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Human pregnancy is a complex, dynamic progress accompa-
nied by both inspiring and amazing events. Clinically, disorders 
of pregnancy are among the least understood areas in health sci-
ence because of ethical and cultural challenges and the involve-
ment of 2 (or more) subjects (mother and fetus) rather than 1. 
Because continuation and successful conclusion of pregnancy 
typically are desired, advances in clinical and research investi-
gations of human pregnancy are highly dependent upon tech-
nological advances in noninvasive imaging. The most common 
human gestational complications are preeclampsia (acute onset of 
hypertension during the second half of pregnancy), intrauterine 
growth restriction (IUGR), and diabetes. These pathologies are 
thought to share many risk factors, particularly an inadequate 
response of the maternal vasculature to the state of pregnancy.59 
In all mammals, maternal vascular adaptation is essential to meet 
the requirements of blastocyst implantation and placental and fe-
tal development to ensure a successful pregnancy. In species with 
hemochorial placentation (including human, rat, and mouse), 
endometrial decidualization is associated with maternal vascular 
remodeling at implantation sites, and the remodeling process has 
become a diagnostic and therapeutic target.39,47

Ultrasonography was introduced in 1958 and has become the 
diagnostic tool of choice to study human gestational health,18 not 
only because this modality is noninvasive with very low risk but 
also because it provides real-time images with positional infor-
mation.24 Ultrasonography is relatively inexpensive and portable, 
compared with other modalities such as MRI and computed to-
mography. Modern clinical ultrasonography usually is performed 
by using a pulse–echo approach with a brightness-mode (B-mode) 

output that can be augmented by using advanced functions such 
as color Doppler mapping, 3D or 4D imaging, and spectral mea-
surements. Application of these ultrasound techniques has en-
abled exploration and understanding of human maternal–fetal 
relationships that previously had been virtually inaccessible. 
Most studies of the physiology and pathology of pregnancy in 
animal models still rely on postmortem approaches rather than 
serial examinations, which would decrease experimental animal 
numbers. A key advance for studies of pregnancy in mice has 
been the development of microultrasonography. This technology 
now provides in vivo morphometric quantification of embryonic 
and placental growth for mice.21,33 Here we review the application 
of microultrasonography to hemodynamic monitoring, vascular 
assessment, and placental development in mice and address its 
limitations briefly.

Cardiovascular modifications of normal pregnancy. Transient, 
systemic, physiologic changes to the cardiovascular system are an 
immediate consequence of mammalian pregnancy. These include 
cardiac acceleration, blood volume expansion, and angiogenesis. 
However, the greatest differences vasodilation and angiogenesis 
occur in vessels of the reproductive tract.71 Increased uterine vas-
cular permeability is a hallmark of implantation in mice, a pro-
cess that initiates endometrial decidualization and angiogenesis. 
Vascular endothelial growth factor,52,54 placenta growth factor,16 
matrix metalloproteinase,36 shear force,19 ovarian hormones,57 and 
endothelial NO synthase55 are among the factors involved in these 
processes. Hypertrophic remodeling of uterine arteries occurs 
and includes transient phenotypic modulation and proliferation 
of smooth muscle cells and alterations in the composition of the 
extracellular matrix.56

In most mammals, blood is delivered to the uterus bidirection-
ally by means of a dual arterial anastomotising loop arising from 
the ovarian and internal iliac arteries. Unlike the linear, branch-
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systolic and end-diastolic velocities, the calculated resistance in-
dex had decreased significantly, and the notch had disappeared.32 
In women, abnormal uterine artery waveforms are better pre-
dictors of preeclampsia than of IUGR. An increased pulsatility 
index alone or in combination with notching is most valuable 
for predicting IUGR in women at low risk of this fetal complica-
tion, whereas an increased resistance index is the best predictor 
of IUGR in mothers at high risk, such as those who are diabetic or 
hypertensive before becoming pregnant.10

Microultrasonography has been used in the study of transgenic 
Sprague–Dawley rats harboring components of the human renin–
angiotensin system (the [TGR(hRen)L10J] and TGR(hAogen)L1623 
strains, respectively).17 In this model of preeclampsia, female hAo-
gen rats bred to hRen male rats developed hypertension and pro-
teinuria in the second half of pregnancy. Microultrasonography 
demonstrated a stable resistance index over pregnancy in the con-
trol, normotensive Sprague–Dawley rats17,58 but an unexpected 
decrease in resistance index during pregnancy due to the mating 
of hypertensive rats, the fetuses of which became growth-restrict-
ed. From these data, the authors concluded that the poor fetal 
growth rate was not due to lack of placental perfusion. Clinical 
data, however, indicate that coordinated and sufficient uterine 
vascular remodeling is required for normal fetal growth.39 These 
opposing conclusions may relate to differences in uterine hemo-
dynamics and blood flow patterns due to litter-bearing in the 
rats.

