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Supplementary Information

Materials and Methods

Sources of tissue and clinical data; ethical approval. Clinical and macroscopic data were
determined using standard protocols [45]. The dynamic flow model of the present study used a
morphological stage that included a uterine spiral artery and adjacent villous trees (i.e., the inflow
region) of a placental cotyledon of a placenta of a patient with IUGR (Table S2). This uterine spiral
artery was found during routine histopathological examination.

For post-hoc histological analysis of trophoblast shedding, one additional placenta from a clinically
normal pregnancy and one additional placenta of a patient with IUGR were used (Table S2). These
placentas were embedded and processed for histology in toto , i.e. without sampling of probes in a
specific non-routine manner (for details, see the section on tissue processing below).

The Doppler data of uterine arteries used in the dynamic flow model of the present study were
collected from three representative patients with either uncomplicated pregnancy, IUGR, or IUGR

with the presence of preeclampsia (IUGR/PE), respectively; Figure 3 in the main text).

Generation of the 3D tissue reconstruction. Tissue samples for routine histology were fixed in
phosphate-buffered formalin (4.5%) for at least 24 h. The samples were processed routinely and
embedded in paraffin. Sections were stained with hematoxylin/eosin (HE) [45]. In one section of a
tissue sample of a placenta of a pregnancy with IUGR, a uterine spiral artery still attached to the
basal plate was found (Figure S1A). This tissue block was serially sectioned in 10 pm thick tissue
sections (a total of 120 sections). Every fifth section out of the 120 sections was automatically
scanned using 10x objective. Automated scanning was based on a M2 Axio Imager (Zeiss,

Goettingen, Germany) microscope equipped with a two-axis computer-controlled stepping motor
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system (4x3 XY), automated slide loader with proScan 11l stage (Prior Scientific, Jena, Germany)
and color digital camera (2/3 CCD chip 1,4 MP, 1388x1049 pixel; MBF Bioscience, Williston,
VT, USA), and focus encoder (MBF Bioscience). The entire system was controlled by the software
Stereo Investigator (MBF Bioscience). Then, the scan files were aligned with Amira software
(version 5.5.0; Visualization Sciences Group, FEI Company, Burlington, MA, USA). All images
(size: 2560x1518 pixels; resolution: 5.9 um/pixel, section thickness: 10 pm; distance between
sections: 50 pm) were converted to DICOM and stacked to generate a three-dimensional data set
(Figure S1B). From these data, blood was segmented in the region of the uterine spiral artery
(marked red in Figure S1B), and the intervillous space (IVS) at the opening of the artery was
marked yellow in Figure S1B using Mimics software (version 16.0; Materialise, Leuven,
Belgium). The segmented geometry was closed using symmetry conditions to account for a small
part of the artery that was not contained in the placenta sample (using Mimics software).
Additionally, a second remodeled artery geometry was created by dilating the outlet radius by a
factor of 3 within a smooth transition zone in the last 3 mm of the artery length according to [12]
(using Mimics software). The resulting geometry of both arteries was connected to the IVS,
improved in quality [46] and exported in STL file format. The final arterial length was
approximately 10 mm with a mean inlet diameter of 0.34 mm and an outlet diameter of 1.15 mm
for the clinically normal remodeled uterine spiral artery, and 0.39 mm for the pathological artery,
which corresponds well to previous observations [12, 47]. The IVS proximal to the artery opening
and included in the stage (proximal IVS) had dimensions of 3.0x2.5x2.0 mm and was
approximately the size that is supplied with blood via a single uterine spiral artery [12]. A three-
dimensional tetrahedral mesh was generated using Gmsh (version 2.9.3; freeware by [48]) and
consisted of 1,548,144 tetrahedral elements in the clinically normal case and 1,502,567 elements

in the pathological cases.

