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Rennie MY, Detmar J, Whiteley KJ, Yang J, Jurisicova A,
Adamson SL, Sled JG. Vessel tortuousity and reduced vasculariza-
tion in the fetoplacental arterial tree after maternal exposure to
polycyclic aromatic hydrocarbons. Am J Physiol Heart Circ Physiol
300: H675–H684, 2011. First published December 10, 2010;
doi:10.1152/ajpheart.00510.2010.—Polycyclic aromatic hydrocar-
bons (PAHs) are ubiquitous environmental pollutants and the main
toxicants found in cigarettes. Women are often exposed to PAHs
before pregnancy, typically via prepregnancy smoking. To determine
how prepregnancy exposure affects the fetoplacental vasculature of
the placenta, we exposed female mice to PAHs before conception,
perfused the fetoplacental arterial trees with X-ray contrast agent, and
imaged the vasculature ex vivo by microcomputed tomography (mi-
cro-CT) at embryonic day 15.5. Automated vascular segmentation and
flow calculations revealed that in control trees, �40 chorionic plate
vessels (diameter �180 �m) gave rise to �1,300 intraplacental
arteries (50–180 �m), predicting an arterial vascular resistance of
0.37 � 0.04 mmHg·s·�l�1. PAH exposure increased vessel curvature
of chorionic plate vessels and significantly increased the tortuousity
ratio of the tree. Intraplacental arteries were reduced by 17%, primar-
ily due to a 27% decrease in the number of arteriole-sized (50–100
�m) vessels. There were no changes in the number of chorionic
vessels, the depth or span of the tree, the diameter scaling coefficient,
or the segment length-to-diameter ratio. PAH exposure resulted in a
tree with a similar size and dichotomous branching structure, but one
that was comparatively sparse so that arterial vascular resistance was
increased by 30%. Assuming the same pressure gradient, blood flow
would be 19% lower. Low flow may contribute to the 23% reduction
observed in fetal weight. New insights into the specific effects of PAH
exposure on a developing arterial tree were achieved using micro-CT
imaging and automated vascular segmentation analysis.

fetoplacental vasculature; polycyclic aromatic hydrocarbons; micro-
computed tomography; prepregnancy smoking; placenta; smoking;
mouse; pregnancy

POLYCYCLIC AROMATIC HYDROCARBONS (PAHs) are ubiquitous
environmental pollutants and the main toxicants found in
cigarettes (17). Both maternal smoking (5) and PAH exposure
due to environmental air pollution (43) are associated with
reduced fetal growth and various other morbidities (9, 48) in
human pregnancy. Fetoplacental vascular resistance appears to
be chronically elevated by smoking (1, 21, 36), and this would
be anticipated to reduce fetoplacental blood flow thereby con-
tributing to fetal growth restriction. A sustained increase in
resistance suggests that smoking causes abnormalities in the

growth and/or branching of the fetoplacental vascular tree.
Consistent with this, smoking is associated with decreases in
fetoplacental capillary surface area, volume, and length in
human placentas (8, 25). Comparatively, there is a paucity of
information on fetoplacental vascular insults in cases of
prepregnancy PAH exposure and/or smoking.

The proportion of women who smoke during pregnancy has
significantly decreased since the early 1990s (11, 29). Indeed,
over the last decade, 26–47% of smoking women stopped
smoking during pregnancy (51). However, PAHs can accumu-
late in adipose and mammary tissue before smoking cessation
(33) and can be released into the blood stream during preg-
nancy (33). More than a year after smoking cessation, PAH-
DNA adducts in human blood samples are reduced by only
50% compared with levels during smoking (34). PAHs have
also been shown to accumulate in the placentas of non and
ex-smokers in heavily polluted areas (16). Nevertheless, there
is limited information on the effects of PAH accumulation on
pregnancy outcomes.

In mouse models, prepregnancy exposure to PAHs (14) or
environmental air pollutants (55) results in an apparent in-
crease in fetoplacental capillaries that contrasts with decreased
capillarization in the placentas of smoking mothers (8, 25).
Nevertheless, fetal growth restriction is observed as a conse-
quence of exposure whether before or during pregnancy. Cap-
illaries are not generally considered to be a site of major
vascular resistance to blood flow in the circulation. In the
context of vascular resistance and its control, arterioles in
particular are considered paramount. Thus, prepregnancy
smoking and/or PAH exposure may cause defects in larger
vessels, thereby contributing to increased fetoplacental vascu-
lar resistance and resulting in reduced fetal growth. Indeed,
exposure to PAHs before pregnancy in mice reduced the
volume and surface area of the fetoplacental arterial tree
(vessels �30 �m), whereas veins appeared unaffected (14).
Thus, as observed in smoking mothers (1, 21, 36), fetoplacental
vascular resistance may be elevated, and this would be antic-
ipated to reduce fetoplacental blood flow thereby contributing
to fetal growth restriction.

