Blood Flow Modeling in a Detailed Arterial Network of the Arm
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Abstract

A distributed-parameter (one-dimensional) anatomically detailed modéhéoarterial network of the arm is developed in order to carry out
hemodynamics simulations. This work focuses on the specific aspéatsdréo the model set-up. In this regard, stringent anatomical and
physiological considerations have been pursued in order to coniruatterial topology and to provide a systematic estimation of the involved
parameters. The model comprises 108 arterial segments, with 64 rrexiesiand 44 perforator arteries, with lumen radii ranging from 024 c
-axillary artery- to 0.018 cm -perforator arteries. The modeling of titmwv in deformable vessels is governed by a well-known set of hygierb
partial diferential equations that accounts for mass and momentum conservadiarcanstitutive equation for the arterial wall. The variational
formulation used to solve the problem and the related numerical appesactiescribed. The model rendered consistent pressure and flow
rate outputs when compared with patient records already published in tia¢uite In addition, an application to dimensionally-heterogeneous
modeling is presented in which the developed arterial network is employeoh ainderlying model for a three-dimensional geometry of a
branching point to be embedded in order to perform local analyses.
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I ntroduction

Since its introduction some decades ago, one-dimensi@Bglraodeling of the blood flow in deformable vessels has prdee
be a simple andfiective approach to simulate the hemodynamics in the langeries of the body [23, 4]. Several topological
descriptions of the main arteries have been presentedtesewrendering useful information and consistent resvitts medical
records and experimental data [41, 46, 2, 36].

In view of the large amount of data involved in the set-up @f thodel, previous works addressed the topology of the altteri
network from a simplified point of view, that is by removing alher arteries and simplifying connectivity among vessalsvell as
their relation with vascular territories. Neverthelesgre are specific applications which require to take intcsitteration the true
topology of the cardiovascular system, redundancies ircitlegilation, anastomoses, etc. in order to account for pgrrblood
flow distribution as well as to be able to model certain phiggjical andor pathophysiological scenarios. Surgical procedures lik
radial harvesting for coronary revascularization anchitgact on the blood flow supply to the arteries in the hand isar@xample
of medical interest [25]. Other instances are procedutagegto reconstructive surgery, in which knowing the blsagply to the
different vascular territories may be of potential clinicagévaince in order to perform tissue transplantation sucks§a8, 47].

The previous paragraph sets clear examples to motivatestredapment of detailed anatomical models of the arterisiesy
to perform blood flow simulations. Available models of théeaal network topology look like the one shown in Figureeft|
(incorporating the main 128 arterial vessels), while whaoking into catalogued anatomical data it is possible tatifle an
arterial network topology as the one shown in Figure 1-rigbt the sake of clarity some arterial districts have beanaeed).
The former is referred to as simplified model, and in this daserresponds to the model presented in [4] and used extdysi
in previous works [6], and the later is referred to as anataflyi detailed model, and comprises the foundational wgyfor the
model developed in the present work.

In the present work we focus on the arterial functioning aledd supply to the vascular territories of the arm. The nigvel
the present work is the set-up of an anatomically detailedehfor the arterial network of the arm following stringemiadomical
and physiological considerations. The final goal is to distalthe data infrastructure (geometrical and mechaniagdupeters)
to be able to perform 1D blood flow simulations. Existing misdef the cardiovascular system account for the main agerie
of the system. For example, concerning the arteries of the iax [4, 41, 26] the axillary, brachial, radial and ulnareaits are
incorporated. At most, the interosseous artery is alsaded, an important branch of the ulnar artery. In turn, thdehdeveloped
in the present contribution comprises 108 arteries whaseifuradii range from 0.24 cm -axillary artery- to 0.018 cmrfqetor
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Figure 1: Simplified and anatomically detailed model for #ineerial network. The former is taken from [4], and the lagethe
basis for the model presented in this work.
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arteries (see Figures 1 and 4). This includes the main 4@anessels of the upper arm, the forearm and the hand expant
the anatomical literature [15]. Taking into account repdaiccurrences (common palmar digital arteries, for irngtathe model
grows up to 64 arterial segments altogether. In additiolerias that perform tissue blood supply, called perforatteries, are
located along the network in order to derive the blood flovh®diterent vascular territories through the peripheral bedsothi,
44 perforator arteries were included, totalizing 108 @atesegments. The terminal vessels are coupled to lumpe@istuat take
into account thefect of the peripheral vasculature not considered in the imdd®tal of 67 terminals is placed at the most distal
sites of the network. In view of the small size of the termiagkries, of the order of 0.018 cm of lumen radii, purely stage
lumped models have been considered. Resistive paramétersinal models were estimated by taking into account theagular
resistance of the associated vascular territory fed bydhesponding perforator artery.