We examined the gestational hemodynamics of normal (+/+) 
and alymphoid (Rag2−/−/Il2rg−/−) BALB/cAnNCrl female mice, in 
which spiral arterial remodeling does not occur due to their defi-
cit in uterine natural killer cells.34 For both genotypes, uterine ar-
tery flow velocity increased at midgestation (gd10) and remained 
high until late gestation (gd18.5) and pulsatility and resistance 
indices decreased significantly at gd9–10, as the placental circula-
tion opened.66 Combining microultrasonography with monitoring 
of mean arterial pressure can improve our understanding of the 
changes in hemodynamic properties that occur during pregnancy. 
Others combined microultrasonography with tail-cuff recording 
of mean arterial pressures revealed increases in heme oxygenase 
activity in maternal and placental tissues that contributed to the 
regulation of peripheral vascular resistance.69 We have conducted 
experiments using microultrasonography and continuous radio-
telemetric recording of mean arterial pressure in parallel groups 
of BALB/cAnNCrl (H2d) and C57BL/6J (H2b) mice. Mean arte-
rial pressure fell postimplantation (as occurs in women) to a nadir 
at gd9 and then rebounded gradually.14 Microultrasonography 
revealed a significant increase in uterine arterial flow concurrent 
with this rebound in arterial pressure.7 The outcome of both of 
these mechanisms is increased perfusion of placental tissue and 
improved nutrient delivery to the growing fetus.

Doppler ultrasonography of spiral arteries. Unlike uterine arter-
ies, spiral arteries are not constant in their anatomic positions and 
characteristics. Physiologic changes to the human spiral artery 
system are functionally complete about the 17th week of gesta-
tion. From measurements of term placentae, the average num-
ber of spiral arteries is thought to be close to 100.29 In 1991, the 
emergence of color Doppler imaging improved measurements of 
human spiral arterial function during pregnancy. The waveforms 
in pregnant women indicated that in normal pregnancies, spiral 
arterial resistance to flow decreased progressively as gestation 
advanced.26 Spiral arterial waveforms typically have a higher dia-

ing pattern of most vascular networks, where blockage leads to 
downstream ischemia, the bilateral arrangement provides the 
mammalian uterus with redundancy in case of vascular occlu-
sion.39 The uterine arteries travel into the inner myometrium as 
the spiral arteries.43 During early pregnancy in humans, the spi-
ral arteries undergo vast structural changes, through loss of the 
normal musculoelastic components of the arterial wall and their 
replacement by amorphous fibrinoid material. Extravillous tro-
phoblast cells and decidual leukocytes participate in these normal 
physiologic changes,50 which are linked to pregnancy success. 
Incompleteness in these processes is associated strongly with the 
acute-onset, hypertensive emergency of human pregnancy called 
‘preeclampsia’.44 In current clinical practice, measuring resistance 
to flow in the uterine arteries is used to identify failure of tropho-
blast invasion into the spiral arteries31 and to predict fetal IUGR 
and preeclampsia. Genetic and transplantation studies in mice 
have shown that uterine natural killer lymphocytes are essen-
tial for initiation of these structural changes in spiral arteries.15 
Murine spiral arteries that are undergoing these changes show 
decreased expression of cell markers of arteries and acquire those 
associated with veins.67

Pregnancy success also requires fetal and placental vasculo-
genesis followed by branching and nonbranching angiogenesis. 
The placentas of all mammals share common structural and func-
tional features, but there are also striking differences between 
species in gross and microscopic structure of the placenta and its 
vasculature. The mouse fetoplacental circulation opens at approx-
imately gestational day (gd) 9.13 For both humans and mice, most 
pregnancy complications are associated with either decreased 
placental vascular development or obstruction to placental blood 
flow.46 Both complications can be quantified by ultrasonography, 
as can changes in these parameters due to treatment, or in mice, 
experimental manipulations.

