) Napi, ). Equation (8)
G.)el?D
K (V) = pdV IM(V)G, J k)l
(Libelgor

A (V)=
gdS Z IMan(V)(, DI+ (Man(V)(E ) Nan(is J1),
i per?Puh

out

av
v,y = Z DV, j. kDY), j, k).
(.h0el oy
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[0043] where dS=Ax” and dV=AX® are the pixel surface
and voxel volume, respectively, based on the voxel length
Ax. The discrete evaluation of all the contributions relies on
the definition of the approximated velocity fields M(V) and
M, (V). obtained through averaging over the 3D mask and
on the 2D planes defined above,

1 q Equation (9)
MOV 0= 5 3 (Vs 6kt 8,0+

V(i =6n, j= 60 k= 6y3)),

Map(V)G, )= Tmaxl. g

max(0,q—1)
(V(i+ Gnt, J+6n2) + V(= Gnts j—62))-

n=o

[0044] In the above, §; is the Kronecker delta and q is a
parameter used to smooth the underlying data based on
O(Ax?) approximations to the velocity value (see FIG. 4,
which shows a schematic representation of the finite differ-
ences central stencils.

[0045] Velocity field V evaluation at P=(ij,k) through
operator M(V) using standard (a) and filtered approach (b)
and velocity field V derivative evaluation at P=(i,j.k)
through operator D(V) using standard (c) and filtered central
differences approach (d)).

[0046] In the above if g=0.M(V)(i,j,k)=V(i,j,k) and M,,
(V)(1,))=V(i,) return the velocity measured at the voxel (i, j,
k) and (j, j), respectively. Alternatively, if g=3, the measure-
ment of the velocity field is taken as a weighted sum of
O(Ax?) approximations based on neighboring voxel mea-
surements, effectively averaging out potential artefacts due
to noise.

[0047]
lated as,

D@ =GN R+GP) TR,

where G(V) is a velocity gradient tensor defined as,

Similarly, Eq. 8, the discrete tensor D(V) is calcu-

Equation (10)

1 Ll Equation (11)

GrnVIi, j, ) = 53 (1= 0,0 D) Vi, J, )

) s 2-max(1,q)p0 Vi, J, k),

where
aro 1 . . equation (12)
D Vull, ji k) = E(Dn‘/m(l +6m, J+ O k+85)+

Dnvm(i_ 6rla j_ 6r2~ k- 6}‘3))5
and

Vinll+ Gty Jj+ 02, ki +03) — Equation (13)
Viali= 81, [ = 6p k= 63)

2Ax

DpVinli, j, k)=

[0048] Again, if q=0 velocity gradients are approximated
by second order central differences centred at the voxel (i, ],
k). Imposing q=3, a filtered approach is adopted, where the
velocity derivative is approximated using weighted average
of derivatives computed with second order central differ-
ences at neighboring voxels, therefore reducing noise con-
tamination (see FIG. 2).
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2.3. Required Pre-Processing

[0049] Prior to application in a clinical setting, a number
of pre-processing steps are required. Field inhomogeneities
and eddy currents (Chan, Von Deuster, Giese, Stoeck,
Harmer, Aitken, Atkinson, Kozerke, 2014, Moussavi,
Untenberger, Uecker, Frahm, 2014 and Rohde, Barnett,
Basser, Marenco, Pieroaoli, 2004) are corrected (1) using the
pre-processing tools outlined in Bock et al. (2011). Subse-
quently, a binary mask I, is defined (2), based on a
thresholding of the velocity magnitude calibrated by the
maximum velocity V, _ (including voxels with a velocity
magnitude greater than SV, with S being the segmen-
tation thresholding parameter). Inlet and outlet points are
manually selected by the user (3) depending on the clinical
problem under investigation. A skeletonisation of the binary
mask is then used to define the inlet and outlet planes
perpendicular to the vessel (4). As a result of this process,
the binary masks of the raw 3D image and the inlet/outlet
planes needed for the WERP computation are defined.
Within this work, the image acquisition process was mim-
icked in silico for the validations tests presented in Results
3.1 and 3.2 and 3.3 in Donati et al Nonr-invasive pressure
difference estimation from PC-MRI using the work-energy
equation Medical Image Analysis, Vol. 26, pp. 159-172,
December 2015. Simulated PC MRI images were subse-
quently processed following steps (2)-(4) prior to applica-
tion of the WERP method.

2.4 System Description

[0050] FIG. 5 illustrates an example imaging system that
is able to apply the above described techniques to calculate
blood flow through a blood vessel using the full WERP
method. Here, a 4D phase contrast magnetic resonance
imaging (4D PC MRI) system 60 is provided, comprising
MR imaging coils within which the subject is located,
controlled by an MRI imaging control system 58, including
an MRI controller processor 50. The MRI imaging control
system 58 including the MRI controller processor 50 func-
tion in a conventional manner to allow 4 dimensional phase
contrast magnetic resonance image data to be obtained, for
example of an internal blood vessel of the subject the
pressure difference across it is desired to know. For example,
it may be desirable to measure transvalvular pressure drops
(TPD) along the transvalvular region in the heart, between
the left ventricular outflow tract and the vena contracta. Of
course, other blood vessels may also be monitored, as
desired. For example, it may be possible to take into account
secondary branches.

[0051] The 4D PC MRI system 58, 60, collects 4D PC
MRI data 52 of the imaging subject, which is saved for
further processing and analysis. As explained previously
with respect to FIG. 1, the complete velocity vector field
over the entire imaged plane, and not simply its projection
along the insonation line, is available from 4D PC-MRI.
[0052] The 4D PC MRI system 58, 60, also includes a
WERP computation program 54, which acts to process the
4D PC MRI data 52 as described above in accordance with
the WERP processing method described, to obtain WERP
pressure estimation data 56. The WERP processing method
computes the pressure difference along the vessel as an
addition of three rates of energy transfer (kinetic, advective
and viscous) divided by the net flow through the vessel, as
described above. The resulting WERP pressure estimation
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data 56 gives an estimate of pressure at each point along the
vessel between the measured inlet and outlet planes, taking
into effect the vessel walls between the inlet and outlet. It
provides a complete solution for every point within the
vessel between the inlet and outlet.

[0053] FIG. 6 is a flow diagram summarising some of the
important elements of the full WERP process. In step 6.2 the
4D phase contrast MRI data relating to the blood vessel of
the subject for which pressure is to be found is obtained.
Note that this may be obtained “live” i.e. just before the
calculation is performed, or may be recorded or stored data
from a previous scan. In this respect, there is no need for the
human subject to be present in order for the WERP process
to be performed to find the pressure drops, as the process can
be run on recorded or stored MRI data.

[0054] At step 6.4, the 4D PC MRI data is segmented, as
shown in FIG. 3, to define the region of interest correspond-
ing to the blood vessel for which the pressure drop is to be
found. Then, at step 6.6, and again as shown in FIG. 3, the
vessel inlet and outlet planes are defined.

[0055] Next, at step 6.8, for each WERP formulation term
the image based velocity field from the MRI data is inte-
grated over the defined region of interest. The precise
calculations performed are detailed in Equation 8 and the
related equations above. The result are a number of indi-
vidual terms that can then be combined to find the whole
pressure drop over the defined region of the vessel, using
Equation 5 above, as shown at 6.12. The calculated WERP
pressure drop data is then saved, and output to the user, at
step 6.14, for example by being displayed on a screen (not
shown).