The organization of the work is as follows: Section 1 preséim governing equations for the arterial blood flow as wefba
the terminal sites. In Section 2 the variational formulatimd the numerical approach used to obtain approximatéd@uduto the
problem are presented. In Section 3 the criteria used topeithe parameter set-up is discussed. The anatomical as@jigical
considerations are outlined in Section 4, while in Secti@ofe results obtained with this model are shown and compeitad
available patient records. In Section 6 the applicatiomefdrterial network to dimensionally-heterogeneous mogdés presented.
Final remarks are drawn in Section 7.

1 Mathematical Model
1.1 Vessal moded

A 1D representation of the blood flow in a compliant vesselogegned by a set of equations which can be derived from tte ful
Navier-Stokes equations [23]. Under certain geometriodl kinematical hypoteses, such a set of non-linear hypierpattial
differential equations can be written as
oA 9Q
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and
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whereA = A(x,t) is the arterial lumen cross sectional area 8d R(x,t) is the corresponding radiu® = Q(x,t) is the flow
rate,P = P(x,t) is the mean pressurg,is the blood densityy = 7(x,t) is the wall shear stress and= a(x,t) is the convective

aceleration parameter defined by
«=2 f u? dA 3)
A

Q@

0Q 0(Q2) AoP



whereu = u(r, x, t) is the axial velocity written in terms of the axial and rddiaordinatesx andr respectively. This parameter
varies in the range [4/3], wherea = 1 leads to a plane velocity profile aad= 4/3 to a parabolic one. In this work, we have
considerecr = 1. In addition,r = udu/dr|,—r = 4uQ/(zR®), whereu is the blood viscosity. Equations (1) and (2) stand for
mass and momentum conservation, respectively. In orddose the system of equations a constitutive equation ngjdltie mean
pressureP to the cross sectional ardais required. In the present contribution a simple pure mlagll behavior is assumed,

which reads
Eh A
P=Py+—|./— -1, 4
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whereE is the dfective Young’s modulush is the arterial wall thickness and the subscript fneans that such quantities are
evaluated at a reference pressige Summarizing, the parameters required by each arterigelese(E, h, R,}, while other
general parameters afie u, Po}.

1.2 Bifurcation modd

At bifurcation sites continuity of mass is required, whilentinuity of pressure is considered. Then, fbwvessels arriving at a
bifurcation we have the following equations

\Y%
Y.a=o (5)
i=1
for mass conservation and
Pr=P Vi=2....V (6)

for continuity of pressure. Continuity of pressure has ltested and provided accurate results in the physiologécaihre against
experimental data [1].

1.3 Termina modd

Lumped parameter terminal models are incorporated in ththenaatical description to account for the remaining parthef
vasculature, that is smaller arteries, arterioles andlagps. From a physiological point of view, terminal mosigjovern the
blood flow distribution in the arterial network, while fromraathematical perspective they act as boundary conditielasing
the pressure to the flow rate at a certain terminal site. Usubk well-known three-element windkessel model is erypgtbin
1D simulations [41], which establishes a relation betwemsgure and flow rate through an ordinarffetiential equation. In the
present, in view of the small size of distal-most arteries have adopted a purely resistive model. Therefore, we have

AP
Q = %’ (7)

whereQ is the flow rate through the termina@lP is the pressure drop in the peripheral bed &rid the terminal resistance, which
is the only model parameter needed at the peripheral sites.