Doppler ultrasonography of the maternal uterine artery. 
Through transabdominal and transvaginal scanning during vari-
ous gestational stages, conventional Doppler ultrasonography 
of uterine and umbilical arteries is used widely to assess human 
fetoplacental circulation. Arterial waveforms are assessed by us-
ing color–power and pulsed Doppler imaging.30 Transabdominal 
microultrasonography has similarly been used to study flow pat-
terns in mouse uterine arteries and the changes in flow patterns 
due to vascular remodelling during normal and compromised 
pregnancies (Figures 1, 2).42,70 Pregnant mice typically are anesthe-
tized by using isoflurane and restrained on a pivoting platform. 
Doppler waveforms of the mouse uterine arteries are collected by 
placing a 40-MHz probe (for example, RMV 704 [VisualSonics, 
Toronto, ON, Canada]) over the abdomen, where the fur has been 
removed by clipping or application of a depilatory. A ‘coupling 
gel’ usually is applied over the site being scanned. Images are 
collected over the lateral–caudal margin of the uterocervical junc-
tion close to the iliac artery on each side, ventral to the urinary 
bladder32 (Figure 1 B).

Mice and humans demonstrate strong parallels in ultrasono-
graphically-imaged placental structure, hemodynamics, and gene 
utilization12 for normal pregnancies and those complicated by 
IUGR.2 In nonpregnant and early (to gd9.5)-pregnant outbred 
Hsd:ICR (CD1) mice, a high-fecundity strain, the uterine artery 
blood velocity waveform was characterized by low end-diastolic 
velocity with a prominent diastolic notch. By gd15.5, after open-
ing of the fetal circulation, uterine arteries had increased to peak 
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At their distal ends (toward the placenta), spiral arteries show a 
venous-like wave pattern without pulsating peaks. An impor-
tant unresolved issue is how to acquire accurate Doppler data of 
spiral arteries due to the variable waveforms, which reflect the 
contributions of variable amounts of residual vascular smooth 
muscle during the physiologic remodeling process. Increasing 
the numbers of measurements at different positions along the 
length of each vessel to acquire an average would be 1 approach. 
Alternatively, a constant ultrasound gate might be used to scan a 
fixed area in multiple animals.

Placental and placental vascular measurements by 3D power 
Doppler ultrasonography. Fetal size at birth is a critical contribu-
tor to life expectancy, affecting not only neonatal viability but 
also adult rates of mortality and morbidity.6 Generally, there is a 
nonlinear but important predictive relationship between placenta 
weight and birth weight.48 In normal human pregnancies, the 
placenta has a granular echotexture that first becomes visible by 
ultrasonography about the 8th week of pregnancy. Changes in 
echogenicity and the appearance of ultrasonography-detected 
calcifications are used to assess placental maturity. Measurements 

stolic flow velocity (indicating a lower downstream resistance to 
flow) than does the uterine artery.

Normal mice have 5 to 10 spiral arteries located within the me-
sometrial triangle of each implantation site. Analysis of plastic 
vascular casts revealed that dilation of CD1 spiral arteries be-
comes apparent at gd10.5 and continues to gd14.5. On average, 
lumen diameter increased from 60 μm to 150 μm.3 In CBA/J 
female mice mated by DBA/2J male mice, spiral artery lumen 
areas were estimated from histologic sections to increase from 
0.019 to 0.041 mm2 between gd10 and gd12; vessel area at these 
same time points was 0.042 and 0.065 mm2.68 We histologically 
compared the average ratio of vessel diameter to lumen diam-
eter for C57BL/6J+/+ gestationally modified spiral arteries and the 
unmodified arteries of C57BL/6J Rag2−/−/Il2rg−/− mice. The ratio 
was 1.17 for the modified arteries and greater than 2 for those that 
were not modified.5

Mouse spiral arteries can be identified by Doppler microultra-
sonography due to their characteristic waveforms (Figure 2 D). In 
late pregnancy, spiral arteries proximal to the myometrium have 
a much greater diastolic waveform than does the uterine artery. 

