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The aim of this article is to study the traced vascular structures inside (human) placentas via optimal transporta-
tion techniques from two groups of births - one from mothers who already have a child diagnosed with ASD and
the other from a general-population birth cohort. Younger siblings of children diagnosed with ASD are them-
selves at several-fold greater risk of being diagnosed with ASD. Consequently, this comparison can provide an
initial indication of whether placental vascularization might be deserving of further study in etiologic research
on prenatal neurodevelopment and as a potential ASD risk biomarker. Our results show that vascular struc-
tures quantified by transport efficiency in placentas belonging to newborns at higher ASD risk are significantly
different from those in placentas from the population-based control cohort.
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1. INTRODUCTION

Autism spectrum disorder (ASD) is one of the fastest-
growing developmental disabilities in the United States.
People with ASD have impairment in social communication
and interaction along with restricted and repetitive patterns
of behaviors, interests or activities [1l]. U.S. Centers for
Disease Control and Prevention ASD surveillance reported
ASD prevalence in 2012 among US 8 year olds to be 1 in
68 [6], more than two-fold greater than the CDC estimate
of 1 in 150 reported a decade earlier [2].

ASD is diverse in its presentation; no two people with
ASD will have exactly the same symptoms or manifesta-
tions. There is no medical cure for ASD, and it is often com-
plicated and difficult to diagnose accurately. Nevertheless,
ASD appears to have its roots in very early brain develop-
ment. According to [7] [[L7]], the earlier children with ASD
are identified and receive evidence-supported intervention,
the greater their chance of positive outcomes. Children with
an ASD diagnosis who received early intervention tend to
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have better outcomes, improved communication skills and
enhanced overall social behavior compared to ASD children
with no early intervention. Cost of lifelong care can be re-
duced by 2/3 with early diagnosis and intervention. How-
ever, the most obvious signs and symptoms of ASD tend to
emerge between 2 and 3 years of age. Interest is intense in
determining if there are any valid and reliable indicators of
ASD risk measurable at earlier ages.

Here we conduct a comparison of the vascular networks
of placentas collected from the births of siblings of older
children diagnosed with ASD to the vascular networks of
placentas from a general population sample of births. Sib-
lings of children with an ASD diagnosis are at several-fold
higher risk of themselves being diagnosed with an ASD
[L6], [19]. The placenta is a temporary organ that serves
in the exchange of nutrients and wastes between the mother
and the fetus. ASD appears to have its roots in fetal life,
which is highly dependent on the dynamic growth function
of the placenta. Information about the timing and possi-
bly the nature of early brain maldevelopment may be par-
alleled by alterations in the geometric structure of the pla-
centa as measured by its size, shape and depth, as well as by
the thickness, length, and geometric locations of its veins
and arteries. Related study of placentas can be found in
the works of [271], [12]], [LO], [13],[28]], [29] and references
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therein.

In a previous article [25]], the authors quantified effi-
ciency of the transport system in the human placenta and
studied its correlation with birth weight and gestational age
of newborns. In those data, each placenta was represented
by a planar domain and a fixed point representing the site
of the umbilical cord insertion. By means of techniques in
ramified optimal transportation (see Section 2 for details),
the authors simulated a vascular tree structure for the pla-
centa in simplified form, by an idealized optimal transport
network. The main result in [25]] showed that averaged birth
weight and averaged gestational age were both roughly in-
creasing functions of the calculated placental transport effi-
ciency. Both preterm birth and low birth weight were asso-
ciated with lower placental transport efficiency. The authors
also showed that the relationship of transport efficiency to
these outcomes was nonlinear, reaching a plateau at 38 — 39
weeks gestational age and 3200g birth weight.