2 Numerical Method

Let us begin reducing equations (2) and (4) to a single egesSo, by the chain rule, we can wite

oP B 0P 0A N OP 04 )
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wherej; € {Eg, h, Ry, Po}. The speed of soundin the vessel is defined as

c= ,fgg—: 9)

In this way, equations (2) and (4) can be reduced to a singlateEm in terms oA andQ and rewritten as
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Now, we can write equantions (1) and (10) as follows [20, 19]
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whereU =[AQ]",B=[0¢]" and

0 1
H(U) = } (13)
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The eigenvalues dfi are
Q Q?
fr = @yt ala - Dﬁ +C2, (14)

fm = a%—\/a(a—l)%+cz. (15)

Clearly, f* € R for all values ofA and Q. Thus, it means that the system (12) is hyperbolic &hd= f*(t,x, A, Q), f~ =
f=(t,x, A, Q) are the characteristic speeds of the system. Moreovsrsyisiem of equations can be recasted along its charaicterist
lines and written in an alternative form

DQ . DA
S~ Br =9 along X =t x(®). A X(0). Q. x®)], (16)
%—? f* DA =g along X= [t x(), Alt, x(t)), Q(t, X(1))], (17)

where notatiorD(-)/Dt stands for the total derivative along the correspondingadiaristic line. Now, expanding the total deriva-
tives in (16) and (17) we obtain
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In order to attempt a numerical solution, we firstly performiuler’s semi-implicit time discretization for equatiofis8) and
(19), and then we define two residuals for each time step,hwdnie given by
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with % <0 <1and Ol = 001 + (0 — 1)()In. To reach the variational formulation that will be used aststg point for
the numerical approximation, we make use of a least squam®agph. Consider a single arterial segment, then we definsta ¢
functional given by

L
TR =5 [+ Ry (22)
0
wherelL is the lenght of the vessel. The associated set of varidtanations is the following
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So (23) and (24) yield the following problem: findt, Q™) e 4/ such that
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whered is the set of admissible functions afidis its associated linear space of admissible variatiohs; Atf* is a stabilization
parameter. Finally, the finite element method is employect¢ate a finite-dimensional basis to approximate equat@®)sand
(26) by using first order Lagrange polynomial interpolati@hus, the well-known numerical stabilization requirectiy problem
is derived naturally from the semi-discrete (discretenmelj formulation.



3 Parameter estimation

In order to feed the governing equations, we need a set of gieimal and mechanical parameters for arterial vesselseaminals.
Nevertheless, in most cases, the external diameters oesrtge the only information reported in the medical litera. Moreover,
gathering the data related to the external diameters df@htain arteries turns to be an arduous task. We have cauisdch task,
therefore, from this point onwards we consider that theresiearterial diameters are known, and then we discuss theaphes
used to assess timternal radius thewall thicknessnd thegffective Young's modulugurthermore, there were few cases in which
the external arterial diameters were not found in the litema There, we used either the Murray’s law or the magnituder of
surrounding vessels to estimate them.

3.1 Wall thickness

A table with 76 values of internal radii and their respectied! thickness for 128 arterial segments is reported in Hgnce, for
each internal radius, we evaluated the ratib/r, whereh is the correspondent wall thickness. The 76 points weredfliethe
curve given by

? = aé" + c’ (27)

with a = 0.2802,b = —5.053,¢ = 0.1324 andd = —0.1114. The points and the fitted curve are shown in Figure 2.
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Figure 2: The ratid/r as a function of the lumen radius

Therefore, given the lumen radiugor each artery, we use equation (27) to assess its wallrthigk.

3.2 Internal radius

As said, most of arterial calibers were found in morphorsatrassessments whose purpose was to measure externaledtiame
However, we are concerned in the arterial lumen radius. ,Tdesoting byD the external diameter of an artery, we obtain the
reference value for its internal radiudy solving the following nonlinear equation

2r (1 + ;) =D (28)
where the ratid/r is given by expression (27).

3.3 Elastic properties

Based on empirical data, an exponential expression forti@Eh/r as a function of the lumen radius was provided in [32], where
E is the dfective Young’s modulus. So, this parameffecan be written as a function of, 1), yielding

E(r,h) = % (ke + ko), (29)

wherek; = 1.4x 10° dyn-cm, k, = —2253 cnt! andks = 6.055x 10° dyn- cm are constants. However, once we have relation
(27), then expression (29) can be seen as a function of sesiaghbler. We have adopted this approach to estimate ffeztve
Young's moduli throughout the arterial network of the arm.

The values fok; andks have been slightly modified from [32] (original values wége= 2.0 x 10’ dyn- cm 2 andk; =
8.65x 10 dyn-cm2), in order to fit the pressure amplitude (diastole-to-dgsamplitude) according to a physiologically significant
range.



