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Abstract—Ultrasound contrast agents have been the subject of microvascular imaging research. The sheep corpus
luteum (CL) is a microvascular tissue that provides a natural angiogenic and antiangiogenic process, which
changes during the luteal phase of the estrous cycle of the ewe. It can also be controlled and monitored endocrinologically, providing a very attractive in vivo model for the study and development of microvascular measurement.
The perfusion of the fully developed CL between days 8 and 12 of the estrous cycle was studied in six ewes. A Philips
iU22 ultrasound scanner (Bothell, WA, USA) with the linear array probe L9-3 was used to capture contrastenhanced images after an intravenous bolus injection of 2.4 mL SonoVue (Bracco S.P.A., Milan, Italy). Timeintensity curves of a region of interest inside the CL were formed from linearized image data. A lagged-normal
model to simulate the compartmental kinetics of the microvascular flow was used to fit the data, and the washin time was measured. Good contrast enhancement was observed in the CLs of all animals and the wash-in time
averaged at 5.5 s with 9% uncertainty. The regression coefficient was highly significant for all fits. These data correlated with stained endothelial area in the histology performed postmortem. Two ewes were injected with prostaglandin F2alpha to induce CL regression, which resulted in an increase of wash-in time after a few hours. The
CL of the ewe is thus proposed as an ideal model for the study and development of microvascular measurements
using contrast ultrasound. Our initial results demonstrate a highly reproducible model for the study of the microvascular hemodynamics in a range of tissues and organs. (E-mail: Vassilis.Sboros@ed.ac.uk) Ó 2011 World
Federation for Ultrasound in Medicine & Biology.
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liver radiology (Quaia 2007; Averkiou et al. 2010).
However, a number of problems remain unresolved and
an objective quantification method is yet to be
established. In cardiology, for example, apical sections
of the myocardium compare better than other sections
with single photon emission computed tomography as
the gold standard (Gudmundsson et al. 2010), which is
perhaps related to the unresolved ventricular nonlinear
attenuation (Tang and Eckersley 2006). Both the myocardium and the liver, as well as the large number of other
organs that have been investigated, offer complex vascularities and challenges for contrast-enhanced ultrasound
(CEUS). Current transducer and signal processing technologies have offered excellent tissue cancellation and
today ‘‘contrast-only’’ images are commonplace.
Ultrasound contrast MBs remain in the vascular space
(Jayaweera et al. 1994; Lindner et al. 2002), unlike other

