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Abstract
The maternal vasculature undergoes tremendous growth and remodeling (G&R) that enables a > 15-fold increase in blood 
flow through the uterine vasculature from conception to term. Hemodynamic metrics (e.g., uterine artery pulsatility index, 
UA-PI) are useful for the prognosis of pregnancy complications; however, improved characterization of the maternal hemo-
dynamics is necessary to improve prognosis. The goal of this paper is to develop a mathematical framework to characterize 
maternal vascular G&R and hemodynamics in uncomplicated human pregnancies. A validated 1D model of the human vas-
cular tree from the literature was adapted and inlet blood flow waveforms at the ascending aorta at 4 week increments from 0 
to 40 weeks of gestation were prescribed. Peripheral resistances of each terminal vessel were adjusted to achieve target flow 
rates and mean arterial pressure at each gestational age. Vessel growth was governed by wall shear stress (and axial lengthen-
ing in uterine vessels), and changes in vessel distensibility were related to vessel growth. Uterine artery velocity waveforms 
generated from this model closely resembled ultrasound results from the literature. The literature UA-PI values changed 
significantly across gestation, increasing in the first month of gestation, then dramatically decreasing from 4 to 20 weeks. 
Our results captured well the time-course of vessel geometry, material properties, and UA-PI. This 1D fluid-G&R model 
captured the salient hemodynamic features across a broad range of clinical reports and across gestation for uncomplicated 
human pregnancy. While results capture available data well, this study highlights significant gaps in available data required 
to better understand vascular remodeling in pregnancy.
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1 � I. Introduction

During pregnancy, the uterine vasculature undergoes unprec-
edented levels of growth and remodeling (G&R) compared 
to other vascular beds in adults, characterized by a > twofold 
increase in vascular caliber, likely coupled with a dramatic 
increases in vessel length, as the uterus expands > fivefold 
in diameter and in length due to the growing fetus inside 

(Osol and Moore 1994; Osol and Mandala 2009). Follow-
ing placentation, extravillous trophoblasts invade the myo-
metrium of the uterus (Fig. 1); this initiating step promotes 
the transformation of the high-resistance, vasoreactive spiral 
arteries into low-resistance passive conduits and may pro-
mote the formation and remodeling of arteriovenous (AV) 
shunts (Osol and Moore 1994; James et al. 2017). This local 
reduction in peripheral resistance increases perfusion of the 
uterine vasculature, which subsequently initiates G&R of the 
proximal vasculature to further increase perfusion (Burton 
et al. 2009). This vascular G&R, combined with a 30–50% 
increase in cardiac output, enables a 5- to 20-fold increase 
in blood flow through the uterine vasculature from concep-
tion to term.

Impairment of vascular G&R during pregnancy can 
lead to pregnancy complications, including fetal growth 
restriction (FGR) and preeclampsia and other forms of 
pregnancy-induced hypertension. Hemodynamic metrics, 
such as uterine artery pulsatility index (UA-PI), resistivity 
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index, or presence of an early diastolic notch in the uterine 
artery centerline velocity profile, have shown to be useful 
as early indicators of risk of pregnancy complications; how-
ever, these metrics show only fair prognostic accuracy. One-
dimensional computational fluid dynamics models, so-called 
pulse wave propagation models, provide predictions of the 
blood pressure, blood flow, and artery diameter waveforms 
over the cardiac cycle, throughout the vascular tree, and 
characterize the propagation of blood flow from the heart 
to peripheral vascular beds (Stergiopulos et al. 1992). The 
development of a validated pulse wave propagation model of 
the maternal vasculature (including the uterine vasculature) 
may provide a useful tool to quantify changes in maternal 
hemodynamics in healthy pregnancy and to test competing 
hypotheses regarding impaired vascular G&R that may con-
tribute to the observed difference in maternal hemodynamics 
with preeclampsia and FGR. While the numbers are few, 
mathematical models have been reported to capture impor-
tant features of maternal hemodynamics during pregnancy 
(Carson et al. 2019; Clark et al. 2018; Corsini et al. 2017; 
Mo et al. 1988); however, no models to date describe the 
vascular G&R of the maternal vasculature throughout preg-
nancy and the consequences of this G&R on the maternal 
hemodynamics.

The purpose of this paper is to develop a combined 1D 
hemodynamic model that incorporates vascular G&R for 

the human maternal vasculature throughout gestation for 
uncomplicated pregnancies and validate this model based 
on available results from the literature. Starting from the 
vascular network of Reymond et al. (2009), a model uter-
ine vasculature was added and the inlet blood flow wave-
forms at the aortic sinus at 4 week increments from 0 to 
40 weeks of gestation were prescribed. Peripheral resist-
ances of each terminal vessel were iteratively adjusted 
to achieve target flow rates and mean arterial pressure at 
each gestational age; these target values were derived from 
compiled results from the literature. We incorporate shear 
stress-mediated vascular G&R across the entire maternal 
vasculature and axial growth of the uterine vasculature in 
response to the expanding uterus throughout pregnancy. 
A phenomenological model for changes in vessel disten-
sibility as a function of vessel growth was also employed. 
Compliance values of each terminal vessel were modestly 
adjusted to match target values of the systolic blood pres-
sure and UA-PI, derived from compiled results from the 
literature. Illustrative simulations for high, medium, and 
low values of cardiac output and uterine flow that span a 
broad range of published values were performed. Mod-
eling results are compared to a broad set of literature data 
on changes in maternal vascular geometry and hemody-
namics throughout gestation.
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Fig. 1   Illustration of the model uterine vasculature at 36  weeks of 
gestation. Blood flow to the uterus arises through the right and left 
uterine artery and the right and left ovarian artery. The uterine arter-
ies arise from the internal iliac arteries. Arcuate arteries branch off 
the uterine arteries, travel circumferentially along the uterus and 

anastomose with the contralateral arcuate arteries. Radial arteries 
branch from the arcuate arteries and travel radially through the myo-
metrium, bifurcating into the spiral arteries. Placentally engaged spi-
ral arteries supply the intravillous space of the placenta
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2 � Methods

2.1 � One‑dimensional modeling theoretical 
framework

Balance Relations The arterial network was modeled as 
tapered, elastic tubes in a one-dimensional pulsatile fluid 
flow framework. Conservation of mass requires that,

where A(z, t) is the instantaneous arterial lumen cross-sec-
tional area, P(z, t) is the luminal pressure, and Q(z, t) is the 
volumetric flow rate; z is the direction along the vessel axis, 
and t is time. The balance of linear momentum requires that

where � is the blood density, f  is the frictional force per 
unit length.

Velocity profile approximation. The axial velocity pro-
file, uz(r, z, t) , at any instant t  and location z is unknown; 
to proceed, the velocity profile must be approximated so 
that f  can be calculated. No exact solution exists for the 
velocity profile in a tapered, elastic tube. As done by oth-
ers (Boom et al. 2018; Boileau et al. 2018), we let

where u(z, t) = Q(z, t)∕A(z, t) is the mean velocity, � is a con-
stant that governs the shape of the velocity profile, r is the 
radial coordinate, and ri is the lumen radius. By using the 
Navier–Stokes equations and integrating Eq. (3),

where � is the apparent blood viscosity. Given that all vessels 
are above 250 microns in diameter, the Fahraeus–Lindqvist 
effects are negligible and a constant value for � = 4 mPa-s 
was prescribed.