Second and Third Embodiments: Complete
Advective WERP and Simplifed Advective WERP

[0056] The second and third embodiments relate to sim-
plifications of the full WERP process, that mean that less
complex imaging modalities which collect less information
may be used. In particular, as described below, the complete
advective WERP approach may be performed using any
modality that renders velocity data in two anatomical planes,
for example 2D PC MRI or 3D Doppler ECG, whereas the
simplified advective approach may be used with any modal-
ity that renders velocity data in a single anatomical plane, for
example 2D PC MRI, 3D Doppler ECG or 2D Doppler ECG
data. Accessing this partial information (i.e. velocity data in
a single anatomical plane) is feasible by Doppler ECG
imaging apparatus that are very common in many clinical
environments.

[0057] There follows a discussion of the approaches, and
presentation of various results and comparisons with the
Bernoulli based approaches of the prior art.

[0058] As shown in the first embodiment of the invention,
using the WERP formulation the contributions to the pres-
sure drop due to temporal acceleration (kinetic drops),
spatial transport of momentum (advective drops) and fric-
tion losses (viscous drops) are revealed to better understand
the hemodynamics of the human aorta towards improved
stratification of patients>.

[0059] Building on this, we conduct a thorough compari-
son between drops computed with WERP and Bernoulli
formulation on 3D PCMRI (or 4D flow MRI) data, for the
assessment of severity of AS on a cohort of 32 patients with
BAV. Studying the correlation between non-invasive drop
estimates obtained with the different approaches, a consis-

Mar. 21, 2019

tent overestimation was observed in the Bernoulli formula-
tion. Further investigation demonstrated that this discrep-
ancy is the result of the fact that a Bernoulli approach does
not take into account information about the velocity profile.
Examining the WERP prediction of the TPD, a clear depen-
dence on the advective drop was observed, particularly in
stenosed patients. Utilizing this fact, we propose a novel
simplification of the WERP formulation, which improves
the accuracy of computed TPD but limits the dependence on
comprehensive flow data, enabling estimation from either
2D PCMRI or 3D Doppler echocardiography data. The
applicability of the method to 2D Doppler echocardio-
graphic data is also tested.

Material and Methods

Patient Data

[0060] For these embodiments, a cohort of 32 subjects
with different degree of aortic valve stenosis is selected.
Each subject underwent two cardiovascular magnetic reso-
nance scans—one on a 1.5 T system (Avanto, Siemens,
Erlangen, Germany) for anatomical imaging, the second on
a 3 T system (Trio, Siemens, Erlangen, Germany) for 4D
PCMRI assessment, both using a 32-channel cardiac coil.
All images were electrocardiogram (ECG)-gated.

[0061] Subjects were divided between Group 1 (n=20) and
Group II (n=12) according to an assessment of the mean
TPD following current clinical guidelines®®, diagnosing
mild stenosis if mean TPD>20 mmHg. The Bernoulli prin-
ciple using peak velocity values across the valve was used
for the computation of these pressure values. Aortic dimen-
sions and hemodynamics data are shown in Table 1.

TABLE 1

Aortic dimensions and flow hemodynamics in n = 32
patients divided in two groups based on the mean systolic
pressure drop: Group I (Ap < 20 mmHg, n = 20) and
Group II (Ap > 20 mmHg. n = 12).

Group I Group 1I
Male (%) 35% 91%
Age 28.2 = 14.1 38.8 +20.2
Aortic Diameters/BSA
[mm/m?]
Left ventricle outflow 134256 154 =338
tract
Aortic valve 145+ 1.7 17.6 4.0
Brachiocephalic artery 145+ 1.5 20.7 £39
Left subclavian artery 122=+1.2 138 =18
Mid descending aorta 111 = 1.1 120+ 1.4

Values are mean * std

Pre-Processing and Definition of Anatomical Regions

[0062] 4D PC-MRI images field inhomogeneities and
eddy currents™>° were corrected using the pre-processing
tools developed by Bock et al.?’. The lumen of the left
ventricle and aorta were identified using a thresholding
criterion based on the peak velocity magnitude, defining a
binary mask. A skeletonization algorithm®® was used to
extract the centerline of the aorta and its perpendicular
planes.

[0063] Pressure drops were computed over three anatomi-
cal regions illustrated in FIG. 1A, whereas FIG. 2 illustrates
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the measurements and the computations required for each
approach, whereas FIG. 12A. The assessment of AS was
then based on the TPD computed along the TransValvular
Region (TVR), between the Left-Ventricular Outflow Tract
(LVOT) (Plane 1) and the Vena Contracta (VC) (Plane 2),
which are reported in Results, below. The LVOT plane was
located 12 mm before the aortic valve plane, following the
definition used by Garcia et al.”, and the VC was detected
from the medical image as the plane containing the peak
velocity magnitude, which is also the plane of maximum
narrowing of the aortic valve jet.

[0064] For completeness, pressure drops evaluated in the
Ascending Aorta Region (AAR)—from the VC (Plane 2) to
the brachiocephalic artery (Plane 3)—and the Descending
AortaRegion (DAR)}—from the left subclavian artery (Plane
4) to a plane at the same height of the aortic valve plane
(Plane 5)—are also included in Supplemental Material B.

Simulated 3D, 2D and Continuous
Echocardiography

[0065] In order to remove any observer and inter-modality
dependence, echocardiography data was derived by sam-
pling 4D PC-MRI in each subject. Idealized conditions were
taken: a perfect alignment between the blood flow jet and the
line of insonation, with no shadowing. These conditions
enable an optimal comparison between the different math-
ematical formulations introduced in next section.

[0066] Echocardiographic data was simulated in Planes 1
and Plane 2 for the computation of the TPD (see FIG. 2
illustrates the measurements and the computations required
for each approach, whereas FIG. 12B, whereas FIG. 2
illustrates the measurements and the computations required
for each approach, whereas FIG. 2). Original PC-MRI data
was linearly interpolated onto a grid of 1 mmx1 mm sample
points in each plane. 3D Doppler echocardiographic acqui-
sitions were defined by projection of the velocity along the
direction of insonation, taking into account the funneling
effect of the probe. To achieve this, the probe location was
simulated 10 cm upstream of the VC in the direction of the
aortic jet flow, where the aortic valve jet direction was
defined as the direction of the velocity vector at the pixel
with maximum velocity magnitude, thus defining an ideal-
ized 2D velocity profile by color Doppler. Similarly, a set of
1D velocity profiles from 2D color Doppler acquisition were
defined by the intersection of the previously projected
velocity field with hypothetical insonation planes—since
velocity profiles are non-axisymmetric, a total of 12 profiles
containing the peak velocity and with arbitrarily oriented
lines (with increments of 15°) were generated in each case
(see Supplemental Material D for an illustration of the 2D
and 1D profiles in each case). Finally, continuous (1D)
Doppler echocardiographic data was simulated using the
magnitude of the peak velocity pixel projected in the aortic
jet flow direction at each time point.