In [25], we only used the locations of the boundary
curves of the placental chorionic surface and the umbili-
cal cord insertion point. Recently, we have manually traced
arterial (Figure [) and venous vascular networks from the
following two groups of placentas:

e NCS placentas: 201 placentas collected by the Na-
tional Children’s Study (NCS) [14]]. NCS is a popula-
tion cohort study of children in the United States and
as such would be expected to experience the baseline
ASD risk seen in the general U.S. population.

e EARLI placentas: 75 placentas collected by the Early
Autism Risk Longitudinal Investigation (EARLI)
Study. The EARLI Study enrolled mothers of chil-
dren with ASD at the start of another pregnancy and
followed the development of the newborn child to
age three [15)]. Siblings of children with ASD have
a several-fold higher risk of receiving an ASD diag-
nosis than do children in the general population [16],
[19].

Our main result indicates that under suitable transporta-
tion cost, there is significant difference in transport effi-
ciency of the measured venous/arterial networks between
the NCS and the EARLI placentas, with EARLI placentas
demonstrating both lower overall transport efficiency and
lower ratios of venous vs. arterial network transport effi-
ciency.

The article is organized as follows: We first recall some
basic definition of ramified optimal transportation in sec-
tion 2. Then, we recall the concepts of transport efficiency
and shape factor of placentas in section 3. The main work
is stated in section 4. We trace the geometry of the actual
arterial and venous vasculatures on the planar chorionic sur-
faces from both NCS and EARLI placentas. Then, we com-
pare transport efficiency of traced vascular networks in pla-
centas of the EARLI group to those of the NCS group, with

respect to various transportation cost functions. The calcu-
lated transportation efficiency quantifies the difference be-
tween these two groups. We also compare these two groups
of placentas with respect to a fixed transport cost function:
the quadratic cost function.

2. BRIEF INTRODUCTION TO RAMIFIED OPTIMAL
TRANSPORTATION

The optimal transportation problem aims at finding an
optimal way to transport materials from the source to the
target. An optimal transport path introduced in [20] is
a mathematical concept used to model efficient branch-
ing transport networks. Transport networks with branch-
ing structures are observable not only in nature as in
trees, blood vessels, river channel networks, lightning, etc.
but also in efficiently designed transport systems such as
used in railway configurations and postage delivery net-
works. Recently, mathematicians (e.g.: [20] [L1]{5][4])
have shown great interest in modeling these transport net-
works with branching structures. Applications of optimal
transport paths may be found in e.g. [21] and [24]. A sur-
vey of this research field can be found in [26].

We first recall some basic concepts of ramified optimal
transportation as stated in [20]]. Recall that a (finite) atomic
measure on the Euclidean space R™ is in the form of

k
a :Zmiézi (1)
i=1

with distinct points ; € R™, and positive real numbers m;,
where §, denotes the Dirac mass located at the point .
Given two atomic measures

k ¢
a= Z m;dz, and b = Z N0y, 2)
i=1 j=1

in R™ of equal mass (i.e. Zle m; = Z§=1 n;), a trans-
port path from a to b is a weighted directed graph G
consisting of a vertex set V(G), a directed edge set E(G)
and a weight function w : E(G) — (0,400) such that
{x1,22, ..., 2t} U{y1,¥2, ..., y¢} C V(G) and for any ver-

tex v € V(Q),
> wle— > wle
e€E(G),e—=v e€E(G),et=v
my, ifv = x; for somei=1,... k
= —nj, ifv =y, forsome j =1,..., ¢
0, otherwise

where e~ and e™ denotes the starting and ending endpoints
of each edge e € E(G). Note that this balanced equation
simply means the conservation of mass at each vertex.
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Suppose a and b are two atomic measures on R™ of
equal total mass. For any real number o < 1 and any trans-
port path GG from a to b, we define its transport cost to be

Z w(e)*length(e), 3)

e€E(G)

M, (G) =

where length(e) denotes the Euclidean distance between
endpoints of the edge e.

Let Path (a, b) be the space of all transport paths from a
to b. A transport path G from a to b is called an a.—optimal
transport path if

M. (G) < Ma(G)

for any other transport path G from a to b. Also, the dj,
distance between a and b is defined to be

da (a,b) = min {M, (G) : G € Path(a,b)}. (4

In general, for any two Radon measures p and v on R™
with equal mass, the d, distance between p and v is given
by

do (,Uﬂ V) = HILH;O dg, (ana bn)v (5)

for any two sequence {a, }, {b,,} of atomic measures con-
verge weakly to p and v, respectively.