Solid Mechanics. Equations (1) and (2) contain three 
unknowns at each axial location and time, P(x, t) , Q(z, t) , 
and A(z, t) ; a third governing equation arises from solid 
mechanics that relates applied loads to geometric changes 
of the artery wall. Following Reymond et  al., for the 
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non-gravid maternal vasculature, we let the reference dis-
tensibility Dref at ( Pref = 100 mmHg) be defined through 
the empirical relationship,

where d is the reference diameter; we let the parameters 
a2 = 13.3 and b2 = 0.30 (Reymond et al. 2009). The distensi-
bility at any pressure D(P) was calculated as

where a1 = 0.4, b1 = 5, PmaxC = 2.67 kPa, and Pwidth = 4.0 kPa. 
The area compliance CA is related to the distensibility as 
CA =DA, which can be integrated to yield an expression for 
A versus P , as

Boundary conditions at junctions At bifurcations, we 
impose the continuity of flow and dynamic pressure at each 
branching point, neglecting minor pressure losses that may 
occur in the vicinity of the bifurcation. Thus, we let

where i and j denote different vessels of the junction and 
N represents the total number of branches at the junction.

Terminal boundary conditions. To capture the resist-
ance and compliance of the peripheral vasculature, beyond 
the terminal artery branches, a three-element Windkessel 
(WK3) model is applied, which accounts for the proximal 
resistance ( R1 ), compliance ( C ), and distal resistance ( R2) ; 
where the total terminal resistance RT = R1 + R2 . We let 
R1 = Zc , where Zc is the characteristic impedance of the last 
arterial segment proximal to the terminal WK3, and, follow-
ing Reymond et al., let Zc =

√
�∕(Aref

√
Dref) , with values 

constrained to be within 5–40% of RT (Reymond et al. 2009).
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2.2 � Vasculature growth and remodeling 
throughout gestation

The model vascular network (Fig. 2) was adapted from 
geometry, distensibility, and peripheral resistances and 
compliances of the arterial tree presented in Reymond et al. 
(2009). We adapt this vascular networks in two way. First, 
we added a model uterine vasculature, consisting of uterine 
arteries, ovarian arteries, arcuate arteries, radial arteries, 
and Windkessel elements that represent the spiral arteries, 

arterial-venous shunts, capillaries, intervillous space, and 
the distal venous system. Second, to characterize how the 
model vasculature and hemodynamics evolve, we prescribed 
the following across gestation:

(1)	 Inlet boundary conditions: We prescribe the cardiac 
output and inlet blood flow waveform at each time-
point in gestation;

(2)	 Outlet boundary conditions: Windkessel parameters 
at terminal sites 

(
R1,R2,C

)
 are prescribed to achieve 

A B

C

Fig. 2   Schematic representation of the vascular tree. The main sys-
temic vascular network (A) and the cerebral vascular tree (B) were 
based on the model of Reymond et al., 2009. The model uterine vas-
culature (C) was developed by overlying tortuous uterine and arcu-
ate arteries (shown as black lines) on geometric models of uteri 
across gestation. The blue and circles represent the branching points 
of radial arteries on the anterior and posterior sides of the uterus, 

respectively. The closed red circles indicate placentally engaged 
radial arteries, whereas the open red and blue circles indicate radial 
arteries that do not communicate to the placenta. The dimensions, 
properties, and connectivity of each artery segment, for each illustra-
tive simulation and each gestational age are provided in supplemental 
spreadsheet file entitled “Online Appendix B: Properties Table.xlsx.”
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target flow rates and mean arterial pressure at each ges-
tational age;

(3)	 Growth: Vessel radii were adjusted to achieve pre-
scribed target shear stress values in each vessel segment 
and vessel lengths of the uterine and arcuate arteries 
both reduced their tortuosity and grew lengthwise to 
compensate for the growth of the uterus; and

(4)	 Remodeling: Vessel distensibility of each vessel seg-
ment increased as a function of growth.

Based on a review of the literature, we provide our best 
estimates regarding these throughout gestation that repre-
sent well data from multiple data sources, when available, 
as described in the subsections below.

2.2.1 � Inlet boundary conditions versus gestation

To establish the inlet blood flow waveform we let

where CO is the prescribed cardiac output, tc(sec) = 60∕HR , 
HR is the prescribed heartrate in beats per minute (bpm), 
q(t) describes the shape of the inlet flow waveform, where 
∫ tc
0
q(t)dt = 1 . We digitized the mean of the inlet blood 

flow waveform presented in Reymond et al. (Fig. 4, panel 
A, upper curve) to determine q(t) (Reymond et al. 2009). 
Changes in CO and HR throughout gestation were pre-
scribed based on literature reports and were used to adjust 
tc and Qinlet(t).

2.2.2 � Outlet boundary conditions versus gestation

We adjusted the terminal resistances RT for all the terminal 
sites such that the MAP matches prescribed values, based on 
a fit of data from the literature, and that the flow rate through 
the common iliac, renal, and internal carotid arteries match, 
as closely as possible, values reported in the literature. To 
match these values, we altered the limb (i.e., arterial seg-
ments 8, 10, 11, 22, 24, 25, 45, 47, 48, 49, 51, 53, 54, and 
55), trunk (arterial segments 26, 31, 32, 33, 34, 36, 38, and 
40), and cerebral (terminal segments 57, 58, 64, 65, 71, 72, 
74, 75, 76, 78, 84, 86, 88, 90, 91, 92, 93, and 94) resistances 
by the factors, fL , fT , and fC , respectively. For example, in 
the non-gravid limbs, the terminal resistances at a given ges-
tational time-point RT = fLR

Rey

T
 , where RRey

T
 are the terminal 

resistances from the Reymond et al. network. All terminal 
compliances are prescribed to be inversely related to the 
terminal resistance for each site; i.e., RTCT = aRTC where 
aRTC was adjusted slightly for each illustrative simulation, 

(10)Qinlet(t) = CO

tc

∫
0

q(t)dt

as described below, to achieve the target systolic blood 
pressure.

For the terminal radial arteries in the uterine vasculature, 
we iteratively adjusted the RT for placental radial arteries, 
so that the flow through the uterine artery reached target 
values and the total flow through the non-placental radial 
arteries remained constant throughout gestation. The com-
pliance of the radial arteries was found as RTCT = aRTC . 
For the radial arteries of the non-gravid uterine vasculature, 
aRTC was adjusted for all radial arteries so that the uterine 
artery pulsatility index (UA-PI) reached target values. For 
the gravid uterine vasculature, aRTC for placentally engaged 
radial arteries was adjusted so that the UA-PI reached target 
values; aRTC for non-placentally engaged radial arteries was 
set to the value in non-gravid radial arteries.

2.2.3 � Vascular geometry (radii, lengths) versus gestation

Creating model uterine vascular networks across gestation. 
Uterine arteries arise from the internal iliac artery, travel 
along the perimetrium and anastomoses the ovarian artery 
(Figs. 1 and 2). Ovarian arteries arise from the sub-renal 
abdominal aorta and provide blood flow to the ovaries. The 
anastomosis between the uterine and ovarian arteries pro-
vides an important redundancy for the blood supply to these 
tissues. Arcuate arteries branch from the uterine arteries, 
travel circumferentially across the uterus at the level of the 
myometrium, and often anastomose with the contralateral 
arcuate arteries, creating another important redundancy 
in the uterine vasculature (Osol and Moore 1994; Dickey 
1997). Radial arteries branch from the arcuate arteries and 
travel radially through the myometrium and bifurcate into 
spiral arteries and basal arteries which supply the endo-
metrium. In non-gravid women, spiral arteries terminate 
to capillaries that collect into venous sinusoids, return to 
the endometrial veins, myometrial veins, the uterine venous 
plexus, and internal iliac vein. In gravid women, placentally 
engaged spiral arteries terminate in the intervillous space, 
which contain chorionic villi that provide exchange between 
the fetal and maternal circulation. The intervillous space 
is drained by endometrial veins, which return flow to the 
venous circulation.

