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INNOVATIVE METHODOLOGY

Complementing sparse vascular imaging data by physiological adaptation rules
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Abstract

Mathematical modeling of pressure and flow waveforms in blood vessels using pulse wave propagation (PWP) models has tre-
mendous potential to support clinical decision making. For a personalized model outcome, measurements of all modeled vessel
radii and wall thicknesses are required. In clinical practice, however, data sets are often incomplete. To overcome this problem,
we hypothesized that the adaptive capacity of vessels in response to mechanical load could be utilized to fill in the gaps of
incomplete patient-specific data sets. We implemented homeostatic feedback loops in a validated PWP model to allow adapta-
tion of vessel geometry to maintain physiological values of wall stress and wall shear stress. To evaluate our approach, we gath-
ered vascular MRI and ultrasound data sets of wall thicknesses and radii of central and arm arterial segments of 10 healthy
subjects. Reference models (i.e., termed RefModel, n = 10) were simulated using complete data, whereas adapted models
(AdaptModel, n = 10) used data of one carotid artery segment only, and the remaining geometries in this model were estimated
using adaptation. We evaluated agreement between RefModel and AdaptModel geometries, as well as that between pressure
and flow waveforms of both models. Limits of agreement (bias+2 SD of difference) between AdaptModel and RefModel radii
and wall thicknesses were 0.2+2.6mm and —140+557 um, respectively. Pressure and flow waveform characteristics of the
AdaptModel better resembled those of the RefModels as compared with the model in which the vessels were not adapted. Our
adaptation-based PWP model enables personalization of vascular geometries even when not all required data are available.

NEW & NOTEWORTHY To benefit personalized pulse wave propagation (PWP) modeling, we propose a novel method that,
instead of relying on extensive data sets on vascular geometries, incorporates physiological adaptation rules. The developed
vascular adaptation model adequately predicted arterial radius and wall thickness compared with ultrasound and MRI estimates,
obtained in humans. Our approach could be used as a tool to facilitate personalized modeling, notably in case of missing data,
as routinely found in clinical settings.

computational model; hemodynamics; imaging; sparse data; vascular adaptation

INTRODUCTION

Pulse wave propagation (PWP) models, as governed by
the 1-D equations of momentum balance and mass conser-
vation (1), describe propagation of pressure-flow waves
within networks of (elastic) tubes. In cardiovascular
research, PWP models have been applied to relate changes
in blood flow characteristics [e.g., mean flow rate or sys-
tolic blood pressure (2)] to vascular pathologies, such as ar-
terial stenosis (i.e., local narrowing of blood vessels) and
aneurysms (i.e., pathological widening of blood vessels).
PWP models are also used to predict the outcome of inter-
ventions in individual patients (3-6). Personalized clinical
applications of PWP models require patient-specific clini-
cal data to parameterize the model.
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However, personalization of PWP models is usually ham-
pered because only limited clinical data are available owing
to time constraints, accessibility, procedural costs, or loss
of data. One way to deal with sparse clinical data is to per-
form an extensive sensitivity analysis to help prioritize
the PWP model parameters that require patient-specific
measurements (7). Another option is to reduce model
complexity, reducing the number of 1-D arterial branches
within an arterial domain, by lumping them into less
complex 0-D Windkessel models instead (8). Among cav-
eats of lumping vascular networks into Windkessel is that
the spatial information of the distributed arterial proper-
ties is lost (8). This hinders applications in which the
model is used to assess amongst others peripheral to aor-
tic transfer function, arterial parameters, heart-vessel
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interactions, or optimal arteriovenous fistula configura-
tion in patients with renal disease (2).

In the present paper, we propose a completely different
and innovative approach to complement sparse data on arte-
rial radius and wall thickness by utilizing knowledge of the
adaptive capacity of the human vasculature in response to
mechanical stresses.

Arteries are sensitive to changes in mechanical stresses.
These changes typically drive normal development but also
govern disease-related vascular adaptations, e.g., in hyper-
tension (9). Within the arterial wall, several types of cells (i.
e., vascular smooth muscle cells, fibroblasts, and endothelial
cells) are sensitive to an offset in mechanical stress from
homeostatic values (10). Two types of mechanical stress are
relevant in this homeostatic process: wall shear stress (i.e.,
stress developed by friction of the blood flow at the blood-
wall interface; order of magnitude of 1Pa) and wall stress (i.
e., stress in the vessel wall developed by transmural pressure;
order of magnitude of 10°Pa) (11, 12). As a result of changes
in wall (shear) stress, cells can mediate changes in the vessel
wall by 1) remodeling and/or turnover of cell products aim-
ing to restore mechanical homeostasis and 2) altering the
vasoactive state of a vascular smooth muscle cell (10). At
macrolevel, such adaptation processes affect arterial radius
and wall thickness (9, 10, 13). We hypothesize that radius
and wall thickness can be estimated by incorporating adap-
tation rules in the PWP model, which respond to wall shear
stress and wall stress as generated by the model itself.

In the present analysis, we assess whether incorporating a
model of the above-described adaptation processes into a
validated PWP model (14) is beneficial for model personaliza-
tion. To this end, a generic arterial tree describing the central
arteries and the arteries of the left arm was considered. The
generic tree was parameterized using generic data on arterial
segment length and arterial radius, wall thickness, and wall
stiffness (5, 15). Using measured data gathered from 10
young, healthy subjects, we first performed simulations
using a reference PWP model fed by the entire clinical data
set. Subsequently, simulations were performed using a PWP
model with generic data, fed by a subset of the clinical data
set. This subset contains subject-specific flow, distensibility,
and pressure measurements, as well as a subject-specific ra-
dius and wall thickness for the left carotid arterial segment
in the model. For all remaining arterial segments, radius and
wall thickness were estimated by the adaptation model.
Model-estimated tube geometries and pressure and
flow waveforms were compared with the reference data.
Additionally, a variance-based sensitivity analysis was con-
ducted to quantify to which extent error in the model-esti-
mated geometries, as well as in pressure and flow waveform
characteristics, changed when varying the adaptation model
parameters.

METHODS

Imaging and Hemodynamic Data

Ten young, apparently healthy volunteers (5 male,
25+ 3yr) were recruited to undergo ultrasound (US) and mag-
netic resonance imaging (MRI) examination. Exclusion crite-
ria were smoking history or current smoking, diabetes, and
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the standard MRI contraindications, such as metallic devices
and implants, epilepsy, pregnancy, and severe claustropho-
bia. The study was approved by the medical ethics commit-
tee of the Maastricht University Medical Center, and written
informed consent was obtained from all volunteers before
enrolment. A detailed description of data acquisition and
processing steps is given in the APPENDIX, and a brief sum-
mary is given here.

Repeated oscillometric measurements of brachial blood
pressure were obtained. Subsequently, applanation tono-
metric waveforms were obtained at the left common carotid,
left brachial, and left radial artery. Local carotid and radial
blood dynamic pressures were obtained by calibrating tono-
metric waveforms (16).

Two-dimensional longitudinal US recordings of the left
brachial, left radial, left ulnar, and left common carotid ar-
tery were acquired using a US machine equipped with a 4- to
13-MHz linear array probe. Diastolic diameter and distension
(i.e., difference between systolic and diastolic diameters)
were automatically determined using built-in wall-tracking
software. Doppler-based volume flow measurements were
obtained at the brachial, radial, and ulnar artery. Wall thick-
ness was measured for the carotid artery using dedicated
software that automatically delineates media-adventitia ech-
oes of near and far walls (Fig. 1).

Distensibility (Do) of the brachial, radial, and carotid ar-
tery was estimated from ultrasound-based measurements of
diastolic and systolic diameters in conjunction with the local
blood pressure estimates.

All tonometric and ultrasound measurements were per-
formed by a vascular research technician (J.O.R.).