INTRODUCTION
Ultrasound imaging is a widely used diagnostic tool and,
with the introduction of microbubble (MB) contrast
agents, it provides an enhanced capability to visualize
the vascular space. Imaging of microvascular flow and
perfusion have thus been the subject of ultrasound contrast
techniques for nearly 20 years (Sboros and Tang 2010),
because they would be of diagnostic value to a wide range
of diseases. Today, a number of techniques that look into
the microvascular space are slowly being adopted in the
clinic, mainly in cardiology (Kaufmann et al. 2007) and
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imaging modalities’ contrast materials. Although MB
kinetics cannot thus offer a true representation of
perfusion, which incorporates permeability and nutrient
delivery, it offers the advantage of simplicity. With the
available evidence, the measurement of microvascular or
capillary blood flow and volume should be attainable for
CEUS. However, the uncertainties of such measurements
remain high, and quantification of microvascular flow is
yet to be achieved (Sboros and Tang 2010). Microbubbles
combined with ultrasound offer a number of engineering
challenges, and CEUS can be further improved. In addition, the literature on the quantification of microvascular
flow and volume is limited (Sboros and Tang 2010). A
number of kinetics models have been proposed for destruction replenishment or bolus studies (Strouthos et al. 2010),
but to our knowledge there are no in vivo tissue models that
may aid in their development. In general, the development
of CEUS has been attempting complex measurements,
under elaborate experimental conditions and in challenging microvascular systems such as the myocardium
and the liver. The present communication proposes the
ovine ovarian corpus luteum (CL) as one such model.
Briefly, both the ovary and endometrium undergo
regulated cyclic angiogenesis and vascular regression
during the estrus cycle. The changes in, and regulation
of, ovarian angiogenesis is an active research field
(McNeilly and Fraser 1987; McNeilly et al. 1992b;
Fraser and Lunn 2000; Fraser et al. 2000; Wulff et al.
2002; Souza et al. 2003, 2004) in relation to both
maximizing fertility and potential treatments of
reproductive pathologies that feature microvascular
growth or regression (Fraser and Duncan 2009). Although
the outer layer of thecal cells of the follicle has a minor
vascular supply, the inner granulosa cell layer of the
preovulatory follicle, separated by a basement membrane
from the thecal layer, is avascular. At the time of ovulation, when the preovulatory follicle releases the oocyte,
the follicle collapses and there is a marked and predictable
vascularization of these steroidogenic granulosa cells.
The resulting CL has a highly developed microvascular
network to the extent that each steroidogenic cell is adjacent to, or very close to, an endothelial cell and the CL has
a blood supply, per unit mass, eight times that of the
kidney. In the absence of pregnancy, a regression of vasculature occurs and in a matter of days, the CL becomes an
avascular remnant. Various hormones including the
locally acting vascular endothelial growth factor
(VEGF) have a role in the CL development (Fraser and
Lunn 2000; Dickson et al. 2001; Wulff et al. 2001a,
2001b, 2002; Yong et al. 2003; Fraser et al. 2005). Thus,
the CL provides a natural angiogenic and antiangiogenic regulation with well-established endocrinologic monitoring, and in the sheep it can be controlled
by hormone or similar treatments. It can thus be used to
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develop quantitative methodologies that may be of use
to all microvascular imaging studies.
Contrast-enhanced ultrasound has been used to
investigate ovarian pathology, with the main focus being
cancer (Orden et al. 2003; Kohzuki et al. 2005; Testa et al.
2007). One study on the normal cycle of the sheep ovary,
measuring contrast kinetics in the whole ovary (i.e.,
including CL and all other vasculature), provided
significant differences between the follicular and the
luteal phase (Marret et al. 2006). In view of the large
vascular heterogeneity of the ovary, these authors
proposed selective sampling of regions for contrast analysis to improve on vascular discrimination within any
lesion (Orden et al. 2003). In addition to this, as
mentioned before, the CL offers a unique opportunity
for a model system that is central to an investigation on
the quantification of microvascular flow. To our knowledge, such an experimental in vivo model has not been
reported previously and in the present communication,
we aim to establish this in vivo model for the development
of microvascular imaging using CEUS. Real-time
imaging of the microvascular blood flow of the CL with
low mechanical index (MI) was adopted. To achieve
our aim, a quantification scheme for the extraction of