Tissue processing for post-hoc histological analysis. For post-hoc microscopic analysis of
trophoblast shedding, placentas of a clinically normal pregnancy and an IUGR pregnancy were
used (Table S1). These placentas were processed for histology in an innovative, non-routine
manner. To this end the placentas were fixed in 4.5% phosphate-buffered formaldehyde (Roti-
Histofix, Carl Roth, Karlsruhe, Germany) for 7 days and embedded in paraffin (Paraplast, melting
point 56—58°C; Leica No. 39602012; Wetzlar, Germany), each placenta without tissue sampling
as awhole. After fixation, embedding began with passage through a serial stepwise ethanol gradient
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from 50% ethanol for 6 h, 70% ethanol for 6 h, second time 70% ethanol for 12 h, 80% ethanol for
12 h, 96% ethanol for 12 h, and two times 100% ethanol for 15 h. From pure ethanol, the placentas
were transferred in xylene (two times in xylene for 12 h and 8.5 h). From xylene, the placentas
were transferred to paraffin at 65°C via three infiltration steps for 24 h each. A special form with a
diameter of 32 cm was used for the entire embedding procedure. To enable sectioning, the paraffin
block containing the whole placenta was cut into four quarters. Each quarter block was oriented
for sectioning such that sections were taken in a plane parallel to the chorionic surface, starting at
the basal plate of the placenta (Microtom, Polycut S; Reichert Jung, Wetzlar, Germany). From the
level of the first appearance of tissue in the section onwards, serial sections with a thickness of 20
pm were prepared and collected between numbered sheets of paper. All sections were mounted on
oversize object slides (120x150x1 mm). For standard hematoxylin-eosin (HE), the object slides
were coated with 0.5% alum chrome gelatin (7.5 g gelatin [Prolabo VWR, article No. 24360.233;
Darmstadt, Germany]; 0.75 g chromium (I11) potassium sulfate dodecahydrate [Merck, article No.
1.01036.0250; Darmstadt, Germany]).

For immunohistochemistry, the object slides were coated with poly-L-lysine (Sigma, article No.
P8920, Munich, Germany). For coating with poly L-lysine, the object slides were degreased in
acetone for 10 min, incubated with poly-L-lysine (1:10 in distilled water) for 30 min and dried at
60°C for 1 h. Prior to tissue staining or immunohistochemical processing, the mounted paraffin
sections were deparaffinized by transferring from xylene (two times for 10 min and 5 min in
xylene) through a descending ethanol series (100% ethanol two times for 3 min, 96% ethanol for
3 min, 80% ethanol for 3 min, 70% ethanol for 3 min, 50% ethanol for 3 min, and finally distilled
water for 3 min). Every 10th section was stained with standard hematoxylin-eosin (HE) and the
following serial section by immunohistochemistry (see below). Trophoblast nature of cellular
elements in the sections was ensured by using anti-cytokeratin 7 (CK7, Dako Clone OV TL12/30
Code M7018, monoclonal mouse; Santa Clara, CA, USA) reactivity.

Immunohistochemistry protocol. The sections were washed in PBS for 5 min and incubated with
0.1% protease (Sigma, article No. P4630; 0.01 g of protease in 10 ml of TBS buffer [AppliChem,
article No. A1086; Darmstadt, Germany]) for 20 min at 37°C. Then, the sections were rinsed briefly
in tap water and incubated for 5 min in PBS. To block endogenous peroxidase, the sections were
incubated in 0.3% H20, for 30 min (Merck, article No. 1.07209) and washed in PBS for 5 min. For
the next steps, we used the ZytoChem-Plus HRP kit (Zytomed Systems, article No. HRP125;
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Berlin, Germany) according to the manufacturer’s protocols. The first antibody (1:50 CK7 in PBS
buffer) was incubated for 1 h at 37°C and then washed three times for 5 min in PBS. Finally, the
antibody was visualized by DAB (Sigma, article No. D5905) for visualization of peroxidase (10
min). All stained sections were washed briefly in tap water and two times for 5 min in distilled
water. Next, counterstaining with hematoxylin was achieved by short incubation in the staining
solution (30 sec) and bluing in tap water for 5 min. Sections were passed through an increasing
alcohol series in xylene and mounted in DPX (Prolab VWR, article No. 360294H) under oversize
cover slips.