Some numerical simulations of optimal transport paths
were given in [23] 26]]. Applications of optimal transport
path may be found in e.g. [21]], [24] and [22]. For instance,
we have used the idea of this theory to describe the dynamic
formation of a plant leaf in [21].

3. TRANSPORT EFFICIENCY OF THE HUMAN
PLACENTA

The placenta is the sole source of fetal nutrients and oxy-
gen. Placental transport function is critical to the health and
development of the fetus. According to the fetal origin of
adult health hypothesis [3], placental development contin-
ues to be linked to health in adulthood, beyond infancy and
childhood. In [23], we introduced the concept “transport
efficiency” of the placenta and studied its relationship with
birth weight and gestational age. Since it is closely related
to the methods in this article, we briefly recall its motivation
and definitions here.

In previously published work [25]], based on a sample
of 1110 placentas collected by an academic health center
in central North Carolina, we investigated the role that the
shape of the placenta (including location of the umbilical
cord) played in the birth weight of the newborn. Similar to
what was done in this study, a trained observer took a photo
of each placenta (Figure [T) and captured a series of z,y

FIG. 1: A photo of a placenta

FIG. 2: Boundary curve and the umbilical cord insertion point of
the placenta.

coordinates that marked the site of the umbilical cord inser-
tion and the boundary curve of the fetal surface (Figure [2).
When comparing those placentas, we wanted to remove the
impact of the size and consider only the effect of shape. To
do so, we introduced the variable “shape factor” as follows.

As stated above, each placenta P is represented by a pair
(D,0) where D is a bounded domain in R? and O is a
fixed point inside D representing the site of the umbilical
cord insertion. We say two placentas P, = (D7,0;) and
P, = (D3, 05) have the same shape if they are similar to
each other. In other words, there exists a number A > 0
and a 2 x 2 orthogonal matrix A such that the mapping
fx: D1 — Dy given by

(@) =AA(x — 01) + 09,z € Dy
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FIG. 3: An approximate optimal transport network modeling the
vascular structure inside the placenta.

is one-to-one and onto.
For each placenta P = (D, O) and « < 1, the a-shape
factor of P is defined by

do (1, |D|d0)
|D|Ot+0.5 ?

Sa (P) :=
where 1p denotes the Lebesgue measure of R? restricted on
the set D, | D| denotes the area of D, and d,, is the distance
defined in (3). It turns out that two placentas of the same
shape have the same shape factor S,,.

Since transportation cost d,, (p, | D] o) is proportional
to the shape-factor S, among placentas of similar sizes, the
smaller the shape-factor .S,, the more efficient was the trans-
port system corresponding to the placenta. This motivates
us to consider the following definition. For each placenta P
and @ < 1, the transport a— efficiency of P is defined to be

_Sa

E,(P):= B(0,1)

(
Sa(P)

where S,, (B (0, 1)) denotes the «—shape factor of the unit
ball B (0, 1) in R? with respect to the origin (0, 0). Clearly,
two placentas of the same shape have the same transport
efficiency.

To calculate the transport cost dy, (ip, |D|do), we used
algorithms describe in [23|[26] to generate an approximated
optimal transport path Gp € Path (up,|D|do). This
leads to Figure [3] We used this idealized transport system
G p to model the vein (or the arterial) structure inside the
placenta. The value d,, (1up,|D|dp) is approximated by
M, (G). Thus,

Ma(Gp)
L (P) ~ TP 6
( ) |D|a+0.a ()

For each placenta P in the available data and o = 0.85,
we calculated the transport cost M, (Gp), shape-factor
So(P) as well as the transport efficiency E, (P), and
then studied their relations with the recorded data on birth
weights and gestational ages. The following summarizes
what we have found in [25]].