The determinants of the branching pattern of the larger
vessels of the arterial vascular tree are surprisingly poorly
understood but likely depend on genetic, hemodynamic, and
environmental factors. Our poor understanding related to for-
mation of the placental vascular tree contrasts with a wealth of
knowledge related to the initial specification, differentiation,
and development of the nascent vasculature in the embryo (12)
and control of branching morphogenesis of other structures
such as the bronchi (35) and renal tubules (7). One of the
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challenges of assessing microvasculature morphology is the
difficulty in obtaining accurate geometric data in a form that
can be related to hemodynamic parameters. Recent advances in
microcomputed tomography (micro-CT) imaging and com-
puter analysis techniques have addressed this need and provide
the automation needed to examine large numbers of specimens.
A recent report demonstrated significant differences between
the arterial branching patterns of the mouse fetal placenta and
adult lung (59). Prior work on small numbers of specimens
examined other organs, including the kidney (40), liver (41),
and coronary vasculature (26).

The goal of the current study was to exploit advances in
micro-CT imaging and computer analysis to quantify the
branching pattern of the fetoplacental arterial tree of the mouse
and to quantify the effect of prepregnancy PAH exposure on
this vasculature. We subsequently used these data to predict the
influence of such changes on fetoplacental vascular resistance.

MATERIALS AND METHODS

Mice. Experimental procedures were approved by the Animal Care
Committee of Mount Sinai Hospital and conducted in accordance with
guidelines established by the Canadian Council on Animal Care. Two
groups of C57Bl6 virgin female mice (National Cancer Institute,
Frederick, MD) were group-housed in separate cages. Subcutaneous
injections of vehicle (corn oil) or PAHs were administered to the
vehicle control and PAH-treated groups, respectively, over a 9-wk
period as previously described (14). The cumulative dose over the
9-wk period for PAH-treated mice was 12 mg/kg, a dosage equivalent
to �7 cigarettes/day for 9 wk in humans. Vehicle-treated animals
were given proportional injections of corn oil, according to body
weight.

Females were mated to a male of proven fertility 4–5 days after the
last injection. The morning that a vaginal copulation plug was de-
tected was designated embryonic day (E) 0.5. No injections were
given during pregnancy. Pregnant mice were killed by cervical dis-
location at E15.5, and their uteri were quickly removed and immersed
in ice-cold PBS. At this stage, fetuses are growing rapidly, organo-
genesis is complete, and the placenta is near maximal in size (24).

Injection of contrast agent and CT scanning. A radio-opaque
silicone rubber X-ray contrast agent (Microfil; Flow Tech, Carver,
MA) was infused into the fetoplacental vasculature as previously
described (47, 58). In brief, individual implantation sites were re-
moved from the chilled uteri and weighed. The embryo and placenta
were then surgically exposed and bathed in warm PBS to resuscitate
the embryo and resume circulatory function. A double-lumen glass
cannula (58) was advanced into the umbilical artery with the umbilical
vein nicked to serve as a vent. Blood was cleared from the vasculature
using heparinized saline with xylocaine as a vasodilator (58). The
contrast agent was infused into the arterial vasculature until its bright
yellow color could be seen in the capillary bed. At this point, the
vessels were tied off to maintain pressure. The silicone rubber was
allotted time to polymerize before the umbilical cord was severed,
placental and embryonic weights were recorded, and the placenta was
immersed in fixative (10% buffered formalin phosphate) for 24–48 h
at 4°C. Specimens were mounted in 1% agar made with 10% formalin
in preparation for ex vivo scanning. Specimens were obtained for
vehicle controls (n � 10 from 4 litters) and PAH-treated mice (n � 10
from 5 litters), with a range of one to four specimens obtained from
each dam in the study.

Three-dimensional (3D) datasets were acquired for each specimen
using an MS-9 micro-CT scanner (GE Medical Systems, London, ON,
Canada) as previously described (47). Each specimen was rotated
360° around the vertical axis, generating 720 views in 2 h. Subsequent
reconstruction yielded 3D data blocks containing 500 � 500 � 500 13

�m voxel elements. Vascular surface renderings such as in Fig. 1A
were generated from micro-CT data to visualize the arterial vascula-
ture as we have described previously (47). Umbilical artery diameters
and the span and depth of the fetoplacental arterial tree were measured
directly from these surface renderings via digital calipers using the
Amira software package (Visage Imaging, San Diego, CA). Prior
work showed that umbilical artery diameters measured using this
method were in close agreement with in vivo measurements obtained
using microultrasound (47).