hemodynamic-related parameters followed. The experimental uncertainty, as well as comparison with the gold
standard of histology, is presented. The potential use of
the CL model to simulate vascular regression is explored.
MATERIALS AND METHODS
Animal protocol
These studies were performed at the MRC Human
Reproductive Sciences Unit (Edinburgh, UK), and all
animal procedures were approved and conducted in
accordance with the Home Office Animals (Scientific
Procedures) Act 1996 of the United Kingdom. Six
Scottish black-face ewes (age, 4 to 5 y; body weight, 55
to 66 kg) exhibiting normal reproductive cycles and
having had at least two successful pregnancies were
used in this study. The perfusion of fully functional CL
was studied on days 8–12 of the estrous cycle in six sheep.
In November, which is within the fertile season for the
sheep, progestogen-impregnated sponges (60 mg
medroxy-progesterone acetate pre-sponge; Intervet
Laboratories Ltd., Cambridge, UK) were inserted in all
animals. After 14 d in situ, sponges were withdrawn,
and on day 12 of the subsequent estrous cycle, luteal
regression was induced by prostaglandin F2alpha
(100 mg intramuscular cloprostenol; Estrumate; Coopers
Animal Health, Crewe, Cheshire, UK). Progesterone was
measured in blood samples from each ewe taken on day 6
of this second estrous cycle and assayed by nonextraction
radioimmunoassay (sensitivity 0.2 ng/mL; intra-assay
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CV 5 7%) to ensure that a functional CL was present
(plasma progesterone .4 ng/mL) (McNeilly et al.
1992a). This process ensured a reproducible and timecontrolled estrous cycle that may be studied experimentally, and the age of the CL to be studied is known
accurately in each animal. On the day of experiment,
a jugular cannula was inserted before each ewe was anesthetized and subsequently maintained under general anesthesia throughout the rest of the study. The ovaries were
exposed through midline abdominal incision and one
ovary containing a fully functional CL, assessed from
the progesterone previously assayed, and healthy appearance, was positioned carefully subcutaneously and held
in position with forceps on the ligament so that the blood
supply was not affected. The ovary was then covered in
ultrasound gel (Henleys Medical, Wellwyn Garden City,
Herts, UK), the ultrasound probe placed directly over
the corpus luteum and held in place with an adjustable
clamp attached to the operating table as described in
detail here later. At the end of the experiment, the ewes
were killed with an overdose of sodium pentobarbitone
(Euthetal; Rhone-Merieux Ltd., Harlow, UK), the
scanned ovary removed, the CL cut in the plane of the
scan, the whole ovary fixed in Bouins for 6 h and then
transferred to 70% alcohol before processing for immunohistochemistry.
In addition to the aforementioned to assess the
usefulness of this animal model as a model of vascular
regulation, we performed a pilot study to follow the
changes in the microvasculature after induction of CL
regression and decline in progesterone secretion after
injection of prostaglandin F2alpha in two sheep
(McNeilly et al. 1992b).
Histochemical visualization of the CL microvasculature
The vasculature of each CL was visualized by detection of lectin BS-1 (from Bandeiraea simplicifolia)
binding to endothelial cells (Redmer et al. 2001). After
fixation and dehydration, sheep ovaries were embedded
in paraffin wax. Each CL was sectioned at 5-mm thickness, and each tenth section stained for endothelial cells
using lectin from Bandeiraea simplicifolia (BS-1; Sigma,
UK). Sections were dewaxed in xylene and rehydrated in
decreasing concentrations of alcohol (100, 90 and 75%).
Antigen retrieval was performed by pressure-cooking the
sections in citrate buffer (0.01 M) pH 6.0 for 5 min at full
pressure. After a 5-min wash in water and another in
0.1-M phosphate-buffered saline (PBS), sections were
blocked in 3% H2O2 in methanol for 30 min to inhibit
endogenous peroxidase activity. After another wash in
water (5 min) and PBS (2 3 5 min), combined avidinbiotin block was performed according to the manufacturer’s instructions (Vector Laboratories, Peterborough,
UK). Nonspecific background was blocked for 30 min
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at room temperature with 10% normal goat serum
(NGS; Diagnostics Scotland, Carluke, UK) diluted 1:5
in PBS containing 5% bovine serum albumin. To localize
endothelial cells, slides were incubated at 4 C overnight
in a humidity chamber with a biotin-conjugated lectin
from Bandeiraea simplicifolia (BS-1; Sigma) diluted
1:80 in PBS. Negative controls were performed by replacing BS-1 with normal goat serum. After washing in PBS
(2 3 5 min), slides were incubated in streptavidin horseradish peroxidase (Vector Laboratories) diluted 1:1000 in
