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Abstract—To assess correlation between multi-planar, dynamic contrast-enhanced ultrasound (US) blood flow
measurements and radiolabeled microsphere blood flow measurements, five groups of six rabbits underwent
unilateral testicular torsion of 0�, 180�, 360�, 540� or 720�. Five US measurements per testis (three transverse/
two longitudinal) were obtained pre-operatively and immediately and 4 and 8 h post-operatively using linear trans-
ducers (7–4 MHz/center frequency 4.5 MHz/10 rabbits; 9–3 MHz/center frequency 5.5 MHz/20 rabbits). Bj€orck’s
linear least-squares method fit the rise phase of mean pixel intensity over a 7-s period for each time curve. Slope of
fit and intervention/control US pixel intensity ratios were calculated. Means of transverse, longitudinal and
combined transverse/longitudinal US ratios as a function of torsion degree were compared with radiolabeled
microsphere ratios using Pearson’s correlation coefficient, r. There was high correlation between the two sets
of ratios (r $ 0.88, p # 0.05), except for the transverse US ratio in the immediate post-operative period
(r 5 0.79, p 5 0.11). These results hold promise for future clinical applications. (E-mail: harriet.paltiel@
childrens.harvard.edu) � 2014 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Testicular torsion is a disorder that occurs most often in
the pediatric population, where venous outflow from
and arterial inflow to the testis are impaired as a conse-
quence of twisting of the spermatic cord. Because of
the risk of infarction, testicular torsion must be immedi-
ately diagnosed to identify patients who require urgent
surgical intervention (Mansbach et al. 2005). Color
Doppler ultrasound (US) is the accepted ‘‘gold standard’’
test for diagnosis of torsion. It relies on a qualitative
assessment of relative bilateral testicular arterial blood
flow, with an absence or marked diminution in flow
considered diagnostic of torsion. However, this technique
has persistent limitations, especially in the pediatric pop-
ulation in whom testicular arterial blood flow is low; in
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cases of partial torsion, where there may be preservation
of arterial flow; and in the setting of intermittent torsion,
where hyperemia may occur during transient detorsion
(Kalfa et al. 2004; Karmazyn et al. 2005; Nussbaum
Blask et al. 2002).

Dynamic contrast-enhanced US is a technique poten-
tially applicable to the clinical investigation of a wide
variety of blood flow abnormalities (Abramowicz 2005;
Charnley et al. 2009; Eyding et al. 2002; Kaufmann
et al. 2007; Klauser et al. 2005; Lassau et al. 2012;
Lencioni et al. 2007; Pallwein et al. 2007; Weber 2009),
including acute scrotal disorders (Valentino et al. 2011).
Valentino et al. (2011) found contrast-enhanced US useful
in providing an accurate and definitive diagnosis in
patients with acute scrotal disease when conventional
gray-scale and color Doppler US findings were uncertain.
In their series of 50 patients, sensitivity and specificity
were 76% and 45%, respectively, for conventional gray-
scale and color Doppler US, compared with 96% and
100%, respectively, for contrast-enhanced US. Studies
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were performed using a bolus injection of contrast mate-
rial, and no quantitative analyses were performed.

A number of animal studies using US contrast agents
for the diagnosis of testicular ischemia and torsion have
been published (Brown et al. 1997; Coley et al. 1996;
Metzger-Rose et al. 1997; O’Hara et al. 1996). These
investigations used a bolus technique for intravenous
contrast injection and qualitative methods of analysis.
More recently, attempts have been made to provide
quantitative measures of testicular blood flow using
a bolus technique of contrast administration (Caretta
et al. 2010; Chen et al. 2009) and disruption-
replenishment data during US microbubble infusion
(Paltiel et al. 2006; Thierman et al. 2006). Flow data
based on consecutive disruption-replenishment measure-
ments in the same plane during US microbubble infusion
have superior reproducibility compared with data derived
from repeated bolus injections. Infusion of microbubbles
also permits multiple independent measurements to be
made with a single dose of contrast agent (Williams
et al. 2011).

Paltiel et al. (2006) compared qualitative visual
assessment of blood flow in a rabbit model of testicular
ischemia by two independent readers blinded to the side
of the experimental and control testes to calculated blood
flow ratios derived from disruption-replenishment infu-
sion of microbubbles. Flow data were derived from
manually placed right and left testicular regions of
interest (ROIs) acquired from a single transverse imaging
plane through the scrotum. These data, in turn, were
compared with radiolabeled microsphere-derived blood
flow ratios. The percentage of times a testis classified as
having definite blood flow had greater blood flow as
measured with radiolabeled microspheres than a testis
classified as having no blood flow or possible blood
flow was higher with contrast-enhanced US imaging
than with color Doppler US (85%–98% versus 72%–
89%). Identification of the testis with less blood flow
was better with quantitativemethods than with qualitative
assessment of images by the readers (75%–79% versus
34%–60%).