3.4 Bifurcation law

In order to estimate the internal radius for arterial segsant found in the specialized literature, we made use ofrdls Law
of bifurcations (see [40]), which is given by the expression

r3=rd+rd (30)

wherer, denotes the radius of a parent vessel mand, the daughter radii.

4 Anatomical and physiological data

4.1 Featuresof arterial connectionsin thearm

The main blood supply of the arm comes from the axillary grtethose prolonging is the brachial artery. This last onerses
until the bifurcation that gives rise to the radial and ulageries close to distal end of the humerus. The brachiahaend its
main branches nourish the upper arm, whereas radial and arftesies as well as their branches account for the blooglgup
the forearm and to the hand. Previous works including armselesas [4, 41, 44, 36] encompass only those main four asterie
plus the interosseous artery, an important branch of therw@rtery. In turn, terminals are placed at the distal endhefradial,
ulnar and interosseous arteries to simulate the resistideampliant &ects of the vascular beds beyond the ending points. Such
a simplifying procedure prematurely interrupts the pressuave propagation, changing the way in which the blood fland
yielding a loss of information about wave reflections.

As already stated in the introductory section, a novel mftéopology for the arm based on anatomical and physiokdgic
considerations was built. This arterial network consist4@8 segments, where 64 of them are the arteries listed iie Tadnd
the other 44 are the so-called perforator vessels. The-thineensional structure of the arterial topology was adalyadesigned
taking into account the pathways of vessels through musctamective tissue and bones. In order to carry out this, task
have used anatomical references largely adopted by thecededimmunity. Particularly, we were preferentially guddey the
Netter's Atlas of Human Anatomy [31], the Pocket Atlas of HumAnatomy by Feneis [15] and the Clinically Oriented Anagom
[29]. Finally, the three-dimensional vessel design wae glsided by a 3D digital skeleton structure with an averagghteof
approximately 170 cm.

The main anastomotic sites which provide redundancy oftbsagply to the network in well-defined anatomical locatibage
been incorporated following an average arterial conniggtiinstances of such anastomotic locations are the skoulde elbow
and the wrist. Among the anastomosis included in this magelpoint out the articular network of the elbow and the supiaifi
and palmar archs. These two regions provide the main bloplg $or the palm and fingers of the hand. Having consideredghe
anastomoses allows the model to account for a wider rangkysiglogical and pathophysiological scenarios of interégure 3
presents several perspectives of the the vessels corityeatong the arm. Numbers are related to the data summainzeable 1.

4.2 Morphometrical data

As explained before, available medical data providesiattealibers in terms of external diameters. In additiorghsstudies are
carried out using dierent populations, and some inconsistencies may arises, The external diameters which are part of the
present model have been picked from the available litezaguch that they are consistent with surrounding neighbguréssels.
That is, a parent vessel cannot be smaller than its prolgragid bifurcating ones. In this sense the data retrieved fhertfiterature
(externall diameters) is coherent.

4.21 Geometrical parametersof arterial vessels

Table 1 presents geometrical data of arterial vesselsragtdirom the literature and making use of (27), (28) and (8@stimate
the internal radii (see Section 3.2). The name of arteridewied the international nomenclature adopted in [15]. Thenber
in brackets after each artery’s name stands for how manystiine artery takes place in the network so that the summation
all arteries must be equal to 64 segments. We point out tiedetights of arteries resulted from the three-dimensiontine of
vessels taking into account the skeletal and musculartateiand guided by anatomical references, as it was showigumd=3.
The last column in Table 1 presents the bibliographical aeaifor other criterion, when necessary) used to retrievexkernal
vessel diameters.

The proposed criteria rendered the spatial variation @rivdl radii along the arterial network of the arm shown inuiFeg4,
which is consistent with the data provided in Table 1.
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Figure 3:Anatomically detailed arterial network of the arm: overview of the entire network. B and C: details of the eparm.
D: details of the forearm. E: details of the wrist and hand.
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Figure 4: Variation of lumen radii along the arm.

In turn, Figure 5 displays the spatial distribution of thetenal parameter representing the elastin constituemigatloe arterial
tree of the arm following the previous approach.