PBS for 30 min. Bound lectin was visualized using
3,30 -diaminobenzidine tetrahydrochloride (Dako Corp.,
Glostrup, Denmark). Sections were counterstained with
hematoxylin, dehydrated, mounted and visualized by
light microscopy. The section of CL with the maximum
diameter was equivalent to the region where the scans
had been quantified. This was identified and the three
sections either side (total n 5 7) were analyzed. To
measure the area of the vascular bed of these sections,
the entire cross-sectional area of each section was photographed by tiling 20 images, and the area of staining identified and measured in Photoshop (Adobe Systems, San
Jose, CA, USA) (Fraser et al. 2000). A mean area of the
vascular bed in the area where the scans were taken was
thus generated for each CL.
Imaging and quantification protocol
All CEUS examinations were performed on a Philips
iU22 ultrasound scanner (Philips Medical Systems,
Bothell, WA, USA) with the linear array probe L9-3.
The imaging parameters were: power modulation transmit frequency 3.1 MHz at low transmit power to avoid
bubble destruction (MI, 0.05) at 12 fps and one focus
below the level of the CL to ensure a uniform acoustic
field. The contrast-processed image was displayed side
by side with the standard grey-scale image, which is
termed Contrast Side/Side on the specific scanner we
used. Image loops of 60 s were acquired and the linear
image data were saved (the logarithmic compression of
the machine was removed). The dynamic range was 38
dB for the contrast image. The contrast injection consisted of an intravenous bolus of 2.4 mL of contrast agent
(SonoVue, Bracco S.P.A., Milan, Italy) injected into the
jugular vein catheter followed by a saline flush of 10
mL, which ensured that all the contrast in the line was
administered to the animal. SonoVue is a flexible phospholipid shelled and has a sulfur hexafluoride gas core.
The durations of the bolus release were 1 and 3 s, respectively for contrast and saline, and effort was placed to
have a reproducible bolus administration.
To position the ultrasound probe, the ultrasonographer found the required image plane using B-mode
imaging (conventional noncontrast-specific). The ultrasound probe was clamped onto a manipulator (UM-3C,
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Narishige, Kyoto, Japan) that allowed movement in three
axes. Small adjustments were made to find the optimal
plane of the CL to image. The optimal plane was considered to be the one where the largest area of the CL could
be seen. It was assumed that the imaged plane coincided
with the center of the CL because it is approximately
spherical in shape. Because the experiments could last
several hours, small adjustments were performed to
maintain the same plane for that period.
Image analysis
The initial image analysis and quantification were
carried out using the commercial quantification software
(Q-LAB v6, Philips Healthcare, Andover, MA, USA).
The tasks included segmentation of the CL (i.e., selection
of a region of interest [ROI] for analysis) and formulation
of time-intensity curves for that ROI. The logarithmic
compression of the ultrasound scanner was removed to
restore the data to a linear scale referred to as ‘‘linearized’’ data (Averkiou et al. 2010; Lampaskis et al.
2010). The scanner provides information on the
compression that the Q-LAB software can use to
uncompress the data to their original linear scale. This
has also been tested with an in vitro phantom by the
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authors to establish the linearity of the data (Lampaskis
et al. 2010). The measurement of intensity of the selected
ROI for all the frames within a loop as a function of time
provides the time-intensity curve for a loop. The small
movement of the CL during breathing was almost exclusively in plane, as visualized, and motion compensation
was performed (Averkiou et al. 2010), ensuring that the
same ROI was maintained throughout the time-intensity
curve. Typical images from a loop capture are displayed
in Fig. 1, also demonstrating the Contrast Side/Side
display. The left column (a, c) are ‘‘contrast-only’’ or
‘‘vascular-only’’ images, whereas the right column (b, d)
are the conventional (fundamental) grey-scale images.
The ROIs containing the CL were selected based on the
contrast (Fig. 1a) at peak intensity and also later during
the washout of the contrast agent (Fig. 1c). The intention
in the ROI selection was to include only the microvascular
network of the CL and not the larger macrovessels. As
shown in Fig. 2a (which may also include an artifact
known as ‘‘blooming’’), a considerable amount of vasculature lies in the outer CL, confirmed by the histological
inspection of the tissues postmortem. In the contrast loops,
these larger vessels can be judged by their denser and
faster contrast kinetics compared with the central CL.