Model uteri across gestation. To create a model uterine 
vasculature, we create a model uterus at each gestational 
age under study, based on literature reports of uterus size 
(Fig. 3), and overlaid the uterine, arcuate, and radial arteries 
on the model uteri. We approximate the size of the uterus as 
an egg shape, using the following equations for the uterus 
cross section in the coronal plane and sagittal plane

(11)

(z − c)2

c2
+

t(z)rx(z)
2

a2
= 1 and

(z − c)2

c2
+

t(z)ry(z)
2

b2
= 1
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where rx(z) and ry(z) are the distance from the centerline 
to the uterine wall in the coronal and sagittal planes, z is 
the axial direction along the uterus midline, a, b, and c are 
shape parameters related to the mid-uterus diameters in the 

transverse, anterior–posterior and midline directions, and 
t(z) , which accounts for the asymmetry in the z direction, 
is given as t(z) = (1 + kz)∕(1 − kz) . Equation (11) can be 
solved for the transverse and anterior–posterior diameters as

The Cartesian components of a surface of the uterine wall 
are defined by

for z = 0 to 2c and � = 0 to 2� . The cross sections of the 
uterus in the coronal and sagittal planes and geometric 
parameters for the uterine wall throughout gestation are 
consistent typical reported values (Jones et al. 1981; Edgar 
1910).

Quantifying arcuate artery lengths throughout gesta-
tion. Very little data are available on the geometry of arcu-
ate arteries. We used the model uterus to determine the 
locations and lengths of the arcuate arteries. We overlaid 
8 arcuate arteries in each quadrant (anterior right, anterior 
left, posterior right, and posterior left) of the model uterus 
(Fig. 2) (Osol and Moore 1994; Dickey 1997; Fernstrom 
1955; Chen et al. 2010); each arcuate arises from the right or 
left uterine artery and terminates in an anastomosis with the 
contralateral arcuate artery. Arcuate arteries are highly tortu-
ous, in a spiral configuration, in the non-gravid uterus (Chen 
et al. 2010). The length of each arcuate artery was calculated 
as LAA = �AALcl , where Lcl is the arc length of uterus wall 
over which the arcuate artery travels and �AA is the tortuosity 
of the arcuate artery. There are no published values of �AA 
and it is not clear to what degree the arcuate arteries simply 
‘uncoil’ as the uterus expands versus the degree of growth 
in the axial direction throughout gestation. We calculate Lcl 
from the model uterus at the level of each prescribed arcuate 
artery and prescribe values of tortuosity to decrease mono-
tonically from �AA = 2.25 in non-gravid uteri to �AA = 1.05 at 
40 weeks of gestation.

Quantifying uterine artery lengths throughout gestation. 
Similarly, the model uterus was also used to determine the 
length of each segment of the uterine artery, between each 
arcuate artery branch. The uterine arteries was located along 
the right and left sides of the uterus and the length of each 
segment was calculated as LUA = �UALcl , where Lcl is the arc 
length of uterus wall over which the uterine artery travels 
and �UA is the tortuosity of the uterine artery. There are no 
published values of �UA . We calculate Lcl from the model 
uterus for each uterine artery segment and prescribe values 
of tortuosity to decrease monotonically from �UA = 1.80 in 
non-gravid uteri to �UA = 1.05 at 40 weeks of gestation.

(12)

rx(z) =

√
a2

t(z)

(
1 −

(z − c)2

c2

)
and ry(z) =

√
b2

t(z)

(
1 −

(z − c)2

c2

)

(13)x = rx cos (�), y = ry sin (�), z = z

Fig. 3   Illustration of the coronal (A) and sagittal (B) cross sections 
of the model uterus throughout gestation. The numbers along the top 
edge of the cross sections indicate the gestational age in weeks

Fig. 4   Relationship between ‘remodeling’ (i.e., change in distensibil-
ity) and growth with k

r1
 = 2.2 and k

r2
 = 1.7 and k

r3
 =  − 0.80, − 0.85, 

and − 0.90
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Quantifying radial artery locations. The terminal location 
of the uterine vasculature was at the mid-myometrial radial 
artery. Radial arteries terminate with a WK3 that captures 
the changes in resistance and compliance of the spiral arter-
ies, basal arteries, AV-shunts, and the peripheral venous 
circulation. Based on histological examination, Brosens 
and colleagues estimated that there are 120 spiral arteries 
that terminate in the intervillous space at the 39th week of 
pregnancy (Brosens and Dixon 1966; Brosens 1964; Brosens 
et al. 2011, 1967; Robertson 1976). We estimate that the 
placenta covers ~ 20% of the uterus; thus, we estimate 600 
spiral arteries across the entire uterus. Brosens and Dixon 
observed that radial arteries typically bifurcate into 2 to 3 
spiral arteries; thus, we estimate that there are 240 radial 
arteries across the entire uterine body. We set the terminal 
location of the radial artery as 2.5 mm away from the arcuate 
artery. The location of each branch point of radial arteries, 
from the arcuate artery, was determined so that the radial 
arteries were evenly spaced across the entire length of the 
arcuate arteries.

Adjusting vascular lengths for a representative woman. 
We consider an average size woman of height 162.5 cm and 
62.5 kg and adjust the lengths of all arteries from Reymond 
et al. by a factor of 162.5/175.5 = 0.9259, where 175.5 cm 
represents the height of the average man.

Quantifying changes in vascular caliber throughout ges-
tation: Shear stress-mediated growth. It is well established 
that mechanically mediated vascular growth correlates well 
with restoration of the wall shear stress and local transmu-
ral wall stresses (Kamiya and Togawa 1980; Gleason et al. 
2004). The vasculature appears to grow so that the mean wall 
shear stress ( �w ) from blood flow is restored to target values 
�
T

w
 ; for arteries, �T

w
 generally takes values of 0.25–5.0 Pa. 

Based on available literature data, for most large vessels, �T
w
 

(calculated from reported mean volumetric flow rate, Q , and 
vascular diameter values, d , as �T

w
= 32�Q∕

(
�d3

)
 ) remains 

nearly constant throughout gestation, but values are reported 
that vary within a narrow range (≤ 0.25 Pa) of values. We 
calculated the values of shear stress from Reymond et al. 
model vasculature and then scaled values for all artery seg-
ments to match available reported values at the ascending 
aorta, the internal common carotid artery, the common iliac, 
and the external iliac. We let the �T

w
 for all uterine artery seg-

ments follow a prescribed, nonlinear trajectory, with differ-
ent target values for the low, medium, and high simulations. 
We let �T

w
 for the arcuate arteries equal 1.05-times that of the 

uterine artery target value and let �T
w
 for the radial arteries 

equal 1.10-times that of the uterine artery target value.
Finally, note that there are a few artery segments where 

shear stress regulation was not used to specify the artery 
diameter. First, there are several vessel segments that rep-
resent anastomoses; e.g., arcuate bridge vessels (segments 
610–625) which anastomose right and left arcuate branches, 

uterine artery ‘bridging’ vessels (segments 122–123), which 
are generally the stagnation point between the internal iliac-
derived uterine flow and the ovarian artery-derived uterine 
flow. Finally, while very little data are available, it has been 
reported that the uterine arteries provide ~ 80% of the uterine 
blood flow during pregnancy and the ovarian arteries pro-
vide the remaining 20% (Osol and Moore 1994; Palmer et al. 
1992). We defined the diameters of the ovarian arteries (seg-
ments 100–101) so that 20% of the total uterine blood flow 
was supplied through the ovarian artery, while the remaining 
80% was supplied through the internal iliac.