Automated vascular segmentation. Segmenting micro-CT datasets to
identify blood vessels based on image intensity simplifies these large
datasets into a form that is more meaningful and easily analyzed. Each
dataset underwent a vascular segmentation process based on the algo-
rithm of Fridman et al. (15) to automatically identify vessel-like struc-
tures in the image. Details of the segmentation algorithm can be found in
the Supplemental Methods (Supplemental data for this article may be
found on the American Journal of Physiology: Heart and Circulatory
Physiology website.). In brief, this segmentation algorithm is based on
finding the center lines of branching tubular objects in 3D grayscale
datasets and extracting both the tubes themselves and their connectivity.
The algorithm returns the center lines of a connected vessel tree, after
which additional seeds (i.e., new starting points for the algorithm) can be
manually placed in any vessels that were missed and the algorithm rerun
(Fig. 1B). This process was repeated until all vessels were accounted for
upon visual assessment, after which all newly added trees were extrap-
olated back to the main tree for connections, generating a tubular model
for which the lengths, diameters, and connectivity of each vessel segment
are known. Measurements of vessel segment numbers, diameter distri-
butions, and distance to terminal vessels were extracted from the resultant
tubular models (Fig. 1C).

During vascular segmentation, most premature terminations of the
algorithm occurred when a small vessel branched off from a much
larger vessel. In the placenta, this often occurs when small-diameter
intraplacental arteries branch directly off the largest arteries of the
chorionic plate. For example, in three arbitrarily selected datasets, a
single root seed tracked �1,000 vessels, which corresponded to
�80% of the total number tracked and the total arterial volume.
Additional passes to track all visible vessels resulted in datasets that
accounted for �97% of the tree’s volume. On average, datasets
required 17 manually placed seeds (range: 7–44) applied during up to
five additional segmentation passes.

Evaluation of segmentation method. Vessel diameters estimated by
the algorithm are shown in Fig. 1D. To evaluate the diameter accuracy
of the segmentation algorithm, a distribution of manually selected
segment diameters generated by the segmentation program was com-
pared with manual digital caliper measurements made on CT isosur-
face renderings such as that shown in Fig. 1A. Segments used in the
evaluation were selected from four E15.5 and six E17.5 C57Bl6
placental datasets. Microfil-perfused segments of polyethylene tubing
(Intramedic; Becton-Dickinson, Sparks, MD) with manufacturer-
specified internal diameters of 0.279, 0.381, 0.584, and 0.760 mm
were also added to this analysis. All isointensity surface reconstruc-
tions and digital caliper measurements used to assess accuracy were
made using Amira visualization software. In total, 84 diameter mea-
surements spanning a diameter range of 0.050–0.756 mm were
compared. No significant difference was seen between manual and
segmentation-generated measurements (P � 0.274). The average
percent difference (Fig. 1E) was �2.89%, with measurements gener-
ated via segmentation tending to be smaller than their manual coun-
terparts.

Measurement variability introduced by the micro-CT and vascular
segmentation method was assessed by performing four repeated scans,
reconstructions, segmentations, and analysis of the number of tracked
segments recorded over the range of diameters for one control spec-
imen. Cumulative distribution curves exhibited an inflection point at
�50 �m below which the slopes of the curves were noticeably
decreased (Fig. 1F). This suggests that vessels smaller than this were
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difficult to detect, and therefore all subsequent analysis was performed
solely on segments greater than this 50-�m-diameter threshold. The
mean number of vessel segments �50 �m in the repeat scans was
1,625, with a coefficient of variation (COV) of 3%.

Hemodynamic modeling. Each tubular model was visually com-
pared with micro-CT isosurface images to verify accurate connec-
tions. Vascular resistance was calculated based on vessel architecture
through use of standard formulas for resistances in parallel and in
series as described previously (59) and the viscosity of blood in small
vessels based on Pries and Secomb (46). Vascular resistance mea-
surements were found to be reproducible (range: 0.28–0.31
mmHg·s·�l�1, COV � 4.2%) in the one control specimen that
underwent four scan/segmentation/analysis repetitions. Datasets for
which the umbilical vessel was not present due to the umbilical cord
being tied off too close to the chorionic plate during the perfusion
process (one control and one PAH treated) were eliminated from
hemodynamic modeling analyses. The distribution of pressure and
flow in the tree was calculated by assuming 1) Poiseuille’s law for
flow of fluid through a pipe-like structure, 2) equal pressure at each
terminal vessel, and 3) a diameter-dependent blood viscosity correc-
tion affecting small vessels as described in Pries and Secomb (46).

Umbilical artery vessel length was set to 1 mm in each dataset to
eliminate variability associated with severing this vessel. Pressure
drop across the vascular bed was estimated from the calculated
resistance and literature values for systolic peak blood velocity in the
umbilical artery (37). For the latter, we assumed a parabolic blood
velocity profile to estimate the corresponding flow rate.

Arylhydrocarbon receptor immunohistochemistry. With the use of
the injection procedure described above, Microfil was perfused into
either the arterial (n � 4) or venous (n � 4) fetoplacental circulation
from vehicle control dams at E15.5. These placentas were then fixed
in 10% buffered formalin phosphate until tissue was ready for pro-
cessing, at which point placentas were embedded and sectioned using
routine histological methods. Details of the antigen retrieval and
staining procedures can be found in the Supplemental Methods.
Tissue sections from both venous-filled (n � 4) and arterial-filled
(n � 4) placentas were evaluated. Photomicrographs were taken using
a Leitz DMRXE microscope, a Sony DXC-970MD camera, and
Northern Eclipse software.