Within 1 h after the US examination, noncontrast enhan-
ced MRI was performed using a 3T clinical magnetic reso-
nance (MR) system (Ingenia CX, Philips Healthcare, Best,
The Netherlands). First, a 3-D respiratory-navigated ECG-
triggered T2-prepared turbo field echo sequence was per-
formed, covering both the aortic arch with its branches and
the ascending and descending aorta. After reconstructing
this 3-D data into coronal, sagittal, and transversal views, 2-
D imaging planes were selected perpendicular to the ascend-
ing aorta, brachiocephalic artery, left common carotid ar-
tery, left subclavian artery, and the descending aorta (Fig. 1).
On each of these locations, both an anatomical scan (2-D
black-blood turbo spin-echo) and a quantitative flow scan (2-
D phase-contrast) were performed during breath hold. The
anatomical scans were used to determine the lumen diame-
ter of the vessels, which was measured from inner edge to
inner edge, i.e., intima to intima, in both the anterior-poste-
rior and right-left directions, and then averaged. Further-
more, we determined wall thickness for the ascending and
descending aorta only. Sufficient contrast of the vessel wall
that allows for accurate wall thickness assessment was
obtained in only specific directions. When moving from the
vessel center outward, these directions were found to be
from the center of the vessel orthogonal to the medial, lat-
eral, posterior, and anterior sides. In case two or more wall
thicknesses could be determined, the average of these wall
thickness measurements was taken. The quantitative flow
scans were acquired with 25 cardiac phases in three velocity-
encoding directions (right-left, anterior-posterior, and feet-
head) using a velocity encoding (VENC) of 200cm s~ L.
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Figure 1. An example of the clinical data used. A: locations of scan planes for each measured artery (i.e., ascending aorta, descending aorta, brachioce-
phalic, left carotid, and left subclavian artery). B: quantitative flow images for the feet-head encoding direction (left) and anatomical images (right), as
obtained for each scan plane. C: vascular ultrasonography measurements. *Indicates a different approach for the carotid artery, where carotid artery
flow was acquired using MRI and carotid diameter was obtained by ultrasonography. The latter was chosen because of the superior spatial resolution of

the ultrasound data over the MRI data.

Specific details of the used MR sequences are given in Table
Al. All MR measurements were obtained by an experienced
cardiac MR operator (R.J.H.), and the analysis of the vessel
diameters and wall thicknesses was performed by an experi-
enced reader (B.P.A.) at the Department of Cardiology.

Subject characteristics and measured variables are
presented in Table 1. Data on vascular geometry, flow,
and blood pressure were either directly obtained using
the devices’ built-in software or from offline analysis by
trained investigators. Compliance (Co) was assumed
linear around reference pressure, po (i.e., C~Co=
%'P:po) (5, 17). Distensibility (Do) of the brachial, radial,
and carotid artery was estimated from the actual compli-
ance (C). It then follows that distensibility can be
approximated using (Do = Co/Ap). Substitution of Cy =
AA/Ap into the aforementioned equation yields Dy = AA/
ApAyp. Note that we can obtain AA from vascular ultra-
sound measurements and Ap from pressure and tonome-
try measurements. Given these assumptions, we may
write
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Here, Ao represents reference lumen area, expressed as nrg,
where rg is the arterial radius at mean arterial pressure. The
radii 7sys and rgi, are the systolic and diastolic radii, respec-
tively, and Ap is the local pulse pressure.

Model Description

Pulse wave propagation model.

A validated PWP model (14) was used to compute pressure
(p) and flow (gq) waveforms within a network of systemic ves-
sels describing large central arteries and the middle- to
smaller-size arteries of the left arm (Fig. Al). A detailed
mathematical description of this model is provided in the
APPENDIX.

Adaptation model.
The adaptation model is based on two phenomena, as
observed in vascular physiology. On the one hand, we
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Table 1. Overview of characteristics and measured variables in 10 subjects

Subject Characteristics A B E F G 1 J
Age, yr 26 23 27 25 25 30 27 22 20 27
Sex, m/f m m f f m f m f f m
Height, m 1.87 1.81 1.79 171 177 1.76 1.81 1.68 173 1.81
Weight, kg 68 60 90 68 69 66 69 56 63 68
Heart rate, beats/min 85 57 60 68 61 72 47 35 76 68
Arterial diameters, mm
Ascending aorta 31.6 259 24.3 227 281 325 245 20.9 235 27.6
Descending aorta 205 19.5 19.6 17.2 20.9 19.3 20.8 13.5 15.3 18.2
Left carotid artery 6.8 6.6 7.8 7.4 7.2 7.3 7 7 6.4 6.9
Brachiocephalic artery 1n.3 10.3 12.9 10.6 10.6 12.7 10.6 6.3 12.2 13
Left subclavian artery 9.3 9.3 8.3 7.8 9.4 71 7.4 4.6 8.2 9.3
Left brachial artery 4.8 4.2 39 341 45 3.2 3.4 35 341 47
Left radial artery 2.7 2.7 2.2 17 2.8 2.4 2.4 2.3 1.6 2.8
Left ulnar artery 3 2.6 2.4 3.6 35 2.8 2.9 2.2 1.6 3.2
Arterial distension, um
Left carotid artery 581 888 692 624 851 618 674 966 826 634
Left brachial artery 149 133 145 316 88 28 101 95 54 213
Left radial artery 35 56 35 24 29 26 40 19 23 33
Left ulnar artery 61 73 53 Ul 66 27 35 17 24 63
Arterial wall thickness, ym
Ascending aorta 1,440 1,430 2,050 1,180 1,690 1,710 1,500 1,220 1,500 1,700
Descending aorta 1,280 1,260 1,270 1,330 1,490 1,440 1,560 900 1,030 1,520
Left carotid artery 441 398 472 603 562 574 589 556 353 412
Mean flow, mL/min
Ascending aorta 8,722 5,570 6,255 6,897 6,810 7,449 3,636 3,194 5,973 6,306
Descending aorta 5,477 4,447 3,175 4,798 4,952 5,928 2,738 1,823 3,863 4,488
Brachiocephalic artery 1,171 734 730 1,130 1,203 1,192 518 718 751 934
Left carotid artery 382 259 290 276 395 339 325 260 382 446
Left subclavian artery 657 346 526 472 408 622 232 173 413 444
Left radial artery 20 23 6 6 9 13 20 9 7 24
Left ulnar artery 22 23 4 20 32 14 75 8 6 14
Distensibility, 10 ®Pa~"
Left carotid artery 30.6 41.8 35.2 43 62.2 60.8 327 52.7 47.8 29.7
Left brachial artery 9.6 83 1n.5 383 54 7.2 7.2 9 7.3 124
Left radial artery 31 47 7.5 4.8 45 1.8 4 1.8 3.5 2.6
Systolic/diastolic pressure, mmHg
Left brachial artery 123/74 11/54 129/79 112/60 110/55 104/63 128/65 106/58 120/68 156/92
Left carotid artery 18/74 106/54 18/79 94/60 86/55 86/63 12/65 101/58 15/68 142/92
Left radial artery 138/74 121/54 133/79 115/60 109/55 101/63 130/65 129/58 134/68 161/92
Mean pressure, mmHg
Left brachial artery 94 74 96 75 67 63 84 75 87 m

consider wall thickness adaptation due to changes in wall
stress. Earlier work showed that increased wall stress due to
induced hypertension in rats is associated with a progressive
increase in wall thickness, eventually resulting in normaliza-
tion of wall stress to that during a normotensive state (9).

The increase in wall thickness has been attributed to vas-
cular smooth muscle cell hypertrophy, hyperplasia, and
increased amounts of elastin and collagen (9, 11). On the
other hand, we consider vessel radius adaptation due to
changes in wall shear stress (18). These changes are sensed
by endothelial cells that modulate vascular smooth muscle
cell tone, resulting in vasoconstriction or vasodilation
through nitric oxide production or washout (10, 19). If chang-
ing vascular tone is insufficient to normalize wall shear
stress, turnover of cell products will cause the artery to struc-
turally adapt (10).

Vessel wall thickness adaptation.

