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Transport of nutrients and waste between the maternal and fetal circulations
during pregnancy takes place at the final branches of the placental villous
trees. Therefore, and unsurprisingly, pregnancy complications have been
related to the maldevelopment of terminal villi. However, a deep analysis of
placental villous morphology has been limited by tissue processing and ima-
ging techniques. In this proof-of-principle study, placental lobules were fixed
by perfusion and small clumps of villi were stained, sectioned optically and
reconstructed. Morphological and network analyses were suggested and
demonstrated on samples of normal placentas. The results show that most
parameters are almost constant within a placenta but that there exists an
inter-individual variation. Network analysis suggests that the feto-placental
capillary network has several paths within an individual villus, serving as
an efficient transport system. Three-dimensional reconstruction from confocal
laser scanning microscopy images is a potent technique able to quantify
placental architecture and capture the significant irregularities in vessel diam-
eter and membrane thickness. This approach has the potential to become a
powerful tool to further our understanding of the differences in placental
structure which may underlie pregnancy complications.

1. Introduction

The placenta is the organ that interfaces between the mother and her developing
baby. Among its several functions, the exchange of respiratory gases is perhaps
the most critical for achieving a successful pregnancy. Therefore, several studies
attempted to quantify the placental structural features that are involved in gas trans-
fer [1-3]. Human placental gas transport takes place in the final branches of the
villous tree, commonly referred to as the terminal villi, due to their high vascularity
and the thin membrane separating the maternal and fetal bloodstreams [4].

The morphology of the terminal villi has been widely studied due to its impor-
tance for adequate fetal development [5-9]. Inside the villi, the fetal capillaries
are tortuous and have variable diameters, sharp bends and different types of
loops [10]. Parameters of interest include the surface area available for exchange,
volumetric ratios and membrane arithmetic and harmonic mean thicknesses.
These have been calculated in normal and diseased placentas, showing remarkable
differences between them [3,11-22]. For example, by analysing capillarization, vil-
lous maturation and capillary lumen remodelling of peripheral villi, Mayhew et al.
[16] concluded that fetal growth restriction (FGR), but not pre-eclampsia (PE), is
associated with poor villous development and fetoplacental angiogenesis. How-
ever, a later study by Egbor et al. [19] found that, although terminal villi from
late-onset PE placentas were morphologically similar to matched controls, those
from early-onset PE were significantly different, suggesting that the later state is
a placental disorder. The impact of maternal diabetes mellitus (DM) on the devel-
opment of terminal villi has also been the subject of several investigations: type 1
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DM was found to increase the surface area of the feto-placental
capillary network by elongation and enlargement of the vessel
diameter [23]; type 2 DM showed abnormal branching patterns,
with either hypo- or hyper-ramifications [12]. Gestational
diabetes (GD) leads to an expansion of the villous membrane
by increasing the villous diameter, while reducing the capillary
diameter. Clearly, a deep morphological analysis of the capil-
lary bed and its arrangement within the terminal villi is of
major importance to better understand transport processes in
the human placenta.

Different research techniques have emerged in the last
century to better assess the micro-structure of the human pla-
centa. One of the earliest and perhaps the most accurate
approach was employed by Kaufmann et al. [5,7] and Sen
et al. [6], who aspirated villi directly into fixative from the
in situ placenta during a caesarean operation; unfortunately,
this method is no longer in use. Nowadays, only delivered
placentas can be sampled and the tissue requires rapid
fixing to avoid vascular collapse and allow further proces-
sing. The different fixation techniques provide adequate
results; however, perfusion fixation has been shown to restore
the in vivo state [1]. Further processing of fixed tissue can lead
to two-dimensional (2D) histological sections [1,5,16], three-
dimensional (3D) vascular casts [7,11] or 3D confocal laser
scanning microscopy (CLSM) image stacks [10,24-27].
Stereological techniques applied to histological sections are
currently the most common approach to estimate 3D values
based on 2D images. With this approach, one obtains
unbiased estimates of vessel density, volume and surface
fractions, villous and vessel diameters and membrane thickness
[1]. However, 2D images have been shown to inaccurately
represent some of these parameters due to the complex
architecture of the feto-placental capillary network [28]. Three-
dimensional reconstructions from fluorescent CLSM image
stacks are becoming an alternative powerful tool to visualize
and quantify terminal villous structure [29].