(1D) Doppler

Non-Invasive Pressure Drop Estimates

[0067] To assess the patient-specific severity of AS, we
compared TPD obtained using a range of approaches rang-
ing from the most complete (WERP) to the simplest (Ber-
noulli) formulation. Taking a number of simplifications, the
derived approaches can be all obtained from the Navier-
Stokes equation for Newtonian isothermal fluids, as exten-
sively reported in Supplemental Material A. For clarification
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purposes, all the methods compared and the assumptions
made to obtain the different formulations are schematically
presented in FIG. 2.

[0068] The Bernoulli principle is widely accepted in the
assessment of AS. Obtained from the Navier-Stokes
momentum equation by considering the flow along a stream-
line, it neglects any contribution from the kinetic and
viscous pressure components®™*1. A series of additional
assumptions yields the definition of an approximate pressure
drop Ap,; in mmHg as,

AP = 4apsx’, (Equation 101)

where v, 1s the peak velocity at the VC estimated from the
4D PC-MRI image. Factor 4 allows conversion of pressure
from Pa to mmHg (133 Pa=1 mmHg), if blood density
p=1060 kg/m? is assumed. In this work this was referred to
as the simplified Bernoulli (sB) formulation®>.

[0069] Building on this approach and using the same
imaging data, we also accounted for the proximal velocity
acquired at the LVOT V., thus defining the corrected
Bemoulli (cB) pressure drop Ap_s=4(Varix —Verox ) -
Clinical guidelines make use of the corrected formulation in
patients evaluation when vp,>1.5 mfs or V,,,<3.0 m/s.
It follows that with Bernoulli-based formulations just one
single velocity value or two are needed to estimate the
pressure drops. This prompted applicability to continuous
1D Doppler echocardiography, thus enabling definition of
pressure drops Ap ;=" and Ap_;~ 7).

[0070] The availability of comprehensive velocity fields
from 4D PC-MRI also enables computation of the pressure
drop using fewer assumptions on the flow. Assuming neg-
ligible compliant effects and nearly constant pressure at the
inlet and outlet planes of a tubular region, the WERP
method®! approximates the Navier-Stokes equation to com-
pute the pressure drop from 4D PC-MRI data Ap,, as,

170K (Equation 102)
Apw =——(r— +A+V],
o\ar

where Q is the flow rate computed at the outlet, SK/3t is the
temporal derivative of the kinetic energy within the vascular
region, A is the advected energy rate describing the energy
transfer due to the physical movement of a fluid in and out
of the domain, and V is the rate of viscous dissipation
describing energy losses due to friction. These quantities
were estimated directly from the image as described by
Donati et al.?".

[0071] The sum of energy contributions of Equation 102
allows separation of the components, yielding to the defi-
nition of the kinetic pressure drop Apg, =-1/Q(aK/at), the
advective pressure drop Ap,,~—A/Q and the viscous pres-
sure drop Ap,, =-V/Q. As the computation of K and V
requires the whole velocity field (volume integrals), con-
trariwise to A and Q (surface integrals), we looked at
approximations eliminating these to reduce the data depen-
dence. This is the reason why the rest of this section focuses
on the advective term of the TPD.

[0072] The complete advective WERP (cAW) approach
estimates the pressure drop Ap_,y- from the velocity field
extracted at the inlet and outlet planes (This is analogous to
the previously defined Ap,;- The notation Ap_, - stresses
that drops in the complete advective WERP formulation are
evaluated using both inlet and outlet planes.). It takes into
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account the three-dimensionally encoded velocity field over
the 2D region instead of the single peak velocity value of sB.
[0073] Analogously to the sB approach, the assumption of
outlet velocities much larger than inlet velocities triggers the
definition of the simplified advective WERP (sAW) pressure
drop from the 4D PC-MRI data Ap_ - which only accounts
for the contribution to the advective energy at the outlet
plane.

[0074] However, as the availability of 4D PC-MRI veloc-
ity fields is limited in clinical practice, the above mentioned
WERP-based formulations can also be applied to the more
widely used echocardiographic data. Consequently, by using
the advective WERP approaches to 3D Doppler echocardio-
graphic images, we estimated drops Ap,,;”>" and
Ap.m2F based on the velocity field acquired along the
direction of the beam in planes perpendicular to the blood jet
at the VC and LVOT.

[0075] The sAW approach in particular can be further
simplified to compute the advected energy rate A by only
relying on velocity values at the VC sampled along a line,
therefore yielding the pressure drop Ap, -, PP from 2D
color Doppler echocardiographic data.

[0076] Within this work we mainly focused on mean
pressure drops, as clinically accepted guidelines for the
echocardiographic assessment of the AS are based on these.
Trivially, the mean pressure drops (or mean pressure drop
components) Ap were estimated as the temporal average of
the instantaneous drops during systole Ap(t). For complete-
ness, the peak pressure drop (or peak pressure drop com-
ponent) Ap,,,, was instead computed as the maximum
absolute value of the instantaneous drops.

Results

Analysis of the Pressure Components of the TPD

[0077] The impact of the kinetic, advective and viscous
pressure components to the TPD was analyzed for both
groups of patients by using the WERP formulation. We
computed the temporal transient of the drops over systole,
together with their peak values (see FIG. 11), with peak
values of the kinetic pressure drops evaluated on accelera-
tion and deceleration phases separately. Clear differentiation
between groups is revealed for the peak advective (P<0.001)
and viscous drops (P<0.001), unlike for the kinetic drops
during acceleration (P<0.01).

[0078] Subjects in Group 1T have an average advective
TPD (absolute peak of 28.74+6.01 mmHg, accounting for
96.9% of the total TPD on average, range 91.5% to 98.5%)
highly dominant over the kinetic term by almost one order
of magnitude (absolute peak of 4.76+3.35 mmHg during
acceleration and of 4.63+2.96 mmHg during deceleration),
and over the viscous term by over two orders of magnitude
(absolute peak of 0.14+0.07 mmHg). Prevalence of the
advective component is also shown in Group I (accounts for
86.2% of the total TPD on average, range 60.5% to 98.7%)
although to a lesser extent (absolute peak means of 4.83+3.
10 mmHg, 2.51%+1.67/0.97+0.08 mmHg and 0.02+0.01
mmHg for the advective, kinetic during acceleration/decel-
eration and viscous components, respectively).

Comparison of the TPD by WERP and Bernoulli
Formulations

[0079] We compare the TPD computed from the 4D
PC-MRI images with the cAW formulation against results
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obtained with sAW, sB and ¢B formulations. We compared
the mean pressure drops estimated in the TVR with the
different approaches, reporting the linear regression and
correlation coefficient on Group I and II, separately. FIG. 12
reveals a consistent overestimation of the drops computed
with sB (linear regression slopes 0.492 for Group 1 and
0.367 for Group 11, with average overestimation of 99.1%,
range 0o 49.2% to 145.1%), ¢B (0.573 for Group 1 and 0.291
for Group II, with average overestimation of 71.3%, range
of 14.6% to 141.1%) and sAW (0.887 for Group I and 0.817
for Group II) formulations. Higher correlations were
reported between the cAW approach and each of the com-
pared methods for patients in Group 1.