Wall thickness adaptation is known to occur in response to
changes in arterial wall stress with respect to some homeo-
static target wall stress, e.g., induced by long-term changes
in transmural arterial pressure (20, 21). Several researchers
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therefore modeled wall thickness adaptation based on this
hypothesis. However, the exact mechanism is still unknown,
and the exact homeostatic target wall stress for both arteries
and veins remains to be determined. Particularly, it is not
established yet which component of transmural pressure
(mean, systolic, diastolic, or peaks/transients in pressure, or
a combination of these) is responsible for triggering adapta-
tion. Central larger veins and arteries have a comparable ra-
dius and wall thickness and carry a comparable flow, but
these have a distinctly different transmural pressure (21).
With a single wall stress target value, the resultant wall thick-
ness adaptation in either the veins or arteries would lead to
unphysiological geometries. Therefore, in the present study,
we aimed for a single rule to govern adaptation of both
arteries and veins (or shunts), with only one single homeo-
static target value for both arteries and veins. To this end, we
also considered pressure components other than the hydro-
static to estimate wall shear stress triggers for wall thickness
adaptation. In the previous work, we showed that this
approach resulted in physiologically realistic wall thickness
adaptations in both arteries and veins (20, 22). Moreover, it
was found that our approach allows simulation of vascular
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growth or adaptation, with larger vessels responding to
model-generated local hemodynamic conditions (22). It
should be noted here that our adaptation rule considers only
the vessel level rather than the underlying and more com-
plex constitutive and mechanobiological aspects, which are
clearly different for arteries and veins (21).

Our modeling approach was as follows: Cross-sectional
wall area (Awan) Was changed in response to a relative devia-
tion of peak wall stress (of) from a target peak wall stress
(of.targer)- The change in Ayay is described by the following
equation:

Of n

ka
Awalln+1 = ( > - Awall - (2)

Of target
where n denotes the current adaptation cycle, and constant
ka > 0 governs the rate of adaptation. Note that vessel wall
thickness (i) follows from cross-sectional wall area and ves-

sel radius using h = / ‘% + 2 — r. According to our adapta-

tion rule, wall thickness is determined by the maximum
pressure (Pmax), being the sum of the component due to peak
pressure and a component related to whole body accelera-
tion, e.g., occurring during moderate jumping. The value of
Ortarget Was chosen equal to 400kPa so that the resulting
wall thickness in the circulatory system is physiologic (20).
The incorporation of the acceleration term is as follows. The
expression for pax is obtained, assuming that inertia forces
dominate over viscous forces:

Pmax = MaX (p) + MaxX(Zo - A) - Vimpact, (3)

where p is the blood pressure, Z, is the vessel’s characteristic
impedance, and A is the vessel’s lumen area. As a zero-order
approximation, we assume that a body jump from 0.5-m
height may induce an additional impact on the vessel wall
that still can be resisted. We based this height on earlier stud-
ies on human vertical jumping agility (23). At impact, assum-
ing no initial velocity and drag, body velocity Vimpact iS ~
\/2gh ~ 3.0m s .. Now we have found a first-order approxi-
mation of pmax, and we are able to derive an expression for oy.
Assuming blood vessels to be fiber-reinforced shells for which
homogeneity of mechanical load within the wall holds, wall
stress (oy) can be related to internal pressure (p) and the ratio
of cavity to wall volume (V/ Vi) using the expression given
by (20).

Vv
o = PiPmax (V— + Bz)> (4)
wall
where B and S, are dimensionless constants. We adopted
B1=3 and B,=0.5 (4). Substituting Eq. 3 in Eq. 4 and divid-
ing by the length of the vessel segment yield the following
expression for o
max(A) 1)

of = 3(max (p) + max (Zo - A) - Vimpact) | ——— + 5
Awall 2

(%)

Vessel radius adaptation.

We assumed changes in mean wall shear stress to be the
driving factor for vessel radius adaptation. An expression for
mean wall shear stress is given by
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where g is the mean flow rate. Vessel radius () was changed
in response to a relative deviation of mean wall shear stress
(tw) from a target wall shear stress (Tw target):

_ k.
T :
n41 = (- T (1 + "crit/rn) e (7)
Tw,target

Here, k, > 0 is the adaptation rate constant for radius adap-
tation. For large blood vessels, Murray’s law is known to
describe well the radii of consecutive branches in a tree-like
structure, when assuming local adaptation to a single wall
shear stress set point. However, with decreasing radius also
local fluid dynamics and hence rheological properties
change, which lead to deviations from the rule (24).
Therefore, we included in our rule the (1 + 7¢./7,) term to
implement that modeled vessels with a radius smaller than a
preset critical value (r..) adaptation significantly deviate
from the rule. We set r; to 0.45 mm based on earlier reports
on vascular smooth muscle cell length and their organiza-
tion within the arterial wall (25). We considered separate tar-
get wall shear stress values for central (denoted Ty target prox)
and distal (denoted Ty (argeraist) arteries. For central
arteries, represented in the model by tubes 1 to 8, we chose
Ty target,prox 0.3 Pa (26, 27). For distal arteries, represented in
the model by tubes 9, 10 and 12 t0 18, Ty target gist Was chosen
0.4 Pa (12, 28).

Simulations and Analysis

To assess the potential of our approach in completing
sparse data sets, we performed three sets of simulations: 1)
the PWP model without adaptation, but fed with the com-
plete clinical data set; 2) the PWP model including adapta-
tion, using a subset of the clinical data as input; and 3)
simulations to evaluate the effect of adaptation model pa-
rameters on output metrics. Details of these three analyses
are given below.

RefModel.
To obtain the reference PWP models (referred to as the
RefModel; Fig. 2), we prescribed for each subject:

1) The radius and wall thickness of all 18 modeled tubes.
For measured segments, we imputed measured values. For
arterial segments that were not measured, we obtained esti-
mates by applying a scaling for radius (Table A2) and for wall
thickness. For tube radius, we calculated a scaling factor
determined from the ratio between the measured diameter
of the left subclavian artery and its generic value (15). To esti-
mate wall thickness, we used vessel-specific ratios between
wall thickness and radius (i.e., the ratio h/r), assumed 0.10
for the aortic segments, 0.15 for the brachiocephalic, verte-
bral artery, and brachial artery, and 0.20 for the radial and
interosseous artery (5).

2) Ascending aortic flow rate (g;s(t)), obtained using PC-
MR, to the proximal node of tube 1.

3) The flow distribution to the periphery, as derived from
PC-MRI and Doppler measurements. Since flow measure-
ments for the interosseous artery were absent, we assigned
the same flow fraction to the interosseous artery as for the ul-
nar artery.
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Figure 2. Left: arterial segments: 1to 4: ascending, proximal arch, distal arch, thoracic aorta, 5: brachiocephalic, 6: carotid, 7: subclavian, 8: vertebral, 9 to
11: subclavian + brachial proximal, middle, distal brachial, 12 to 14: proximal, middle, distal radial, 15 to 17: proximal, middle, distal ulnar, 18: interosseous.
po denotes the subject-specific mean pressure and g;, the subject-specific inflow profile. Right: schematic overview of the simulation protocol used for

obtaining the RefModel and AdaptModel of each subject.

4) Reference pressure (po) using the mean pressure meas-
ured at the brachial artery.

5) Young’s modulus of the subclavian, axillary, brachial,
ulnar, radial, and interosseous artery. Using Eq. A5, the
measured Dy was translated to a Young’s modulus, to obtain
material stiffness values for the brachial, radial, and carotid
arterial walls. For the subclavian and axillary arteries, we
imputed Young’s modulus of the brachial artery, whereas for
the ulnar and interosseous arteries in the model, we imputed
Young’s modulus of the radial artery.

All other model parameters were kept at generic values as
given in Table A2.

AdaptModel.

To obtain the adapted PWP models, referred to as the
AdaptModel (Fig. 2), from the generic model (Table A2) we
used the following approach. First, we prescribed the subset
of the data, as described in steps 2 to 5 in the previous sec-
tion, and in addition, the radius and wall thickness of the left
carotid artery, to obtain preadapted models (Fig. 2). We then
initiated the PWP adaptation procedure on the preadapted
models, to estimate vessel radius and wall thickness for all
arteries in the model except the left carotid artery.

Supporting simulations.