The aim of this study is to quantify the spatial arrangement
and complexity of the terminal villi and their capillary beds in
normal placentas using 3D reconstructions. To this end, term-
inal villi from perfused placentas were immunolabelled,
optically scanned and reconstructed. These reconstructions
were used to quantify structural parameters and to understand
the complicated transport networks in the human placenta.

2. Material and methods

2.1. Specimen preparation

Three fresh healthy placentas delivered by caesarean section
at term were obtained at the Department of Obstetrics & Gynaecol-
ogy at the Rosie Hospital, Cambridge, UK, with ethics permission
and informed written consent. Undamaged and clot-free periph-
eral lobules suitable for perfusion fixation [1] were identified; the
supplying chorionic artery was cannulated and the draining vein
was cut to allow free flow of perfusate. Fetal blood was cleared
from the lobules with phosphate-buffered saline (PBS). The lobules
were then fixed by perfusion with 10% formalin (approx. 20 min)
followed by removal with PBS (an additional 20 min). Two lobules
were fixed from placenta 1 at pressures of 100 mmHg (samples 1
and 2) and 30 mmHg (samples 3 and 4) [10]. A single lobule was
perfused from placenta 2 and placenta 3 at 40 mmHg. The fixed
lobules were then immersed in 10% formalin for 48 h to fix the
trophoblast bilayer.

The feto-placental vessels in the first four samples (placenta 1) n

were stained by perfusion with green fluorescein isothiocyanate
(FITC) conjugated Ulex lectin (FL-1061; Vector Laboratories,
Peterborough, UK) diluted in PBS. Small samples were dissected
with needles, and randomly selected samples were incubated for
10 min in Dil (D-282; Thermo Fisher Scientificc MA, USA) to
stain the villous membranes; these samples were used in previous
studies [10,27]. The remaining eight samples (placentas 2 and 3)
were dissected and washed with PBS before being permeabilized
by tris-buffered saline (TBS) containing 0.1% Triton X-100 for 30
min and blocked with TBS 0.1% Triton X-100 + 2% goat serum
for 30 min. The villous membrane and endothelial layer of the
terminal villi were immunolabelled with a mixture of anti-cyto-
keratin 7 (1:50; M7018; Agilent Technologies, Santa Clara, CA,
USA) and Ulex lectin (1:200; L8262; Sigma-Aldrich, St Louis,
MO, USA) diluted in PBS + 2% goat serum. The samples were
incubated overnight at 4°C. Thereafter, the samples were
washed thoroughly (five times) with TBS and incubated for 1h
at room temperature in streptavidin conjugated with Alexa488
and goat-anti-mouse IgG coupled with Alexa568 (Thermo
Fisher Scientific, MA, USA). Lastly, the samples were washed
five times in TBS and mounted on a 35mm glass-bottomed
dish (Ibidi, Martinsried, Germany) with a drop of Vectashield
antifade mounting medium with DAPI (H-1200; Vector Labora-
tories, Peterborough, UK).

The first four samples (placenta 1) were scanned using a
Leica SP2 CLSM (Leica Microsystems, Wetzlar, Germany) with
a x25, 0.95NA objective lens. The remaining samples were
imaged using a Zeiss LSM 700 (Zeiss, Oberkochen, Germany)
with a x20 objective lens. Each image stack was approximately
250 x 250 x 250 um®.

2.2. Geometry reconstruction

The geometrical reconstruction of the first four samples (placenta 1)
is documented in a previous study [10]. The z-stacks of the remain-
ing eight samples were processed in Amira 6.7 (Thermo Fisher
Scientific, MA, USA), a software for advanced image processing
and quantification. The CLSM stacks were segmented using the
thresholding method [30]; resultant voids within the segmented
area were filled using the fill holes module while segmented pixels
outside of the desired area were removed by employing the
remove islands module. Thereafter, a smoothing algorithm was
applied per slice and for the whole volume. In order to overcome
the poor z-resolution, the segmented stack was re-sampled to
allow for an isotropic voxel size and a 3D facet-based surface was
created for each sample using the generate surface module.

2.3. Morphological analysis

The first step to obtain the skeleton of the feto-placental vas-
cular networks is to calculate a distance map from the
segmented stack. In a distance map, the value of each voxel
is equal to the shortest distance to a border voxel. This map
is then used to guide the thinner module, which computes a
one-voxel-thick skeleton located at the centre of the segmen-
ted stack. The distance map is then evaluated at each point
of the skeleton and the shortest distance is taken as the thick-
ness or as the smallest possible radius. An example of this
procedure is shown in figure 1.