2.2.4 � Vessel wall distensibility versus gestation

Equation (5) is a useful empirical equation that arises from 
the observation that, in healthy, young individuals, the dis-
tensibility of arteries along the vascular tree correlates with 
their diameter. Therefore, Eq. (5) was used to quantify the 
distensibility of the non-gravid maternal vasculature. In 
addition to growth (e.g., changes in vessel diameter and axial 
length) that occurs in many arteries throughout gestation, it 
is likely that the distensibility also change throughout ges-
tation. In vivo vessel wall distensibility may change due to 
several reasons, described below.

1.	 Strain-stiffening response. Arteries are strain stiffen-
ing materials; i.e., if a vessel distends circumferentially 
(e.g., to increased pressure or vasodilation) the local 
stiffness of the material increases due to the material 
nonlinearity. Similarly, if a vessel is stretch in the axial 
direction, the (circumferential) distensibility of the ves-
sel decreases from this increased axial stretch. This 
strain stiffening response, in the circumferential and 
axial direction, is largely attributed to collagen fiber 
engagement with increasing strain. Thus, even in the 
absence of true remodeling (i.e., change in the material 
composition of the artery wall) acute changes in pres-
sure, vasodilation, or axial length can cause a decrease 
in distensibility (i.e., apparent artery stiffening).

2.	 Changes in vessel wall composition. The mechanical 
behavior of arteries is determined by the content and 
organization of cells and extracellular matrix of the ves-
sel wall. Often the ratio of collagen and elastin, two of 
the most predominant structural proteins in the vessel 
wall, is considered a key predictor of the vessel disten-
sibility. It is now well accepted that elastin is laid down 
and cross-linked into a mechanically stable state early 
in development and maturation and, in adults, functional 
elastin is no longer produced in arteries (Wan and Glea-
son 2013). As arteries grow and remodel throughout 
maturity and with aging, both the elastin-to-collagen 
ratio and the vessel distensibility decrease and as a ves-
sels grow in adults, growth occurs primarily through the 
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addition of ‘stiffer’ extracellular matrix proteins (e.g., 
collagen), which yields a less distensible vessel (Lakatta 
2003). In humans, the elastin-to-collagen ratio also 
decreases with ‘healthy’ vascular maturity and aging 
and decreases to a greater degree with vascular disease 
(Zieman et al. 2005). While the elastin-to-collagen ratio 
has not been quantified in vessels from the human uter-
ine vasculature, Woessner and Brewer showed that the 
total mass of collagen and elastin increased in the entire 
human uterus with gestational age, but that the elastin-
to-collagen ratio was lowest in term and 8- to 11-Day 
post-term uteri compared to non-gravid and 2- and 
4-month post-term uteri (Woessner and Brewer 1963). 
If the whole uterus elastin-to-collagen ratio is related to 
the uterine vasculature elastin-to-collagen ratio, these 
data suggest that uterine arteries may become stiffer 
with gestation due to a decreased elastin-to-collagen 
ratio in the vessel wall.

3.	 Vessels thickening. Vessel distensibility is also deter-
mined by the vessel wall thickness; thicker vessels (or 
increased thickness-to-radius ratio), with similar con-
tent and organization of cells and extracellular matrix, 
are less distensible. Carotid artery vessel wall thickness 
increases significantly with age and is a key independ-
ent risk factor for cardiovascular disease (Willeit et al. 
2020). Little data are available regarding changes in 
artery wall thickness across gestation (Anastasakis et al. 
2008).

With the increased cardiac output and increase per-
fusion of the uterine vasculature, some vessels increase 
their diameter by > twofold. Further, given the increase 
in uterus size, vessels that transverse the uterus increase 
their length by 2- to 3-fold. For the gravid vascular net-
works, we propose a phenomenological model that relates 
changes in the reference distensibility to the growth of the 
vessels; namely,

w h e r e  s  d e n o t e s  t h e  g e s t a t i o n a l  a g e , 
�G
�
(s) = d(s)∕d(s = 0) and �G

z
(s) = �(s)∕�(s = 0) are the 

fractional increases in diameter (d) and length ( � ) from the 
non-gravid vasculature (i.e., at s = 0 ) and the gravid time-
point of interest, is the length of the artery segment, k1

r
 , 

k2
r
 , and k3

r
 are remodeling parameters, and Ro is the value 

of the expression in the square brackets at �G
�
(s)�G

z
(s) = 1. 

We let kr1 = 2.2 and kr2 = 1.7 and let kr3 take values between 
− 0.80 to − 0.90 for different simulations. This model 
suggests that as a vessel grows, the ratio in Dref(s)∕Dref(0) 
decreases monotonically with growth (i.e., 𝜆G

𝜃
(s)𝜆G

z
(s) > 1 ) 

(14)

Dref(s) =
Dref(0)

Ro

[
1 +

kr3

1 + exp
{
−kr1

(
�G
�
(s)�G

z
(s) − kr2

)}
]

and asymptotes as growth rates above ~ 3 (Fig. 4). The 
parameter kr2 determines the inflection point of the curve, 
kr3 determines the asymptotic value of the curve, and kr1 
determines the slope of the curve at the inflection point. 
Most large arteries away from the uterus will have rela-
tively low levels of G&R (e.g., 𝜆G

𝜃
(s)𝜆G

z
(s) < 1.25 and 

Dref(s)∕Dref(0) ≈ 0.9 − 1.0 ), whereas the uterine and arcu-
ate arteries will have higher levels of growth and remod-
eling ( 𝜆G

𝜃
(s)𝜆G

z
(s) ≫ 2.0 and Dref(s)∕Dref(0) ≈ 0.12 − 0.50).

2.3 � Numerical Solver and Illustrative Simulations

Numerical solver for 1D/0D fluid dynamics model. An 
implicit finite difference scheme was devised, following 
the approach of van den Boom et al., to solve the govern-
ing equations with the given vascular geometry and mate-
rial properties and the governing Windkessel parameters 
(Supplement 1 – Implicit Finite Difference Scheme) (van 
den Boom et al. 2018; Kroon et al. 2012). We discretized 
the time domain into nt = 500 time-steps per cardiac cycle; 
since the heart rate changes across gestation, the time step 
is also slightly different for each gestational age and is given 
as dt = 60∕

(
HR ∗ nt

)
 . We let dz = 0.5 cm; for vessels with 

length segment length < 0.75  cm, we let dz = (segment 
length)/2, to ensure that there are at least two elements for all 
vessel segments. Solutions typically converged after itera-
tions through 5 cardiac cycles, but all results are shown for 
the 10th cardiac cycle.