Three sets of supporting simulations were performed to
characterize the adaptation model performance in detail.
First, we evaluated whether adaptation model-predicted
geometries converged to unique values. Second, pressure
and flow waveforms were generated by the AdaptModel
to waveforms generated by the RefModel, taking into
account the influence of measurement error of the refer-
ence data. Third, an analysis on the sensitivity of adapta-
tion model parameters (Gf,target: fwteu’get,prox: ‘Ew,target‘dist’
Ferito and Vimpac) on hemodynamic indices was per-
formed. Methodological details of these analyses are pro-
vided in the APPENDIX. Briefly, we expressed parameter
sensitivities using main and total sensitivity indices (29).
The main sensitivity index (S;) represents the expected
reduction in output variance (uncertainty) when the
exact value of parameter “X” is known exactly. In essence,
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it quantifies the contribution of a single parameter on its
own to the total output variance and can be used to
decide which model parameter is most relevant to deter-
mine more accurately (parameter prioritization). The
total sensitivity index (St) is the expected variance that
remains if all parameters are exactly known except pa-
rameter “X.” This index considers also interactions and
can be used to determine which parameters are nonim-
portant (i.e., parameter fixing). Furthermore, output var-
iance (a measure of output uncertainty) was also
calculated using the simulation runs we needed to deter-
mine the sensitivity indices.

Metrics for agreement between AdaptModel and
RefModel.

Agreement between model-estimated and reference radius
and wall thickness, as well as between AdaptModel and
RefModel pressure and flow waveforms, was quantified
using the root- mean-square errors given by

N
E I,:l(rref - "mod)z

E,, = s

N

Z?’: (prefﬁmedian(t) - pmod(t))2
7= 7Y ®)

Zizl(href - hmod)2
€, = N s

N 2

Zi:l (qref.,median([) - Qmod(f))

R (T/A)

Here, rmoq and hmeq represent model-estimated radius and
wall thickness, and r,.s and h,er represent reference radius
and wall thickness, respectively. Furthermore, pyo.q and
Jmod represent model-estimated pressure and flow wave-
forms, respectively. The waveforms prefsmedian aNd Grefmedian
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represent reference pressure and flow waveforms, respec-
tively, calculated as the median of the 40 RefModel realiza-
tions. Term (T/At) denotes the number of data points per
cycle and N the number of tubes. Only tube geometries
based on actual measurements were included in the calcula-
tion of ¢, (i.e., tubes 1, 4, 5, 7, 10, 13, and 16) and ¢, (i.e., tubes
land>5).

Comparison with simple scaling rule.

As a final evaluation to establish the merit of our adaptation
rule approach, we compared our outcomes with a simple
scaling rule. We obtained scaling factors by using the follow-
ing procedure. For each subject, we used the measured ca-
rotid artery radius and wall thickness (as given in Table 1)
and derived age-adjusted radius and wall thickness, based
on published regression models for radius and wall thickness
versus age (30, 31). Subsequently, for each subject, a scaling
factor was calculated based on the actually measured carotid
artery radius and wall thickness, on the one hand, and the
literature-derived ones, on the other hand:

) _ Tcarotid, measured 9
I'scaling factor = ) ( )
Fcarotid, literature

_ Tcarotid, measured
I'scaling factor = -
TI'carotid, literature

These scaling factors were subsequently used to scale the
remaining arterial radii and wall thicknesses of all other
blood vessels in the model domain. Table 2 shows 1) typical
values derived from the literature; 2) actual values, meas-
ured in this study using ultrasonography; and 3) scaling fac-
tors calculated as described above. We applied these scaling
factors to our generic arterial domain, and we quantified the
agreement between the resulting arterial radii and wall
thicknesses, and measured data.

Source Data and Code

Source data are available as an electronic supplement. The
computational model and sensitivity analysis code will be
made available by the authors upon reasonable request.

RESULTS

Convergence to Unique Vessel Geometry

Initiating the PWP adaptation framework from 10 sets of
take-off geometries around values given in Table A2, our ad-
aptation framework resulted in negligible variations in

adapted radius and wall thickness. The coefficient of varia-
tion (i.e., the standard deviation of the ten adapted geome-
tries divided by their respective mean and expressed as a
percentage) for tube radius was <4 x 10~*% and that for wall
thickness was <2 x 1071%.

Agreement between Model-Estimated and Reference
Geometry

Figure 3 illustrates for two subjects the comparison
between reference radius and wall thickness (black squares
and whiskers) and model estimations of radius and wall
thickness (red asterisks).

For the subjects presented in Fig. 3, errors in estimation of ra-
dius and wall thickness were small as evidenced by e, of 0.83
and 1.13mm and e, of 136 and 150 um, respectively. The radius
and wall thickness of proximal arteries, representing the seg-
ments of the aorta, were also reasonably captured by the adapta-
tion framework (Fig. 3). In Fig. 4, agreement between estimated
radius and wall thickness, on the one hand, and reference data,
on the other hand, is shown for all subjects (7 = 10).

Agreement was quantified only for the arteries for which
the radius (i.e., tubes 1, 4, 5, 7, 10, 13, and 16) and wall thick-
ness (i.e., tubes 1 and 5) was measured. Limits of agreement
(i.e., bias=2 SD of the difference) were 0.2+2.6 mm for ra-
dius and —140 + 557 um for wall thickness.

Additionally, the agreement between generic tube geome-
tries (Table A2) and subject data was inferior to that of the
model-estimated ones, as described by limits of agreement
of 1.6 + 3.4 mm for radius and 0.5 + 624 um for wall thickness.

Pressure and Flow Waveforms

Figure 5 exemplifies by subject A the results on pressure
and flow waveforms of the aorta, carotid artery, and radial
artery.

Pressure and flow waveform characteristics (i.e., mean, di-
astolic, and systolic values) generated by the AdaptModel®
agreed with the ranges found using the RefModel®.
Furthermore, p and g waveforms for central arteries appear
similar compared with those for median reference wave-
forms (e, = 1.5mmHg and 1.4 mmHg and ¢, = 7.6 mL-s " and
0.3 mL-s~%; Fig. 5). For the distal segment of the radial artery,
p and g waveforms increasingly differed from the median
reference waveforms (e, - 9.2mmHg and ¢; = 0.1 mL-s~%; Fig.
5). For the preadapted model, fed with subject-specific data
but with generic vascular geometries, pressure and flow
waveform (characteristics) significantly differed from the
RefModel®.

Table 2. Derivation of simple scaling values to evaluate our model adaptation approach

Subject Age,yr Literature Carotid IMT, um Literature Carotid Radius, mm  Actual Carotid IMT, um  Actual Carotid Radius, mm  hg,j; [

A 26 549 3.65 441 3.40 0.80 0.93
B 23 531 3.57 398 3.30 0.75 0.92
(@ 27 555 3.67 472 3.90 0.85 1.06
D 25 543 3.62 603 3.70 m 1.02
E 25 543 3.62 562 3.60 1.03 0.99
F 30 573 3.74 574 3.65 1.00 0.98
G 27 555 3.67 589 3.50 1.06 0.95
H 22 525 3.55 556 3.50 1.06 0.99

| 20 513 3.49 353 3.20 0.69 0.92
J 27 555 3.67 412 3.45 0.74 0.94
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For all subjects, pressure and flow waveforms generated
by the AdaptModel were in better agreement with reference
pressure and flow waveforms, as compared with those gener-
ated by the preadapted model. This is illustrated by the sig-
nificant reduction of, on the one hand, ¢, at the aorta by 49%
(i.e., from 7.4 to 3.8 mmHg) and, on the other hand, by the
reduction in ¢; by 36% (i.e., from 7.8 to 5.0 mL-s™Y), when
adapting the vessels (Fig. 6).

Sensitivity of Hemodynamics and Vessel Geometry to
Adaptation Model Parameter Variance

Main (S;) and total (St) sensitivities are given in Table A3.
The presented variances (VAR) may be interpreted as an
uncertainty measure.

Systolic and diastolic blood pressure was particularly sen-
sitive for the wall shear stress target value of proximal
arteries (Tw targetprox. Sis between 0.77 and 0.99). High total
sensitivities (St > 0.82) and relevant (i.e., 59 to 261 mmng)
variance values for each of these hemodynamic indices indi-
cate the necessity of establishing reliable estimates for
TWAtarget,prox.

Pulse wave velocity was sensitive to the wall shear stress
target parameter, for both proximal arteries (S; = 0.41) and
distal arteries (S; = 0.18). Variance in pulse wave velocity was
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0.24 (m s™Y?, which corresponds to a standard deviation of
v024=0.49ms .