Several basic morphological parameters were calculated using
the Spatial Graph Statistics module in the image processing software
Awira 6.7 (Thermo Fisher Scientific, MA, USA). The length of each
segment was determined by summing the Euclidean distances
between adjacent points in the respective segment; the segments’
tortuosity was then calculated by dividing the true length by the
chord length—defined as the shortest distance between the start
and end points of the segment. Additionally, the total numbers
of segments and nodes together with the number of branching
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Figure 1. (a) A typical segmented stack. (b) Respective distance map where yellow is far and purple is near. (c) Skeleton of the vascular network (white). (d) Radius
estimation representation. (Online version in colour.)

placenta 1 placenta 2 placenta 3

sample 1 sample 5 sample 9

sample 2 sample 6 sample 10

sample 3 sample 7 sample 11

sample 4 sample 8 sample 12

Figure 2. Three-dimensional reconstructions of the 12 samples showing the villous membrane (green) and the capillary network (red). (Online version in colour.)
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Figure 3. Arithmetic mean values of capillary radius (a), branch tortuosity (b) and barrier thickness (c) with their respective deviation of all samples and grouped by

placenta. (Online version in colour.)

nodes were automatically provided by the software. The branch-
ing nodes were then manually sorted into a bifurcation node if it
contained three connected segments or trifurcation node if it
included four segments. The vascular network degree of connec-
tivity was measured by the beta index [31], defined as the
number of segments divided by the number of nodes; this measure
gives an estimation of the density of connections which can be
translated into how robust a transportation network is—a higher
beta index indicates on a more efficient network. The surface
area and volume of the samples were obtained by employing the
Surface Area Volume module. Volume and surface area fractions
between the capillaries and villous membrane were then calcu-
lated. In order to obtain the villous membrane thickness, the
shortest distance from the feto-placental capillary skeleton to the
membrane border was estimated by evaluating the membrane dis-
tance map on the vessels’ centreline. Afterwards, the capillary
radius was subtracted.

Average values per sample, per placenta and averaging of
the entire available data were calculated using the arithmetic
mean (equation (2.1)). The samples’ standard deviation
(equation (2.2)) and the harmonic mean (equation (2.3)) of the
villous membrane thickness were also calculated. The uni-
formity index, defined as the ratio between the arithmetic and
harmonic means [32], was then estimated. Arithmetic mean,
harmonic mean and standard deviation were calculated in
Matlab R2018a (Mathworks, MA, USA); statistical analyses

were performed in GraphPad Prism (GraphPad Software, CA,
USA) and determined by the D’Agostino—Pearson test [33],

X = %ixi, 1)
i=1
(g — X)?
n 11
and H-= (Zl%xl) . 2.3)

3. Results

Twelve terminal villi were successfully reconstructed from the
CLSM image stacks (figure 2). There is considerable variation
in the complexity of the samples, showing the wide range of
capillary arrangements that exist among terminal villi.

The mean capillary radius, segment tortuosity and mem-
brane thickness are plotted in figure 3 per specimen and
grouped by placenta. The mean radius was higher in the first
placenta than in the other two, but there is no statistically sig-
nificant difference between the placentas (p > 0.05); it must
be remembered that the number of samples in each placenta
(four) was small. It is also noticeable that the mean radius
was almost constant per placenta (figure 3a), suggesting that
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Figure 4. Distribution of vessel radius, branch length and membrane thickness per placenta. (Online version in colour.)

there is an inter-individual variation rather than a disparity
between samples. The mean segment tortuosity was similar
within and between placentas (figure 3b), with all the
samples showing significant curvature. The arithmetic
mean membrane thickness also appears to be similar in
each placenta, and with no significant difference between
them (p > 0.05; figure 3c). On the other hand, the mean
barrier thickness shows large deviations due to the marked
difference between the thin and thick areas; this is best
demonstrated in figure 4c.

Figure 4 shows the distribution of values for the capil-
lary radius, segment lengths and membrane thicknesses
grouped per placenta. The feto-capillary radius shows a
normal distribution (p < 0.001) with most of them between
3and 9 pm (figure 44) and almost no probability of having a
radius above 12 um. A large proportion of the capillary
segments are shorter than 100 pm, but no longer than
250 pm (figure 4b). Additionally, from figure 4c, it can be
appreciated that approximately 35% of the membrane
thicknesses are thinner than 5 pm with fewer than 5%
thicker than 15 pm.