No. Name L(cm) ED(cm) LR(cm) BS

1 Axillary (1) 12.003 0.560 0.230  [3], [39], [45]
2 Brachial (1) 22.312 0.510 0.208 [37], [43]
3 Profunda brachial (1) 6.221 0.156 0.058 (¥

4 Thoracoacromial (1) 0.653 0.379 0.150 [4]

5 Thoracoacromial deltoid branch (1) 7.539 0.260 0.100 (¥

6 Superior ulnar collateral artery (1) 15.151 0.175 0.066 5] [3

7 Posterior circumflex humeral (1) 5.086 0.275 0.106 [17]

8 Anterior circumflex umeral (1) 4.690 0.115 0.042 [17]

9 Radial collateral (1) 11.511 0.125 0.046 [12]

10 Middle collateral (1) 15.207 0.125 0.046 [12]

11 Middle collateral network of elbow branch (1) 3.877 0.100 0.037 (**)

12 Inferior ulnar collateral (1) 5.065 0.145 0.054 [48]

13 Inferior ulnar collateral network of elbow branch (1) 206 0.100 0.037 (*)

14 Ulnar recurrent anterior branch (1) 4.835 0.160 0.060 ] ([B5%)
15 Ulnar recurrent posterior branch (1) 6.148 0.160 0.0605] [3

16 Radial recurrent (1) 6.784 0.200 0.076  [48]

17 Recurrent interosseous (1) 5.383 0.100 0.044 [48]
18 Radial (1) 30.216 0.350 0.138 [5], [43]
19 Ulnar (1) 26.904 0.357 0.141  [5], [43]
20 Common interosseous (1) 1.627 0.250 0.096 [14]
21 Anterior interosseous (1) 22.312 0.070 0.025 [38]
22 Posterior interosseuous (1) 23.169 0.180 0.068 [38]
23 Ulnar palmar carpal branch (1) 1.678 0.065 0.024 [21]
24 Ulnar dorsal carpal branch (1) 1.481 0.115 0.042 [49]
25 Ulnar deep palmar branch (1) 1.918 0.260 0.100 [43] (***)
26 Radial palmar carpal branch (1) 1.578 0.075 0.027 [21]
27 Radial superficial palmar branch (1) 4511 0.170 0.064 [5]
28 Dorsal carpal network (2) 3.689 0.065 0.024 [33]
29 Dorsal metacarpal (7) 8.737 0.065 0.024  [33]
30 Princeps pollicis (1) 4.654 0.193 0.073 [5]

31 Radial indicis (1) 12.261 0.153 0.057  [5]

32 Princeps pollicis branch (2) 3.960 0.155 0.058 (¥

33 Radial dorsal carpal branch (1) 0.873 0.135 0.050 [49]
34 Palmar carpal network (1) 3.293 0.065 0.024  [33] (***)
35 Deep palmar arch (1) 5.349 0.260 0.100 [43]
36 Palmar metacarpal (4) 2.941 0.065 0.024  [33] (***)
37 Superficial palmar arch (1) 5.175 0.280 0.108 [43]
38 Common palmar digital (4) 3.133 0.175 0.066 [18]
39 Proper palmar digital (6) 7.127 0.110 0.040 [43]
40 Dorsal digital (6) 7.242 0.052 0.019

Table 1:Arterial network data (n): number of occurrences; L: lenght; ED: external diamdtR: lumen radius; BS: bibliograph-
ical sources. (*) Murray’s law was employed; (**) The orddmoagnitude of an anatomically similar artery was used; J*fhe
order of magnitude of surrounding arteries found in theibgyhaphical source was used.
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Figure 5: Variation of elastic moduli along the arm.

4.3 Featuresof blood supply to vascular territories

Source arteries are vessels whose pathway is usually glaaalll sometimes close to the bone skeleton. This kind ofeless
mainly accounts for the blood transport. Examples of sudseis are the brachial artery, deep brachial artery, ultaryaand
radial artery. Narrower arteries emerge from these souessels in order to nourish both the deep fascia and the stigkrfi
fascia. Roughly speaking, the deep fascia is composed bglesusnd the superficial fascia by the subcutaneous fat &skth.
According to Taylor [42], a cutaneous perforator is any eé#fsat branches from any source artery, goes through the fdseia
and reaches the superficial fascia. However, these cutarmatorators achieve the superficial fascia in twidedent ways. In
the first case, they arise from the source artery and go battheedeep tissues, i.e., through the inter-muscular septlmthe
second case, they pass through the muscle tissue. In therfoase, they are callegptocutaneous perforatoasmd in the second
one, musculocutaneous perforatordn the present work, we adopted a simplification in the séhaewe do not dferentiate
septocutaneous and musculocutaneous perforators. Sonsigler perforators just as vessels that branch from asautery and



feed a particular vascular territory, no matter if they pgaetsveen or through the muscle tissues.