Blood pressure amplification showed moderate sensitivity
for the wall shear stress target value of proximal arteries (S; =
0.075) and the critical vessel radius (S; = 0.23). Here, variance
of Apamp Was 0.027.

The root mean square error for the estimation of radius
(e,) was only sensitive for the target wall shear stress value of
proximal arteries (S; = 0.99). Interestingly, this metric was
not sensitive for the target wall shear stress value for distal
arteries nor for critical vessel radius. The associated variance
for e, was 0.126 m>.

The root mean square error for the estimation of wall thick-
ness (ej,) was sensitive for both the target wall stress (S; = 0.51)
and Vimpacr (Si = 0.097). The associated variance for e, was
0.0169 m? Note that several adaptation parameters are also
involved in interactions with other parameters (S — S; > 0),
which advocates for the global sensitivity analysis approach.

Comparison with Simple Scaling Rule

Figure A4 illustrates the Bland-Altman agreement
between measured radius and wall thickness values and
those obtained by applying a simple scaling rule.

Table 3 compares the bias and limits of agreement
between the adaptation rule and simple scaling rule
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approaches. For both radius and wall thickness, the ad-
aptation rule shows narrower limits of agreement, i.e.,
less variability of the estimates. Moreover, for radius the
bias was ~7 times smaller for adaptation than for
scaling.

DISCUSSION

The present study demonstrates the feasibility of predict-
ing vessel geometry by incorporating vascular adaptation in
a computational model of pulse wave propagation. This fea-
sibility comes much at hand if confronted with sparse data
sets on vessel geometry. Adaptation was based on the ability
of vascular cells to sense perturbations in wall stress and
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REFMODELA 60 60

wall shear stress and to mediate adaptation of vessel geome-
try to maintain mechanical homeostasis. A comparative
evaluation between our adaptation approach and reference
data demonstrated good agreement for geometry as well as
pressure and flow waveforms along the modeled arterial
domain.

Some aspects regarding our modeling assumptions war-
rant discussion. First, our model of radius adaptation is
based on the hypothesis of constant mean wall shear stress
regulation. The choice for mean wall shear stress was based
on experimental work performed in dogs, studying the wall
shear stress-radius relation under chronic increases in ca-
rotid artery flow. At 6 to 8 mo after the procedure, arterial
remodeling caused lumen radius to increase, causing
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Figure 5. Pressure (p) and flow (g) wave-
forms for subject A at three locations, i.e.,
the aortic arch (left), left carotid artery
(center), and left radial artery (right). The p
and g waveforms generated by the
AdaptModel are indicated by the black
curves. The p and g waveforms generated
by the RefModel are indicated by the gray
curves. The median p and g waveforms of
the reference waveforms are indicated by
the blue dotted curves. The p and g wave-
forms generated by the pre adapted
model (i.e., with the vessels not adapted)
are indicated by the red dashed curves.
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normalization of carotid mean wall shear stress (18).
Similarly, chronic decreases in carotid flow, imposed by liga-
tion of the artery, resulted in reductions in carotid diameter
(19). The second assumption relates to our model of wall
thickness adaptation. We chose to incorporate an additional
wall stress component, related to whole body acceleration
(Eq. 3). Our modeling assumption was based on findings
from a previous numerical study (20), illustrating the impor-
tance of incorporating the effect of whole body acceleration
to render physiological wall thickness values for both
arteries and veins. Further unraveling the exact mechanism
of vascular adaptation, and thus being able to improve our
physiological rule, is expected to result in even better estima-
tions of missing data in sparse data sets using our physiol-
ogy-based methodology.

For all subjects, limits of agreement between model-esti-
mated radius and reference data were in the order of magni-
tude of 2 mm for radius and 500 um for wall thickness. The
reported reproducibility of the ultrasound-based measure-
ment of dimensions lies between 0.2 and 0.3mm (28).
Furthermore, the theoretical ultrasound resolution for a
(7.5MHz) clinical vascular probe is 0.2 mm. Hence, we sub-
mit that our adaptation model yields reasonable estimations
for detailed arterial trees as the one considered for this study.
Moreover, the head-to-head comparison (Fig. 4 vs. Fig. A4,
and Table 3) demonstrated that, overall, the use of the adap-
tation rules leads to better estimates than the (more econom-
ical) simple scaling rules.

In general, agreement between pressure and flow wave-
forms generated by the AdaptModel and RefModel was
adequate for proximal arteries. For example in Fig. 5, root
mean square errors, €, and e,, were 1.4 to 1.5 mmHg and 0.3
to 7.6 mL-s ., respectively.
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For the distally located arteries, more pronounced differ-
ences in pressure and flow waveform shape were observed,
especially during diastole (Fig. 5). However, maximal differ-
ence in systolic, diastolic, and mean pressure between
adapted models and reference data was small. The predicted
systolic blood pressure in the ascending aorta was within
1mmHg of its median reference value (Fig. 5). In the context
of studies on noninvasive estimation of systolic central blood
pressure, which have reported an agreement of —1.3 +3.2 mmHg
(bias * SD, respectively), our method could yield clinically use-
ful estimations of aortic blood pressure (32). Similarly, esti-
mated peak flow rate was in good agreement with reference
values (difference in gsys within 10%; Fig. 5). Furthermore, the
root mean square errors (eg4, Fig. 5) for flow rate were accepta-
ble in the context of errors found in an in vitro study under
steady flow conditions (33). Peak flow rate predictions from
PWP models could be used to define boundary conditions in,
e.g., aneurysm rupture risk assessment studies using subject-
specific computational fluid dynamics (2). In an earlier study,
peak wall shear stress was found indicative of aneurysm rup-
ture risk (34).

The variance-based sensitivity analysis, quantifying how
model output is influenced by changes in adaptation model

Table 3. Agreement between estimated and measured
radius and wall thickness as determined when applying
an adaptation rule or a simple scaling rule

Radius, mm Wall Thickness, jim
Bias 2 SD of difference  Bias 2 SD of difference
Adaptation rule 0.2 2.6 —140 557
Simple scaling rule 1.4 33 —-170 693
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parameters, clearly pointed out that adaptation model pa-
rameters should be determined for specific applications. For
example, mean wall shear stress varies between healthy and
diseased subjects, between arteries within the same subject,
and also across species (12). In choosing adequate adaptation
model parameters, one could use values from earlier reports
on measuring mean wall shear stress and wall stress in vari-
ous species, in various types of patients as well as in different
settings (8, 13, 35, 43). Sensitivity analysis indicated that ad-
aptation parameters for radius adaptation (i.e., the target
wall shear stress value for proximal arteries) influence the
outcome of wall thickness adaptation. This interdependency
follows from our formulation of adaptation (Egs. 2 and 7)
and is based on physiology where wall stress also depends
on vessel radius, which in turn is regulated by changes in
flow rate (10).

Previous Work on Modeling Vascular Adaptation

Previous studies modeled vascular adaptation through
stress growth laws (35) or considered adaptation in exten-
sive growth and remodeling frameworks (36, 37). Such
vascular adaptation models often assessed local arterial
wall mechanics on the structural level through constitu-
tive equations (26). This allows for constitutive models to
resemble a specific artery, for example, the basilar artery
as in Valentin et al. (38). Herein, physiologically realistic
time courses of elastin-collagen matrix turnover, remod-
eling, and vascular smooth muscle cell tone in altered
flow and intramural pressure situations were obtained
(35, 38). In contrast to the aforementioned works, our cur-
rent implementation of vascular adaptation does not take
into account residual stresses, local stress distribution,
and constituent-specific stresses. Instead, our implemen-
tation of vascular adaptation, relying on only five model
parameters (i.e., Gfrargets Twitarget,proxsTw targetdists Verit» and
Vimpact) Can be considered as a generalization of these
more extensive frameworks. Of note, despite our simpli-
fied physiological hypotheses in modeling vascular adap-
tation, we were able to adequately predict vessel geo-
metry and hemodynamics.