Statistical analysis. Paired t-tests were used to compare the diam-
eter measurements generated via the segmentation algorithm with
manual measurements made using digital calipers. Two-way ANOVA

Fig. 1. Automated vascular segmentation methodology and validation. A: isointensity surface rendering of the fetoplacental arterial tree of a control specimen.
B: vessel center lines generated by the vascular segmentation algorithm. The center lines shown in white were generated by the initial seed placed in the umbilical
artery. Subsequent seeds were placed in vessels visible in A but missed by the algorithm. The second group of seeds yielded the vessels shown in red, and a final
group yielded the vessels shown in cyan. C: a tubular model of the data is generated for which diameter, length, and connectivity of each vessel segment is known.
D: the distribution of vessel diameters in the arterial tree. The isosurface has been color rendered to depict vessel diameters. Chorionic plate vessels (�180 �m)
are displayed in yellow and white while the smaller intraplacental arteries are shown in orange and red. E: the difference between diameter measurements
generated by the segmentation algorithm from the tubular model and those generated by manually placing digital calipers on the isointensity images was
determined. The difference was expressed as a percent of the average. The percent difference was plotted vs. the mean of those two measurements to assess
agreement. Measurements of placental vessels (black) and of polyethylene tubing (red) are shown. The mean bias (black line) was �2.89%, and the 95%
confidence interval (red broken lines) was �15.02% to 9.24%. F: the cumulative number of vessel segments (y-axis) greater than a given diameter (x-axis).
Curves show results for one control specimen that was scanned, segmented, and analyzed 4 times. The slopes of the curves are noticeably diminished at �50
�m (denoted by the broken line).
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was performed to evaluate effects of treatment group and litter.
Although litter size did not differ by group, litter was nevertheless a
strong factor in our analysis. Thus results are presented as the mean of
litter averages � SE where n is the number of litters (n � 4 control,
n � 5 PAH treated). Significant P values range from 0.05 to 0.0001.
All statistical tests were performed using R statistical software
(www.r-project.org).

RESULTS

Control phenotype of the fetoplacental arterial tree. In
control pregnancies, the fetoplacental arterial vessels branched
out from a centrally located umbilical artery to form a circular
tree with a span of 6.4 � 0.08 mm and depth of 0.98 � 0.04
mm. This structure was visualized from 3D vascular surface
renderings generated from micro-CT data (Fig. 1A). The um-
bilical artery divided into vessels that branched across the
surface of the chorionic plate before abruptly branching into
small-diameter intraplacental arteries. Chorionic plate vessels
at this branch point were typically 180 �m in diameter. This
was visualized by color coding for vessel diameter (Fig. 1D).
Arterial trees contained �1,350 � 114 vessel segments of
which �3% were located at the chorionic surface. The branch-
ing pattern was mostly dichotomous, and the number of vessels
greater than a given diameter was well described by a power
law with diameter scaling coefficient of �2.89 � 0.04. This is
consistent with reports for other organs (20) and similar to the
coefficient of �3 predicted by Murray’s Law (20). The total
length of all vessel segments was 295 � 11 mm.

Total vascular resistance calculated based on the vascular
geometry was 0.28 � 0.01 mmHg·s·�l�1. Umbilical artery
diameter (d) was 0.51 � 0.02 mm. Assuming 100 mm/s peak
systolic velocity in the umbilical artery (37), a parabolic blood
velocity profile (mean velocity � 1/2 peak velocity), and an
average velocity (v) over the cardiac cycle corresponding to
half the peak velocity, we estimated umbilical arterial blood
flow to be 5.3 �l/s [i.e., 	(d/2)2·v]. Using this estimated flow,
and the calculated vascular resistance for each tree, the pres-
sure differential was calculated to be 1.49 � 0.07 mmHg
between the distal end of the umbilical artery and the smallest
vessels included in the simulation (50 �m). Example images
representing flow distribution for an arterial tree are shown in
Fig. 5, B and C.

PAH-treated phenotype of the fetoplacental arterial tree.
PAH embryos in the current study were growth restricted by
23% in weight (Table 1), whereas growth restriction was 14%
in weight in a larger prior report (14). There was no significant
change in litter size or placental weight in the PAH-treated
group, consistent with our prior results (14).

The effects of PAHs on fetal growth are mediated by
arylhydrocarbon receptor (AhR) (14). We therefore mapped
the expression of this protein in the placental vasculature using
immunohistochemistry. AhR has previously been shown to be
variably expressed specifically by endothelial cells in the
mouse placenta (14, 23). AhR immunostaining was strong in
the endothelium of capillaries and arterioles, moderate in the
endothelium of small arteries (Fig. 2A), and weak in the
endothelium of the largest arteries of the chorionic plate (data
not shown). Little or no immunoreactivity for AhR was ob-
served in the endothelium of veins (Fig. 2B). The absence of
AhR in venous endothelium may explain why PAHs had no
effect on the fetoplacental venous vasculature in prior work
(14). Higher AhR expression by capillaries and arterioles may
explain why they are more strikingly affected by PAH expo-
sure (Ref. 14 and described below).