e The average of transport cost M, (G p) for any given
birth weight is nearly a linear function of the birth
weight. Transport cost is positively correlated with
birth weight as expected, given that it primarily re-
flects placental size, and on average will vary with
larger and smaller placental and fetal weights.

e Averaged transport efficiency for any given birth
weight is roughly an increasing function of the birth
weight. The smaller the birth weight, the less effi-
cient the placenta. This demonstrates that transport
efficiency of the placenta is an important correlate of
birth weight.

e Average birth weight for any fixed transport effi-
ciency still increases as transport efficiency increases,
but with a decreasing slope.

e Averaged transport efficiency is roughly an increas-
ing function of gestational ages. Preterm newborns
typically have less efficient placentas compared to
infants born at term. This is consistent with the
progressive development of vasculosyncytial mem-
branes from the beginning of the third trimester [[12].

e Average gestational age still increases as transport ef-
ficiency increases, but again with a decreasing slope.

Consequently, we previously showed that transport effi-
ciency of a placenta as estimated from simple measures of
perimeter and the location of umbilical cord insertion in the
chorionic plate was highly correlated with birth weight and
gestational age, and also that this relationship changed over
gestational age and birth weight ranges consistent with what
is well appreciated clinically [[10].

Moreover, the calculated transport efficiency demon-
strated transitions that allowed clear distinctions to be pro-
posed between newborns exposed to an inefficient placenta
(and hence to a compromised intrauterine environment) and
those with adequate placental transport efficiency.

4. NEW PLACENTAL DATA AND NEW
MEASUREMENTS

In this study we improved transport efficiency estimates
by adding new measures of surface vasculature to mea-
sures of placenta boundary and umbilical cord position. All
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EARLI and NCS placentas investigated here had a 2D digi-
tal photograph taken of the chorionic plate by a trained pho-
tographer, and both the vein and artery structures (see Fig-
ure @) were traced from the photograph following methods
described in [29] and [30]]. Our interest here was to dis-
tinguish these two groups by studying their corresponding
vascular networks via optimal transportation techniques.

2

.

FIG. 4: Hand traced arterial vasculature

Remark: Here, for simplicity as well as accuracy, we
used manually traced vein/arteries structures in our current
study (colors and thicknesses are chosen by the tracer to in-
dicate visible width of vessels). As described in [30], auto-
mated segmentation of the vessels from the images without
tracings has not been successful because the vessels, after
the placenta was cut off from the baby, deflated inconsis-
tently. As a result, some segments were blood filled and dark
while others were bloodless and appeared pale, causing a
significant problem for applying automated image segmen-
tation. On the other hand, if an alternative possibly more
efficient way (e.g. some blood vessel segmentation method-
ologies [9]) could overcome these problems in the future, it
is still expected that replacing manually traced vein/arteries
structures by structures derived from a reasonable blood
vessel segmentation methodology will not change essential
results of our study.

Each traced arterial/venous vascular networks gives a
weighted directed graph G. For each blood vessel segment
e of length I(e), let

fw(e),l(e))

be the cost of transporting a volumetric flow rate w(e) along
the segment e. In particular, we are interested in the cost
function of the form

fla,y) = z*y°

for real valued parameters o and 3. The corresponding
transportation cost of G is
Map(G) = Y w(e)e)’,

e€E(G)

where E(G) is the set of all edges of G.

Remark: Here, our choice of selecting f(z,y) = z%y”
is motivated by ramified optimal transportation theory. We
hope to use this family of transportation cost functions as
an example to find some measurable quantities that can dis-
tinguish the vascular networks inside the NCS and EARLI
placentas. Nevertheless, it is reasonable to expect that some
other family of transportation cost functions (e.g. the one
used in [21]] ) might also be used for similar purpose.