On the other hand, by vascular territory we mean the portfanuscle, fat and skin that is fed by perforators that arisenfr
some specific source vessels which play the role of bloodl®upp In other words, each vascular territory is assodidtea
source artery. We have based the present approach on [4&8)&0f the placement of vascular territories and the setssafcgated
perforators. Particularly, the vascular territories af #rm and the corresponding source arteries are retriegad[fr3]. Chen et
al. have identified that perforators of the upper extremitygsge from 16 source arteries and, therefore, the uppeameityrcan be

divided into 16 vascular territories. Figure 6 shows thésitin map of these 16 vascular areas of the arm.

Table 2 lists the source artery for each territory, the nundfeperforators per territory, the perforator's diametarsl the
fraction of area occupied by each vascular territory. Adigh values in Table 2 are mean values based on [13]. Fin@lysed the
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Figure 6:Vascular territories Adapted from [13].

mapping given by [38] in order to locate places from whichf@etors arise from their source arteries.

Vascular territory ~ Source artery Areafraction  No. perfora PMD (cm)
Al Posterior circumflex humeral 7.16% 3 0.10
A2 Thoracoacromial (Deltoid branch) 5.27% 3 0.08
A3 Superior ulnar collateral artery 10.86% 2 0.09
A4 Profunda brachial 7.73% 4 0.07
A5 Brachial 8.39% 6 0.07
A6 Radial collateral 4.74% 2 0.10
A7 Inferior ulnar collateral 5.93% 2 0.08
A8 Radial recurrent 2.90% 2 0.07
A9 Radial 11.93% 5 0.06
Al0 Ulnar 11.29% 7 0.06
All Posterior interosseous 3.86% 5 0.05
Al12 Anterior interosseous 0.98% 3 0.05
Al13 Dorsal arch and dorsal metacarpal 5.84% 7 0.05
Al4 Princeps pollicis 2.51% 4 0.11
A15 Common palmar digital 1.81% 5 0.07
Al16 Superficial palmar arch 8.80% 7 0.11

Table 2: Main data of the vascular territories. PMD: perforanean diameter.

4.3.1 Terminal parameters

We assessed the terminal resistances by taking into actwirpproximated muscle mass of each territory. For this aien
assumed that the percentual area of each vascular teragligted in Table 2, provides a measure of the percentubkaklated
muscle mass. Then, data published in [22] allow us to evaltie total muscular mass of the arm, while the work of Mahi@a}

allows us to estimate the muscle vascular resistance ofteaitory as a function of such mass. Finally, these 16 ta@stes were
proportionally scaled in order to obtain physiologicalulésin terms of the mean pressure. Moreover, the estimafioasistive



parameters is carried out under the hypothesis that theptessure in the main arteries is negligible when comparéudtive drop
pressure in terminal resistances. The validity of this ltlypsis is discussed in Section 5.

In total, there are 67 terminal models distributed througthbe network. Table 3 reports the resistance values faetied
terminals. For each vascular territory, the compact nmtafiil — Tk means that this territory hdsterminals distributed along the
corresponding source art¢gayteries, each terminal with the resistance value giveheandst column.

Vascular territory ~ Source artery TerminalsR (dyn s cn? mi~T)
Al Posterior circumflex humeral T1-T3 1.4167#+086
A2 Thoracoacromial (Deltoid branch)  T1-T3 2.00460006
A3 Superior ulnar collateral artery T1-T2 4.78946965
A4 Profunda brachial T1-T4 1.701234@06
A5 Brachial T1-T6 2.2592756006
A6 Radial collateral T1-T2 1.473358606
A7 Inferior ulnar collateral T1-T2 1.18435¥606
A8 Radial recurrent T1-T2 2.062935@06
A9 Radial T1-T5 9.831755€005
A10 Ulnar T1-T7 1.546644€006
All Posterior interosseous T1-T5 4.322580@6
Al12 Anterior interosseous T1-T3 4.4054440986
Al13 Dorsal arch and dorsal metacarpal ~ T1-T7 4.21168P6
Al4 Princeps pollicis T1-T4 4.435745606
A15 Common palmar digital T1-T5 6.301835806
Al16 Superficial palmar arch T1-T7 2.444234096

Table 3: Terminal resistances for each vascular territory.

