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Abstract

This study evaluates microcomputed tomography (micro-CT) as a method to obtain quantitative three-dimensional (3D) information on the
arterial and venous vasculature of the mouse placenta. Surface renderings at embryonic days (E) 13.5, 15.5, and 18.5 (full term) revealed that the
arterial and venous vasculature branched within the chorionic plate whereas only the arterial vasculature deeply penetrated the placenta. Um-
bilical vessel diameters measured by micro-CT did not significantly differ from those measured non-invasively in vivo by ultrasound biomicro-
scopy. Variability in umbilical diameters, and surface area and volume measurements of arterial and venous vascular trees due to experimental
error was low relative to biological variability, and significant inter-litter differences within gestational ages were detected. Furthermore, um-
bilical vessel diameter increased significantly and incrementally to an arterial diameter of 0.631 4+ 0.009 mm and a venous diameter of 0.690 +
0.018 mm at E18.5. Umbilical vein diameter was 3—9% greater than the artery, and both were significantly correlated with embryonic body
weight (R > 0.96). Surface area and volume were determined for vessels greater than the minimum resolvable diameter of 0.03 mm which there-
fore excluded capillaries. Arterial surface area and volume were unchanged from E13.5—15.5 but then more than doubled at E18.5 (to
170 + 13 mm? and 7.2 + 0.8 mm?>, respectively). Venous surface areas and volumes changed similarly with development although surface areas
were lower than their arterial counterparts. We conclude that micro-CT has sufficient accuracy and precision to quantify late gestational changes
in the 3D structure of the arterial and venous vasculature of the mouse placenta.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Genetically altered mice are proving valuable models for
advancing our understanding of placental development. In-
deed, our understanding of the genetic regulation of branch-
ing morphogenesis and vascularisation of the placenta [1,2]
has been rapidly advanced by the use of mice with targeted
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mutations. More than 60 genes have been shown to play
a role in these processes [2]. Importantly, many genes ex-
pressed during placental development in mice often have ho-
mologues that are similarly expressed in the human placenta
[1—3]. Furthermore, the value of the mouse as a model for
placental research is enhanced by the strong structural and
cellular similarities between the placentas of the two species
[3—5].

Vascular corrosion casts of the feto-placental circulation
have shown remarkable similarity between the feto-placental
circulation in the mouse placenta [5] and in a single lobule of
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the human placenta [6]. In both species, the umbilical cord
vessels enter the discoid-shaped placenta near the centre
and branch extensively over the chorionic surface sending
smaller diameter vessels deep into the placenta to supply
the richly capillarised terminal vascular bed where
exchange with maternal blood occurs. Although similar in
structure and function, this exchange region is referred to
as the placental villous tree in humans and the placental
labyrinth in mice. Given the strong similarities in the feto-
placental vasculatures, mutant mouse models could provide
insight into the mechanisms that underlie feto-placental hy-
povascularisation in fetal intrauterine growth restriction in
human pregnancy [7—9].

However, progress in understanding the genetic regulation
of feto-placental vascular development has been hampered
by inadequate methods for identifying and quantifying the
specific nature of the feto-placental vascular defect. Vascular
corrosion casts provide immediate 3D visualisation of this
vasculature [5] but obtaining quantitative data from casts is
cumbersome and superficial vasculature obscures deeper
structures. Stereology of histological sections has been used
to obtain quantitative 3D measures of placental vascularity
[10,11] but sectioning permanently destroys the connectivity
between vessels and hence the overall topology. Thus, stereol-
ogy is not well suited to providing information on vascular
branching patterns or on the serial versus parallel arrangement
of vessels.

Microcomputed tomography (micro-CT), an X-ray imag-
ing modality, provides the means for obtaining this informa-
tion through 3D quantification of vascular beds. Micro-CT
has been established as a leading method in small animal
imaging of vascular beds [12,13], where its high resolution
and large specimen coverage provide a detailed view of the
microcirculation suitable for structural analysis and blood
flow modelling [14]. Despite these advantages, this tech-
nique has not been utilised in the study of the murine
placenta.