Improved TPD Computation: Understanding the Velocity
Field

[0080] Finally, we explored the reasons behind the dis-
crepancies highlighted in FIG. 12 between the different
methods, at the same time investigating the applicability of
the WERP-based formulations to different imaging data. To
this end, the advective TPD from the original 4D PC-MRI
velocity fields (Ap,,5) were compared against those com-
puted using simulated and idealized 3D Doppler (Ap, .»">")
and 2D Doppler (Ap.,7°F) echocardiographic data. Addi-
tionally, we reported TPD estimates from the sB approach to
simulated continuous Doppler echocardiographic images
(Ap,s™2).

[0081] FIG. 13 illustrates the overestimation obtained with
the sB formulation (regression slope of 0.496) and with the
sAW formulation applied to 1D velocity profiles obtained
from an idealized color Doppler acquisition (regression
slope of 0.755 when comparing against averaging results
from 12 velocity profiles in each case). Variability is intro-
duced by the specific choice of the profile, determined by the
insonation plane. A higher correlation is achieved with an
idealized color Doppler 3D acquisition using the sAW
formulation (regression slope of 1.076).

[0082] This section is complemented in Supplemental
Material C with an in-silico analysis of three velocity
profiles in an idealized stenosis, which demonstrates that the
overestimation observed with the Bernoulli formulation is
uniquely driven by the shape of the velocity profile.

Discussion

[0083] Herein we report the existence of an overestimation
of the TPD by the Bernoulli principle, explain its funda-
mental cause, and propose the formulation to correct it by
accounting for the velocity profile in the cross section of the
blood jet at the point of the vena contracta.

[0084] The TPD is driven by the forces that spatially
accelerate the flow ejected by the ventricle through a narrow
orifice regardless of the other two components of the pres-
sure drops, as illustrated in FIG. 11. Referring to the
Navier-Stokes additive terms that contribute to pressure, the
transport of momentum (i.e. the advective forces) is the
principal contributor to the TPD, with a secondary role
played by temporal accelerations (or kinetic drops), and
minor impact of viscous dissipative stresses. This finding
confirms the sensible choice of the Bernoulli principle to
quantify the pressure drop from continuous Doppler record-
ings adopted in clinical guidelines®*'**%*7, since the Ber-
noulli principle is the simplification of the physics of flow
through a pipe accounting only to the advective forces.
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[0085] However, the results described herereveal an over-
estimation of Bernoulli-based drop computations compared
to results obtained with a more complete formulation of the
advective drop through the WERP method. The cause of this
fundamental bias is that a Bernoulli principle relies on the
simplification of the vessel as a single streamline®®*, as if
the vessel was a one-dimensional pipe. But blood flows
through 3D vessels, and therefore the computation of the
advective energy, and the advective drop, should account for
the blood velocity in a cross-section of the vessel, not for
only a single peak velocity value. Only if blood velocity
profiles were flat, with all particles of the cross section of a
vessel having the same velocity, the Bernoulli principle
could be adopted without any loss of accuracy (see Supple-
mental Material C below for a quantitative description of the
error in three idealized velocity profiles).

[0086] The analysis of our cohort of 32 subjects reveals a
large variability in the morphology of the velocity profiles,
as illustrated in FIG. 17. As a consequence, the amount of
overestimation of the Bernoulli principle is heterogeneous:
in the group of stenosed cases Bernoulli overestimated the
TPD of 99.1% on average (range of 49.2% to 145.1%) with
the simplified and of 71.3% (range of 14.6% to 141.1%)
with the corrected formulation, leading to a poor linear
regression fitting (see FIG. 12, panels A & B). As an
additional reference, in-silico results of Supplemental Mate-
rial C reveal how the shape of a perfect paraboloid with f=2
introduces an overestimation of 100.9%. The magnitude of
proposed correction is therefore quite large and variable, and
justifies therefore the need for further research to quantify its
impact in the stratification of subjects with valve stenosis.

[0087] Our mathematical analysis reveals that, as in the
widely adopted Bernoulli formulations, the adoption of
sensible assumptions simplify the computation of the advec-
tive TPD to only account for the velocity at the inlet and
outlet of the vascular domain. This finding is quite relevant
for the clinical translation of our findings, since velocity data
is only needed at two planes of the vascular anatomy, and not
in the entire lumen or ventricular blood pool. Even more, the
need for data in the proximal (inlet) region is acknowledged
in guidelines only for cases with small level of stenosis,
where the corrected Bernoulli formulation should be used®”
34. Our results confirm the improved accuracy of this strat-
egy for the control cases, but illustrate an increment in the
discrepancy with the adoption of a corrected Bernoulli
formulation in the mild-to-severe disease cases (drop of
correlation and slope in Group II against Group I with
correction, compare panels A and B in FIG. 12). These
findings suggest that, as currently done in most practical
clinical situations, accounting only for the outlet velocity
profile (at the point of the vena contracta), neglecting the
proximal velocities, is a sensible methodological strategy.
The goal of a non-invasive method to stratify VS is then set
in the robust and accurate assessment of the advective
energy at the point of the vena contracta.

[0088] Our results then reveal how this computation of the
advective drop depends on the amount, and quality, of data
available about the velocity at the point of the VC. We
provide the mathematical formulation adapted to different
sources of blood velocity data, and analyze the existence of
fundamental biases between them. Our results reveal that
idealized 3D echocardiographic data, offering a 2D velocity
profile at the VC with artifacts from the funneling effect and
from the projection of the velocity alongside the line of
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insonation, introduce a small bias (slope of the regression
line of 1.076, see FIG. 13). Accounting for the same arti-
facts, but with only the information of a part of the 2D
velocity profile along one line of insonation as with a 2D
echo probe, advective energy is overestimated (slope of the
linear regression of 0.755, see FIG. 13). And if only a peak
value is available, and the formulation then reduces to the
Bernoulli equation, the overestimation is the largest (slope
of 0.496, see F1G. 13). The translation of the theoretical
finding is thus feasible to a wide range of imaging acquisi-
tion protocols and modalities, and further research is needed
to define the optimal strategy to control the location of the
vena contracta to be imaged (point of maximum advective
drop), to identify the direction of the jet and its perpendicu-
lar plane, and to maximize the amount and quality of
velocity data at that plane.

[0089] Our findings also offer a plausible explanation for
the overestimation of the TPD using continuous Doppler
echocardiography compared to catheter recordings, cur-
rently attributed to the pressure recovery after the narrowing
of the jet across the valve®®®. The fundamental cause is the
intrinsic assumption of the Bernoulli principle of the reduc-
tion of the vessel flow to a single streamline. This work
demonstrates that, accounting for the physical principles that
govern human hemodynamics (the Navier-Stokes momen-
tum equation) in order to compute the pressure drop that best
explains the changes observed in a dense velocity field, the
simplifications made by the Bernoulli equation introduce an
overestimation of the TPD.