Fig. 1. CEUS image of a fully developed CL at peak enhancement (a), after peak enhancement during washout phase (c)
and the corresponding tissue images (b) and (d).
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Fig. 2. (a) Color flow Doppler ultrasound scan of a sheep ovary at day 14 of the luteal phase. Larger twisting vessels such
as the main arteries and veins (V) as well as their subsequent feeding branches of the CL are possible to distinguish around
it. Avascular follicles (F) have no flow and are anechoic. The microvascular flow of the center of the CL cannot be
observed. The image has been produced after the washout of a contrast bolus injection, providing slight enhancement
of the Doppler images. (b) Photo of a section of the same CL postmortem. The blood was trapped by clamping the ovarian
artery upon collection of the tissue. It was then stored in Bouin’s fixative, which darkened the blood in the main vessels
(under V). The large follicle (F) and the CL (around 1.5 cm in diameter) can also be seen. Sparse dark areas around the CL
demonstrate the existence of larger vessels.

in Fig. 4. All fully developed CL imaged exhibited significant enhancement after injection of the contrast agent.
The contrast agent arrives from larger feeding vessels
(contrast area to the top right of the drawn ROI in
Fig. 4a) that can be identified in most cases. The ROI in
the CL subsequently has a rapid increase in average intensity (Fig. 4 [b, c]). Finally, the contrast intensity within
the ROI starts to decrease after several seconds during
the washout phase of the bolus (Fig. 4d) and eventually
ends in the original background noise levels (Fig. 4e).
Figure 4f shows the time-intensity curve, which is the
contrast intensity over the CL as a function of time after
injection. In some animals, a small area with no enhancement can be seen in the center of the CL, also at the center
of the ROI in Fig. 4. This is in agreement with lectin histochemical analysis of the microvasculature and larger
blood vessels that also show a cystic area in the center
without any microvessels present (Fig. 4 [g, h]). The
pattern of microvasculature seen in both the active and regressed CLs is similar to that previously reported
(Vonnahme et al. 2006).