Thus, in the current study we evaluated micro-CT as
a method for 3D visualisation and quantification of the
feto-placental circulation of the mouse. Currently, capillaries
<20 pym in diameter cannot be visualised with tabletop
micro-CT systems [12,13]; however, we expected that most
vessels at the critical arteriolar level of the circulation where
vascular resistance and flow regulation reside [15] would be
detected. Preliminary studies showed that the arterial and
venous vessels within the chorionic plate were often in
such close proximity that the space between them could
not be resolved and this impeded quantitative analysis.
Thus, our first objective was to evaluate the technical
success rate for independent visualisations of the arterial or
venous feto-placental vasculatures. We then evaluated the
accuracy and reproducibility of 3D quantification of umbilical
vessel diameters, and the surface area and volume of the
vasculature. Finally, we determined whether the method could
detect and quantify the elaboration of the feto-placental vascu-
lature that was anticipated to occur during late-gestational
development.

2. Materials and methods
2.1. 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. CD-1 mice, a common outbred lab-
oratory strain, were purchased from Charles River Laboratories (Montreal,
QC) and housed under specific-pathogen free conditions. Males were mated
in-house with virgin females aged 10—12 weeks. The morning that a vaginal
copulation plug was detected was designated embryonic day (E) 0.5. Pregnant
mice were killed by cervical dislocation at E13.5, E15.5, or E18.5 (full term in
this strain) and their uteri quickly removed and immersed in ice-cold phos-
phate buffered saline (PBS).

2.2. Injection of contrast agent

The feto-placental vasculature was perfused with an X-ray contrast agent
using a method previously developed to perfuse placentas for vascular corro-
sion casting [5,16]. Briefly, the uterus was cut between individual implantation
sites and the segment was weighed. The embryo and placenta were surgically
exposed and bathed in warm PBS to resume cardiac function and placental
blood flow. A double-lumen tapered glass cannula [16] was advanced into
either the umbilical artery or vein with the alternate vessel nicked to serve
as a vent. All cord insertions were centrally located in the placenta of all im-
plantation sites dissected in this study. Warm 2% xylocaine in 0.9% NaCl and
100 IU heparin/ml was perfused through the cannula to clear blood from the
vasculature. The radio-opaque silicone rubber contrast agent (Microfil, Flow
Tech Inc., Carver, MA) was then infused into either the arterial vasculature
via the umbilical artery, or the venous vasculature via the umbilical vein until
its bright yellow colour could be clearly seen in the capillary bed, at which
point the umbilical cord was tied off and the cannula removed. In this manner,
separate arterial or venous specimens were obtained. After infusion, the sili-
cone rubber was allowed to polymerise before the umbilical cord was severed,
placental and embryonic weights were recorded, and the placenta was im-
mersed 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 scanning.

We initially acquired and analysed eight arterial specimens from each of
two litters at E15.5 and found significant inter-litter variation (analysis not
shown). Therefore to assess placental vascular growth in late gestation, two
arterial and two venous specimens per litter were obtained from four litters
at each of three time points (E13.5, E15.5, E18.5). This allowed inter- and
intra-litter variation to be quantified. The two initial litters of eight arterial
specimens were included in the results augmenting our arterial sample size
at E15.5. Sixty-four specimens in all were analysed.

2.3. Image acquisition and processing

3D datasets were acquired for each specimen using an MS-9 micro-CT
scanner (GE Medical Systems, London, ON). The performance of this speci-
men scanning system has previously been evaluated and described by Marxen
et al. [13], who found a maximum resolution of 38 line pairs/mm at 10%
contrast based on the modulation transfer function. In practice, this allows
for visualisation and measurement of vessels greater than 30 um. With the
X-ray source at 80 kVp and 80 pA, and the specimen positioned for a magni-
fication of 3.47x, each specimen was rotated 360° around the vertical axis,
generating 720 views in 2 h. These views were reconstructed using the Feld-
kamp algorithm [17] for cone beam CT. The resulting 3D data block contained
500 x 500 x 500 13 pm voxel elements.