Tables 1 and 2 summarize all the results. The mean vessel
radius and length were 6.17 + 2.41 wm and 61.09 + 55.21 um,

respectively. The standard deviation of the segment lengths
(£55.21 pm) was high, suggesting that the vessels are con-
siderably irregular. The tortuosity values show that the
vessels are curved with all the specimens having values
larger than 1. The arithmetic and harmonic mean barrier
thicknesses (7.5 + 2.1 pm and 4.5 + 1.8 um, respectively)
were significantly different (p < 0.005); this is best reflected
in the values of the large uniformity index, which were on
average 1.62. This parameter is a good indicator of the pro-
portion of the villous surface formed by vasculo-syncytial
membranes [1].

Finally, an analysis of the feto-capillary system as a
transport network was performed (table 2). Most of the branch-
ing points were bifurcation nodes (91.8%) with only a few
trifurcation branching nodes (8.2%). The beta index was on
average 1.2 and was always above 1; this indicates that the
system is a very efficient network for transport purposes
because it includes more than one closed path. The capillary
to villus volume fraction and surface area ratio were
21.04 + 5.05% and 0.92 + 0.13, respectively. The average sur-
face fraction in placenta 2 was above 1, but there was no
statistically significant difference (p > 0.005) when compared
with the other placentas.
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Table 1. Details of some parameters per sample, per placenta and for all the data. No significant difference was found between placentas (p > 0.05).

segment segment membrane harmonic
length segment radius thickness thickness uniformity

(pum) tortuosity (pum) (pum) (pum) index
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Table 2. Details of some parameters per sample, per placenta and for all the data.

bifurcations trifurcations beta index volume fraction (%) surface ratio

sample 1 20 2
samplez S
sample3211
sample 4 23 1
wplacenta e e e
........................ B 1017 i340 i012
sample525 T T P s

sample 6 22 0 131 20.45 0.98
sample 7 9 1 1.12 23.90 1.13

i ! : 1 St
_______ T

sample 10 . ) o s e
sample 1 22 3 1.18 16.49 0.92

anple 12 \ . e e e
placenta 3 41"' 5 1.20 15.99 0.84
89 13% 10.86% +0.15 +0.80 +0.13

tota| 179a ¢ 1202104 092

91.8% 8.2% +0.06 +5.05 +0.13

*These values are the totals
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Table 3. Published morphological findings of human placental terminal villi.

fixation quantification volume
technique technique reference fraction (%)
in situ biopsy  semithin sections Sen et al. [6] 354 8.01
in situ biopsy  vessel cast Kauffman et al. [7]

. ey Sedi(.).h.s Kéufﬁhan efa/.‘ [7].. OO SSEE PP S PP P PP

perfusion semithin sections  Burton ef al. [1 o ”39‘.3‘9vi”3.8‘1 o
Cimmersion  semithin sectons  Burton et al [1] 50+56
. ‘perbfusbi‘obnb e [11‘]> Bt

immersion  semithin sections Mayhew et . [16] 2910.03
Cpefuson 3 reconstructions current study 2104505

4. Discussion

The morphology of the terminal villi and of the feto-placental
vessels is of major interest due to their critical role in the trans-
port of gases, nutrients and waste products between the
maternal and fetal circulations. Inadequate development of
the terminal villi has been broadly shown to be related with
pregnancy complications [3,11-22] and, therefore, a deeper
understanding of the spatial arrangement of the villi is key to
better assessing placental pathologies. The current study was
designed to improve our understanding of the architecture
and morphological features of the terminal villi using 3D
reconstructions of perfused placentas. Three-dimensional
reconstruction of fluorescent CLSM images is emerging as a
potential technique to analyse more extensively the terminal
villi since it slices the tissue virtually with high resolution,
especially when compared with standard paraffin-embedded
sections [24—-27]. Our results show that this approach is able
to capture the complex architecture of the feto-placental
capillaries, their varying diameters and loops (figure 2). If
the vessels are reconstructed together with the villous mem-
brane, this method can also accurately calculate the extent
and thickness of the vasculo-syncytial membranes.
Characteristic parameters of the terminal villi have been
widely investigated using different fixation techniques such
as: in situ biopsy [5-7], perfusion and immersion fixation
[1,16,26], together with different imaging and quantitative
approaches as stereology [1,5,16], 3D vascular casts [7,11]
and 3D CLSM reconstructions [24—-27]; table 3 summarizes
the published data. The results of this study show that the per-
fusion pressure does not have a significant impact on the
structural parameters; this is best seen in figure 3, where the
mean radius, tortuosity and membrane thickness are similar
for all the samples in placenta 1. Consequently, the perfusion
pressure should be the one that allows free perfusate flow
and avoids vascular damage. Our data are in excellent agree-
ment with those of Sen et al. [6] and Kaufman et al. [5,7] (see
surface ratio and vessel diameter, table 3), who aspirated villi
directly into fixative from the placenta still in sifu at the time
of a caesarean section, and with Krebs et al. [11], who created
3D vessel casts from perfused lobules. Volume fractions and
membrane thickness were notably different when compared
with those previously reported by Burton et al. [1] for perfused
placentas, but are in agreement with those reported for immer-
sion fixation by the same authors [1]. Interestingly, our results