Figure 1. Positioning and ultrasound imaging of an anesthetized, dorsally recumbent pregnant mouse (A) as an arial view and (B) in transverse cross-
section. Studies can be performed on mice at different gestational stages. All hair was removed from the ventral abdomen after the mouse was anesthe-
tized with approximately 2.0% (1.5% to 2.5%) isoflurane by means of an oxygen mask. The mouse then was placed on the platform and held in position 
with surgical tape. A thick layer of warm water-based coupling gel was applied over the skin of the area to be imaged. A 40-MHz transducer probe was 
applied to the skin to collect images. The transabdomenal area (boxed region in A) is suitable for detection of the pregnant uterus. To acquire optimal 
images, the scanning probe needs to carefully be adjusted to the natural orientation of each implantation site. All waveforms are saved for later offline 
analysis. Maternal heart and respiration rates were monitored by using an autom ated system. Body temperature was maintained as 36 to 37 °C by the 
warmed platform, which is supported by an integrated rail system. Figures are not to scale.
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equipment (RMV 704 Scanhead, catalog no. VS11170, VisualSon-
ics), this placement did not resolve peripheral placental regions 
adequately, and transverse scanning provided an image with 
improved echogenicity (Figure 3). Because the placenta does 
not have an ideal geometric shape, manual machine control will 
give more accurate and sensitive volume assessments than auto-
mated analyses, even if the rotation angle was selected carefully. 
In CD1 mice, placental diameter and thickness increase nonlin-
early between gd10.5 14.5 and then remain constant until term.33 
Published stereologic and measurements of C57BL/6J placentae 
estimate gd15.5 as the time when peak volume (0.104 cm3) and 
weight (942 mg) occur.11 As in humans, microultrasonography 
reveals calcification of the maturing mouse placenta, which cur-
rently is considered to be a benign process that demarcates the 
maternal–fetal (that is decidua–trophoblast) boundary between 
gd7.5 to 9.5, prior to the completion of placental development. 
From gd15.5, sonography reveals calcification within the labyrin-
thine region of the mouse placenta, which is the highly vascular 
nutrient exchange area.4

In humans, reliable measurements of placental vascularity are 
obtained from anterior and posterior scanning until approxi-
mately 28 wk of gestation. Total reduced placental vascularity 
and impaired budding of the vascular tree in the placental villi 
can predict cases of preeclampsia and IUGR, which cannot be 
identified completely by either uterine or umbilical artery spec-

of human placental size by ultrasonography were introduced 
about 20 y ago, after a report 65 stating that small placental vol-
umes, estimated by 2-dimensional ultrasonography, were more 
common in cases of adverse pregnancy outcomes. However, ro-
tational effects lead to high intra- and interobserver variability 
in volume measurements.35 Recently, 3D ultrasonography has 
improved reproducibility in placental volume measurements.61 
The combination of power and color Doppler sonography detects 
blood movement in very small vessels and permits calculation 
of their effect on overall perfusion of a given placental volume. 
These indices are computed by using built-in algorithms or the 
VOCAL (Virtual Organ Computer-aided AnaLysis) program.23,38 
Volume measurements by 3D ultrasonography can be used to tri-
somies 13 and 18 that are associated with small placentae.61 Oth-
ers report that placental volume measurement is a more reliable 
predictor of neonatal size than is direct fetal measurement.53

Microultrasonography can be applied to murine pregnancy 
diagnosis and determination of litter size from very early stages 
of gestation.41 We find reliable diagnosis from gd7.5 by using the 
Vevo 770 High-Resolution Imaging System (VisualSonics), but 
accurate estimation of litter size is complicated by the overlap-
ping of implantation sites and mobility of the uterine horns. Mi-
croultrasonography has also been used to study mouse placental 
growth, with placental volume typically studied by placing the 
probe perpendicular to the long axis of each placenta. For our 