Large vessels of fetoplacental trees in the PAH-exposed
group sometimes exhibited marked curvature when 3D vascu-
lar surface renderings were visually assessed (e.g., Fig. 3, B
and C), a feature that was not observed in the control group. To
quantify vessel curvature, we determined the ratio of vascular
path length to the Euclidian (i.e., beeline) distance from the
umbilical artery to each terminal vessel (Fig. 3C). There was an
observable shift toward larger tortuousity ratios in the PAH-
exposed group (Fig. 3D). The median ratio was significantly
elevated in the PAH-exposed group (1.80 � 0.04) compared
with controls (1.64 � 0.03, P � 0.001), suggesting that PAH
exposure increased tortuousity of fetoplacental arteries and
arterioles.

Branching pattern was evaluated using the diameter scaling
coefficient (i.e., the relationship between parent and daughter
vessel diameters) and by the segment length-to-diameter ratio.
There was no change in the diameter scaling coefficient (Table
1), suggesting that the dichotomous branching pattern was
similar between groups. The segment length-to-diameter ratio
was also unchanged between the groups (Table 1). However,
the number of arterial vessel segments was significantly re-
duced in the PAH-exposed group (1,113 � 142) compared
with controls (1,342 � 114, P � 0.01). Distributions of the
cumulative number of vessel segments greater than a certain
diameter demonstrate a separation between the control and
PAH-exposed groups, with the PAH-exposed curve rising less
steeply toward the small-diameter range (Fig. 4A), indicating
reductions in the number of small-diameter vessels in the tree.
Interestingly, these curves begin to separate at �180 �m in
diameter, which we found to be the diameter boundary be-
tween intraplacental and chorionic plate vessels in both the
control and PAH-exposed specimens. The number of intrapla-
cental arteries (i.e., vessels �180 �m in diameter) was reduced
by 17% in the PAH-exposed group (P � 0.01). This was due
primarily to a 27% reduction in the number of vessel segments
50–100 �m in diameter (P � 0.01, Fig. 4B). The number of
larger-diameter intraplacental vessels (100–180 �m) and cho-
rionic plate vessels was not significantly different between the
two groups. The number of terminal vessels in the tree was
reduced by 13% (P � 0.05, Fig. 4C). Despite these alterations
in vascularity, the depth and the span of the arterial trees were
unchanged in PAH-treated mice (Table 1). This implies that
the PAH-treated vascular tree has a similar branching pattern
within a similarly sized labyrinthine volume but is more
sparsely branched.

Table 1. Fetal and placental growth parameters

Controls
(n � 10)

PAH Exposed
(n � 10)

ANOVA
(P)

Fetal wet wt, g 0.44 � 0.06 0.34 � 0.03 �0.0001
Placental wt, g 0.15 � 0.01 0.15 � 0.01 NS
Litter size 8.8 � 0.5 7.0 � 0.8 NS
Vascular span, mm 6.38 � 0.08 6.38 � 0.11 NS
Vascular depth, mm 0.98 � 0.04 1.03 � 0.02 NS
Diameter scaling coefficient �2.89 � 0.04 �2.90 � 0.06 NS

Values are shown as means � SE; n, no. of specimens. PAH, polycyclic
aromatic hydrocarbon; NS, not significant.
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A sparser vascular tree in placentas from PAH-treated moth-
ers was anticipated to result in significantly elevated vascular
resistance. Indeed, calculated vascular resistance was increased
by 30% compared with controls (P � 0.015, Fig. 5A). Based on
the assumption that the pressure differential across the tree was
the same in control and PAH groups, mean umbilical blood
flow was calculated to be 4.4 � 0.6 �l/s in the PAH-exposed
group. This was significantly lower than our estimated blood
flow of 5.3 �l/s in controls (P � 0.01).

DISCUSSION

The current study used automated vascular segmentation and
computational flow calculations to quantitatively evaluate vas-
cular morphology and hemodynamics in the fetoplacental ar-
terial tree of the mouse. Our prior work on the PAH mouse
model indicated that prepregnancy PAH exposure appeared to
increase arterial tortuosity based on visual assessment of im-
ages and significantly decreased surface area and volume of the
fetoplacental tree (14). Here we used automated vascular
segmentation to quantify tortuosity and demonstrate the statis-
tical significance of this change, and to determine the topolog-
ical changes in the tree that caused the reduction in area and
volume. We report the novel findings that the reduction in the
area and volume of the tree was primarily caused by a 27%
reduction in the number of arteriole-sized vessels (50–100
�m) and that larger vessels were relatively spared. Also novel
were the observations that changes in vascularity were not
caused by changes in the overall size of the tree (i.e., its depth
or span), or marked changes in the branching pattern itself (i.e.,
no change in the scaling coefficient or length-to-diameter
ratio). Our quantification of the topology of the tree was used
to estimate the impact of these changes on vascular resistance
and flow. Changes in vascular geometry were predicted to lead

to a 30% increase in fetoplacental arterial vascular resistance.
Thus we show novel statistically and physiologically signifi-
cant differences between arterial fetoplacental vascular trees in
control vs. PAH-exposed pregnancies.