Supplemental Material

A. Mathematical Details Behind the WERP Pressure Drops
Hstimates

[0090] The original form of the WERP formulation is
defined from the Navier-Stokes equation based on the work-
energy principle—as presented by Donati et al.—and esti-
mates the pressure drop Ap,, across the vascular region Q
with inlet plane I’} -, and outlet plane I' ;7 7 defined
from the lumen segmented from the 4D PCMRI image as,

170K (Equation A.1)
pr=——(r— +A+V].
(AN

The blood flow rate Q, the kinetic energy K, the advective
energy rate A and the viscous dissipation rate V can be
evaluated by solving numerical surface and volume integrals
as,

Q= f Vvendx = — vndy, (Equation A.2)
~Tourter T INLET

k=% f (v- i,
“Ja

A= g(f |V|Z(V-n)dx+f |V|2(v-n)dx],
“A\Tinger TOUTLET

V= ng(v):D(v)dx,
“Jn
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where v is the three-dimensional time-dependent velocity
field at the generic voxel, n is the normal direction on the
inlet/outlet plane, p=1060 kg/m® and p=0.004 Pa-s are the
blood density and dynamic viscosity, respectively, and D(*)
=[V(*)+V(+)"]. Using separation of the pressure components
the complete advective pressure drop evaluated using the
WERP method Ap,_,,==A/Q vields from Equation A.2,

Apaaw = (Equation A.3)

—g[f |v|2(v-n)dx+f |v|2(v-n)dx]/
TourLer ToutLET

f v-ndx,
Tourrer

therefore reducing the drops computation to surface inte-
grals on the inlet and outlet planes and making it applicable
to 2D PCMRI or 3D Doppler echocardiographic data.

[0091] Equation A.3 can be further simplified by assuming
outlet velocities much larger than inlet velocities (which is
likely to hold in the transvalvular region defined from the
LVOT to the VC, especially in stenosed cases) as,

Apgw = _gf |V|z(v-n)dx/ v ndx. (Equation A.4)
TourLer I Iroyrier

[0092] The sAW approach can be further reduced to
estimate the advective energy rate from velocity values
along of the VC along a single line, not in the complete
perpendicular plane, thus enabling applicability to 2D color
Doppler echocardiographic images. Equation A.4, by replac-
ing the surface integrals at the outlet plane for line integrals
along the line A defined by intersecting the hypothetical
insonation plane with the outlet plane of the aortic lumen
plane, and by considering the fact that velocity values are
already projected in the direction of the line of insonation,
can be rearranged as,

P
Apan =-5 [Par ] [pier
=Ja A

[0093] This enables the use of the WERP formulation to
compute advective drops based on 2D color Doppler
echocardiography.

[0094] It is worth noting that advective WERP and Ber-
noulli formulations are similar—as they both characterize
the pressure drop using advective effects—and the math-
ematical link between them is here explained. In the WERP
approach, the blood flow rate Q can be indifferently esti-
mated at the inlet or outlet planes defined from the image
data as,

O=frvndx=vy ¥

(Equation A.5)

(Equation A.6)

[0095] Here, v, is the maximum velocity at the inlet/
outlet plane and W=/-®dx, where ® is the normalized shape
function in the normal direction for the inlet/outlet velocity
profile. Using the cAW formulation in Equation A.3 leads to,
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p Equation A.7
_APCAW Q + = ( q )

3
5 Vigax INLETAX +

TINLET

3 —
f Vigax,ourLerds =0.
TourLer

[0096] If we assume velocity at the planes mainly aligned
to the planes normal n, substitution of Equation A.6 (selec-
tively evaluated at the inlet/outlet planes) into Equation A.7
yields,

4 Equation A.§
Apcaw = E(VIZVIAX,OUTLETZOUTLET — Vi, meerZivier), (Eq )
_ 3
where 2 ety @oer S gz r and
nyer .
ZOUTLET*frOUHH(DOUTLET dx/Woprper are  functions

depending on the normalized profile shape only. Conse-
quently, in the hypothesis of a flat velocity profile (i.e.
Vourrer Vauxovrer A4 Vi prVauxpaer as i Ber-
noulli based formulations) and with blood density p=1060
kg/m>, Equation A.8 simplifies to the cB formulation
AP 4 o e =Vinigrs)- From Equation A7, in the
hypothesis of Vo > Vivrer the sAW formulation in
Equation A.4 can be expressed as,

P Equation A.
Apsaw = EV%VIAX,OUTLETZOUTLETv (Equation A.9)

that assuming a flat velocity profile yields again the sB
formulation Ap =4V o0 sr-

B. Aortic Pressure Drops Downstream of the Aortic Valve

[0097] FIG. 14 and FIG. 15 show the temporal transients
of the averaged pressure drop components (total, kinetic,
advective and viscous) during systole for the two groups of
patients respectively obtained in the AAR and DAR defined
above. Tabulated results report how the widening of the
aortic flow jet downstream of the VC captured in the AAR
causes a recovery of the total TPD in Group 11 subjects, with
drop magnitudes comparable with that observed in the TVR
(see FIG. 11) but with opposite sign (absolute peak means of
28.74 mmHg in AAR and 31.84 mmHg in TVR). Once
again, in Group II the spatial acceleration effects due to
aortic morphological changes are dominant over dissipative
losses by approximately two orders of magnitude (absolute
peaks mean of (0.51 mmHg), with an increased impact of the
kinetic term to the total pressure drop (absolute peaks mean
of 16.30 mmHg during acceleration and 14.14 mmHg during
deceleration). Clear differentiation is shown between
patients in Group I and II for all the pressure terms.

[0098] In the DAR, the total pressure drops decrease in
both groups, with the kinetic component prevalent over
others and the advective component sensibly reduced, due to
the absence of abrupt variations in the aortic geometry or
obstacles in the blood flow hemodynamics. These values are
similar to previously reported results in healthy controls®>.

C. The Impact of the Velocity Profile on the Pressure Drop
Estimation

[0099] The observed difference between WERP and Ber-
noulli formulations is experimentally verified with a in silico
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study. A steady flow on a straight tube with a change of
diameter is considered. Inlet and outlet velocity fields v(x,y)
were imposed analytically using the generic formula for
poweroids,

(x—xc)? + (- yC)Z)ﬁ/z (Equation IIL1)

v(x, y) = VMAX(l - 7 ,

wherev,,,,-1s the peak velocity, x_ and y,. are the coordinates
of the center, R is the radius and  is a coeflicient accounting
for the shape of the profile. We defined a reference case, by
choosing the pipe dimensions and flow properties such as
the cardiac output CO=5 L/min, the ratio between outlet and
inlet radii R 777 57/R vz 270.25, the density p=1060 kg/m>
and viscosity u=0.004 Pa‘s to be representative of those in
the human thoracic aorta in the presence of AS. Additionally,
we selected a spatial discretization dx=0.5 mm and a veloc-
ity shape coeflicient f=4 to reproduce a quasi-paraboloidal
profile. We thus compared the pressure gradient ratio
PGR=Ap_,/Ap_,y-estimated with cB and cAW formulations,
selectively testing: (1) the impact of the cardiac output
(CO=4 L/min and CO=6 L/min), (2) the stenosis level in
terms of the ratio between radii (R 5777 z7/R pvr z770.125 and
Rovrrerd R er=0.5), (3) the spatial discretization (dx=0.
25 mm and dx=1 mm) and the (4) shape of the velocity
profile in terms of the shape coefficient (=2 and p=10), in
order to reproduce configurations that are likely to be found
in the human aorta, spanning from paraboloidal (f=2) to
blunt profiles (f=10), see FIG. 8.