5 Simulations and results

In order to carry out the simulations, an inflow boundary étod is considered at poirt shown in Figure 8. This flow rate curve
corresponds to the result obtained at the proximal poinhefaxillary artery using an entire model of the cardiovascaystem
[7].

The general parameters are= 0.04 P,p = 1.04 gcm® andP, = 133333 dyycn?. As said, the finite element method was
used to approximate the mathematical formulation giver2sy-(26). The element size in all the simulationais= 0.25 cm and
the time step i\t = 0.0025 s. Three cardiac cycles have been simulated until thedie state was reached. For this setting a
satisfactory mass conservation is obtained (relativer €&886).

Figure 7 shows a comparison between the pressure cuvesigij@#] and the ones provided by the model developed here.
Clearly, even with a very simple constitutive behavior ahd inflow condition is not provided in [34], the model manages
reproduce the main pressure pulse features of patientdgcor
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Figure 7: Pressure in the brachial artery: (a) found in [34Bg and (b) provided by the model. Pressure in the radiahar{c)
found in [34] p.184 and (d) provided by the model.

Figure 8 presents the inflow curve used as the proximal boyrdadition (see poind in such figure) and the flow rate curves
in six arterial districts of the arm. An important featuretioé blood flow in the arm with potential impact on surgicalgadures
is the determination of vessel dominance in terms of blogipluto the hand [43]. In the present model, the mean blood flow
through the ulnar artery results in7069cn/s, while through the radial artery the mean blood flow.B6@7cn?/s. So, the ulnar
artery prevails over the radial artery as a blood suppli¢h¢ovessels in the wrist and hand, which is the most commaat&n

encountered in practice.
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Figure 8: Blood flow rate at several locations in the artarggculature of the arm.

As said in Section 4.3.1, the estimation of the resistivabeal parameters is strictly valid for non-viscous flow,ttisafor null
drop pressure in the arterial segments. Evidently, thiststre case here, although it could be considered as a gooobamation.
In this regard, Table 4 presents a comparison for each \a@steutitory of the expected blood flow, according to the gatavided
in Table 2, and the true blood flow which is the outcome of thearical simulations in two scenarios: (i) steady state &tn
and (ii) transient simulation. The fiierence observed is due to the vessel impedance which hasbgketted in obtaining the
data presented in Table 2. Notice that th@atence between the expected blood flow and the steady staie fibw is small when
compared with the dierences when the flow becomes time-dependent. Making aoggnaith linear models, this is the result of
the additional impedance incorporated by the blood inantiivessel distensibility.
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Vascular territory  EBF (cfys) SBF (cni/s) TBF (cnv/s)

Al 0.257910 0.269581 0.286350
A2 0.182280 0.187478 0.202567
A3 0.508622 0.502985 0.528555
A4 0.286380 0.297155 0.300144
A5 0.323466 0.334631 0.357215
A6 0.165338 0.169642 0.161771
A7 0.205682 0.207770 0.220974
A8 0.118084 0.119136 0.127546
A9 0.619420 0.623865 0.664388
A10 0.551257 0.554456 0.590978
All 0.140890 0.139425 0.146602
Al12 0.082944 0.078748 0.071208
Al13 0.202440 0.180975 0.065835
Al4 0.109836 0.107375 0.102361
A15 0.096640 0.093751 0.077699
Al6 0.348817 0.340065 0.329007

Table 4:Vascular territory flow comparisorEBF: expected blood flow. SBF: steady state blood flow. TBé&nhgient blood flow.