Automation in the current study meant that larger numbers
of specimens could be analyzed, permitting intra- and inter-
group statistical comparisons. This contrasts with most previ-
ous vascular segmentation studies that report data for small
sample numbers (e.g., n � 1–3), where intergroup statistical
comparisons were not performed (26, 40, 41). Our automated
results show that vascular segmentation was highly reproduc-
ible (within 3%). The average percent difference between
manual and segmentation-generated vessel diameters was
�3%, and �97% of the tree’s originally imaged volume was
present in the segmented, reconstructed vascular trees. The
novel physiological results we present demonstrate the ability
of vascular segmentation to pinpoint specific vascular insults in
the fetoplacental circulation, enhance our understanding of
fetoplacental vascular structure, and reveal the effects of PAH
exposure on this developing vascular tree.

Characterization of the fetoplacental vascular tree in nor-
mal pregnancy. During normal development, the fetoplacental
vasculature undergoes extensive morphogenesis, angiogenesis,
and vascular remodeling as it grows and branches into a
low-resistance vascular tree. This tree must have adequate
surface area for nutrient exchange with the maternal blood that
circulates through adjacent maternal blood spaces of the laby-
rinth. By E15.5, there is an elaborate vascular tree structure in
place consisting on average of 1,350 vessel segments �50 �m
in diameter. These segments total 0.295 meters of vasculature,
yet feed more than 24 meters of capillaries in the labyrinth at
this stage of development (10). Murine fetoplacental capillaries
have been quantitatively evaluated from histological sections

Fig. 2. Arylhydrocarbon receptor (AhR) Immunostaining. Histological sections of the placental labyrinth region of control placentas at embryonic day (E) 15.5.
Either the arterial (A) or venous (B) vessels were infused with Microfil (stained dark brown, examples marked with green asterisk) to mark vessel type in
histological sections. Microfil does not fill the vessel lumens because of its shrinkage during histological processing. A: in this arterial-perfused specimen, red
arrows point to brown staining for AhR in the arterial endothelium. AhR staining is also abundant in the capillaries (e.g., highlighted by black box). B: there
was little or no staining in the endothelium of venous vessels as shown in this venous-filled specimen. In contrast, an adjacent artery has strong endothelial
staining around the entire vessel (red arrows).
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using stereology (10), but there are no prior reports quantifying
vessels in our reported diameter range.

Hemodynamics plays an important role in controlling the
growth of vascular networks, laying down a branching struc-
ture that ultimately determines resistance to flow. Vascular
resistance is determined by the size of individual vessels and
their organization within a vascular network, and by blood
viscosity and vascular tone. Blood flow in the fetoplacental
vasculature was modeled as laminar since the low flow veloc-
ities (37) and small diameters of the vessels result in a low
Reynolds number [Re �500 (45)] that is well below the
threshold for turbulent flow [Re �2,000 (39)]. Hematocrit
levels are unaltered after low-dose PAH exposure (6); thus,
viscosity was modeled similarly in both control and PAH mice
using a correction factor for adult blood viscosity changes in
small vessels (46). Viscosity of fetal blood may be higher
given that fetal red blood cells at this gestational time point are
much larger than adult cells (22). Resting tone is low in the

fetoplacental tree (42). Our previous work comparing umbili-
cal artery diameters from ex vivo micro-CT with in vivo
ultrasound observed no difference (47), suggesting that feto-
placental vessels are maximally dilated in vivo and that vas-
cular tone is unaltered by our ex vivo perfusions.

The total resistance across the fetoplacental arterial vascu-
lature averaged 0.28 mmHg·s·�l�1. It is important to note that
umbilical artery pressure and blood velocity were not measured
in our study and that calculations of resistance are estimates
only. Estimation of fetoplacental arterial vascular resistance in
the mouse is novel, and, as such, there are no literature values
with which to assess its accuracy. However, we can evaluate
our previously reported measurement of adult lung arterial
vascular resistance [r � 0.029 mmHg·s·�l�1 (59)], obtained
using the same methodology reported herein, with accepted
literature values of pulmonary artery pressure (
P � 16.4
mmHg) (54) and cardiac ouput (q � 277 �l/s) (19) to demon-
strate that our measurements of pulmonary resistance (r �

Fig. 3. Vascular tortuousity. Example isosurface renderings are shown for control (A) and polycyclic aromatic hydrocarbon (PAH)-exposed (B and C) specimens.
B: pronounced vessel curvature was observed in some PAH-exposed specimens (e.g., in white box). C: vessel tortuousity was quantified as the ratio of the
vascular path length (black line) to the beeline distance (gray arrow) from the umbilical artery (asterisk) to each terminal vessel. D: a histogram of the vessel
tortuousity ratio for all vessels in all specimens demonstrates a skewed histogram toward larger tortuousity ratios in the PAH-exposed group (black bars)
compared with controls (gray bars). Two-way ANOVA was performed to evaluate effects of treatment group and litter on the median tortuousity ratio. All three
images have a scale indicated by the scale bar in B (1 mm).
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p/q) are within a factor of two of the accepted value (0.059
mmHg·s·�l�1). Our estimated fetoplacental arterial resistance
is 10 times higher than that of the lung. This is not unexpected
at the stage of gestation examined. The lung is an extremely
low-resistance, fully developed adult vascular bed containing
�3,000 arterial vessel segments (59). Comparatively, the
E15.5 fetoplacental arterial vasculature has almost three times
fewer vessel segments and was not fully mature. We speculate
that the more mature fetoplacental vasculature in later gestation
would have significantly lower arterial vascular resistance than
reported here because of its more elaborate branching (47).

By combining our resistance calculations with murine um-
bilical blood velocity values obtained from the literature (27,
37), we calculated that the average pressure differential from
the umbilical artery to the smallest vessels used in our simu-
lations (50 �m) was 1.49 mmHg. Cardiac intraventricular peak
systolic pressure in mouse embryos at E14.5 is 11 mmHg (18).
We would expect the pressure differential across the fetopla-
cental arterial tree to represent a small portion of this total
gradient due to pressure differentials across the upstream aorta,
iliac artery and umbilical artery, and downstream arterioles
(i.e., �50 �m), capillaries, and the venous circulation. At a
similar stage in the rat, umbilical artery pressure is 3.6 mmHg
(38), suggesting that �40% of the pressure differential across

the circulation is lost downstream of the umbilical artery. Thus
our results suggesting �15% of this total pressure differential
occurs across the fetoplacental arterial tree would appear rea-
sonable. We are aware of no other data with which to compare
our results.

PAH-exposed phenotype. Prepregnancy PAH exposure in
our mouse model caused a 17% reduction in the total number
of intraplacental fetal arteries (�180 �m) primarily because of
a reduction in the number of small-diameter (50–100 �m)
intraplacental arterial vessels. This decrease presumably ac-
counts for the 20% decrease in arterial vascular volume we
previously reported in this model (14). The effects of smoking
on vessels in this diameter range (�50 �m) have not previ-
ously been evaluated. However, our results in arterioles are
consistent with prior studies on the effects of smoking on
capillaries. After exposure to cigarette smoke, the capillaries of
the human placenta, chick chorioallantoic membranes, and
mouse hindlimb each exhibited reduced vascular branching or
volume (25, 31, 32). In contrast, our prepregnancy PAH
exposure model resulted in an apparent increase in capillaries
(14), as does prepregnancy exposure of mice to environmental
pollutants (55). This could suggest compensatory growth of
capillaries occurs in the placentas of mice but not humans. In
mice, the number of chorionic plate vessels (�180 �m) was

Fig. 4. Number of vessel segments. A: cumulative distributions of vessel diameters for the PAH-exposed group mean (solid line, shading shows � SE) compared
with controls (hatched line). The SE band is noticeably larger for the PAH-exposed curve because of the larger variation within that group. B: the number of
vessel segments within 3 diameter ranges (50–100, 100–180, and �80 �m). C: the number of terminal vessels are shown for PAH-exposed (black bars, n �
10) and control (gray bars, n � 10) specimens. Data are shown as means � SE. ¤Significant difference (P � 0.05) between groups.
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unchanged in PAH-exposed placentas. Chorionic plate branch-
ing morphogenesis may be less affected due to lower expres-
sion of AhR, which mediates the effects of PAHs on fetal
growth (14), and/or these larger vessels may be under tighter
genetic control and therefore less susceptible to environmental
effects, including PAH exposure.

Our findings of reduced vascular branching are especially
interesting given that vascular span and depth were unchanged
in PAH-exposed placentas, suggesting that the tree is not
smaller in overall size, rather that it is sparse. A constant
placental size is supported by unaltered placental weight mea-
surements in the PAH-treated group. Numerous human studies
of maternal smoking also found that placental weight is unal-
tered (3, 25).

Prepregnancy PAH exposure in our mouse model led to
increased tortuousity in the larger arteries of the fetoplacental
tree. We previously noted increased tortuousity in the PAH-
exposed capillary bed when imaged using vascular corrosion
casts (14). Increased capillary tortuousity in the microcircula-
tions of human smokers (50) and chick membranes exposed to
cigarette smoke (31) support these results. The mechanisms
causing increased vessel tortuousity are unknown. In the rap-
idly developing tumor vasculature, coiling is often attributed to
rapid vessel growth due to hypoxia, an imbalance of angio-
genic factors, and/or altered response to growth promotion
signals (57). Changes may also be due in part to effects of
PAHs on the extracellular matrix (ECM). The ECM plays an
important role in regulating angiogenesis and vascular model-
ing. Decreased collagen distribution in placentas from PAH-
exposed mothers (14) is consistent with studies reporting
reduced collagen secretion from smooth muscle cells cultured
in the presence of these chemicals (53). Because collagen is
thought to provide a substrate for endothelial cell migration,
such dysregulation of ECM proteins may lead to poorly formed
vasculature. Altered ECM has been linked to erratic vascula-
ture in tumors (4) and in chick chorionic membranes exposed

to cigarette smoke (31). Thus, reduced collagen deposition may
have led to an ineffective substrate for laying down a branching
structure, leading to tortuous vessels and potentially also to
reduced vessel numbers.