A benchmark for vascular systems was proposed by Mur-
ray in 1926 as a compromise between the frictional and
metabolic costs, with the latter expressed as a cost func-
tion. The formulation of a minimum energy hypothesis led
to a scaling law, w(e) o d(e)?, between the volumetric flow
rate w(e) and the diameter d(e) of a blood vessel segment
e. This scaling law is universal for all trees whose internal
flows are laminar. By Murray’s law, it holds that

o > d(e)*i(e (7)

e€E(G)

Motivated by (6), we use a normalization process to re-
move the effect of the size of the placenta on M, g(G).
When one rescales the planar domain D by a factor A to
get a new domain D, the corresponding volumetric flow
rate w(€) = A?w(e) and the corresponding edge length
1(€) = M(e). Asaresult, M, 5(G) = N2*TPM, 5(G)
and the quantity

Mq5(G)
|D|OL+6/2 (8)

is invariant under rescaling, where | D| denotes the area of
the domain D.

As a result, motivated by (7) and (B), for each placenta
P = (D, O) with a traced vascular structure G, we define
the shape factor of G to be

ZeeE(G) d(e)*i(e)”
|D]+5/2

o Map(G)

Sa,p(G) = ‘D‘a+ﬁ/2

(€))

Also, we consider transport efficiency of G

Sep

F,5(G) i = ————,
0475( ) Sa,ﬁ (G)

where Sa, g 1s a fixed constant. Here, we take it to be the

mean of S, 3(G) among all traced vascular structure G

from the NCS group.



Journal of Coupled Systems and Multiscale Dynamics e

4.1. Comparison between NCS placentas and EARLI
placentas via a family of transport cost functions

Let P%; (and P3;) denote the set of all traced arterial (and
venous, respectively) vascular networks G from placentas
in the NCS group, and P% (and Pz) denote the set of all
traced arterial (and venous, respectively) vascular networks
G from placentas in the EARLI group.

Now, for each value « and 3, by @]), we can calculate
the shape factors S, g(G) for each G obtained from the
above sets. Similarly, we can also calculate the transport
efficiency E, g(G) for each G.

We claim that the values of these calculated transport ef-
ficiency F, 3(G) can be used to distinguish the difference
between the NCS group and the EARLI group, which in
turn will give us indicators of the risk of an ASD diagnose.

To see it, we consider the relative transport efficiency
functions of the two groups:

mean({Sq,3(G) : G € Py
(e, ) = meangsafgiGi G e 77% ;
_ mean({Eq (G) : G € P%})
mean({Eq, p(G) : G € P%})
for arteries and
mean({Sq s(G) : G € P}
R(a,B) = meangs EG)) Ge PJ}EB
_ mean({E,.5(G) : G € Py})
mean({Ey 5(G) : G € P{})

for veins. If Pg (and Pp) is a randomly selected subset
of P% (and Py, respectively), one would expect that the
values of R%(a, 8) (and R”(«, f3), respectively) are nearby
one for any « and /3.

Figure [5] and Figure [6] give us the plots of the curves
R*(c, B) and R” (e, 8) as a function of § for fixed values
of a.

Based on Figure [5] and Figure [6] we have the following
observations:

e P% (or PZ) is not a randomly selected subset of
PR (or PR respectively). The behaviors of traced
vascular graphs of EARLI placentas are different
from those of NCS placentas. These differences can
be quantified by the relative transport efficiencies
R*(a, B) or R*(ax, B).

e The values of the relative transport efficiency
R%(cv, B) and R(cv, B) vary according to the trans-
port cost function z*y”. Under some transport costs,
EARLI placentas are relatively more transport effi-
cient than NCS placentas, while for other transport
costs, the opposite situation appears.

e R%(a, B) and RY(cv, B) are decreasing functions in
both variables o and £5.

Relative transport efficiency of the arieries
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FIG. 5: Relative transport efficiency R*(«, 3) of arteries.

Relative iransport efficiency of the veins
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FIG. 6: Relative transport efficiency R”(c, 3) of veins.
e For each fixed o, R%(«v, 8) and R"(a, B) are nearly

linear functions of 3 with negative slopes.

These observations demonstrate that there are significant
differences between EARLI placentas and NCS placentas,
in terms of these transport efficiency estimates.