The quantitative studies of Paltiel et al. (2006),
Thierman et al. (2006), Chen et al. (2009) and Caretta
et al. (2010) are limited by the fact that dynamic blood
flow data (i.e., data acquired over a particular period)
were obtained from a single tissue plane that is unlikely
to be representative of the entire organ. A volumetric
acquisition would be expected to more accurately reflect
blood flow within the testis as a whole. Currently, US
devices used in clinical examination of the scrotum do
not permit simultaneous acquisition of time-intensity
data from multiple tissue planes. However, it is possible
that averaging of data obtained from two or more planes
over a short interval would result in an improved estimate
of blood flow to the entire testicular volume (Paltiel et al.
2006; Su et al. 2009; Thierman et al. 2006; Wei et al.
1998, 2001). These considerations provided the impetus
for the current investigation: to assess the correlation
between multi-planar, dynamic contrast-enhanced US-
derived measurements of blood flow in a rabbit model
of testicular torsion and radiolabeled microsphere
measurements, an experimental ‘‘gold standard.’’
METHODS

Animal selection
The study was approved by the Animal Care and Use

Committee of our hospital, and conformed to guidelines
issued by the National Institutes of Health for care
of laboratory animals and the Guiding Principles for
Research Involving Animals and Human Beings as adop-
ted by the American Physiological Society. A rabbit
model of testicular torsion was developed as rabbit testes
are similar in size and shape to human pediatric testes. In
humans, mean testicular volume at 1 y of age is approx-
imately 0.48 mL, at 10 years 0.97 mL and at 12 years
2.0 mL. After 12 y of age, the testes grow rapidly, with
a mean volume of about 14 mL at the age of 18 y
(Goede et al. 2011). Clinically, a boy is considered to
have reached puberty once the testis reaches a volume
of 4 mL (Kulin 1993; Wu et al. 1993). Rabbit testes
have been successfully studied with a variety of US
techniques (Brown et al. 1997; Coley et al. 1996; Frush
et al. 1995; O’Hara et al. 1996; Paltiel et al. 2006,
2011; Thierman et al. 2006). Thirty adult male New
Zealand white rabbits (Millbrook Breeding Labs,
Amherst, MA, USA) with a mean weight of 4.1 kg and
a mean testicular volume of 3.57 mL were evaluated.
Animal preparation
General anesthesia was induced with glycopyrrolate

(American Reagent Laboratories, Shirley, NY, USA)
0.04 mg/kg intramuscularly, followed by ketamine (Fort
Dodge Animal Health, Overland Park, KS, USA)
10 mg/kg IV and acepromazine maleate (Fort Dodge
Animal Health) 0.5 mg/kg IV. A catheter was inserted
into an ear vein for purposes of US contrast agent admin-
istration (BD Insyte Autoguard, BD Medical, Sandy, UT,
USA). Straight catheters were placed into the ascending
aorta just above the aortic valve for radiolabeled micro-
sphere injection (3-F Morpheus CT PICC, AngioDynam-
ics, Queensbury, NY, USA), and into one femoral artery
for blood pressure monitoring and to obtain reference
blood samples (3-F; Cook, Bloomington, IN, USA).

Between experiments, the animals were recovered
and observed every 15 min until ambulatory, then every
30min. Theywere placed on soft bedding with awarming
blanket and monitored for signs of discomfort. A dose of
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ketoprofen (1 mg/kg) was administered intramuscularly
as necessary for pain control. For a more complete
description, please refer to Paltiel et al. (2011).

Surgical procedure
The rabbit fur overlying the scrotum was removed

using a commercially available topical depilation agent
(Nair or Veet).

After the baseline US studies (see below), bilateral
medial, ventral scrotal incisions were made under sterile
conditions, and the scrotal layers were dissected to the
tunica vaginalis. The testes were exposed, and unilateral
torsion with contralateral orchiopexy was performed. Or-
chiopexy is a surgical procedure in which the testis is
anchored to the scrotal wall. The testes were then secured
in place, and the overlying scrotum was closed. Rabbits
underwent unilateral 0� (sham surgery, n 5 6), 180�

(n 5 6), 360� (n 5 6), 540� (n 5 6) or 720� (n 5 6) of
spermatic cord torsion after which the post-operative
US studies were performed.