As said in the introduction, there is a wide range of situstiim medical practice which may require such a detailed tafdie
cardiovascular system. As mentioned in Section 4.1, the ivlaiod supply for the forearm and the hand is provided by alokat
and ulnar arteries. However, according to [43], there iggelaariability in radial-ulnar blood supply dominance amgesubjects,
and this implies in dferent hemodynamics in the circulation of the forearm anchdmed. In most cases (55%), the flow rate in
the ulnar artery prevails over the radial one [43]. Nevdeb® in case of injury or harvest of the radial artery inaarsurgical
procedures a ischemia of the hand may occur [21]. This isstarice for which the possibility of performing simulatidaging
into account dferent arrangements of arterial connections could lead @itaundestanding of the hemodynamic changes along
the vasculature. Indeed, in the absence of the radial agrrgccurate topological description of the arterial issseuld allow
to quantify the increase of the blood flow in the remaininganlartery as well as to know how the flow rate is distributechi t
hand through the superficial and deep palmar arches. Indeexa some neurological consequences, such as motor abitiesia
different dfected areas of the hand, may arise as a consequence of latdcpfae blood flow supply to the surrounding nerves in
the regions where the procedure took place [16]. The presedel provides the infrastructure to make this quantificagiossible,
being this a matter of further research.

6 Dimensionally heterogeneous-modeling

Dimensionally-heterogeneous modeling has been appliadiite variety of applications in order to provide insighttbe local
blood flow patterns and its relation to global hemodynamigrenments [10, 11, 9, 20, 24, 44]. In this section we appéydbtailed
model of the arterial network of the arm developed in Sest®@and 4 to study the blood flow in a branching site. Regarding t
description of the numerical methodologies to addressahgisn of the 3D Navier-Stokes equations in compliant dormand
its coupling with the 1D model the reader is referred to [28,

The 3D model matches the geometrical and mechanical pagesradtthe 1D model in which it is embedded. The bifurcation
under analysis corresponds to the branching of the braatiely into the ulnar and radial arteries. Also, the ulnaureent anterior
and posterior branches, as well as the branches joiningthétitommon interosseous and the radial recurrent vessefgesent
(see Figure 3 and Table 1 for a reference to these vesseisiyeFd displays the location of the 3D model into the 1D nekvaord
the results in terms of pressure and flow rate at the coupiiegfaces. Positive flow rate is always defined in the prokimwalistal
direction. Notice the change in the pressure wave form asudtref the vessel distensibility, and recall that blood fliitribution
is mostly dictated by resistive parameters representiagaiscular territories.
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Figure 9: Pressure and flow rate at coupling interfaces tatiiee 3D and the 1D models.

In Figure 10 the pressure field in the 3D geometry is preseattéalir time instants in the cardiac cycle. Observe the Bioer
of the pressure gradient right after systole. This chandkardirection of the pressure gradient is responsible fepilesence of
Womersley-like velocity profiles during diastole, as seethie same figure. Also, observe the high complex patternaaidoflow
at the posterior and anterior recurrent ulnar branchesiramzmn feature during the entire cardiac cycle. This featsiabsolutely
neglected when making use of 1D modeling, which may causmpadt on the flow rate wave form and the mean flow direction
as observed in Figure 9. In such figure, it is observed thatigen flow rate through these ulnar branches is negativedimgtthe

3D bifurcation), pointing out that these are natural amastic branches present in the elbow which form a graft withréecurrent
interosseous artery.
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t/T = 0.250 (systole)
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Figure 10: Pressure and velocity profiles in several slitekféerent time instants during the cardiac cycle. Also, a defiaihe
velocity field is shown at the ulnar artery and its recurreaniches.

7 Conclusions

In this work, an highly detailed model of the vasculaturehsf &rm has been developed. Calibration of geometrical aneriaia
parameters has been accomplished following anatomicaphysiological considerations. In addition, the estinratd resistive
parameters in terminal models accounting for peripherdsb@s been achieved according to the physiological cleaistiats of
vascular territories. Pressure pulse waves obtained fremenical simulations are in agreement with patient recotdsview
of the highly detailed anatomical description of the agtetopology, this kind of model infrastructure serves as lmtatory
for simulating reconstructive surgery procedures, amahgrs. Indeed, its application to the outcomes of radiabdwsting for
coronary revascularization is being a matter of currerdaesh. Finally, the possibility of performing dimensidgaieterogeneous
modeling with the aim of analyzing local hemodynamics incekof interest is worth exploring. In this work, its apptioa to
the study of the blood flow at the brachial bifurcation legdio the radial and ulnar vessels has been presented. liévbelthat
with this kind of detailed model trully physiologically arahatomically detailed simulations of the cardiovascularasnics are
possible. 22
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