IP

: Image data
: Fitted curve

Intensity [ AIU ]

A schematic diagram of a typical time-intensity curve
produced by our ROI analysis is displayed in Fig. 3. The
vertical axis is the image intensity in the ROI, measured
in linear arbitrary intensity units. In this plot, the important
hemodynamic-related parameters (Strouthos et al. 2010),
namely the area under the curve (AUC), the time to peak
intensity tp, the peak intensity Ip and the mean transit
time (MTT) are indicated. The MTT is proportional to
microvascular volume, whereas the AUC is proportional
to volume flow and inversely proportional to volume
(Strouthos et al. 2010). A lagged normal model was implemented to simulate the compartmental kinetics of the
microvascular flow (Lassau et al. 2007; Averkiou et al.
2010; Strouthos et al. 2010). The measurement of intensity
of contrast throughout the 60-s loop was fitted to this model
and the wash-in time (WIT) was measured. Although there
are a number of parameters that may be measured from
such curves (Arditi et al. 2006; Correas et al. 2006;
Lassau et al. 2007; Averkiou et al. 2010), we have concentrated only on WIT in the present initial study because it is
suggested in the literature to be the most reproducible one
(Averkiou et al. 2010; Strouthos et al. 2010). Optimization
and adjustment of scanner settings, including gain, focus,
depth and compression, was prioritized throughout this
study to obtain good constant 2-D plane acquisition and
produce data that may be used to fit the compartmental
kinetics model. Emphasis was placed on setting the
scanner parameters such that signal saturation was avoided
so that the ‘‘linearized’’ data would be very close to the raw
linear data that are not available in clinical grade ultrasound scanners.

AUC

I0
t0 WIT

RESULTS
A typical enhancement pattern after a SonoVue
(Bracco S.P.A.) bolus injection into a mature CL is shown

tP

MTT

Time [sec]

Fig. 3. Schematic diagram of a time-intensity curve. Notice the
peak (IP) and baseline (I0) intensity, the take off (t0) and peak (tP)
time, the WIT, the MTT and the AUC.

64

Ultrasound in Medicine and Biology

Volume 37, Number 1, 2011

c

b

3

x 10

f

10
Intensity (AIU)

a

d

e

5

0
0

20
40
Time (sec)

g

60
Curve Fit
Raw data

h

Fig. 4. A typical contrast loop of a fully developed CL (day 9 of estrous cycle) over the transit of the injected bolus (a–e)
depicted with the corresponding time-intensity curve (f). Eight loops were captured in the course of 2 h. The data are fitted
with the lagged normal model. The WIT was 6.42 6 0.38 s. Notice the small area in the center with no enhancement in (c)
and (d), which corresponds to the cavity in the CL, as seen in (g). Immunohistochemical staining for lectin-identifying
endothelial cells of the microvascular bed in the same plane of the CL imaged in (a–e). (g: x20, bar 5 250 mm) and
(h: x40; bar 5 20 mm).