A surface corresponding to the intensity contours at a threshold (1500—
2500 HU) halfway between the intensity of tissue and that of the injected
contrast agent was constructed for each dataset. Represented internally as
a mesh of more than a million adjacent polygons with edge lengths on the
order of a voxel (13 pum), this surface allowed 3D visualisation of the placental
vasculature as well as calculation of vessel diameters, surface area, and
overall lumen volume. The iso-intensity surface constructions and geometric
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measurements were made using the Amira software package (TGS Inc, Berlin,
Germany).

2.4. Evaluation of method

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 imaged with and without Microfil in the lumen. Filled
and unfilled diameters were compared to assess dimensional stability (i.e.
shrinkage), and unfilled diameters were compared with the manufacturer’s
specifications to assess accuracy. Accuracy was further assessed by comparing
umbilical arterial and venous diameter measurements obtained non-invasively
in vivo using ultrasound biomicroscopy (Vevo 770, Visualsonics Inc., Toronto,
ON) with those obtained by micro-CT. 30 MHz ultrasound was used to image
the umbilical vasculature of 11 embryos at E13.5 and 13 embryos at E15.5
from three isoflurane-anaesthetised pregnant mice at each age. Umbilical
vessel diameters were measured from power Doppler images using digital
callipers and results at each age were averaged.

The reproducibility of the micro-CT technique itself was assessed by de-
termining the coefficient of variability of four scan/analysis repetitions for
one E18.5 arterial and one E18.5 venous specimen. Sensitivity was evaluated
by determining the smallest vessel observed in a given scan.

2.5. Statistical testing

We estimated a mixed effect linear model using the LME package from the
R statistical software (www.r-project.org) [18]. This package provides analysis
of variance for random and fixed effects and #-tests for the marginal distribu-
tions corresponding to the columns of the linear model. A fixed effect model
was used to determine if interactions between vessel type (artery or vein) and
gestational age were significant. We moved to a mixed effect model to evaluate
the addition of inter-litter variation as a random factor and used likelihood

ratios to test whether inter-litter variation needed to be independently mod-
elled for arteries and veins. ANOVA was used to assess whether there was
a significant effect of our fixed factors, vessel type and gestational age. t-tests
were used to assess differences between ages based on the mixed effects
model. Results are presented as the mean + SE where n is the number of per-
fused specimens examined by micro-CT. P < 0.05 was considered significant.

3. Results

Successful vascular surface renderings were obtained from
47% (83 of 176) of placentas in which perfusion with contrast
agent was attempted. The vast majority of failures were due to
problems identified during the perfusion procedure so that 87
of 176 placentas were rejected prior to imaging due to inade-
quate or inappropriate filling (e.g. segments of the placenta
remained unperfused, vessel ruptures caused leakage, or
contrast agent passed through the capillaries and entered the
unintended vasculature). Only 6 of 176 (3%) were rejected
following vascular reconstruction and surface rendering.
These were rejected when there were small gaps in otherwise
filled vessels, or the contrast agent had leaked, or there were
unfilled portions of the vasculature (Fig. 1). Perfusion failures
tended to occur more frequently at E13.5 at which age the
umbilical vessels were smallest and most fragile, and at
E18.5 because the feto-placental vasculature sometimes failed
to fully vasodilate with warming and the resumption of placen-
tal blood flow. Interestingly, vasospasm was only observed in
some pregnant mice at E18.5 and, when observed, it affected

Fig. 1. Examples of iso-intensity surface renderings excluded from analysis. (A) Arterial surface rendering at 13.5 days gestation. Boxed regions are enlarged in (B)
and (C). This surface rendering shows small gaps in otherwise filled vessels (e.g. red arrows in B,C) and apparent leaks from ruptured vasculature (e.g. green
arrows in B,C) to illustrate artifacts that resulted in rejection of perfused specimens at the imaging stage. (D) Renderings in which vasospasm prevented portions
of the vasculature from filling with contrast agent, as in this E18.5 example, were also excluded. Note sparseness of vasculature and blunt ends of large vessels

towards the right in the area demarked by the dashed line. Scale bars, 0.5 mm.
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the entire litter. The study protocol required two arterial and
two venous specimens per litter. Litters with too few accept-
able specimens were excluded, as were placentas collected
in addition to the two arterial and venous specimens required.
This resulted in 64 of 83 acceptable specimens being included
in the final analysis.