Illustrative simulations and G&R solving routines. Given 
a prescribed time-courses of the cardiac output and target 
values for brachial artery mean and systolic blood pres-
sure, blood flow distributions, uterine and ovarian blood 
flow rates, wall shear stresses for all vessel segments, and 
uterine artery pulsatility index, we iteratively solved for the 
terminal resistances, terminal compliances, and reference 
values for the diameters for each artery segment, following 
the logic illustrated (Fig. 5). Briefly, given that mean blood 
pressure and the distribution of blood flow are primarily 
governed by the values of the terminal resistances, RT , we 
first identified the values of terminal resistances that yield 
the target mean brachial artery blood pressure and arterial 
flow rates, for which literature results are available; namely, 
uterine, ovarian, external iliac, renal, and internal common 
carotid arteries. Note that, for the external iliac, renal, and 
internal common carotid arteries, we calculated the ratio of 
the actual flow to the target literature value, f Q

v
= Qv∕Q

T
v
 , 

and iterated the code until f Q
EI

= f
Q

Renal
= f

Q

ICA
 . After the mean 

blood pressure and blood flow targets are achieved, we itera-
tively adjusted all vessel radii until the wall shear stresses 
reach target values. After the pressure, flow, and shear stress 
targets are met, we adjusted the terminal compliances until 
the target uterine artery pulsatility index and systolic blood 
pressure (and blood pressure, blood flow, and shear stress) 
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target values are achieved. We considered three illustrations 
that represented low, medium, and high values of cardiac 
output and uterine artery flow.

3 � Results

The prescribed target hemodynamic values, the modeling 
parameters, the properties for the maternal vasculature, 
along with key values of simulation results, for each illustra-
tive simulation, at each gestational age, are provided (Sup-
plement 2 – Supporting Tables).

Cardiac output, heart rate, blood pressure, and total 
peripheral resistance. Blood pressure, cardiac output, heart 
rate, blood pressure and total peripheral resistance (TPR) 
all adapt throughout pregnancy (Figs. 6 and 7) (Clark et al. 
1989; Robson et al. 1989; Easterling et al. 1990; Mabie 
et al. 1994; Duvekot et al. 1995; Mone et al. 1996; Hen-
nessy et al. 1996; Clapp and Capeless 1997; Gilson et al. 
1997; Geva et al. 1997; Poppas et al. 1997; Chapman et al. 
1998; Wolfe et al. 1999; Mesa et al. 1999; Bosio et al. 1999; 
Valensise et al. 2000, 2001, 2006, 2008; Borghi et al. 2000; 
Del Bene et al. 2001; Schannwell et al. 2002; Simmons 
et al. 2002; Desai et al. 2004; Lof et al. 2005; Wilson et al. 
2007; Bamfo et al. 2007a, b; Rang et al. 2007; Rang et al. 
2008; Vasapollo et al. 2008; Ogueh et al. 2009; Robb et al. 
2009; Hale et al. 2009; Nevo et al. 2010; Flo et al. 2010; 
Vlahović-Stipac et al. 2010; Kuleva et al. 2011; Dennis et al. 

2012; Moertl et al. 2012; Novelli et al. 2012; Abduljalil et al. 
2012; Savu et al. 2012; Estensen et al. 2012; D’Silva et al. 
2013; Mahendru et al. 2014; Vårtun et al. 2014; Meah et al. 
2016; Sengupta et al. 2017; Vinayagam et al. 2018; Nii et al. 
2018). Cardiac output increases by 30 or 50% from concep-
tion to term in uncomplicated pregnancies, with much of 
the increase occurring in the first trimester. Our illustrative 
simulations consist of the low, medium, and high ranges of 
values reported in the literature. The increase in cardiac out-
put occurs due to a ~ 20% increase in heart rate and a 6–17% 
maximum increase in stroke volume. Increases in stroke vol-
ume typically occur in the first trimester, whereas increases 
in heart rate occur throughout gestation. 

Compared to systemic hemodynamic parameters, fewer 
reports are available on the changes in blood flow and vessel 
diameter across the maternal vasculature. In the ascending 
aorta, despite the large increase in cardiac output through the 
aorta across gestation, calculated values of mean wall shear 
stress were remarkably uniform across gestation and across 
several different studies (Robson et al. 1989; Easterling et al. 
1990; Mabie et al. 1994; Hennessy et al. 1996; Wolfe et al. 
1999; Mesa et al. 1999; Valensise et al. 2000, 2001; Rang 
et al. 2007). We prescribe the shear stress in the ascend-
ing aorta and the systolic diameter of the low, medium, and 
high simulations generally followed the trends of a gradually 
increasing ascending aorta diameter with gestational age, 
consistent with literature results.

Fig. 5   Flowchart illustrating the solver routine for the growth and 
remodeling the maternal vasculature during pregnancy. Terminal 
resistances are first iteratively adjusted until the target mean flow 
rates and mean arterial pressure are achieved (Level 1). Once target 
flow rates and mean blood pressure are achieved, reference diameters 

are adjusted to achieve the target means wall shear stresses at the 
mid-point of each vessel segment (Level 2). When the target mean 
flow rates, mean blood pressure and mean wall shear stresses are 
achieved, the terminal compliances are adjusted to achieve the target 
systolic pressure and uterine artery pulsatility index (Level 3)
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Mean, systolic, and diastolic brachial artery blood 
pressure generally decrease during the first trimester and 
increase slightly in the third trimester of pregnancy. TPR is 
formally defined as the difference in pressure between the 
aortic sinus and the peripheral venous system at the distal 
end of the vena cava divided by the cardiac output; how-
ever, practically, clinical studies define TPR = MAP/CO, 
where MAP = (SBP + 2DBP)/3, and SBP and DBP are the 
systolic and diastolic blood pressure measured at the bra-
chial artery. To draw consistencies between computational 
modeling results and clinical data, we define TPR as done 
in clinical studies. In our model, TPR decreased in the first 
trimester and then plateaued with a modest increase toward 
term, which generally follows the results from the literature.

Hemodynamics and remodeling of the uterine vascula-
ture. Uterine artery blood flow, diameter, and calculated 
values of �T

w
 show high variability across studies, com-

pared to changes across gestation in other larger arteries 
(Palmer et al. 1992; Wilson et al. 2007; Flo et al. 2010; 
Thaler et al. 1990; Dickey et al. 1994, 1995; Dickey 1995; 
Dickey fand Hower 1995; Zamudio et al. 1985; Konje et al. 
2001; Jeffreys et al. 2006; Browne et al. 2011) (Fig. 8). 
The combined volumetric blood flow through the right 
and left uterine arteries is ~ 75 ± 50 mL/min throughout 
the menstrual cycle and increases to ~ 725 ± 125 mL/min 
at 36 weeks, with the greatest rate of increase occurring 
in the second trimester. For the low, medium, and high 
simulations, we prescribed the target bilateral blood flow 
in the uterine arteries (segments 112 & 113) to increase 

Fig. 6   Cardiac output (A), heart 
rate (B), stroke volume (C), 
aortic blood flow waveform 
(D), and ascending aortic shear 
stress (E) and ascending aortic 
diameter (F) versus gestational 
age for the Low (dashed line), 
Medium (solid line), and High 
(dash-dot line) illustrative simu-
lations and for data reported in 
the literature. The legend for 
each mark shape, color, and 
fill for the literature data are 
provided in Supplement B
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Fig. 7   Mean arterial pressure 
(MAP, A), systolic blood pres-
sure (SBP, B), diastolic blood 
pressure (SBP, C) and total 
peripheral resistance (TPR, D) 
versus gestational age for the 
Low (dashed line), Medium 
(solid line), and High (dash-dot 
line) illustrative simulations 
and for data reported in the 
literature. The legend for each 
mark shape, color, and fill for 
the literature data are provided 
in Supplement B
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Fig. 8   Uterine artery bilateral 
blood flow rate (A), calculated 
mean wall shear stress (B), 
diameter (C) and peripheral 
resistance (D) versus gestational 
age for the Low (dashed line), 
Medium (solid line), and High 
(dash-dot line) illustrative simu-
lations and for data reported in 
the literature. The legend for 
each mark shape, color, and 
fill for the literature data are 
provided in Supplement B
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monotonically, but nonlinearly, from 25 to 548, from 107 
to 766, and from 189 to 984 mL/min, respectively, from 0 
to 40 weeks of gestation, which represent a 22-, 7.2-, and 
5.2-fold increases in flow, respectively. A broad range of 
values for uterine diameter have been reported, ranging 
from 1.4 to 3.9 mm in non-gravid women and from 3.4 
to 6.5 mm at 36 weeks of gestation. The uterine artery 
wall shear stresses, calculated based on reported values of 
diameter and blood flow, also show a very high degree of 
variability across studies and across gestation. The target 
values for the low, medium, and high simulations, com-
bined with the prescribed blood flow, yield uterine artery 
diameter values that span the range of reported values and 
represent a 1.6-, 1.8-, and 2.3-fold increases in diameter 
for the low, medium, and high simulations.