In the 720� torsion group, torsion of the right testis
was performed in two rabbits, and torsion of the left testis
was performed in four rabbits. In all of the remaining
experimental groups, torsion of the right testis was per-
formed in three rabbits, and torsion of the left testis was
performed in three rabbits. The intra-aortic catheter was
always placed through the groin opposite the torsive
testis. In the sham surgery group, the intra-aortic catheter
was placed through the right groin in two rabbits and
through the left groin in four rabbits.

Contrast agent administration
The US contrast agent Definity (Lantheus Medical

Imaging, Billerica, MA, USA) was used in the study. Def-
inity consists of perflutren lipid microspheres made of
octafluoropropane encapsulated in an outer lipid shell.
The mean diameter of the microspheres ranges from 1.1
to 3.3 mm. One milliliter of contrast agent suspension
contains a maximum of 1.2 3 1010 perflutren micro-
spheres; 0.6 mL of contrast agent suspension was recon-
stituted with normal saline (0.9% NaCl solution) to yield
a 20-mL solution.

The contrast agent solution was placed in a plastic
syringe that was connected to the ear vein catheter by
an infusion pump that was oriented horizontally on a hori-
zontal surface (Model 55–1111, Harvard Apparatus,
South Natick, MA, USA). Because the contrast agent
had a tendency to separate from the suspending fluid
over time, re-suspension was achieved immediately
before infusion by gently rotating and inverting the
syringe. Definity was intermittently infused intrave-
nously at the rate of 160mL/h for 3 to 4min for both base-
line and post-operative studies, resulting in a dose of
between 0.24 and 0.32 mL of Definity per study, and
a total dose of between 0.96 and 1.28 mL of Definity
per rabbit.

Image acquisition
Dynamic contrast-enhanced US was performed by

the first author using pulse inversion imaging. Studies
were done pre-operatively and immediately and 4 and
8 h post-operatively. Of the 30 rabbits in the study, the
first 10 were investigated with a Model HDI 5000
machine (Philips Ultrasound, Bothell, WA, USA) and
a 7- to 4-MHz linear transducer with a center frequency
of 4.5 MHz (0� torsion in 2, 180� in 2, 360� in 2, 540�

in 1, 720� in 3). While the study was in progress, the
HDI 5000 machine was replaced with a Model iU22
machine (Philips Ultrasound); thus, the remaining 20
rabbits were investigated with the iU22 unit and a 9- to
3-MHz linear transducer with a center frequency of
5.5 MHz (0� torsion in 4, 180� in 4, 360� in 4, 540� in
5, 720� in 3). Although there are potential concerns
regarding the effects of the machine and transducer
changes on the resulting data, we believe that the effects
were minimized, as detailed under Quantitative Image
Analysis.

Ultrasound images were obtained using a technique
based on the destruction-reperfusion principle (Wei et al.
1998, 2001). At each time point, an intravenous infusion
of the contrast agent was established, followed by
intermittent pulse inversion imaging at a low
mechanical index (MI) of 0.07 and a frame rate of at
least 18 Hz (range: 18–100 Hz) for each US machine to
ensure adequate time sampling of data, until the blood
concentration of the microbubbles reached equilibrium.
Equilibrium was visually determined by the radiologist
who performed the US examination, and was generally
achieved within 90 to 120 s.

Next, continuous pulse inversion imaging at a MI
of 0.07 for each machine was performed for several
seconds, followed by delivery of a burst of high-
energy US pulses into the scrotum (MI 5 1.0 for each
machine) and, finally, by reversion to low-MI imaging.
Delivery of high-energy US pulses into the tissues
caused microbubble destruction within the imaging
plane (Chomas et al. 2001; Wei et al. 1998). Of note,
three high-energy pulses were delivered to the first
animal in the series; the remaining 29 animals received
five high-energy pulses. Low-MI US scanning per-
formed immediately after delivery of the high-energy
US pulses permitted imaging of a progressive increase
in tissue US pixel intensity caused by replenishment of
the microbubbles via arterial flow (Wei et al. 1998).
Images were acquired uniformly over time for an
average of 13.1 s (standard deviation 5 2.2 s), during
which contrast agent replenishment to a steady-state
level within the imaging plane was achieved.
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At each time point, a scan sequence was performed
that consisted of seven disruption-replenishment acqui-
sitions: three with the US probe oriented transversely
over the scrotum so as to include both testes in the
field-of-view, and four with the US probe oriented along
the longitudinal axes of the right and left testes, respec-
tively (two longitudinal acquisitions per testis). For each
acquisition, the US probe was held as still as possible to
prevent out-of plane motion and the mis-registration of
data on subsequent image analysis. The transverse
acquisitions were manually chosen to include the upper,
mid- and lower testicular planes, respectively, whereas
each longitudinal acquisition was performed through
a manually chosen mid-sagittal plane and included the
entire testis within the field-of-view. Persistence and
other post-processing features were disabled to mini-
mize spatial and temporal averaging. At each time point,
the time-gain controls were aligned centrally, followed
by optimization of image depth, transmit focus, receiver
gain and dynamic range, and were not altered after
contrast administration.