Visualisation of the 3D vascular iso-intensity surfaces of
the arterial and venous placental specimens suggested that
both aspects of the circulation became larger and more highly
branched as gestation advanced (Fig. 2). During the placental
perfusion procedure, we observed that the single umbilical
artery and single umbilical vein branched extensively at the
chorionic surface with the arterial branches located beneath
those of the more superficial venous vasculature. The site of
penetration of the umbilical artery divided the large veins
into two trees which, from surface renderings, were observed
to exhibit a magistral/mixed branching pattern (Fig. 2). Exam-
ination of surface renderings also showed that the branching
pattern of the arterial tree was largely dichotomous (Fig. 2),
and that the relatively evenly distributed smaller arteries and
arterioles in the placenta exhibited a concave curvature to
the distal surface that was more prominent later in gestation
(Fig. 3). This can be better appreciated in the online supple-
mental movie where the surface rendering shown in Fig. 2C
is rotated through 360°. The smallest branches resolvable
were approximately 0.03 mm in diameter. Capillaries appear-
ed as an indistinct mass with an intensity much below the
threshold used to construct the iso-intensity surfaces and
thus were not visualised.

Quantitative information on umbilical vessel diameters was
obtained by manually measuring the iso-intensity surface of
imaged placental specimens using a digital calliper. To evalu-
ate measurement accuracy, tubing of known calibre was filled

with contrast agent and then imaged. For tubing with manufac-
turer specified internal diameters of 0.279 to 0.760 mm, diam-
eters obtained by micro-CT were within 0.010 mm and thus
less than the width of one image voxel (0.013 mm). In addi-
tion, diameter measurements of the contrast agent within filled
tubing were within 0.020 mm of the unfilled diameter suggest-
ing that no appreciable contrast agent shrinkage had occurred.
Umbilical vessel diameters measured using ultrasound biomi-
croscopy non-invasively in vivo in a separate series of preg-
nant mice of the same strain revealed diameters which did
not significantly differ from those measured by micro-CT
(Table 1). These results suggest that quantitative diameter in-
formation obtained by micro-CT is accurate and is similar to
the in vivo state.

Variability introduced by the micro-CT method was as-
sessed by performing repeated scans, reconstructions, and
quantitative analysis of iso-intensity surfaces of the same
arterial and venous specimen. The coefficient of variation for
umbilical diameters was <1%, for surface area was <2%,
and for volume was <6%. Analysis by ANOVA showed that
the method was also sufficiently reproducible to detect statisti-
cally significant differences in umbilical vessel diameters, and
vascular surface areas and volumes between litters at the
same gestational age. Intra-litter standard deviation, which
incorporates true intra-litter variation and experimental error,
was similar to the standard deviation of within litter means
(i.e. the inter-litter standard deviation in Table 2). Hence spec-
imens selected from different litters have approximately
double the variation of those selected from a single litter.
Overall, variability caused by experimental error was small
relative to biologic variability. Thus, the method was consid-
ered adequate for quantification of the arterial and venous
placental vasculatures.

Fig. 2. Iso-intensity surface renderings of arterial (A—C) and venous (D—F) fetoplacental vascular trees from E13.5 (A,D), E15.5 (B,E) and E18.5 (C,F). The
supplemental movie http://www.mouseimaging.ca/papers/rennie2006/placenta.mov shows the surface rendering in panel C rotating through 360° as an example

of 3D visualisation. Scale, 1 mm.
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Fig. 3. (A) Iso-intensity surface rendering of an E15.5 arterial vascular tree with two orthogonal planes illustrating sample cuts through the data set. (B) Plane
perpendicular to the chorionic plate showing larger arteries on the chorionic surface and smaller arteries and arterioles penetrating deeply into the placenta.
(C) Plane parallel to the chorionic plate showing the relatively even distribution of arteries and arterioles across the placenta. The gap in the vasculature near
the middle of the image is caused by the concave curvature of the distal surface of the placenta which is visible in (B).