The peripheral resistance of the uterine vasculature, 
PRUA = MAP∕QUA , where QUA is the bilateral uterine flow 
reduced dramatically in the first trimester, then more gradu-
ally during the second and third trimester; modeling results 
capture well the observed values from the literature. The 
reduction in PRUA is attributed primarily to the reduction 
in the values of RT for the placentally engaged radial arter-
ies, which led to a 87-, 26-, and 18-fold increase in flow 
and (to restore the target shear stress) a 3.6-, 2.8-, and 2.4-
fold increase in the diameter of the placentally engaged 
radial arteries for the low, medium, and high simulations, 

respectively. Similarly, the first arcuate artery branches, 
at the level of the center of the placenta, show 68-, 20-, 
and 14-fold increases in flow and 3.4-, 2.6-, and 2.2-
fold increases in diameter for the low, medium, and high 
simulations.

The flow through the ovarian arteries was prescribed to 
be 20% of the entire blood flow to the uterine vasculature 
(Fig. 9). This flow was governed by adjusting the ovarian 
artery diameter to achieve the target flowrate. The shear 
stress of the ovarian arteries that resulted from the solved 
values of diameter was 3.5- to 5-times higher than the shear 
stress prescribed in the uterine arteries. Remarkably, the 
ratio of shear stress in the ovarian artery to that in the uter-
ine artery was very consistent across the low, medium, and 
high simulations and only increased slightly with gestation.

The shape of the uterine artery centerline blood veloc-
ity resembled well those reported in the literature (Gómez 
et al. 2008; Sciscione et al. 2009) (Fig. 10). Experimental 
results across a large number of studies suggest that metrics 
characterizing the shape of the Doppler ultrasound-measured 
centerline velocity profile in the uterine artery over the car-
diac cycle changes dramatically throughout gestation; while 
changes across gestation are large, the time-course of these 
values is tightly conserveed across studies from multiple 
continents and people groups (Wilson et al. 2007; Dickey 
et al. 1994; Browne et al. 2011; Gómez et al. 2008, 2005; 

Fig. 9   Ovarian artery bilateral 
blood flow rate (A), wall shear 
stress (B), diameter (C), and 
peripheral resistance (D) for 
the low, medium, and high 
simulation
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Deutinger et al. 1988; Jurkovic et al. 1991; Jauniaux et al. 
1991; Kaminopetros et al. 1991; Fugino et al. 1993; Olofs-
son et al. 1993; Coppens et al. 1996; Valentin et al. 1996; 
Tekay et al. 1996; Guanes et al. 1996; Sagol et al. 1999; 
Yalti et al. 2003; Mäkikallio et al. 2004; Pilalis et al. 2007; 
Özkaya et al. 2007; Yu et al. 2008; Poon et al. 2009a, b; 
Deurloo et al. 2009; Rigano et al. 2010; Audibert et al. 2010; 
Wang et al. 2010; Odibo et al. 2011; Eser et al. 2011; Farina 
et al. 2011; Bahlmann et al. 1980; Everett et al. 2012; Lai 
et al. 2013; Arcangeli et al. 2013; Scazzocchio et al. 2013; 
Prajapati and Maitra 2013; Jamal et al. 2013; Paco et al. 
2014; Oliveira et al. 2014; Guedes-Martins et al. 2014; Ergin 
and Yayla 2015; Crovetto et al. 2015; Borna and Rahmani 
2015; Carter et al. 2015; Plasencia et al. 2015; Khalil et al. 
2016; García et al. 2016; Kienast et al. 2016; Tezcan et al. 
2015; Cheng et al. 2015; Kumar et al. 2016; Abdel Moety 
et al. 2016; Zebitay et al. 2016; Leite et al. 2019; Cavoretto 
et al. 2020; Ponmozhi et al. 2019; Perry et al. 2020; Prodan 
et al. 2019; D’Antonio et al. 2020; Adekanmi et al. 2019). 
UA−PI =

(
vPS − vED

)
∕v has emerged as a reliable indicator 

of peripheral resistance of the uterine vasculature and early 
indicator of risk of preeclampsia and fetal growth restriction, 
where vPS is the peak systolic centerline velocity, vED is the 
end diastolic centerline velocity, and v is the time-averaged 
mean centerline velocity of the uterine artery, usually taken 
in the ascending branch of the uterine arterey at level of the 

cervical os or near the intersection point of the uterine artery 
and the external iliac artery.

Hemodynamics and remodeling of other non-uterine 
vasculature. A few studies are available for blood flow 
in the internal carotid (Nevo et al. 2010), renal (Abdul-
jalil et  al. 2012), and common iliac and external iliac 
(Palmer et al. 1992; Wilson et al. 2007; Zamudio et al. 
1985; Browne et al. 2011) arteries. In general, our low 
computational modeling simulations most closely capture 
the reported flows and diameters of these published results 
(Figs. 11, 12, 13); the medium and high simulations show 
higher flow and diameter values. Nevo et al., 2010 reported 
changes in the ICA across gestation and calculated values 
of shear stress, using their results, showed a nearly con-
stant shear stress across gestation. Reported values of renal 
blood flow increase from ~ 880 to ~ 1330 mL/min from 0 to 
20 weeks and then decrease back toward ~ 900 mL/min at 
term. No diameter data were reported for the renal arter-
ies, so shear stress calculations and diameter compari-
sons were not available. Blood flow in the common iliac 
artery increases, primarily due to increases in the uterine 
blood flow. Note that the studies that report common iliac 
blood flow rates generally report lower than average val-
ues of uterine artery flow rates; while the nominal calcu-
lated values of shear stress in common iliac arteries vary 
between 0.2 and 1.0 dynes/cm2, all studies show that the 