[0100] Results show a global overestimation obtained
with the Bernoulli approach, independent of the spatial
discretization, the outlet/inlet radii ratio or imposed flow
rate. On the contrary, the difference between WERP and
Bernoulli estimates is highly dependent on the shape of the
3D velocity profile, with minimal gap obtained with blunt
profiles (ratio of PGR=1.18).

D. Velocity Profiles at the Vena Contracta from PCMRI Data
[0101] Simulated 3D color Doppler echocardiography
velocity profiles from PCMRI data at the VC are shown in
FIG. 17, with surface plots of the 2D velocity field and 12
curves for each case showing the 1D wvelocity profile
obtained as explained previously. Velocity profiles are gen-
erally blunt, with v,,,<2.5 m/s for subjects in Group I,
clearly showing lower variability of the velocity profiles
when compared to subjects in Group II, where peak veloci-
ties are v,,,,.2.5 m/s. The velocity profile is highly non-
axisymmetric for Group II patients, therefore motivating the
larger variability obtained in this group.

2nd Embodiment: System Description

[0102] The second embodiment relates to performing only
a subset of the WERP processing, by considering only the
advective term of the full WERP equation. As such, less
information is required, and simpler imaging systems may
be used, particularly 2D PC MRI systems, and 3D Doppler
ECG systems. FIG. 9 is a block diagram of a 2D MRI system
that may be used to perform the processing to calculate the
pressure drop.

[0103] Here, a 2D phase contrast magnetic resonance
imaging (2D PC MRI) system 902 is provided, comprising
MR imaging coils within which the subject is located,
controlled by an MRI imaging control system 98, including
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an MRI controller processor 90. The MRI imaging control
system 98 including the MRI controller processor 90 func-
tion in a conventional manner to allow 3 dimensional phase
contrast magnetic resonance image data to be obtained, for
example of an internal blood vessel of the subject the
pressure difference across it is desired to know. For example,
it may be desirable to measure transvalvular pressure drops
(TPD) along the transvalvular region in the heart, between
the left ventricular outflow tract and the vena contracta. Of
course, other blood vessels may also be monitored, as
desired.

[0104] The 2D PC MRI system 98, 902, collects 2D PC
MRI data 92 of the imaging subject, which is saved for
further processing and analysis.

[0105] The 2D PC MRI system 98, 902, also includes a
complete advective WERP computation program 94, which
acts to process the 2D PC MRI data 92 as described above
in accordance with the complete advective WERP process-
ing method described, to obtain WERP pressure estimation
data 96. The complete advective WERP processing method
is a simplification of the WERP equation by only taking one
of the three additive terms of energy, the advective term. The
resulting pressure estimation data 96 gives an estimate of
pressure at the measured inlet and outlet planes, but neglects
the effects of the vessel walls between the inlet and outlet.
As such, it does not provide a complete solution for every
point within the vessel between the inlet and outlet, but
instead provides solutions for the inlet and outlet only, but
from which pressure drop across the vessel can then be
found.

[0106] FIG. 10(A) illustrates the 3D Doppler ultrasound
ECG equivalent system. Here a transducer 1000 obtained
3D Doppler measurements from the subject, under the
control of 3D Doppler ECG system 102, comprising 3D
Doppler ECG controller 104. The system produces 3D
Doppler ECG data 106, and which is then used as an input
to the cAW calculation program 108, which performs the
necessary processing as described previously to find solu-
tions for the inlet and outlet planes of the vessel being
monitored, which is then stored and output as cAW output
data 110.

[0107] FIG. 7 illustrates the basic method of operation of
the cAW approach. Here, at s.7.2 the MRI data or ECG data
of the inlet and outlet planes of the subject vessel for which
pressure drop across is to be found is obtained. Then, from
this data the complete advective WERP values for the inlet
and outlet planes are found, for example using the process-
ing represented by equation A.3 above (5.7.4). Finally the
complete advective WERP data is stored and/or output to a
user, for example on a display screen (s.7.6).

Third Embodiment: System Description

[0108] The third embodiment relates to the simplified
advective WERP approach, which can be performed using
2D Doppler ECG data, although of course it may also be
applied with other imaging systems that obtain more infor-
mation, such as 2D PC MRI, 3D Doppler ECG. In this
example, however, FIG. 10(B) shows a 2D Doppler ultra-
sound ECG equivalent system. Here a transducer 1000
obtains 2D Doppler measurements from the subject, under
the control of 2D Doppler ECG system 152, comprising 2D
Doppler ECG controller 154. The system produces 2D
Doppler ECG data 156, and which is then used as an input
to the sAW calculation program 158, which performs the



US 2019/0082970 A1

necessary processing as described previously to find solu-
tions for the outlet planes of the vessel being monitored,
which is then stored and output as sAW output data 160.

[0109] FIG. 8 illustrates the basic method of operation of
the sAW approach. Here, at 5.8.2 the ECG data of the outlet
plane of the subject vessel for which pressure drop across is
to be found is obtained. Then, from this data the simplified
advective WERP values for the inlet or outlet planes are
found, for example using the processing represented by
equation A.5 above (s.8.4). Finally the simplified advective
WERP data is stored and/or output to a user, for example on
a display screen (5.8.6).

[0110] For completeness, brief further description of the
remaining figures is undertaken below.

[0111] FIG. 11 shows the TPD estimated from 4D PC-MRI
data using the WERP formulation. Top panel: average
temporal transients of the TPD during systole of the total
(top left), kinetic (top right), advective (bottom left) and
viscous (bottom right) components on Group I (light grey
filled area) and Group 1I (dark grey filled area) subjects.
Bottom panel: distribution (meanzstandard deviation) for
peak TPD Ap,,, (mmHg), including the significance of
differences between Group I and Group II (unpaired T-test).
Peak values of the kinetic pressure drops are reported on
acceleration and deceleration (into brackets, negative peaks)
systolic events separately. It must be noted that the pressure
components do not add up to the total TPD, as the peak
Kkinetic, advective and viscous drops do not happen simul-
taneously.

[0112] FIG. 12 shows correlations between mean TPD
estimated from 4D PC-MRI data with cAW against sB (A),
¢B (B) and sAW (C) formulations. Case-specific values and
regression line for Group I (blue) and Group II (red)
subjects. Grey dashed line in (A) shows the mild-to-severe
stenosis threshold defined as Ap ;=20 mmHg (Baumgartner
2009) from the simplified Bernoulli formulation.

[0113] FIG. 13 shows the results of computation of WERP
advective drops based on 4D PC-MRI and idealized
echocardiographic data. (A) Systolic advective TPD tran-
sients computed from 4D PCMRI (black solid line), color
Doppler 3D (grey solid line) using the sAW formulation,
color Doppler 2D using the sAW formulation to 1D profiles
obtained at the peak systolic frame (grey circles), and
continuous Doppler 1D using the sB formulation (grey
dashed line). (B) Linear regression and correlation factor
between peak advective TPD computed from 4D PC-MRI
and Doppler echocardiographic data: color Doppler 3D
using the sSAW formulation (solid blue line), color Doppler
2D using the sAW formulation to 1D profiles 2 (solid black
line with errorbars for 12 sampled profiles) and Doppler 1D
using the sB formulation (solid red line). Case-specific
values are shown for each Doppler based acquisition tech-
nique.