4.2. Detailed comparison between NCS and EARLI
placentas via the quadratic transport cost function

In this subsection, we will demonstrate that the calcu-
lated “transport efficiency” E, g(G) of the measured ar-
terial/venous network G of a newborn’s placenta can be
used as an indicator of the risk of a future ASD diagno-
sis. To illustrate this idea, here we consider a fixed trans-
portation cost function, e.g. the quadratic transport cost
f(z,y) = zy? with o = 1 and 3 = 2. By Figure [5and
Figure[6] the values R%(1,2) = 0.58 and R"(1,2) = 0.52.
These numbers says that in average, the arterial as well as
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the venous network in an EARLI placenta is nearly half
transport efficient when comparing with the one in an NCS
placenta.

To better illustrate the difference of these two groups, we
consider their corresponding probability density functions
of transport efficiency E 2(G) for both arterial and venous
network in placentas of each group, and plot them together
in Figure[7]

14 T T T T T T T
: : : : : Arteries of NCS placentas
Arteries of EARL] placentas
“eins of MCS placentas

“eins of EARLI placentas

Probability density functions

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Transport Efficiency

FIG. 7:  Probability density functions of transport efficiency
E1,2(G) derived from arterial/venous network G of NCS and
EARLI placentas.

Similarly, we plot the graphs of their corresponding
cumulative distribution functions of transport efficiency
F4 2(G) in Figure For example, from the graphs, we

Curnulative Distribution Functions

Arteries of MCS placentas | |

Arteries of EARL] placentas

“eins of MCS placentas H

T “eins of EARLI placentas
T T T

RN S SN RN SRR SRS

1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Transport Efficiency

FIG. 8: Cumulative distribution functions of transport efficiency
derived from arteries/veins of NCS and EARLI placentas.

see that in the NCS group, there are about 40% placentas
whose transport efficiency of arteries is at most 1, and 35%

placentas whose transport efficiency of veins is at most 1.
On the other hand, in the EARLI group, there are about 75%
placentas whose transport efficiency of arteries is at most 1,
and 80% placentas whose transport efficiency of veins is
at most 1. These proportions in EARLI are approximately
double those in NCS. Both Figure [7] and Figure [§] indicate
again that arterial/venous networks from the EARLI pla-
centas typically have much lower transport efficiency than
those from the NCS placentas.

Figure [9] plots the ratio of the cumulative distribution
function (CDF) of transport efficiency for both arterial and
venous networks, respectively in the EARLI group over the
CDF in the NCS group. In other words, when counting the
total number of placentas whose arterial/venous network G
having a transport efficiency E4 2(G) at most x, the number
of such placentas in the EARLI group is 7, () (or 7, (),
respectively) multiples of those in the baseline i.e. the NCS

group.

T Arteries
Weins [

Fatio of cumulative distribution functions

o 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Transport Efficiency

FIG. 9: Ratio of the cumulative distribution functions of trans-
port efficiency derived from arterial/venous networks of EARLI
placentas over the corresponding one of NCS placentas.

Note that the ratio r,(xz) corresponding to arteries is a
strictly decreasing function of transport efficiency, and is
always greater than 1, suggesting that the relative probabil-
ity of a placenta examined in this study belonging to the
EARLI group vs. the NCS group decreases monotonically
as arterial transport efficiency increases. For instance, when
the transport efficiency x increases from 0.3 — 0.5 - 1 —
1.5 — 2, the corresponding ratios r,(x) decrease rapidly
from4.5 -+ 3.5 =18 - 1.35 — 1.2.

The ratio function r,(x) corresponding to veins is still
strictly decreasing, except for the region « € [0, 0.5] where
transport efficiency is small. A possible explanation could
be that when transport efficiency of veins in a placenta is
too small, the fetus is no longer viable. This is supported by
an earlier study in [25] which indicated that newborns with
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very lower transport efficient network in placentas tend to
have very small birth weights. Placentas from those non-
surviving fetus were not included in the EARLI study.