Digital cine loops of all imaging sequences recorded
from the time of initiation of continuous low-MI imaging
through microbubble destruction and subsequent full
contrast agent replenishment were transferred to a per-
sonal computer for image processing and analysis.

Regional blood flow measurements
Reference testicular blood flow measurements were

obtained using a radiolabeled microsphere technique
(Heymann et al. 1977; Matsumoto et al. 1982). Imme-
diately after US evaluation, radiolabeled microspheres
were injected into the proximal ascending aorta, and
a reference arterial blood sample was obtained for
subsequent determination of true testicular blood flow.
A different radioisotope was used for each blood flow
determination: cerium 141 (baseline), ruthenium 103
(immediately post-operatively), niobium 95 (4 h post-
operatively) and scandium 46 (8 h post-operatively) (Per-
kinElmer Life and Analytical Sciences, Billerica, MA,
USA). Each radioisotope has unique photon energy and
can therefore be measured independently. For every
blood flow measurement, 0.2 mL of a solution containing
10 mCi (0.74 MBq) of 15-mm-diameter radiolabeled
microspheres was injected into the ascending aortic cath-
eter and flushed with approximately 5 mL of saline solu-
tion over a period of about 20 s. A reference blood sample
was simultaneously removed from the femoral artery
with a 5-mL syringe and withdrawal pump (Model 55-
1143, Harvard Apparatus, Holliston, MA, USA) at the
rate of 2.0 mL/min for 1.5 min. The withdrawal interval
was measured with an electronic timer. Each rabbit was
then sacrificed with an intravenous dose of pentobarbital
(1 mL/4.5 kg). The testes were removed and immediately
sectioned for regional blood flow determination (Paltiel
et al. 2006, 2011).

The right testes ranged in volume from 2.32 to
4.82 cm3 (mean 5 3.57 cm3), and the left testes, 2.34 to
5.0 cm3 (mean 5 3.57 cm3). Each testis was used in its
entirety for blood flow measurement by sectioning it
longitudinally into four strips. The tissue and reference
blood samples were weighed on a balance (Model
AB204, Mettler-Toledo, Greifensee, Switzerland).
Radioactivity of the tissue and of the reference blood
samples was measured in a deep-well gamma counter
(Packard, Downers Grove, IL, USA). Blood flow at
each time point was determined by comparing counts
for the appropriate radioisotope in the testicular tissue
samples with counts in the reference blood samples.
Regional blood flow measurements (expressed as mL/g/
min testicular tissue) for each tissue sample were deter-
mined. The blood flow measurements for the four indi-
vidual tissue strips were averaged to obtain mean
baseline and post-operative blood flow measurements
for each testis (Paltiel et al. 2006, 2011).

Image processing
In the initial phases of the study, time history of the

US images was recorded in uncompressed (full frame)
AVI, but later changed to DICOM. In both cases, images
were stored such that 8-bit gray-scale values were
provided over a spatial grid of 640 3 480 for each time
frame. No significant differences in the data from the
two acquisition types were observed, and so processing
was identical for both storage formats.