[0114] FIG. 14 illustrates pressure drops in the AAR
estimated from 4D PC-MRI data using the WERP formu-
lation. Top panel: average temporal transients of the pressure
drops during systole, with total (top left), kinetic (top right),
advective (bottom left) and viscous (bottom right) compo-
nents on Group I (light grey filled area) and Group II (dark
grey filled area) subjects. Bottom panel: distribution
(meansstandard deviation) for peak drops Ap,,,(mmHg)
including the significance of differences between Group I
and Group II (unpaired T-test). Peak values of the kinetic
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pressure drops are reported on acceleration and deceleration
(into brackets, negative peaks) systolic events separately.
[0115] FIG. 15 shows pressure drops in the DAR esti-
mated from 4D PC-MRI data using the WERP formulation.
Top panel: average temporal transients of the drops during
systole, with total (top left), kinetic (top right), advective
(bottom left) and viscous (bottom right) components on
Group I (light grey filled area) and Group 1 (dark grey filled
area) subjects. Bottom panel: distribution (meanzstandard
deviation) for peak drops Ap,.,(mmHg), including the
significance of differences between Group I and Group 11
(unpaired T-test). Peak values of the total and kinetic pres-
sure drops are reported on acceleration and deceleration
(into brackets) systolic events separately.

[0116] FIG. 16 shows the results of an in silico test on a
3D straight pipe with steady velocity field. Top panel:
representation of velocity profiles at inlet/outlet planes
obtained with different velocity shape coeflicients. Bottom
panel: pressure gradient ratio (PGR=Ap_z/Ap_.,) between
drops estimated with ¢B and cAW formulations as a function
of cardiac output outlet/inlet radii ratio R,z er/Rpvizem
spatial discretization dx and velocity shape coeflicient p.
[0117] FIG. 17 shows 2D velocity profiles from mimicked
2D color Doppler echocardiographic images at the outlet
plane for Group I (FIG. 17A) and Group 1I (FIG. 17B).
[0118] Various modifications to the above described
embodiments, whether by way of addition, deletion or
substitution, will be apparent to the skilled person to provide
additional embodiments, any and all of which are intended
to be encompassed by the appended claims.
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1. A method of determining pressure difference across a

tube arising from fluid flow within the tube, comprising:
obtaining three-dimensional time dependent fluid velocity

data at a plurality of points along the tube;

processing the three-dimensional time dependent fluid

velocity data to determine:

1) a flow rate (Q) of the fluid through the tube;

ii) the kinetic energy (K) of the fluid flow through the
tube;

1i1) an advective energy rate (A) of the fluid flow
through the tube; and

1v) a viscous dissipation rate (V) pertaining to the fluid
flow;

and

calculating the pressure difference in dependence on all of
the flow rate (Q), kinetic energy (K), advective energy
rate (A), and viscous dissipation rate (V).

2. A method according to claim 1, wherein:

a) the flow rate Q is dependent on a surface integral of the
three dimensional time dependent fluid velocity data
across either the inlet or outlet plane of the tube, or
across any other plane dividing the tube in two sub-
sections;
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b) the kinetic energy rate K is dependent on the three
dimensional time dependent fluid velocity data and the
fluid density;

¢) the advective energy rate A is dependent on a sum of
the surface of the three dimensional tune dependent
fluid velocity data, or data derived therefrom, across the
inlet and outlet planes and the fluid density; and/or

d) the viscous dissipation rate V is dependent on the three
dimensional fluid velocity data and the fluid dynamic
viscosity.

3-5. (canceled)

6. A method according to claim 1, wherein:

Q= f v-ndx == v+ ndx,
~Tourier TiNLET

k=5 [
2Ja

A= g(f |v|2(v-n)dx+f |v|2(v-n)dx],
“\YTINLET TouTLET

v=£ f D(V):D(r)d,
“Jn

where v is the three-dimensional time-dependent velocity
field at a generic voxel, n is the normal direction on
inlet and outlet planes, rho and mu are the fluid density
and dynamic viscosity, respectively, D(*)=[V(*)+V(*)
7], omega is the identified tube region across which the
pressure difference is to be found, and having inlet
plane I';; -7 and outlet plane Iy /7y e

7. A method according to claim 6, wherein the pressure
difference is given by:

8. (canceled)

9. A method according to claim 1, wherein the fluid is
blood, and the tube is a blood vessel, and wherein the the
three-dimensional time-dependent velocity data is obtained
using 4D phase contrast magnetic resonance imaging.

10. A system for determining pressure difference across a
tube arising from fluid flow within the tube, the system
comprising one of the following

a) a 4D phase contrast magnetic resonance imaging
apparatus, arranged to collect three dimensional time
dependent velocity data from across the tube, the
system further comprising a processor arranged to
determine the pressure difference; or

b) an echocardiographic imaging apparatus, arranged to
collect three dimensional time dependent velocity data
from across the tube, the system further comprising a
processor arranged to reconstruct the velocity field
from a collection of acquisitions, and to determine the
pressure difference,

wherein determine the pressure difference comprises:

obtaining, three-dimensional time dependent fluid
velocity data at a plurality of points along the tube;



US 2019/0082970 A1

processing the three-dimensional time dependent fluid

velocity data to determine:

1) a flow rate (Q) of the fluid through the tube;

11) the kinetic energy (K) of the fluid flow through the
tube;

iil) an advective energy rate (A) of the fluid flow
through the tube; and

iv) a viscous dissipation rate (V) pertaining to the
fluid flow;

and
calculating the pressure difference in dependence on all

of the flow rate (Q), kinetic energy (K), advective
energy rate (A) and viscous dissipation rate (V).
11. A method of determining pressure difference across a
tube arising from fluid flow within the tube, comprising:
obtaining fluid velocity data at the inlet and outlet planes
of the tube; and

processing the fluid velocity data to determine:

i) a flow rate (Q) of the fluid through the tube; and
i) an advective energy rate (A) of the fluid flow
through the tube;

the method further comprising calculating the pressure
difference in dependence on both of the flow rate (Q),
and the advective energy rate (A), without considering
aviscous dissipation rate (V) and the kinetic energy (K)
of the fluid flow through the tube.

12. A method according to claim 30, wherein:

a) the flow rate Q is dependent on a surface integral of the
fluid velocity data across either the inlet or outlet plane
of the tube, or across any other plane dividing the tube
in two sub-sections; and/or

b) the advective energy rate A is dependent on a sum of
the surface integrals of the time dependent fluid veloc-
ity data, or data derived therefrom, across the inlet and
outlet planes and the fluid density.

13. (canceled)

14. A method according to claim 11, wherein the pressure

difference across the tube is given by one of:

A)

Apeaw =

—g(f IVIZ(V-n)dHf IVIZ(V-n)dr]/f v-ndx
“\lourLer TINLET ToutLer

where v is a velocity field at a generic voxel, n is the
normal direction on inlet and outlet planes, rho is the
fluid density respectively, and I';y; zr and T g7y g7 are
the respective inlet and outlet planes of the tube; or
B)

P
Apsaw =—5f

ToutLET

|v|2(v-n)dx/f v-ndx
T

OUTLET

where v is a velocity field at a generic vowel, rho is the
fluid density respectively, I' 577 15 @ selected plane
of the tube, and n is the normal direction on the selected
plane, wherein the selected plane is one of the planes at
any end of the tube.