4.3. Comparison between venous networks and arterial
networks

For each placenta P with a venous network G'% and an ar-
terial network G%, we can calculate its corresponding shape
factors Sy, 3(G%) and S, 3(G%) for each « and 3, as indi-
cated in Figure

shape factors of artery and vein as a function of &

45 T
#  Arery
401 *  Mein ]
Jar b
a0 q
= 25t 8
e}
=4
_fC: 20 b
151 b
¥
10 b
sk . 1
N . N
0.1 0.z 0.3 04 0.s 0.6 0.7 0.8 0.9 1

FIG. 10: The graphs of shape factors S, 5(Gp) of the arterial
network and S, 3(G%) of the venous network in a typical placenta
with o € [0,1] and 8 = 2.

From Figure one can see that both S, 3(G%) and
Sa,3(G%) are decreasing functions of «, but there is not
much difference between the values of these two functions.
This was the case for both NCS and EARLI placentas. An
interesting phenomenon arises when we consider their ra-
tios. Here, we define the relative transport efficiency ratio
of veins over arteries by

_ 508(G%)  Eap(GY)
R(a, 5, P) = & 5(G%)  Eap(Gh)

Fix 8 = 2. For each placenta P, we consider the func-
tion R(«) := R(«, 2, P) as a function of « € [0, 1], whose
graph typically looks like a straight line as shown in Fig-
ure When « is small and nearly 0, R(«) > 1 indicat-
ing that the venous network is more transport efficient than
the arterial network with respect to transport cost functions
f(x,y) = x°y*. When « becomes larger, R(a) < 1 indi-
cating that the venous network is less transport efficient than
the arterial network with respect to transport cost functions

f(z,y) = zy°.
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o
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1
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FIG. 11: The graph of R(«) = R(«, 2, P) is typically a linear
function of « for both NCS and EARLI placentas P.

Now, for each o € [0, 1], we calculate the mean value
of R(a)) = R(«,2, P) among all placentas P in the NCS
group, i.e. define

Ry(a) := mean({R(«, 2, P) : P in the NCS group}).
Similarly, for the EARLI group, we define

Rg(o) := mean({R(«, 2, P) : P in the EARLI group}).

Mean of R{®) values and their ratios
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FIG. 12: Mean values of the relative transport efficiency ratio
R(a, 2, P) of veins over arteries among placentas in either the
NCS group or the EARLI group, and the ratio of mean values
(EARLI/NCS).

In Figure we plot the graphs of Ry (o), Rg(a),
and their ratio Ry («)/Rg(«), as functions of o € [0, 1].
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Figure [12] indicates that both Rp(«) and Ry(«) are de-
creasing functions of . Moreover, in general we have
Rg(a) < Ry(a). That is, placentas in the EARLI group
tend to have smaller R(«) values than those in the NCS
group. The largest difference is given when a = 1.

Now, we want to view the value of the relative trans-
port efficiency ratio R(1) = R(1,2, P) of veins over arter-
ies as another approach to differentiating between the two
groups. In Figure[T3] we plot the probability density func-
tions of R(1) = R(1,2, P) among all placentas P in the
NCS group and also in the EARLI group. As shown in Fig-

MCS placentas
EAFRLI placentas |1

=
o

Probahility density

=
m

=
IS

=
a

[=}

R{1,2,F)

FIG. 13: Probability density of R(1) = R(1,2, P) among all P
in the NCS group as well as in the EARLI group.

ure[I3] placentas in the EARLI group tend to have smaller
R(1) values than those in the NCS group. The highest
probability density of R(1) values in the EARLI group is
around 0.35, while the corresponding one in the NCS group
is around 0.55. The difference between the NCS group and
the EARLI group becomes even more clear when we con-
sider the corresponding cumulative distribution functions of
R(1) = R(1,2, P) among all placentas P in each group, as
shown in Figure For instance, there are about 25% NCS
group placentas whose R(1) values are no more than 0.4,
while there are about 40% EARLI placentas whose R(1)
values are no more than 0.4. Both Figure [[3] and Figure [I4]
demonstrate that there is a significant difference between
R(1) values in the EARLI group and those in the NCS
group. The value of R(1) = R(1,2, P) is another potential
discriminator of ASD risk.