Limitations

Comparative evaluation between measured vascular geo-
metries and those estimated by our adaptation model was
possible for a sufficiently large number of arterial segments
(70 for radius and 20 for wall thickness). Analyses regarding
pressure-flow waveforms required input of the geometries of
all modeled arteries. To achieve this, we had to calculate
scaling factors to gain estimates for arteries that were not
measured. Conclusions on the validity of model estimations,
especially those containing assumptions regarding geome-
tries of nonmeasured arteries, should be taken with some
caution. Therefore, it should be emphasized that the present
study does not validate our methodology, but it serves to
illustrate the usefulness of our PWP adaptation framework
when confronted with incomplete patient-specific data sets.

Our PWP adaption model requires imputation of one ca-
rotid arterial diameter and wall thickness value. Both the ac-
quisition technique and the software we used have already
been employed in various clinical-epidemiological studies

[summarized in Engelen et al. (30)] and are furthermore
found to be highly reproducible. We do expect some influ-
ence on model predictions in case end users impute data
that are noisy or are hampered by measurement uncertainty
(“garbage in is garbage out”). However, a possible advantage
of using physiology-driven adaptation rules to predict vascu-
lar diameter and wall thickness is that such an approach
may also help identify unrealistic input data.

Possible Future Developments

Next to mechanical stimuli, metabolic stimuli (e.g.,
partial oxygen pressure) are known to influence the adap-
tation of vascular diameter and wall thickness (10, 39).
Modeling vascular adaptation based on both mechanical
and metabolic drivers has shown to result in the forma-
tion of stable microvasculatory networks (40). We expect
that incorporation of such metabolic feedback loops into
our PWP adaptation framework could benefit its region of
applicability, notably when modeling peripheral parts of
the circulation in more detail. Extension of our model
with rheological properties should be explored in the
future studies. An example of a PWP in which non-
Newtonian properties were considered was published by
Ghigo et al. (41).

It has been suggested that various disease states may alter
the adaptive capacity of blood vessels in response to shear
stress (e.g., in diabetes mellitus or end-stage renal disease (3,
42-44). Differences between actual blood vessel geometries
and those predicted assuming healthy adaptation for these
patient groups could provide insight on alterations in or dys-
function of the adaptation mechanism in diseased patients.
For future studies, a hypothesis could be that vessels of dia-
betic patients with disrupted endothelium would have a
reduced or dysfunctional response to shear stress.

CONCLUSIONS

We incorporated an adaptation framework based on
normalization of wall stress and wall shear stress in blood
vessels into a 1-D pulse wave propagation (PWP) model.
Our PWP adaptation framework calculates pressures and
flows in blood vessels but does not require full parameter-
ization of the arterial domain. Instead, it considers adap-
tation processes to adequately predict arterial radius
(bias+2 SD of difference equal to 0.2+2.6 mm) and wall
thickness (—140 =557 um). Such an approach could bene-
fit personalized modeling, notably in the case of missing
values and sparse data sets as routinely occurs in clinical
settings.

ENDNOTE

At the request of the authors, readers are herein alerted to
the fact that the source data related to this manuscript may
be found at https://doi.org/10.5281/zenodo0.4110704. These
materials are not a part of this manuscript and have not
undergone peer review by the American Physiological
Society (APS). APS and the journal editors take no responsi-
bility for these materials, for the Web site address, or for any
links to or from it.

J Appl Physiol « doi:10.1152/japplphysiol.00250.2019 - www.jap.org 581
Downloaded from journals.physiology.org/journal/jappl at Universiteit Maastricht (137.120.145.038) on July 3, 2023.


https://doi.org/10.5281/zenodo.4110704
http://www.jap.org

() COMPLEMENTING SPARSE VASCULAR IMAGING DATA SETS

GLOSSARY
Symbol Unit Meaning

General

n Pas blood dynamic viscosity

p kg~m’3 blood density

t S time

v, % coefficient of variance for tube
radius

Vi % coefficient of variance for tube wall
thickness

PWP model

oo - characteristic Womersley number

i - Poisson’s ratio

) - convection term multiplication factor

& - fraction of lumen area with inertia-
dominated flow

A m? vessel lumen cross-sectional area

Awall m? vessel cross-sectional wall area

Cpulse m-s~" carotid-to-radial pulse wave velocity

c m%Pa~'  area compliance

Cart m3-Pa~" arterial compliance

Do pa~ distensibility

[E Pa Young’s modulus

h m vessel wall thickness

L Pa-s>m~* inertance per unit length

p Pa transmural pressure

g m3.s™' flow rate

r m vessel lumen radius

Ry Pa-s-m~> peripheral resistance

z m axial vessel coordinate

Zo Passm~3  characteristic impedance

Vascular adaptation

Of target Pa peak wall stress target value

Tz prie Pa wall shear stress target value for
proximal arteries

Trarget,distal Pa wall shear stress target value for dis-
tal arteries

Ka - wall thickness adaptation feedback
factor

k. - radius adaptation feedback factor

Terit m critical vessel radius for radius
adaptation

Vimpact m-s™" body impact velocity

APPENDIX

Expanded Methods and Results

Blood pressure and tonometry measurements.

Prior to measurements, subjects were rested at least 10 min in
the supine position during which oscillometric blood pressure
measurements were obtained at the left upper arm (Omron
705IT, Omron Healthcare Europe, The Netherlands). After
10 min, tonometric waveforms were obtained at the brachial,
radial, and carotid artery (Sphygmocor, AtCor Medical,
Sydney, Australia). The raw arterial tonometry waveforms
were used to obtain calibrated local blood pressure waveforms
using the method described by Kelly and Fitchett (16). First,
the tonometric waveform of the brachial artery (i.e., consid-
ered the reference artery) was calibrated using the oscillomet-
ric systolic and diastolic blood pressure values. Mean brachial
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pressure was then calculated as the numerical integral of the
calibrated brachial waveform divided by pulse duration.
Subsequently, the local pressures of the target arteries (i.e., ca-
rotid and radial) were obtained by calibrating tonometric
waveforms using diastolic and mean brachial blood pressure
assuming the difference between mean pressure and diastolic
pressure to remain constant over the arterial tree (16).

Ultrasound Imaging

Ultrasound (US) measurements were performed immediately
after tonometry measurements. Diameter measurements were
performed at the brachial, radial, ulnar, and carotid artery
using an ESAOTE MyLab One (ESAOTE, Maastricht, The
Netherlands) scanner equipped with a 4- to 13-MHz linear
array probe (SL3323). Diameter waveforms were obtained by
means of an RF-based echo wall-tracking tool (RFQAS,
ESAOTE, Maastricht, The Netherlands). At the same locations,
flow velocity waveforms were obtained by pulsed wave
Doppler, with the sample volume set to cover the entire lumen.
Carotid artery intima-media thickness was obtained using an
automated software tool (RFQIMT, ESAOTE, Maastricht, The
Netherlands).

Diameter waveforms and intima-media thickness values
were obtained as averages of at least four heart beats. Radial
and ulnar flow velocity curves were automatically traced by
the US machine, and mean flows were also obtained as aver-
ages over 4 to 6 heart beats, by multiplying diastolic lumen
area with mean flow velocity.

Both the RFQAS and RFQIMT software are considered
reference methods for measuring diameter, distension, and
IMT, respectively (45, 46). Previously, our group established
reproducibility values of RFQAS-based carotid artery diame-
ter and distension measurements equal to 220 um for dia-
stolic diameter and 35um for distension, respectively (47).
In the same study, reproducibility of IMT measurement
using RFQIMT was found to be 40 um.

MR Imaging

An overview of MRI sequence parameters is provided in
Table Al. Quantitative flow scans were analyzed using CAAS
MR Flow v1.2 (Pie Medical Imaging, Maastricht, Netherlands).
By indicating the vessel of interest, vessel contours were
automatically detected on all cardiac frames. When nec-
essary, manual adjustments were performed by a cardiol-
ogist (B.P.A.) who is trained and experienced in analyzing
quantitative MR flow measurements. After accepting all
contours, the flow, maximum velocity, minimum veloc-
ity, mean velocity, and vessel area were calculated per
cardiac phase and per flow-encoding direction. The net
flow and net maximum velocity of each vessel were calcu-
lated using the data of all three flow-encoding directions.
Black blood vessel wall images were analyzed using CAAS
MR Viewer v4.3.