Fig. 10   Uterine artery center-
line blood flow velocity profiles 
over one cardiac cycle for Low 
(A), Medium (B), and High 
(C) illustrative simulations for 
each gestational age considered 
from 0 to 40 weeks. Notice the 
presence of the early diastolic 
notch in the first trimester, but 
not in the second and third 
trimester, waveforms. Uterine 
artery pulsatility index (UA-PI) 
versus gestational age (D) for 
the illustrative simulations 
(Low, Medium, and High, solid 
line) and for data reported in the 
literature. The legend for each 
mark shape, color, and fill for 
the literature data are provided 
in Supplement B
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Fig. 11   Internal carotid artery 
(ICA) bilateral blood flow 
rate (A), wall shear stress (B), 
diameter (C), and peripheral 
resistance (D) for the low, 
medium, and high simulation 
and the results from Nevo et al. 
(2010) (blue triangles)
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Fig. 12   Common iliac blood 
flow rate (A), wall shear stress 
(B), diameter (C), and periph-
eral resistance (D) for the low, 
medium, and high simulation 
and the results from Palmer 
et al. (1992) (blue circles), 
Zamudio et al. (1985) (cyan 
stars), Wilson et al. (2007) (red 
triangles), and Browne et al. 
(2011) (cyan squares)
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shear stress in the common iliac remains nearly constant 
throughout gestation. A gap also remains in the literature 
describing the time course of changes in perfusion differ 
in different vascular beds, as a fraction of total cardiac out-
put. In our model, the combined uterine and ovarian flow 
comprising of 0.8–3.3% of the total CO at conception to 
12–14% at term (Fig. 14). The renal perfusion varies from 

20–27% of the total CO, initially increasing in the first tri-
mester, then decreasing in the second and third trimester. 
Cerebral perfusion varies from 9–13% of total CO, initially 
decreasing, then increasing in the third trimester. Perfu-
sion of the arms and legs decreases in the first trimester 
and then remains nearly constant.   

Changes in vessel distensibility. Pulse wave velocity (PWV) 
has emerged as a useful surrogate clinical metric to assess 
large artery stiffness and vascular age, with carotid-femoral 
(cf) PWV considered the gold standard metric (Laurent et al. 
2019). Numerous methods have been used to assess central 
arterial stiffness in pregnancy in pregnancy, including cf-PWV 
(Anastasakis et al. 2008; Rang et al. 2007; Robb et al. 2009; 
Mahendru et al. 2014, 2017; Savvidou et al. 2011; Kaihura 
et al. 2009; Graaf et al. 2008), radial-femoral (rf) PWV (Robb 
et al. 2009; Savvidou et al. 2011; Kaihura et al. 2009), bra-
chial-ankle PWV (Oyama-Kato et al. 2006), and augmentation 
index (Robb et al. 2009; Mahendru et al. 2014, 2017; Savvidou 
et al. 2011; Kaihura et al. 2009; Graaf et al. 2008). Our com-
putational modeling results show a slight decrease in cf PWV 
and crPWV in the first half of pregnancy, then an increase in 
these values in the second half of pregnancy (Fig. 15). Cyclic 
strain, defined as Δ� =

(
dsys − ddias

)
∕d , decreases over the 

first trimester in arcuate arteries and over the first half of preg-
nancy for uterine arteries, asymptotically to values < 1%; this 
is because the arcuate and uterine arteries experience large 

Fig. 13   External iliac blood 
flow rate (A), wall shear stress 
(B), diameter (C), and periph-
eral resistance (D) for the low, 
medium, and high simulation 
and the results from Palmer 
et al., 1992 (blue circles), 
Zamudio et al., 1995 (cyan 
stars), Wilson et al., 2007 (red 
triangles), and Browne et al.,s 
2011 (cyan squares) (Palmer 
et al. 1992; Wilson et al. 2007; 
Zamudio et al. 1985; Browne 
et al. 2011)
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circumferential growth ( �G
�

 ) due to large increases in flow 
and shear stress-mediated remodeling and large axial growth 
( �G

z
 ) associated with the dramatic growing uterus. Non-uter-

ine arteries do not grow axially and experience only modest 
circumferential growth. Cyclic strain in non-uterine arteries 
generally increases in the first half of pregnancy and then 
decreases in the second half of pregnancy.

4 � Discussion

Adequate G&R of the maternal vasculature, coupled with 
increased cardiac output, are essential events to provide 
adequate blood flow to the placenta during pregnancy. The 
uterine vasculature experiences the greatest amount of 
G&R. Vascular G&R is initiated early in the first trimes-
ter, as extravillous trophoblasts form a plug in the spiral 
arteries and distal regions of the radial arteries, prevent-
ing blood flow into the intravillous space. The trophoblasts 
replace spiral artery endothelial cells and smooth muscle 
cells, transforming the spiral arteries from high resistance 
vasoactive arterioles to low resistance passive conduits after 
the resolution of the plug (Osol and Moore 1994; Osol and 
Mandala 2009; James et al. 2017; Brosens et al. 2002). Plug-
ging of the spiral arteries may also stimulate the formation 
of A-V shunts between radial arteries and radial veins across 
the upper half of the myometrium (Burton et al. 2009). If 
present, the A-V shunts would significantly reduce uterine 
peripheral resistance in the first 10 weeks, prior to increased 
blood flow to the intravillous space—increasing blood flow 
through the uterine, arcuate, and radial arteries and distal 
myometrial and uterine veins—initiating flow-mediated 
G&R in these vessels, and perhaps ‘preparing’ these ves-
sels for the rapid increase in flow that will be required in the 
second and third trimester. The spiral artery plugs begin to 
resolve at approximately 8 weeks and become fully resolved 
by 12 weeks of gestation, allowing blood flow to the intravil-
lous space. In our model, spiral artery remodeling and A-V 
shunt formation are collectively captured by the WK3 model 
at the termination of each of the 60 placentally engaged 
radial arteries. Target values of blood flow, which span the 
range of values reported in the literature, were used to itera-
tively solve for the WK3 resistances in placentally engaged 
radial arteries. To achieve the target values of uterine flow, 
there was a dramatic reduction it the total resistance ( RT ) 
of the placentally engaged radial arteries, with the greatest 
decrease occurring in the first four weeks, when the spiral 
arteries are plugged, suggesting that nearly all the flow must 
travel through the A-V shunts.

We also prescribed changes in RT in the leg, arm, trunk, 
and cerebral vasculature throughout gestation to, as best as 
posible, capture the changes in blood flow and diameter in 
the internal carotid artery, common and external iliacs, and 
renal artery. No reports measured flow in different regions of 
the body, in the same cohort of subjects; pelvic vessel data, 
ICA data, and renal data all from different papers and these 
reports often did not report total cardiac output. It seems that 
the available reports correlate most closely with our low sim-
ulation. Adjustments in the assumed changes in blood flow 
throughout the vasculature had a significant effect on uterine 
perfusion and parameters such as UA-PI (results not shown); 
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there is a need to perform parametric studies to quantify the 
role of blood flow distribution throughout the body on pla-
cental perfusion. There is also a pressing need to quantify, in 
the same subjects, how blood flow and peripheral resistances 
in each vascular bed change throughout gestation. Indeed, 
developing subject-specific models, validated with data from 
individual subjects across gestation, for both normal preg-
nancies and pregnancies complicated with preeclampsia and 
fetal growth restriction could help to reveal the interplay of 
the milieu of hemodynamic and vascular changes.

Following the adjustment of the RT  values for all the 
terminal vascular segments to match the target flow rates, 
vessel growth was prescribed by iteratively adjusting the 
vessel diameter (while continuing to adjust RT ) to restore 
wall shear stress (while also continuing to match target flow 
rates). While results from the literature are limited, calcu-
lated shear stress values from the ascending aorta, internal 
carotid artery, and common iliac suggest that, despite signifi-
cant changes in flow and diameter, wall shear stress remains 
nearly constant in these vessels across gestation, while some 
studies show a modest decrease in wall shear stress in the 
external iliac artery with gestational age. In contrast, the 
literature reports of shear stress values in the uterine artery 
are less consistent, with different studies reporting order-of-
magnitude differences in shear stress values. Some studies 
show uterine artery shear stress decreasing with gestation, 
others show it increasing, and still others show it to be con-
stant. This variability may be due, in part, to incomplete 
remodeling of the uterine vasculature to the very large 
increases in diameter and blood flow through this vascula-
ture. The variability in diameter and shear stress values may 
also be due to the redundancies in the uterine blood supply; 
i.e., the ovarian and internal iliac blood supply redundancy 
and the right-to-left redundancies in blood supply.