All tissue sections were examined using an Axiophot microscope (Axiophot with AxioCam HRc,
Zeiss) with a 2.5x objective for an overview and 20x and 40x objectives for detailed views. The
stained sections were sequentially examined. Venous drains were mostly available in the
intercotyledonary septa and exhibited trophoblast remodeling in the media (Figure 4 in the main
text) [7, 49, 50]. The volume of such intercotyledonary venous vessels was visually examined for

possible cytokeratin-positive trophoblast deportations.

Input parameters for blood flow. All governing parameters for blood flow were derived from
Doppler measurements at the uterine artery of the three pregnancies (normal, IUGR, and IUGR/PE)
listed in Figure 3 in the main text. Doppler measurements originally provided waveforms for blood

AT N (emifs) in the arteria uterina (AU) over three maternal heart cycles (Figure

flow velocity u
3 in the main text, left y-axis). The superscripts I/r indicate the left and right uterine arteries,
respectively. Considering the uterine artery as a vessel with a circular cross section area A*Y with
a diameter of dAY = 3.0 mm [18, 37], blood flow in the left and right arteria uterina was computed

as
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A

The computed total blood volume provided to the placenta is the sum of the flows coming from the
left and right uterine artery and was determined using the above equation to be in the range of 339
to 593 ml/min along the three ultrasound waveforms (clinically normal, IUGR, and IUGR/PE).

These values are in good agreement with values reported in [18, 37].



Assuming that this total blood flow provided to the placenta distributes equally to a number of
n=130 spiral arteries, which is the average of the values provided in the literature (n=60 in [12] and
n=200 in [18]), the blood flow through a single uterine spiral artery reads as

_ (QAU,I + QAU,r)

n

Q

and was used to feed the simulations of blood flow in this study (Figure 3 in the main text).
Compared to [12], our values for maximum blood flow Q through a single spiral artery (Table S2)
are conservative due to the larger number of spiral arteries assumed in our models [12].

The full time span of the three visualized waveforms (normal, IUGR, and IUGR/PE) during the
three maternal heart cycles was simulated in each case, which led to the following simulation
setups: (i) clinically normal situation: dilated spiral artery geometry with clinically normal
waveform; (ii) IUGR: un-dilated spiral artery geometry with IUGR waveform; and (iii) IURG/PE:
un-dilated spiral artery geometry with IUGR/PE waveform. During the first maternal heart cycle,
flow was allowed to fully develop from the initial resting state, and the second maternal heart cycle
provided representative rheological properties in the spiral artery. Therefore, the estimates of the
models were all taken from the values of the 2" maternal heart cycle, i.e., the interval of 1.2 to 2.0
s. This interval was also the basis for the figures and movies and is indicated by the black bar in

Figure 3 in the main text.



Tables

Table S1. Macroscopic clinical data of the placentas that were processed for histology. This
includes the tissue sample that provided the morphological stage of the present study (three-
dimensional [3D] reconstruction of a spiral artery and the corresponding proximal IVS of an IUGR
placenta [see Fig.S2]) and the two placentas that were non-routinely processed post-hoc to analyze
trophoblast shedding (GA, gestational age; BW, birth weight; PW, placental weight; PW/BW,
placental birth weight ratio; LD, longest diameter of the placenta; SD, shortest diameter of the

placenta; surface area of the placenta; roundness of the placenta; thickness of the placenta).

3D reconstruction of an IUGR Post-hoc histological analysis
placenta with attached spiral

clinically normal IUGR
artery

GA [weeks] 27.5 39.0 37.6
BW [g] 745 4450 2225
PW [g] 235 684 331

PW/BW ratio 0.32 0.15 0.15
LD [cm] 15.0 22.5 17.0
SD [cm] 13.5 22.0 12.0
surface area [cm?] 636 1555 641

roundness 1.11 1.02 1.42
thickness [cm] 1.50 1.60 1.50

Table S2. Input and output parameters of the dynamic flow model implemented in the present
study. The parameters correspond to the three clinical conditions (clinically normal, intrauterine
growth restriction (IUGR), and IUGR/preeclampsia (IUGR/PE)).