Pulse Wave Propagation Model

We modeled blood vessels as linear thick-walled elastic
tubes. Blood was assumed to be incompressible and
Newtonian. Furthermore, gravity forces and leakage along
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the length of the tube were neglected. Applying conserva-
tion of mass and the momentum equations, and integrating
over the vessel’s cross section, yield the governing equations
(24, 30):

dp Oq
L2 _0 Al
‘o %Y (A1)
p(O , Oy\ Op 2
Z <5 + E) + & = - Tw- (AZ)

where p =p(z,t) is the pressure, g=q(z,t) is the flow rate,
A=A(zt) is the cross-sectional lumen area, and z is the
axial vessel distance. The parameter C= C(z) denotes the
vessels’ area compliance, constant p is the blood density,
and ris the radius using r(z,r) = \/A/n. Variable 1, denotes

wall shear stress, and 22 denotes the convection term,
with y being the axial blood velocity (v,) squared inte-

v2dA. To
A
be able to solve the above equations, we need a good
approximation for 1y, and ? in terms of p and g in combi-
nation with a constitutive law between A and p. For this
purpose, we used the approximate velocity profile, intro-
duced earlier (48) that approximates the Womersley pro-
file in the time domain. The wall shear stress is then
given by

grated over the cross-sectional area, i.e., y :J

2 "
ty = g+ 2(1-0)

dp
A—Cyra 5 (43)

2

with ¢, = <max[0,1—u—f2} ) Constant n is the dynamic
0

blood viscosity, (. is the fraction of cross-sectional area

with inertia-dominated flow, and « is the characteristic

Womersley number, given by op = 2?31". Here, Ag

denotes reference area, po the reference pressure, and T
the cardiac cycle duration. For two limiting cases, given
by 0o < V2 and oo > V2, we obtain (. ~ 0, describing a
Poiseuille profile and {. ~ 1, describing a flat velocity pro-

file. Using the approximate velocity profile, % is esti-

mated by £ (5‘2—2). The expression for factor § is given
by (48)
5 2-2(1-InC)
(1 - Cc)z
In this study, compliance was assumed linear around
reference pressure, po (i.e., C =~ Co = % p:po). For a thick-
walled elastic tube, an expression for C, was mathemati-
cally derived by Jager (49) and applied by Westerhof et
al. (50):

(A4)

22 (1— 2 3
23 (7’0(,% 2 41+ (2,1’—; + 1))
B+ 1) |
Constant p is Poisson’s ratio, E is Young’s modulus, and
ro and hg denote reference radius and wall thickness, respec-

tively. The area change as a function of pressure can be esti-
mated as

Co = (A5)
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A(z,1) = Ao + Co(p — po), (46)

when assuming small pressure changes with respect to the
reference pressure and a linearized (constant) area compli-
ance.

Governing Equation for the Periphery

The contribution of the peripheral vasculature at each arte-
rial terminus was lumped in a three-element WindKkessel
model (Fig. Al). Characteristic impedance (Z,) represents
the lossless wave impedance at the entrance of a peripheral
vascular bed. Peripheral resistance (Rp,) represents total re-
sistance of a peripheral vascular bed, and peripheral compli-
ance (C,) represents total compliance of a peripheral
vascular bed. We chose Z, of peripheral vascular beds that
terminate the brachiocephalic artery, carotid artery, and the
thoracic aorta, equal to /L/C, with L and C, respectively,
the inertia and compliance at the terminal node of the arte-
rial segment. This was chosen to avoid nonphysiological
reflections at high frequencies (i.e., >3 times the heart fre-
quency). Pressure at the end of the Windkessel was kept at
0 mmHg. Furthermore, extravascular pressure of tubes was
kept at 0 mmHg. Windkessel resistance (R,) and compliance
(Cart) were based on the subject-specific flow distribution to
each arterial branch, determined using a method described
earlier (51).
The differential equation governing the relation between
pressure and flow is given by Reymond et al. (15):
9 1 9p P (1 ) ) q
ZORpCart Rp ZOCart .

o Zo 3 (47)

Previous works chose distal Z, based on a fixed fraction
of R, or used a single resistor to terminate small arterial
branches (15, 52). Here, we explicitly assumed Z, < R, by fix-
ing Z, at 10 2Pa s m 2 for peripheral elements terminating
the vertebral, radial, ulnar, and interosseous artery (53).

Numerical Implementation of the PWP-Adaptation
Framework

Coupling and solving of 1-D mass conservation and momen-
tum balance equations (i.e., Egs. AI and A2) and the 0-D
equation for pressure and flow in the periphery (Eq. A7) was
performed using a previously published method (14). We
used a simplified trapezoidal scheme for spatial discretiza-
tion. The second-order backward difference scheme was
used for time discretization. We chose an element size (i.e.,
Az, indicating the distance between nodes) of 0.01m, as this
resulted in adequate numerical convergence (14). A sche-
matic overview of the PWP adaptation framework is shown
in Fig. A2.

Nodal pressures were solved for globally and nodal flows
were subsequently computed from the pressures on element
level (Fig. A2). The method used for solving the system of O-
D and 1-D equations has been tested earlier in a benchmark
study, showing reliable results (54). Convergence of the cal-
culated hemodynamics was evaluated after each simulated
cardiac cycle. Hereto, the calculated nodal pressures, p(t), of
the current cycle (n) were compared with those of the previ-
ous cycle (n — 1). An expression for the hemodynamic con-
vergence norm (¢) is given as a relative root mean square:
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vascular segment
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Figure A1. Overview of modeled domain describing the arteries of the aorta and carotid, and the arteries of the left arm. Generic tube properties can be

retrieved from Table A2.

r 2
E I=O( ;,n - p;,nfl)
T 2 )
> v

where i is the nodal point number. Following hemodynamic
convergence, arterial radius and wall thickness of nodes
were adapted based on the adaptation rules. For the next
cycle (n=n + 1), it was evaluated whether £ was still below
the convergence criterion and whether the model-estimated
wall stress and mean wall shear stress had converged to their
respective target values (Fig. A2). Adaptation convergence
was evaluated by calculating the relative error of wall stress
and wall shear stress given by

€ = max;

(A8)

Pulse wave propagation
P nodal pressures

q nodal flows

simulation start
p ptAt—o =0

q qt+At—0 t=0

next cycle

€a(e) = max(| e 1)), (A9)

with (.):{M T

GfmaX,tharget} Here, ofy,; and Tyy,; denote
the wall stress and mean wall shear stress values for
tube N, respectively. We kept the hemodynamics and
adaptation convergence criteria at 10> to ensure com-
plete adaptation. In Fig. A3, a representative example
of adaptation of tube radius and wall thickness is
shown.

Since we were interested in only the adapted geometries
and not in the adaptation time course, feedback factors ku
and k, were kept at 0.10 to ensure on the one hand numerical

Adaptahon

1
|
1
' adapt nodal

radius
and wall thickness

haemodynamics

i Iyes i no |
convergence?,s<1073 convergence?, ,<107] |yes)
|

adaptation

Kroon et al. 2012

simulation
end

Figure A2. Schematic overview of the PWP adaptation framework. We used a time loop for simulating a single cardiac cycle with cycle duration T and

time step At. The time loop was continued until hemodynamics convergence (defined as € < 1073
Upon hemodynamic convergence, adaptation convergence was evaluated (i.e., €, < 10

) was achieved, indicating a steady-state simulation.
3). Nodal radius and wall thickness were adapted until adapta-

tion convergence was achieved, indicating normalization of wall stress and wall shear stress to target values.
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radius adaptation

fractional change in vessel radius [-]

wall thickness adaptation

Figure A3. Adaptation of vessel radius
(left) and wall thickness (right) for all mod-
eled vascular segments. The fractional
change of vessel radius and wall thick-
ness is plotted as a function of the number
of adaptat-ion cycles following departure
from generic values. The gray curve for
vessel radius and wall thickness highlights
the adaptation behavior of a randomly
chosen vascular segment.

fractional change in vessel wall thickness [-]

20 30 40
adaptation cycle [-]

0 10

stability and to reduce on the other hand computational
cost. Correspondingly, adaptation convergence was reached
after ~50 cycles.