In addition, the ratio of the cumulative distribution func-
tion of R(1) from the EARLI group over those from the
NCS group is shown in Figure[15] The lower the R(1) value
is, the higher probability of a placenta being in the EARLI
group. As R(1) increases, the ratio decreases rapidly espe-
cially for small R(1) values. When R(1) reaches approxi-
mately 0.6, the ratio becomes nearby 1, indicating that the
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FIG. 14: The cumulative distribution functions of R(1) =
R(1,2, P) among all P in the NCS group as well as those in the
EARLI group.
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FIG. 15: The ratio of the cumulative distribution function of R(1)
from the EARLI group over those from the NCS group.

risk of an ASD diagnosis has declined to the level of the
baseline.

Conclusions

Here, by studying the traced vascular structures inside
(human) placentas via optimal transportation techniques,
we identify two measurable anatomical indicators that ap-
pear to differentiate placentas from births to children with
older siblings diagnosed with an ASD from a general sam-
ple of placentas. The first indicator is given in subsec-
tion 4.2 by the transport efficiency E; 2(G) of the mea-
sured venous/arterial network G of the placenta. Placentas
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from children with older siblings diagnosed with an ASD
had lower transport efficiency. Another indicator is given
in subsection 4.3 by the relative transport efficiency ratio
R(1) = R(1,2,P) of the venous network over the arte-
rial network of the same placenta. The lower the relative
transport efficiency ratio is, the greater the chance an exam-
ined placenta was from the EARLI sample. These results
support further exploration of placental vascularization in
etiologic mechanisms related to neurodevelopment. In ad-
dition, studies contrasting placental vascularization in births
to children who go on to have an ASD diagnosis and those
who do not, in both high risk (i.e., families where there is al-
ready a child diagnosed with ASD) and general population
samples, should be completed to give a better indication of
whether or not placental vascularization can be considered

further as a biomarker of ASD risk.
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Appendix: Some information on the data related to NCS and
EARLI placentas

The group of NCS placentas are collected by Project 18
of the National Children’s Study (NCS) [14]. NCS is a pop-
ulation cohort study of children in the United States and as
such would be expected to experience the baseline ASD risk
seen in the general U.S. population. Project 18 was a sub-

study designed to collect all placentas at specific sites in a
defined time period for births in the NCS. The objective was
to develop placental assessment and exposure methods that
would be easy to replicate in a large multi-site cohort study
(such as the larger NCS). Demographic and clinical charac-
teristics of the sample for Project 18 were similar to births
enrolled in the larger NCS cohort beyond Project 18.

The group of EARLI placentas are collected from The
Early Autism Risk Longitudinal Investigation (EARLI)
Study. The EARLI cohort is a network of research sites that
enrolled and followes a group of mothers of children with
autism at the start of another pregnancy and documenting
the development of the newborn child (sibling of the autism
case) through three years of age [15]. The EARLI Study
is examining possible environmental risk factors for autism
and studying whether there is any interplay between envi-
ronmental factors and genetic susceptibility. Placentas from
live born children were collected from mothers recruited at
four sites: (a) Southeast Pennsylvania, by researchers from
Drexel University, The Children’s Hospital of Philadelphia
and the University of Pennsylvania; (b) Northeast Mary-
land, by researchers from Johns Hopkins University and
Kennedy Krieger Institute; (c) Northern California, UC
Davis by researchers from University of California at Davis,
and the M.LLN.D. Institute; (d) Northern California, Kaiser
Permanente, by researchers from Kaiser Permanente Divi-
sion of Research. Protocols were approved by the pertinent
Institutional Review Boards. Placentas were fixed in forma-
lin for one week and then weighed after removal of umbili-
cal cord and membranes, photographed, scanned, sliced and
tissue sampled, selected, and separated out for processing
into histology slides. Data were extracted from the images
by perimeter detection algorithms and variables calculated
as described previously [18]. Only singleton births were
included in our analysis and placentas were excluded if pla-
centa morphology measures could not be obtained.
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