Our modeling results also revealed that, to constrain the 
ovarian flow to 20% of the total perfusion of the uterine 
vasculature, the ovarian artery wall shear stress was 3.5- to 
5-times higher than the uterine arteries and that this ratio 
was fairly well conserved across the fairly broad set of uter-
ine perfusions and cardiac outputs represented by the low, 
medium, and high simulations. Very few studies were found 
that quantified ovarian flow across gestation, likely because 
the ovarian arteries are difficult to access with ultrasound 
as the uterus grows. Subtle changes in the percentage of 
flow had significant effects on the shape of the uterine artery 
centerline blood flow velocity waveforms, and therefore met-
rics like UA-PI (results not shown). The proportion of blood 
flow to the uterus that arises from the ovarian artery versus 
the uterine artery is ultimately controlled by the differential 
vascular G&R between the different pathways. Thus, there is 
a pressing need to better understand the role ovarian artery 
growth may have on perfusion of the uterine vasculature 
and hemodynamic indicators used to assess pregnancy risk, 

using both novel experimental measurements and compu-
tational models.

In addition to growth (i.e., changes in vascular caliber and 
length), we also prescribed remodeling (i.e., changes in ves-
sel distensibility) to correlate with changes in vessel diam-
eter and length via Eq. (10). By far, the largest decreases 
in vessel distensibility occurred in the uterine and arcuate 
arteries, which experienced large growth; both circumfer-
ential growth ( �G

�
 ) and axial growth ( �G

z
 ). We found that 

the reduction in distensibility was necessary to achieve the 
target values of UA-PI and that these changes resulted in a 
significant reduction in cyclic strain in the uterine and arcu-
ate arteries. Little data are available on the distensibility or 
cyclic strain of the uterine vasculature, like because cyclic 
strains are < 2% for much of gestation; it is difficult to detect 
these small diameter changes with ultrasound. The remain-
ing vasculature showed only modest changes in distensibil-
ity. Changes in cyclic strain result from changes in vessel 
geometry (e.g., increased diameter), applied loads (e.g., 
change in systolic and diastolic blood pressure), and mate-
rial properties (e.g., vessel distensibility). Very few direct 
measurements of cyclic strain are available; however, Rang 
et al. showed a decrease in cyclic strain of the ascending 
aorta from 12 weeks (8.0%) to 22 (6.3%) and 33 (6.5%) 
weeks and post-partum (6.3%) in uncomplicated pregnancies 
(Rang et al. 2007).

Following the adjustment of the RT values and vessel 
diameters to match blood flow rates and wall shear stresses, 
the terminal compliances were iteratively adjusted to match 
the uterine artery pulsatility index and the systolic blood 
pressure. Given that UA-PI has emerged as an important 
prognostic indicator of pregnancy complications (e.g., fetal 
growth restriction and preeclampsia), perhaps more than any 
other parameter, we emphasized matching the shape of the 
uterine artery centerline velocity waveform and the UA-PI to 
the literature reports. Importantly, while the radial artery ter-
minal compliance values were used to achieve target values, 
many other parameters played a role in reaching these tar-
gets, including the shear stress target values, the remodeling 
parameters, the shape of the inlet flow waveforms, among 
many others.

In addition to UA-PI, several other features of this wave-
form have been reported, with which we can compare our 
computational results. The trends in vPS differ in the three 
illustrative simulations. In the low simulation, vPS increased 
from 67 cm/s to 144 cm/s from 0 to 40 weeks of gestation. In 
the medium and high simulations, changes in vPS were much 
lower. Few reports are available, but some suggest that val-
ues of vPS generally increase with gestation from ~ 40 cm/s 
in non-gravid women to ~ 140 cm/s by 18 weeks of gesta-
tion (Jauniaux et al. 1991; Valentin et al. 1996), which are 
consistent with the low simulation. Other reports suggest 
more modest increases in vPS from ~ 45 cm/s to 84 cm/s 
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(Wilson et al. 2007; Adekanmi et al. 2019), consistent with 
the medium and high simulations. Most reports in the litera-
ture show a fairly uniform increase in end diastolic veloc-
ity that corroborates the increase in perfusion. Our velocity 
waveforms are also consistent with most studies which show 
the presence of an early diastolic notch in the first trimester 
that goes away early in the second trimester (Gómez et al. 
2008; Sciscione et al. 2009). This early diastolic notch is 
an important feature of these velocity waveform given that 
the presence of the early diastolic notch at 12–14 weeks of 
gestation is considered a risk factor for later development of 
preeclampsia and other complications. Taken together, our 
illustrative simulations capture well the blood flow through 
the uterine artery and capture seemingly discordant results 
from the literature.

While these computational modeling results were vali-
dated, as best as possible, with experimental results from the 
literature, this study has several key limitations. First, while 
many data sets were available and this modeling framework 
helps highlight critical gaps in available experimental data, 
give the lack of certain data, rather bold assumptions were 
made regarding the uterine vascular network. We assumed 
eight, non-branching arcuate arteries exist in each uterus 
quadrant that, together, feed 120 radial arteries. We assumed 
values of arcuate and uterine artery tortuosity. While these 
assumptions were based on our ‘best guesses’ from a small 
number of studies or accepted paradigms, to the best of our 
knowledge, these parameters are not rigorously quantified 
and reported. We assumed that all the placentally engaged 
radial arteries (and similarly all the non-placentally engaged 
radial arteries) have common diameters and WK3 param-
eteres. It is more likely that these values take a range of 
values across all radial arteries, but no data are available to 
inform these decisions. There is a pressing need to experi-
mentaly quantify the connectivity of the uterine vascular 
network, vessel lengths and tortuosity, and vascular calibers 
of each segment and how these parameters changes across 
individuals, populations, and with different pregnancy com-
plications. As imaging modalities continue to improve, this 
should be an important research target.

Another limitation of this study is that the data to which 
the computational modeling results were compared were 
taken from a broad range of studies; no one study comprised 
most or all of the measurements required to properly validate 
these computational modeling results. While this is a noted 
limitation, this limitation highlights the need for patient-
specific, comprehensive data sets that quantify changes in 
cardiac function, vessel geometry, mechanical properties, 
and blood flow rates, and blood pressure pulse waveformes 
at multiple locations along the vasculature, a more accurate 
assessment of the uterine vascular network, including num-
bers of arcuate, radial, and spiral arteries, and tortuosity of 
uterine and arcuate arteries, and accurate quantification of 

placental size, location, and number and size of radial arter-
ies that communicate to the placenta. Finally, while many 
assumptions were made regarding these values, another limi-
tation of this study is that only a few illustrative simulations 
were performed. With unmet data needs computational mod-
els provide a useful tool to quantify the impact of inaccurate 
assumptions, through parametric studies; the need for these 
studies remains.

In closure, this paper presents a mathematical framework 
to characterize maternal vascular G&R and hemodynamics 
in uncomplicated human pregnancies. Our results captured 
well the time-course of vessel geometry, material proper-
ties, and hemodynamics across a broad range of clinical 
reports and across gestation. While results capture available 
data well, this study highlights significant gaps in available 
data required to better understand vascular remodeling in 
pregnancy.
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