We performed all model simulations and processing steps
using MATLAB 2015a (The MathWorks, Natick, MA). For all
simulations, the time step (At) was Kept at 1ms. Following
previous studies, density of blood (p) was chosen at 1050 kg
m 3, dynamic blood viscosity () was chosen at 3 x 10 3Pa
s, and Poisson’s ratio (u) was chosen at 0.5, indicating
incompressibility of the vessel wall (14, 50).

Uniqueness of Predicted Geometries

First, to evaluate whether radius and wall thickness adapta-
tion resulted in unique vessel geometries, 10 sets of initial ves-
sel geometries were randomly generated. Random vessel
geometries were generated by multiplying the generic vessel
geometries (Table A2) with random values, obtained using
MATLAB’s normal random number generator (i.e., normrnd
(mu, sd), with mu=1.0 and sd =0.15, respectively). To assess
uniqueness, two coefficients of variation for tube radius and
wall thickness were calculated (i.e., V, = o,/ x 100% and
Vi = op/un, x 100%). Here, o, and o, denote, respectively, the
standard deviation of the adapted tube radii and wall thick-
nesses and p,- and p, denote mean take-off values.

0 Radius (Scaling Only)

20
adaptation cycle [-]

30 40 50 60

Pressure and Flow Waveforms

Second, we compared pressure and flow waveforms gen-
erated by the AdaptModel to waveforms generated by the
RefModel. Since the reference data used for the RefModel
itself are hampered by measurement error, an envelope of
realizations of reference PWP models was obtained, based
on assumed measurement errors of £10% for radius and
+40% for wall thickness (55). Using Latin hypercube sam-
pling, a total of 40 samples of reference radius and wall
thickness were drawn and incorporated into the Ref-
Model (56).

Sensitivity Analysis of Adaptation Model Parameters

Third, a variance-based sensitivity analysis (57) was
performed to assess how pressure waveform character-
istics and the errors in radius and wall thickness esti-
mations changed when varying adaptation model
parameters. Adaptation model parameters (i.e., o¢ target
TWAtargetAprOX: Tw,target‘dists Ferit, and Vimpact) varied between
+50% of their initial value. In total, 241 combinations
of adaptation model parameter simulations were
evaluated.

We then selected the following characteristics to assess
sensitivity to adaptation model parameter variance:

Wall thickness (Scaling Only)
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Table A1. MRI sequence parameters

3-D TFE Aortic Arch

2-D TFE Quantitative Flow 2-D TSE BB Vessel Wall

Echo time, ms 1.0 2.2 60
Repetition time, ms 3.3 3.8 2 beats
Flip angle,” 20 10 90
Field of view, mm 320 x 280 x 120 350 x 300 350 x 350
Slice thickness, mm - 8 8
Acquired resolution, mm 2.0 x 2.0 x 3.0 25 x 25 140 x 1.75
Reconstructed resolution, mm 1.0 x 1.0 x 15 12 x1.2 0.88 x 0.88
. Aortic systolic and diastolic pressure (Psaora and e Main sensitivity indices: The main sensitivity index (S;)
Pd,aortas T€SPECtively) of adaptation model parameter M; represents the
o Radial systolic and diastolic pressure (ps ragiar and expected reduction in uncertainty of the output charac-
Dad,radial, T€SPECtively) teristic if M; were known exactly. Assessment of S;
. Pulse pressure amplification (Apamp) determines which measured variables are most reward-
o Carotid-to-radial pulse wave velocity (Cpuise) ing to be measured more accurately to reduce model
o The root mean square error for the estimation of tube output uncertainty (i.e., parameter prioritization) (29).
radius (e,) . Total sensitivity indices: The total sensitivity index (St)
. The root mean square error for tube wall thickness of M; represents the expected uncertainty in the output
(en) characteristic that would remain if all other adaptation

Output Ap,mp was defined as the ratio between radial
pulse pressure and aortic pulse pressure, according to estab-
lished methods (58). Output cpyise Was obtained by dividing
the path length between the terminal nodes of the tubes that
modeled the carotid artery and radial artery by the pulse
transit time between these nodes.

The adaptive sparse grid polynomial chaos expansion
(agPCE) method (57) can assess parameter sensitivity using
an adaptively constructed finite polynomial expansion
fagPCE:

Xi :fo (M) "\“Jf;(g'pce(M)‘

Here, X contains the above-mentioned output charac-
teristics. Furthermore, M contains adaptation model
parameters.

From the metamodel, the variance of an output charac-
teristic (a measure of its uncertainty) can be derived analyti-
cally. In addition, the following sensitivity metrics were
computed from the metamodel:

(A10)

model parameters except M; were known exactly.
Assessment of Sy determines which measured variables
could potentially be fixed within their uncertainty do-
main (i.e., parameter fixing) (29).

The quality of the metamodel from which sensitivities
were derived can be expressed using the leave-one-out
cross-validation coefficient (Q?). Adequate metamodel con-
struction was ensured by enforcing a Q? of at least 0.990.
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Table A2. Generic values of modeled arterial segments (5, 15)

Tube Arterial Segment I, cm Foroximal, MM Fgistal, MM h, mm E (105 Pa) 4, mL/min
1 Ascending aorta 4.00 14.70 14.70 147 4.0 5.2 x 10°
2 Aortic arch A proximal 2.00 12.60 12.00 1.23 4.0
3 Aortic arch A distal 3.90 10.70 10.40 1.06 4.0
4 Aortic arch B + thoracic aorta 15.60 10.00 6.50 191 4.0 42 x10°
5 Brachiocephalic 3.40 10.10 9.00 0.82 4.0 470
6 Left carotid 9.10 6.80 3.50 0.51 4.0 360
7 Left subclavian 3.40 5.80 4.50 0.51 4.0
8 Left vertebral 14.90 1.90 0.90 0.21 8.0 26
9 Left subclavian + axillary. + brachial proximal 14.77 410 3.60 0.57 4.0

10 Left brachial middle 14.77 3.60 310 0.50 4.0
M Left brachial distal 14.77 3.10 2.40 0.55 4.0
12 Left radial proximal 7.83 1.90 1.80 0.36 8.0
13 Left radial middle 7.83 1.80 170 0.34 8.0
14 Left radial distal 7.83 170 1.60 0.32 8.0 40
15 Left ulnar proximal 6.70 1.90 1.70 0.36 8.0
16 Left ulnar middle 7.90 1.60 1.50 0.31 8.0
17 Left ulnar distal 8.55 1.50 1.40 0.29 8.0 30
18 Left interosseous 8.55 110 0.90 0.20 16.0 30

[, length of the arterial segment; 7proximal, Proximal radius; rgisar, distal radius; ki, wall thickness; and E, Young’s modulus. Mean flow

rate ¢
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represents either the proximal inflow or the terminal flow assigned to the peripheral elements of the model.
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Table A3. Main (S;) and total (S7) sensitivities of selected hemodynamic characteristics and estimated geometries to

adaptation parameters.

Ty target,prox Ty target.dist Ferit Of target Vimpact

S; St S; St S; St S; St S; St Var (X) Q?
Ps,aorta, MMHg 0.77 0.95 0 (0] 0.054 0.23 0 0 0 0 59.52 mmH92 0.99998
Pasora MMHg 099 099 0 0 0 0 0 0 0 0 52.89 mmHg?  0.99957
Ps radial, MMHg 0.97 0.99 0 (0] 0.0081 0.028 0 0 0 0 26148 mmH92 0.99983
Paredio, MMHg 096 099 0 0 0.014 0.04 0 0 0 0 39.83mmHg?  0.99998
Couse,MS ™ 0.41 082 018 059 0 0 0 0 0 0 024(ms ) 099986
AP () 0075 077 O 0 0.23 0.92 0 0 0 0 0.027 0.99978
£ 1um 0.99 0.99 0 (0] 0 0 0 0 0 0 0.126 m? 0.99979
€p, UM 0.016 0.06 0 (] 0 0 0.51 0.88 0.097 0.43 0.0169 m? 0.99463

Q?, leave-one-out cross-validation coefficient; VAR(X), variance of the pressure waveform parameters as present in the simulations of

the sensitivity analysis.
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