Computational flow calculations predict that the observed
differences in the fetoplacental vascular tree would signifi-
cantly increase vascular resistance. Based on vascular geome-
try, we found total resistance to blood flow in our growth-
restricted mouse model to be elevated by �30%. Assuming
umbilical artery pressure is unchanged by PAH exposure, this
resistance increase would correspond to a 19% decrease in
umbilical blood flow. This decrease is very similar to our
observed decrease in PAH-exposed fetal weight (23%). How-
ever, it should be noted that umbilical artery pressure was not
directly measured in this study; thus, our estimation of PAH-
exposed blood flow may be inaccurate. Additionally, there may
be other contributing factors to fetal weight restriction. Reduc-
tions in umbilical blood flow reduce fetal oxygen consumption
and therefore can lead to growth restriction (2); however,
uteroplacental vascular deficits, reduced nutrient transport,
increased interhemal membrane thickness, and decreased dif-
fusion capacity can each restrict fetal growth (52). In addition,
PAHs may act directly on the embryo to negatively affect its
growth. Certainly PAHs are able to cross the perfused human
placenta in vitro (30), and high doses given to pregnant rats
cause fetal vascular hemorrhage (49). These results suggest
that PAH exposure can have direct fetal effects. Thus the direct
effects of PAHs on the fetus, uteroplacental vasculature, and
placental function warrant further study.

Segment numbers, degree of tortuousity, and vascular resis-
tance were all significantly affected by litter. This was not due
to any differences in litter size. Rather this suggests that
mothers reacted differently to the PAH treatment regime. In
humans, the effects of smoking are also highly variable. Ma-
ternal smoking does not lead to fetal growth restriction in all
pregnancies, nor is the reduced capillary phenotype present in

Fig. 5. Vascular hemodynamics. A: total vascular resistance of the fetoplacental arterial tree of PAH-exposed (black bars, n � 9) and control (gray bars, n �
9) placentas. Data are shown as means � SE. Two-way ANOVA was performed to evaluate effects of treatment group and litter on total vascular resistance.
P value shown represents a significant effect of treatment. ¤P � 0.015. Vascular resistance at each site in the tree was determined by vessel diameter and
connectivity. A constant pressure gradient across all arterial trees was used to calculate blood flow from vascular resistance. B and C: isosurfaces were color
rendered to illustrate blood flow magnitude (shown on logarithmic scale) in example control (B) and PAH-exposed (C) placentas. The trees of PAH-exposed
placentas had lower flows throughout. This was most noticeable at the terminal vessels, which display more blue coloring compared with controls. Scale bar �
1 mm.
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all cases (e.g., see Ref. 44). There is evidence that the effect of
smoking on fetal birth weight in humans can be modified by
maternal genotype, including that of CYP1A1 (56), which is an
AhR-regulated protein involved in the conversion of toxic
PAHs to less harmful substances. We have also observed
disparities in the degree of growth restriction between two
mouse strains, C57Bl6 and CD1, given the identical PAH
treatment regimen (13, 14). These differences may be due to
AhR, which is highly polymorphic among mouse strains (28)
and mediates the effects of PAH on fetal growth (14). The
current study used an inbred strain to control for genetic
variability. However, there may be epigenetic differences be-
tween animals due to different environmental influences. Some
variability also could be attributed to contamination of the fur
during injection that would tend to increase the dose received
by high-grooming mice. The severity of the small vessel count
was not correlated with the number of days between injection
and conception (data not shown), so this factor did not appear
to explain interlitter variability.

In conclusion, automated vascular segmentation of mi-
cro-CT datasets and computational flow calculations were used
to generate quantitative parameters describing the murine ar-
terial fetoplacental vascular tree, including vascular tortuous-
ity, branching pattern, and distribution of vessel diameters.
From these data, we estimated effects on resistance and blood
flow. Results show that prepregnancy PAH exposure led to a
significant reduction in the number of small-diameter intrapla-
cental vessels, but not in the number of larger-diameter chori-
onic plate vessels, demonstrating the ability of vascular seg-
mentation to elucidate specific vascular insults in the fetopla-
cental arterial tree. PAH-exposed trees also exhibited an
increase in vascular tortuousity. Results predict that such
changes in vascular geometry would lead to a 30% increase in
arterial vascular resistance and hence are physiologically sig-
nificant. The wide applicability of our approach suggests that it
will serve as a key analysis tool in the study of various vascular
beds in genetically altered mice, other animal models, and in
humans.
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