Dynamic Flow Model clinically normal TUGR IUGR/PE
Number of spiral arteries [38] 130 130 130

Spiral arterial inlet diameter [mm] 0.34 0.34 0.34
Mean flow per heart cycle (Q) [ml/s] 0.031 0.027 0.017
Max. flow per heart cycle (Q) [ml/s] 0.045 0.047 0.036
Max. pressure at artery inlet [mm Hg] 80 123 107
Pressure drop in arterial opening [mm Hg] 0.48 9.72 6.95




Figures

Figure S1. (A) Photomicrograph of the spiral artery used in the present study for preparation of
the morphological stage, stained with hematoxylin-eosin (HE). The scale bar represents 1200 pum.
(B) Reconstructed spiral artery (red) and proximal intervillous space (yellow) based on histological

images.
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Figure S2. Overview on the various parts of the morphological stage of the dynamic flow model
of the present study. The stage is kept in light gray and was prepared by three-dimensional
reconstruction and subsequent modification. It contains the uterine spiral artery with three domains
(artery inlet, spiralized segment and arterial opening) and the intervillous space proximal to the
arterial opening (proximal 1VS). At the upper boundary of the proximal 1VS, the blood pressure

inside the VS was by definition set to zero at the reference point.
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Still Image of Movie Sla. The movie shows the entire morphological stage of the model under
clinically normal conditions with wall shear stress (in mPa, color coded, see scale inside the movie),
including the spiralized uterine artery in the lower part and the cuboid block of the proximal 1VS
in the upper part. The graph at the right side of the movie shows the blood pressure at the arterial
inlet during one maternal heart cycle. A green line is progressing with the maternal heart cycle in

this graph and indicates the actual point in time of the dynamic flow model.
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Still Image of Movie S1b. The movie shows the entire morphological stage of the model under
intrauterine growth retardation conditions with wall shear stress (in mPa, color coded, see scale
inside the movie), including the spiralized uterine artery in the lower part and the cuboid block of
the proximal IVS in the upper part. The graph at the right side of the movie shows the blood
pressure at the arterial inlet during one maternal heart cycle. A green line is progressing with the

maternal heart cycle in this graph and indicates the actual point in time of the dynamic flow model.
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Still Image of Movie S2. The movie shows the entire morphological stage of the model under
intrauterine growth retardation conditions, including the spiralized uterine artery in the lower part
and the cuboid block of the proximal IVS in the upper part. Velocity streamlines are shown (in
cm/s, velocity is color coded, see scale inside the movie); each streamline corresponds to the course
of one single erythrocyte. The graph at the right side of the movie shows the blood flow at the
arterial inlet during one maternal heart cycle. A green line is progressing with the maternal heart
cycle in this graph and indicates the actual point in time of the dynamic flow model. Clear
formation of the vortex in the proximal 1VS starts once the critical flow value of 0.035 ml/s is

exceeded at the artery inlet.
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Still Image of Movie S3a. The movie shows the entire morphological stage of the model under
clinically normal conditions, including the spiralized uterine artery in the lower part and the cuboid
block of the proximal IVS in the upper part. Iso-pressure surfaces are shown (in mmHG, pressure
is color coded, see scale inside the movie). Iso-pressure surfaces connect voxels with the same
pressure value. The graph at the upper right side of the movie shows the blood pressure at the
arterial opening during one maternal heart cycle. A green line is progressing with the maternal
heart cycle in this graph and indicates the actual point in time of the dynamic flow model. The
graph at the lower right side of the movie shows the blood pressure at the arterial opening in higher
magnification with a specific color scale (below the movie at the lower right side).
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Still Image of Movie S3b The movie shows the entire morphological stage of the model under
intrauterine growth retardation conditions, including the spiralized uterine artery in the lower part
and the cuboid block of the proximal IVS in the upper part. Iso-pressure surfaces are shown (in
mmHG, pressure is color coded, see scale inside the movie). Iso-pressure surfaces connect voxels
with the same pressure value. The graph at the upper right side of the movie shows the blood
pressure at the arterial opening during one maternal heart cycle. A green line is progressing with
the maternal heart cycle in this graph and indicates the actual point in time of the dynamic flow
model. The graph at the lower right side of the movie shows the blood pressure at the arterial
opening in higher magnification with a specific color scale (below the movie at the lower right
side).
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