Quantitative analysis of iso-intensity surfaces revealed sig-
nificant increases in umbilical artery and vein diameters with
increasing gestational age, and that umbilical vein diameter
was slightly but significantly greater than umbilical artery
diameter by 3—9% at each age (Fig. 4). Umbilical vessel di-
ameter was significantly correlated with embryo weight over
the age range studied (Pearson’s correlation coefficients
were 0.96 for arterial diameter, and 0.97 for the vein)
(Fig. 5). Interestingly, despite the incremental increases in um-
bilical vessel diameter with age, vascular surface area and vol-
ume showed no significant change between E13.5 and E15.5
and then more than doubled at E18.5 (Fig. 4). At all ages,
the vascular surface area of the arterial vascular tree was sig-
nificantly greater than that of the venous tree (by 22—40%). In
contrast, arterial and venous vascular volumes were not signif-
icantly different (Fig. 4).

4. Discussion

The results of this study show that micro-CT imaging and
analysis of the feto-placental vasculature provide intuitive
3D visualisations of the vascular bed as well as quantitative
data that are precise relative to normal biological variation
and, based on umbilical vessel diameters, close to in vivo mea-
surements. Furthermore, quantification of the iso-intensity sur-
faces yielded novel findings. We found that the diameters of
the umbilical artery and vein were similar. Both increased in-
crementally from E13.5 to term in accord with the increase in
embryonic body weight, but total vascular surface area and
volume increased more rapidly in the final days of gestation.
These results show the utility of micro-CT for understanding

Table 1
Umbilical diameters measured using micro-CT or ultrasound

and quantifying the feto-placental circulation of the mouse
during normal development and also suggest its use for quan-
titative evaluation of feto-placental defects in genetically-
altered mice.

The umbilical artery and vein form between E8.5 and E9.5
of gestation in the mouse by vasculogenesis within the allan-
tois when it transforms into the umbilical cord [19,20]. As
gestation advances, peak systolic blood flow velocity first
detected at E9.5 progressively increases in the umbilical artery
and vein [21—23]. The diameters of both vessels also progres-
sively increase [23] such that calculated umbilical blood flow
increases in proportion to embryonic weight [23]. Our results
further show that the diameters of the umbilical vessels
continue to increase to term, and that vessel calibre is highly
correlated with, although not proportional to, embryonic
weight. We also found that umbilical artery and vein diameters
are remarkably similar; veins/venules are generally larger than
the corresponding arteries/arterioles in the postnatal vascula-
ture (e.g. [15,24,25]) and this difference in calibre is thought
to be mediated by pressure sensitivity of the shear stress—
vessel diameter relationship [15]. Despite this unusual similarity
in calibre, the arterial and venous vasculatures exhibited
profoundly different branching patterns, with the venous vas-
culature confined to the proximal chorionic surface and the
arteries branching deeply into the placenta below. Also, veins
exhibited a much more abrupt transition from large branch
vessels to small terminal vessels which may account for their
lower surface area yet similar volume.

Whereas there were incremental increases in umbilical
vessel diameter, vascular surface area and volume of the feto-
placental arterial and venous vascular trees increased rapidly

Unmbilical artery diameter (mm)

Umbilical vein diameter (mm)

E13.5 E15.5

E13.5 E15.5

Micro-CT 0.377 £ 0.008 (n =8) 0.483 £ 0.004 (n =38)
Ultrasound 0.396 + 0.005 (n =11) 0.479 +0.004 (n = 13)
ANOVA P 0.054 0.504

0.400 £0.014 (n=17) 0.498 £ 0.009 (n = 6)
0.410 £0.004 (n=11) 0.510 £0.010 (n = 13)
0.355 0.611

Results shown as mean £+ SE where n = number of specimens for micro-CT and number of embryos for ultrasound.
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Table 2

ANOVA inter- and intra-litter standard deviation (SD) shown as “SD (95% confidence interval)”

Umbilical diameter SD (mm)

Surface area SD (mm?) Volume SD (mm?)