The results from the six animals between days 8 and
12 of the estrous cycle that were studied are summarized
in Table 1. The WIT averaged at 5.47 s and the withinanimal measurement uncertainty averaged at 9%. The
difference between the CL in this group was insignificant.
Moreover, five of six animals displayed uncertainty
below 9% (averaging at 6%). The animal (R1) with
23% uncertainty was the first in the investigation and
the quality of data in terms of image plane stability and
good location of a central slice of the CL were problematic. Moreover, the gain and resolution settings were
further adjusted to achieve the optimal contrast sensitivity
to be used for the subsequent animals. The regression
coefficient of the fit was 0.97 or greater for all the data.
Again the first animal provided the lowest regression,
but still highly significant to the fit. Finally, the WIT

uncertainty between animals was 16%, which indicates
a low variation between ovarian WIT between days 8
and 12 of the estrous cycle. Four of the animals were
immediately killed to compare histological data with
WIT. The last column in Table 1 displays the area of
vascular endothelium of the central slice of the ultrasound
image plane. A significant correlation of 0.98 with the
WIT is observed.
The other two animals, R50 and Y50, were given
a prostaglandin injection to induce luteolysis and were
killed after 8 and 6 h, respectively, which is the time
that the vascular area measurement in Table 1 refers to.
Figure 5 provides the WIT as it progresses after prostaglandin injection, showing a significant increase of WIT
for both cases. The stained area was 3.29 and 3.79 mm2
for R50 and Y50, respectively. The histological data
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Table 1. Summary of time-intensity analysis of contrast images of the ewe CL
Sheep ID/Cycle day

Mean WIT (s)

WIT SD (s)/% uncertainty

R2

Stained area (mm2)

R1/8
Y169/8
B196/8 (also in Fig. 4)
R50/11
Y50/11
B197/12
Mean mature CL

4.91
5.06
6.42
5.43
5.56
4.18
5.47

1.12/0.23
0.38/0.07
0.38/0.06
0.18/0.03
0.46/0.08
0.38/0.09
0.48/0.09

0.97
0.98
0.99
0.98
0.99
0.99

5.10
5.69
7.32
3.29*
3.79*
4.56

Last column provides area of stained endothelium immediately after the ultrasound measurements except in two cases (*), which happened for R50
and for Y50 in 8 and 6 h, respectively, after prostaglandin injection.

DISCUSSION
Ultrasound contrast imaging research has aimed at
the measurement of microvascular blood flow in various
organs and in pathology over the last 20 years. The progress may appear slow and it may be attributed to the
complexity that MBs tender as contrast materials, and
the parallel evolution in transducer and signal processing
technologies. Liver and heart pathology have provided
numerous investigations and now offer some new tools
that are useful to clinicians (Kaufmann et al. 2007;
Quaia 2007; Sboros and Tang 2010). Robust tools for
the quantitation of contrast images are not fully
developed, however. It is accepted that single MBs can
be detected (Sboros et al. 2002a; Klibanov et al. 2002;
Sboros et al. 2003), and the technology has matured to
achieve high sensitivity at even very low acoustic
pressures (Lampaskis et al. 2010), also used in the present
study. It is thus becoming more apparent that in vivo
research in the pursuit of accurate information on microvascularity has a rather unsystematic character. To our
knowledge, an in vivo model of ‘‘controlled’’ progression
and regression of angiogenesis for the development of
microvascular imaging is not available in the field of
ultrasound.
The current communication provides substantial and
encouraging data for a model for microvascular imaging
development. As a first step in developing a vascular
regulation monitoring model, we have completed the
following: (a) successfully imaged the microvascular
network of the CL with CEUS, (b) quantified histologically the same microvasculature and (c) quantified the
time-intensity curves and fitted them to a model for
hemodynamic parameter extraction. The WIT analysis
provided a low uncertainty comparable or better with
any other available in the literature (Averkiou et al.
2010). The animals that were monitored for several hours
after prostaglandin injection provided a number of
measurements with uncertainties higher than 10%,