harmonic

mean membrane membrane vessel

thickness (p.m) thickness (p.m) diameter (pum)

0924035 425

i
e
1354007 4844050 3634042 20754186
e Py i
131015 6031064 00 4BTH066 S
0944009 '
e e e maaan

showed that there is an inter-individual variation rather than a
significant variability within a placenta (figure 4 and table 2),
suggesting that some of the marked differences from the data
published by Burton ef al. [1] might be attributed to the natural
diversity of women. Additionally, it is worth noting that mem-
brane thicknesses are 3D measurements which cannot be
accurately estimated from planar 2D images.

Harmonic mean thickness has been regarded as the physio-
logically important parameter for accurate estimation of the
diffusive capacity in exchange organs [1,34]. This is because
in systems where the separating barrier varies considerably,
such as the placenta, the thin areas have a critical role in enhan-
cing transport. Figure 4 shows that approximately half of the
villous membrane is thinner than 6 wm, in agreement with
Sen et al. [6] and supporting the use of the harmonic mean
thickness. An alternative parameter for the estimation of the
extent of the vasculo-syncytial membranes is the uniformity
index (table 1); the high value measured here compared with
that reported by Burton ef al. [1] (1.63 + 1.18 versus 1.34 +
0.009) demonstrates that the proposed technique is more sensi-
tive to the irregularities of the vessels’ diameter.

Some new parameters have been introduced for the first
time in this study in an attempt to describe the 3D architecture
of the feto-placental capillary network and its efficiency as a
means of transport. From table 2, it is clear that the vessels in
the terminal villi generally divide into two daughter branches
(91.8%) rather than three (8.2%); however, trifurcations were
found in most of the samples, suggesting that this phenom-
enon is not uncommon. Additionally, from table 1, it can be
appreciated that the branches are highly tortuous, a common
manoeuvre to extend length, increase surface area and slow
blood flow to allow longer duration for transport processes.
Lastly, the beta index (table 2) is a simple measure of a
network’s degree of connectivity since it provides an approxi-
mation of the density of connections; values above 1 indicate
several paths while a value of exactly 1 suggests a system with
only one path, such as sample 12. The fact that all but one
sample have a beta index higher than 1 means that the capillary
networks are very efficient for transport purposes, providing
several different circuits for the blood to flow through. This
might be a beneficial way of maximizing transport, allowing
blood to re-circulate and absorb any remaining nutrients.

Although the proposed approach has many obvious
advantages, it does possess some limitations. Technical pro-
blems related to the need to immediately perfuse placental
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lobules after delivery, fluorescent staining and CLSM ima-
ging have been previously documented [10]. Additionally,
the segmentation of CLSM needs an experienced user who
is familiar with the topology of the terminal villi in order to
identify image artefacts. Recently, clarification of immuno-
labelled villi has been shown to improve the image quality,
and is expected to ease the segmentation process [35,36].
Lastly, there are statistical limitations due to the sample size,
which, while it is representative, might have not captured all
the variability existing within and between placentas.

5. Conclusion

Morphological analysis of the terminal villi and their capil-
lary beds has been of interest for a long time, due to their
key role in transporting nutrients and waste products
between the maternal and fetal circulations. Previous tech-
niques were limited by fixation and imaging approaches.
The current study used 3D reconstructions from perfused
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