Figure 2. Examples of ultrasound microscope B-mode images from a gd16 BALB/cAnNCrl mouse. (A) Fetal, placental, and maternal decidual areas. 
The angle of the Doppler beam was less than 30°. Doppler velocity waveforms from the (B) umbilical artery, (C) uterine artery, and (D) transformed 
spiral artery are shown. (E) Compared with the flow pattern associated with pregnancy (panel C), the uterine artery of virgin BALB/c mice yielded 
a higher-resistance Doppler waveform. Comparing the time interval between systolic (or diastolic) peaks of the uterine artery and umbilical artery 
reveals that in mice, the fetal heart beat is much slower than the maternal heart beat. The reverse is seen in human pregnancy.49 The difference between 
systolic and diastolic peaks (red lines in panels C and D) was greater in the source uterine artery than in its modified spiral artery tributary. These dif-
ferences can be evaluated by multiple indices including pulsatility index, resistance index, ratio of systolic to diastolic flow, and so on. Pulse repetition 
frequency, 10 kHz; wall filter, 100 Hz; display window, 2000 ms; sound speed, 1540 m/s; Doppler gain, 5.00 DB. The red line in image A is a wire frame 
overlay for pulsed-wave Doppler ultrasonography.
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the amplitude of scattering of ultrasound waves, it is influenced 
by a number of factors including the machine settings of gain, fil-
ter, and beam path and frequency and has limitations.62 Currently, 
only microvessels in the range of 30 to 100 µm are detected clini-
cally and those in the range of 15 to 20 µm by microultrasonogra-
phy. Detection of slowly flowing blood remains difficult even in 
highly resolved vessels because of the properties of filters that are 
required to discriminate such flow from vessel wall, heart, and 
breathing motions.22,27 Therefore improvement in machine sensi-
tivity is important to quantification of the state of blood flow.

Technologic developments are continuing to improve rodent 
microultrasonography. Contrast-enhanced ultrasonography can 
provide more information than do conventional methods.51,64 
The use of microbubbles enhances the backscatter or reflection 
of probe-generated ultrasound waves, producing a sonogram 
with improved image quality.20,63 New microscan transducers 60 
increase frame rate collection and have multiple focus planes, 
thus providing superior contrast and more detailed resolution 
over a wider field of view. Software upgrades also continue. With 
the availability of microultrasonography and other advanced im-
aging technologies, a new era has emerged for direct and com-
parative studies of the rodent maternal fetal interface.1,25,28,40,45 The 
insights that mouse studies have provided are exciting not only 

tral waveforms.47 In the 3rd trimester, visualization of the villous 
circulation becomes more difficult due to shadowing of the pos-
terior placenta by the fetus.8,45 Placental vascular sonobiopsy may 
provide new information on the assessment of placental vascu-
larization in normal pregnancies and those associated with fe-
tal growth restriction. Weak linear relationships exist between 
gestational age and the vascularization index, flow index, and 
vascularization flow index.37 To evaluate the vasculature of the 
mouse placenta, arterial and venous waveforms are compared. 
The arterial side of the vasculature shows coincident peaks with 
fetal heart beats whereas veins lack these peaks. Umbilical diam-
eters (artery or vein) in CD-1 mice did not differ between gd13.5 
to 15.5, whereas placental arterial surface area had significantly 
increased by gd18.5; venous surface areas were enlarged in par-
allel but always to a lesser extent.45 Our preliminary data from 
C57BL/6J and BALB/cAnNCrl pregnancies also indicate that 
placental thickness, diameter, volume, and vascular density in-
crease throughout gestation.66

Quality assessment and improvement. Doppler studies of preg-
nancy are well established for clinical and research use in humans 
and many livestock species. Their introduction for small rodents 
has been an important advance for studies of developmental and 
pregnancy biology. Because Doppler ultrasonography measures 

Figure 3. Volumetric measurement of the same gd14 BALB/cAnNCrl placenta by 2 techniques. After the parameters of the target scan area were set 
(step size, 0.1 mm; display at 20 to 30 dB), a 3D-mode image was acquired by using a 40-MHz probe. The 3D-mode volume tool was used in cube view 
(A and C) to measure the object volume of the placenta. For automated calculation of rotational segmentation (A, B), a rotational axis (white bar) was 
set manually, and a 3D image representative of the volume around the axis was created (B). This image usually excluded the edges of the placental 
disc and did not account for irregularities in shape. For the manual, parallel serial collection of volume estimate, a manual outline of the placenta was 
drawn (red), and a series of contours and calculations of volume within each contour was built. The resulting, integrated parallel segmentation 3D 
image is shown in (D). Typically, rotational segmentation should be used only when the volume has ideal geometric shape. Panels A and C show are 
irregular contours (*) on the placenta. The yellow central component of each image is the Doppler flow within the umbilical cord; the red edges are 
regions of slower flow.
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