Arterial inter-litter variation
Venous inter-litter variation
Residual variation (Intra-litter variation + experimental error)

0.017 (0.009—0.032)
0.030 (0.017—0.054)
0.021 (0.016—0.053)

20 (11-36) 0.5 (0.1-2.7)
15 (7-33) 0.6 (0.1-2.7)
17 (13—21) 1.5 (1.2—1.8)

Inter- and intra-litter standard deviations were not significantly different.

in the final days of gestation. This novel finding may be ex-
plained by changes in the feto-placental capillaries that they
supply. Using stereology, Coan and colleagues [10] found
that total capillary length did not significantly change between
E12.5 and E14.5 but then increased progressively to term,
whereas total surface area increased rapidly between E12.5
and E16.5 at the same time as mean capillary diameter de-
creased (from ~0.014 to ~0.011 mm). The latter change in
capillary structure therefore appears to coincide with the rapid
increase in surface areas and volumes of the larger vessels of
the placenta observed in the current study. Interestingly, this
late gestational remodelling of the feto-placental circulation
also coincides with a marked change in feto-placental hemo-
dynamics. On or after E15.5, a non-zero Doppler diastolic
blood velocity first appears then diastolic velocity progres-
sively increases to term in the umbilical artery of the mouse
embryo [22]. It is tempting to speculate that the hemodynamic
change may be caused by the coincident structural changes in
the feto-placental vasculature.

There are limited data in the literature with which to com-
pare our quantitative results. Micro-CT imaging and quantifi-
cation of the term human placental vasculature has been
performed [26] but, unlike the current study, a sample of the
whole organ was analysed so surface areas and volumes are
expressed per unit volume of the sample, and surface areas
and volumes included the complete vasculature (arteries,
veins, and capillaries) so results are difficult to compare
with those of the current study. Similarly, umbilical vascular
diameters have been assessed in human pregnancy [27] but
the human has two arteries and one vein in the cord (in con-
trast to the single artery and vein in the mouse) which may

account for the dissimilar umbilical vessel calibres in humans.
In C57BI16 mouse embryos, quantitative information on total
volumes and surface areas of feto-placental capillaries by ste-
reology is available and comparison with our results reveals
that the total volume of the capillaries (~2 to 14 mm® from
E12.5 to E18.5 [10]) is similar in magnitude to that of the ar-
terial or venous vasculatures of CD-1 embryos (~2 to 7 mm’
from E13.5 to E18.5) whereas, consistent with the exchange
function of the capillaries, the total capillary surface area
(~2000 to 27,000 mm? from E12.5 to E18.5) is much greater
than that of the arterial or venous vasculatures (~70 to
160 mm? from E13.5 to E18.5) of the current study. Capillary
volumes and surface areas in C57B16 mice likely underesti-
mate those of CD-1 mice due to their smaller placental size
(placental weight ~33% less than CD-1).

Our evaluation revealed significant strengths of the micro-
CT technique for examining the feto-placental circulation of
the mouse. Strengths of the method include (1) the ability to
include the entire placenta in a single dataset thereby avoiding
sampling errors and the necessity of extrapolating to obtain
results for the entire organ, (2) the vasculature is protected
from damage and supported in its in situ configuration, (3)
the tissue remains intact for later histological analysis, (4)
contrast agent shrinkage is minimal facilitating comparison
with in vivo data, and (5) vessels as small as small arterioles
(down to 0.030 mm), representing most resistance arterioles
[15], are detected. Other strengths include that quantification
of umbilical diameter, and surface area and volume of the
feto-placental vasculature was highly reproducible, and that
it was feasible to obtain specimens with selective filling of
either the arterial or the venous circulations. The latter greatly
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Fig. 4. Developmental changes in the arterial (open bars) and venous (shaded bars) vasculatures of the fetoplacental circulation. (A) Arterial and venous umbilical
diameter, (B) surface area, and (C) volume of the arterial and venous vasculatures are shown as mean + SE. Sample size () is less than 8 in cases where the
umbilical cord was tied off too close to the chorionic plate to allow vessel diameter measurements. Different letters indicate significant differences within vessel
type with age, # indicates significant differences between vessel types at the same age.
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Fig. 5. Linear relationship between umbilical artery diameter (solid circles) or
umbilical vein diameter (open triangles) and embryonic body weight. Embryo
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placental circulation. Each point corresponds to a specimen from Fig. 4.
R = Pearson’s correlation coefficient.

simplifies analysis as compared to image processing tech-
niques for retrospectively segmenting arteries from veins [14].