15. (canceled)
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16. A method according to claim 11, wherein fluid veloc-
ity data is not obtained for anywhere else in the tube other
than the inlet and outlet planes.

17. A method according to claim 15, wherein fluid veloc-
ity data is not obtained for anywhere else in the tube other
than the selected plane.

18. A method according to claim 11, wherein the tube is
a blood vessel, and the fluid flow is in vivo blood flow, and
wherein the fluid velocity data is obtained from one of:

i) 4D phase contrast magnetic resonance imaging data;

and/or

ii) 2D phase contrast magnetic resonance imaging data;

and/or

1i1) Doppler echocardiographic data; and/or

iv) Ultrafast echocardiographic data.

19. (canceled)

20. A method of determining pressure difference across a
tube arising from fluid flow within the tube, comprising:

obtaining partial fluid velocity data from the outlet of the

tube;

estimating what the full velocity profile is from the partial

data; and

calculating the pressure difference in dependence on the

fluid velocity data and a known fluid density.

21. A method according to claim 20, wherein the partial
data is acquired along a line at the outlet plane of the tube,
the line being defined by intersecting an imaging plane with
the outlet plane of the tube.

22. A method according to claim 20, wherein the data is
not a 3D vector but is a projection of this vector in a
direction close to the direction of the flow.

23. A method accordingly to claim 20, where the obser-
vation of data along a line is directly taken as the best
estimation of the full velocity profile, and as such the
pressure difference is given by:

o
Mpaw=-5 f i / f A
A A

where v is the fluid velocity along the line A, and rho is

the fluid density.

24. A method accordingly to claim 20, where the full
velocity profile is estimated as a circular profile divided in
two axisymumetric parts, each of them as the extrapolation in
the circumferential direction of the data along the observed
line, and as such the pressure difference is given by:

=L
MIA = L/ 2ldA

A=L
P 3 /
Apgaw =—= ) I IA-L/2]dA
A 2; / o

where v is the fluid velocity along the line A of length L,
and rho is the fluid density.

25. A method according to claim 10, wherein:

a) the partial data is acquired along several lines at the
outlet plane of the tube, each line being defined by
intersecting an imaging plane with the outlet plane of
the tube; or

b) the partial data is acquired at a sparse set of points or
lines around the outlet plane, in such a manner that the
velocity at the outlet plane can be inferred by interpo-
lation or extrapolation.

26. (canceled)
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27. A method according to claim 25, where the pressure
difference is given by:

P
Apaaw :—5f

Toutrer

vel*(ve -n)dx/f Vg ndx
T

OUTLET

where v, is the fluid velocity vector reconstructed from
the available data according to claim 25, and rho is the
fluid density.

28. A method according to claim 20, wherein the tube is
a blood vessel, and the fluid flow is in vivo or ex-vivo blood
flow, and where the fluid velocity data is obtained by

1) 2D Doppler echocardiography; and/or

1) ultrafast 2D echocardiography.

29. (canceled)

30. A method according to claim 20, wherein only partial
fluid velocity data is obtained from the outlet of the tube,
relating to only a portion of the outlet rather than fluid
velocity data across the whole outlet.

31. A method of determining pressure difference across a
tube arising from fluid flow within the tube, comprising:

obtaining three-dimensional time dependent fluid velocity

data at a plurality of points along the tube;
segmenting a domain of interest in the tube for which flow
information therethrough is desired;

defining a flow vector field w through the segmented

domain, being a field that is divergence free and that

has null values in the lateral walls of the tube;

processing the flow vector field w and the three-dimen-

sional time dependent fluid velocity data to determine:

i) a flow rate (Qw) of the flow vector field w;

i) a surrogate kinetic energy (Kw) of the fluid flow
through the tube;

1i1) a surrogate advective energy rate (Aw) of the fluid
flow through the tube; and

1v) a surrogate viscous dissipation rate (Vw) pertaining
to the fluid flow;

and

calculating the pressure difference in dependence on all of

the flow rate (Qw), and surrogates of kinetic energy
(Kw), advective energy rate (Aw), and viscous dissi-
pation rate (Vw).

32. Amethod according to claim 31, wherein the flow rate
Qw is dependent on a surface integral of the flow vector field
w across either the inlet or outlet plane of the tube, or across
any other plane dividing the tube in two sub-sections, or
wherein the flow rate Qw is computed as a weighted average
of aforementioned surface integrals.

33. A method according to claim 5, wherein the kinetic
energy rate Kw is dependent on: the flow vector field w, the
three dimensional time dependent fluid velocity data, and
the fluid density.

34. A method according to claim 31, wherein the advec-
tive energy rate Aw is dependent on a sum of the surface
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integrals of the flow vector field w and of the three dimen-
sional time dependent fluid velocity data, or data derived
therefrom, across the inlet and outlet planes and the fluid
density, or across all the external surfaces of the domain
(inlet plane, outlet plane and lateral wall of the cylinder).

35. A method according to claim 15, wherein the viscous
dissipation rate Vw is dependent on w, the three dimensional
fluid velocity data and the fluid dynamic viscosity.

36-38. (canceled)

39. A method according to claim 31, wherein the fluid is
blood, and the tube is a blood vessel, and wherein the
three-dimensional time-dependent velocity data is obtained
using 4D phase contrast magnetic resonance imaging or
cardiac echocardiography through Doppler or by tracking
contrast agents in ultrafast acquisitions.

40. A system for determining pressure difference across a
tube arising from fluid flow within the tube, the system
comprising one of the following

a) a 4D phase contrast maguetic resonance imaging

apparatus, arranged to collect three dimensional time
dependent velocity data from across the tube, the
system further comprising a processor arranged to
determine the pressure difference; or

b) an echocardiographic imaging apparatus, arranged to

collect three dimensional time dependent velocity data
from across the tube, the system further comprising a
processor arranged to reconstruct the velocity field
from a collection of acquisitions, and to determine the
pressure difference,
wherein to determine the pressure difference com-
prises:
obtaining three-dimensional time dependent fluid
velocity data at a plurality of points along the tube;
segmenting a domain of interest in the tube for which
flow information therethrough is desired;
defining a flow vector field w through the segmented
domain, being a field that is divergence free and that
has null values in the lateral walls of the tube;
processing the flow vector field w and the three-
dimensional time dependent fluid velocity data to
determine:
1) a flow rate (Qw) of the flow vector field w:
i) a surrogate kinetic energy (Kw) of the fluid flow
through the tbe:
iil) a surrogate advective energy rate (Aw) of the
fluid flow through the tube; and
iv) a surrogate viscous dissipation rate (Vw) pertain-
ing to the fluid flow;
and
calculating the pressure difference in dependence on all
of the flow rate (Qw), and surrogates of kinetic
energy (Kw), advective energy rate (Aw), and vis-
cous dissipation rate (Vw).
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