because of difficulty in maintaining the constancy of all
image parameters. The deviation between different
measurements in this initial set of data lends itself to
further improvement. A systematic comparison between
quantitative immunohistochemical analysis of the CL
and the ultrasound data is required in the future to establish the value of such measurements. Also, it is known
that local microvascular changes occur within less than
an hour as a result of local endocrine regulation within
the CL (McNeilly et al. 1992a). On the other hand, maintaining the same plane of view was successfully achieved
in this study, though it was more challenging in the longer
experiments, which probably was essential in achieving
such low variation between different measurements. A
systematic approach on the injection contribution is
also required, because it has been demonstrated that the
injection method may significantly affect the contrast
enhancement (Talu et al. 2008).
Although a consistently similar bolus rate was attempted, it is desirable in the future to either use a bolus
injector or assess the impact of the bolus in another larger
vessel. Precise knowledge of the injected material and
low noise intensity data (i.e., that provide highly significant model fits) will further improve the application of
indicator dilution models such as the lagged normal
model we have used here.

16

Y50
R50

14
12
WIT (sec)

cannot be available before prostaglandin injection, and
a comparison with the other four CL is only possible.

10
8
6
4
2
0
0

2

4

6

8

time (hours)

Fig. 5. Progression of WIT with time after prostaglandin injection (time 5 0).
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A number of compartmental kinetics models have
been proposed in the literature with different sets of
assumptions (Strouthos et al. 2010). We used a laggednormal function that assumes a Gaussian-shaped bolus
that enters a microvascular volume in a homogeneous
and well-mixed fashion (Fisher et al. 2002). Here, the
correlation between WIT and stained area in the mature
CL confirmed that the MTT (and subsequently the
WIT) is proportional to vascular volume (Strouthos
et al. 2010). In addition, the low uncertainty of the WIT
puts forward a strong case that small microvascular
changes of the CL are possible to measure with CEUS.
However, in the two prostaglandin-injected animals, the
WIT shows an increase with a reduction of vascular
volume, because in the first few hours after prostaglandin
injection, the CL undergoes vasoconstriction before
endothelial cell apoptosis (Ohtani et al. 2004). This is
seemingly contrary to the compartmental kinetics models
(Strouthos et al. 2010). This relationship, however,
assumes conservation of mass that may not be possible
with the increased vascular resistance that a reduced
vascular volume may offer. The immunohistochemistry
result, on the other hand, is not statistically interpretable,
because of the low number of animals. The evaluation of
CL flow kinetics and related models will be the subject
of future work, where it is possible to assess a number
of parameters including those related to intensity.
The gold standard of endothelial cell area as
a measure of microvascular volume may also not be
optimal. It is difficult to accurately provide histological
data on the same slice of tissue that was scanned by the
ultrasound field or the slice from which the MB response
was collected. There are also some fundamental concerns
on such data. Although the endothelial cell area is related
to vascular lumen cross section, the relationship is difficult to pin down. Further complexities are introduced
when the tissue is excised and fixed, which would alter
its mechanical state compared with that during the ultrasound measurements. These measurements remain the
gold standard in the absence of other measurements,
but should be used with caution. We thus avoided attempting a more detailed statistical analysis here.
In addition, there are other important problems in
quantitative analysis of MB scatter. Here, we attempted
to use scanner settings and MB concentrations that
provide intensity values that lie within the linear relationship domain of concentration vs. intensity (Lampaskis
et al. 2010). In vitro experiments show that attenuation,
nonlinear propagation, MB destruction and possibly
other effects may distort the scatter response from MBs
(Sboros et al. 2000, 2001, 2002b; Tang et al. 2005;
Tang and Eckersley 2006, 2007). An ROI, such as the
one used here, is in fact a 3-D volume exposed to
ultrasound of variable frequency content and acoustic
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pressure amplitudes from zero to a peak value. Further,
MBs do not provide Gaussian dispersions of acoustic
responses (Sboros et al. 2001, 2002b, 2003), thus
producing variable results to pulse sequences (Thomas
et al. 2009a). For lipid MBs, this dispersion may be attributed to resonant and nonresonant populations (Thomas
et al. 2009b). It is thus evident that the MB dispersion
of physical characteristics, including size and shell, is
important in the wide dispersion of acoustic responses
and may explain the currently suboptimal microvascular
assessment using CEUS. With the aid of a research ultrasound scanner, the current in vivo setup may be used to
test new contrast administration (e.g., monodisperse
bubbles) and signal processing protocols.
Further work is required to establish the CL model
for monitoring changes in angiogenesis and vascular
regression. However, it has been established for a number
of years that in sheep the natural prostaglandin F2alpha is
the causal agent released by the nonpregnant uterus,
which causes the CL to regress (Baird and McNeilly
1981; Baird et al. 1981). This is associated with a loss
of endothelial cells over a 24-h period (Vonnahme et al.
2006), but this occurs after the decline in progesterone
secretion, which is the functional secretion for the CL.
Changes within the structure and/or permeability of the
microvasculature may occur, but this is yet to be investigated. Neutralization of VEGF with a VEGF trap also
causes a rapid decline in progesterone secretion in the
primate CL before any visible change in the microvasculature bed assessed by histology of the CLs (Dickson et al.
2001; Wulff et al. 2001a, 2001b; Fraser et al. 2005), also
implying changes in permeability. Again, this has not
been visualized in real time over the period of change.
From a practical viewpoint, the experiments present
a challenge in terms of stability of physiological as well
as image parameters. Because the animals are under
anesthesia for a long period, hemodynamic parameters
such as blood pressure and cardiac output, as well as
CL tissue status including humidity and temperature
control, should be incorporated in the experimental
design.
Finally, the ovarian sheep model, apart from a microvascular model, is the most useful for reproductive
sciences’ knowledge transfer to human studies because:
(i) it is mono-ovular; (ii) the control of ovarian function
is very similar to the human, in numbers of follicles activated and time to preovulatory follicle formation; (iii) the
gonadotrophic control of ovarian activity is almost identical to the human; (iv) imaging with ultrasound is suited
to the tissue and is similar to the human; and (v) wide
knowledge and expertise are available to manipulate
ovarian function, particularly the CL. Disease prevention
coupled with early diagnosis and intervention are crucial
in the female reproductive system and an imaging tool
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useful in a number of conditions that present changes in
microvascularity may be developed further from this
research. Currently, there is no reliable noninvasive tool
for diagnosis and monitoring of endometriosis (Girling
and Rogers 2005; Jones et al. 2006), adenomyosis
(Ross 2001; Dueholm et al. 2001) and ectopic
pregnancy (Duncan et al. 1995; Farquhar 2005; Horne
et al. 2008). The assessment of microvascular perfusion
during transvaginal sonography would represent
a major clinical advance toward addressing those
problems. Also, it appears that the current criteria for
polycystic ovary syndrome identify more than one
phenotype for the disease (Porter 2008), and an improvement of microvascular assessment of the ovary may help
redefine and standardize these criteria. Considering that
ultrasound imaging is a major diagnostic tool in obstetrics
and gynecology and CEUS is a safe noninvasive technique (Main et al. 2009), the applications just proposed
here are very attractive.
CONCLUSIONS
The accurate assessment of microvascular blood
flow and volume is one of the goals of ultrasound contrast
imaging. Although various clinical applications have
recently appeared in the clinic, and the applicability of
the field is expanding, an in vivo model is required for
the improvement of microvascular measurements. The
ovine CL is proposed here as such a model. The image
results were reproducible using a linear array and low
MI imaging, and thus detailed quantification of the intensity is possible. The low uncertainty, ,10%, of the
WIT and the excellent agreement with histological
data showed that small microvascular changes of the
CL are possible to measure with CEUS. In addition, the
feasibility of a vascular regulation measurement was
demonstrated.
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