The micro-CT technique also had limitations for studies of
the mouse placenta. The technique was most feasible late in
gestation due to the relative difficulty of performing feto-
placental perfusion at earlier gestational ages. In our study,
we were not able to resolve the smallest arterioles and venules,
and capillaries. Although these vessels can be resolved with
higher resolution instruments, such instruments typically
have specimen size constraints that may preclude analysis of
the entire placenta. A recent report images the entire mouse
brain with arteriole scale resolution and a portion with capil-
lary resolution then merges the datasets at the analysis stage
[28]. A similar approach applied to the feto-placental vascula-
ture could be used to extend analysis to include all vessels.
The necessity of perfusing vessels with a contrast agent for
visualisation means that complete homogeneous filling of
every vessel cannot be guaranteed, a limitation shared by
many other methods. However, almost all problems of this
nature were apparent at the perfusion stage because the bright
yellow contrast agent was highly visible within the feto-
placental vasculature. Only a few specimens were rejected
after imaging when abruptly ending large vessels and gaps
in the otherwise even and symmetrical placental vasculature
were observed. Whether more subtle filling artifacts may be
revealed by more detailed image analysis is not currently
known. Our contrast agent is not compatible with the tissue
maceration required for a direct comparison between micro-
CT scanned and corrosion casted specimens; however, a recent
paper compares optical and micro-CT images of a macerated
specimen side-by-side [29]. With the method described here,
intravascular pressure was unknown and pressure could influ-
ence vessel calibre. However, our experience suggests that
once the vessels are inflated (i.e. vessels appear round rather
than flattened) there is no visible distension of superficial

vessels as pressure is slowly increased. Before vascular disten-
sion was discernable, a vascular rupture and leak would elim-
inate the specimen from the study. Thus, there appeared to be
little elasticity at this early stage of development, at least in the
visible superficial vasculature. We used the combination of
heat, xylocaine in the perfusate, and the embryonic blood cir-
culating through the feto-placental vasculature to re-dilate the
feto-placental circulation in an attempt to reproduce the nearly
maximally-dilated in vivo state that characterises this bed
[30,31]. Vasospasm at term could not be eliminated by this
method therefore resulting in the rejection of some specimens.
However, the high level of agreement between in vivo umbil-
ical arterial and venous diameters, and the low intra-litter var-
iability of acceptable specimens supports the validity of this
approach.

The use of micro-CT is not limited to the placental circula-
tion; recent studies have used it to examine the lung [32], liver
[32], kidney [33], brain [34], and heart [35]. This flexibility
allows for comparative studies between vascular beds as
well as comparisons with mutated lines, the latter in some
cases showing radical differences [36]. When used in combi-
nation with software for automatic detection and measurement
of vessels [37], the overall pattern of a vascular bed can be
characterised in a statistical manner [14], and this information
can be used to determine vascular flows, resistances, and pres-
sure gradients throughout the bed. Indeed a recent paper dem-
onstrated excellent agreement between calculated flows and
micro-sphere based flow measurements in the rat kidney
[29]. Together these technical developments suggest that phys-
iologically important data can be extracted from micro-CT
datasets. This method will therefore provide a powerful tool
for detailed study of changes in the structure and hemodyna-
mics of the mouse placenta during normal development and
in response to genetic perturbations.

In conclusion, the application of micro-CT imaging and
analysis to the feto-placental circulation of the mouse has
been rigorously evaluated. The method was found to generate
data with sufficient accuracy and reproducibility to reveal
novel quantitative information on the late gestational develop-
ment of the arterial and venous feto-placental vasculatures. We
suggest this method will prove useful in future studies on ge-
netically altered mouse models for qualitative and quantitative
evaluation of abnormalities in the feto-placental vasculature.
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