Twenty-eight time-history data sets per rabbit were
collected, resulting in a total of 840 data sets. To facilitate
the manipulation of this relatively large amount of data
(approximately 192 Gb uncompressed), a batch code
was programmed to parse the files and process each file
frame-by-frame. The data were initially processed as
described by Thierman et al. (2006). Each image in
a time series was filtered by subtracting background
noise. The noise level was determined by calculating
the mean pixel value over a subset of each image that
was not coincident with the location of the testes. Any
pixel equal to less than 1.1 times the mean of the noise
(background pixels) was not considered. Likewise, pixels
greater than 1.3 times the mean of the noise were taken to
indicate large vessels and were also eliminated. The
selection of threshold values was made by empirical
observation, where it was determined that signals in the
lower cut-off were largely indicative of the region outside
the testes and signals above the cut-off were primarily
within large vessels. The remaining pixels were assumed
to represent the US signal from the testicular microvascu-
lature, and their pixel values were left unchanged. For
images acquired in a transverse orientation, the image
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was divided to isolate the response from the right and left
testes. Each half-image was then considered the ROI for
the included testis. For images acquired in a longitudinal
orientation, the entire image constituted the ROI. This
approach to selection of the ROI accomplished the goals
of automating image processing by removing the subjec-
tive element inherent in an arbitrary selection of a smaller
ROI (or multiple ROIs) within each testis. In addition, by
analyzing multiple tissue planes, we increased the chan-
ces of detecting focal zones of decreased blood flow
(Fig. 1). Cine loops corresponding to Figures 1(a–c) are
depicted in Supplementary Video 1(a–c).

Quantitative image analysis
An established method for estimating relative blood

flow involves fitting the time history of the US signal
intensity over the replenishment stage within a given
region to the function
Fig. 1. Output of analysis program in which the radiolabeled m
1.35 R/L and (c) 2.43 L/R. Images were acquired with the ultras
both testes appeared in the field-of-view. Left: Final frame of a c
processed frame depicting the mean rate of change (slope) in
linear branching structures are visible in right-sided frames, pre
culature. Cine loops corresponding to the experiments depicte

Video 1(a–c). R 5 right te
SðtÞ5A
�
12eßt

�
(1)

where b is proportional to regional mean flow, and A
is proportional to blood volume (Wei et al. 1998).
Although this model is incomplete (Hudson et al.
2009), it has been reported to yield reasonable results
in vivo for measuring blood flow (Kogan et al. 2011;
Thierman et al. 2006). A drawback of this empirical
approach is that it necessitates calibration between
subjects. In practice, this is problematic, because in
addition to non-linear bubble oscillation, pixel intensity
can vary with anatomy, acoustic beam profile, system
settings and other factors. The analysis used in the present
study was designed to at least partially offset some of this
subjectivity. It is first assumed that background signal can
be subtracted such that eqn (1) holds and S is zero at time
t5 0. We next examine modification of eqn (1) under the
assumption that remaining unknown factors are time
icrosphere testicular blood flow ratio was (a) 0.9 L/R, (b)
ound probe oriented transversely over the scrotum so that
ine loop without additional processing. Right: Same post-
pixel intensity averaged over the refill stage. Echogenic,
sumably representing flow within the testicular microvas-
d in images (a)–(c) are available in the Supplementary
stis, L 5 left testis.



Table 1. Comparison of baseline intervention/control
testicular mean ultrasound pixel intensity ratios with

baseline intervention/control testicular mean
radiolabeled microsphere-based blood flow ratios*

Number
of animals Imaging plane

Intervention/control
ultrasound ratio

Intervention/control
radiolabeled

microsphere ratio

30 Transverse 0.98 6 0.21 0.98 6 0.05
Longitudinal 1.00 6 0.26
Combined 0.98 6 0.13

* Datawere acquired with the HDI 5000 and iU22 ultrasound systems
(Philips Ultrasound, Bothell, WA, USA) at a mechanical index of 0.07.
Ratios were estimated at baseline before any treatment. Data have
been averaged over pixels within the region of interest; over number
of acquisitions for transverse, longitudinal and combined imaging
planes; over all 30 animals; and over both ultrasound systems. Values
are means 6 SD.
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independent and can be represented by a factora indepen-
dent of blood flow:

SðtÞ5aA
�
12eßt

�
(2)

Blood flow (volume of blood per unit time) per unit
mass of tissuewould be proportional to the product Ab, so
long as the tissuemass within the volume of interest (VOI)
is constant (Wei et al. 1998). To extract a value propor-
tional to this quantity, the signal is examined at its half-
peak value of A/2, which occurs at time t0 5 –ln(0.5)/b.
A first-order Taylor expansion of eqn (2) about this time
point yields

SðtÞ5aA=2ðßt2lnð0:5Þ=ßÞ (3)

The subjective value a is removed by examining
a nearby control volume S0. It is assumed that this volume
possesses an a value identical to the VOI. It is further
assumed that the two volumes, functioning normally,
would have similar signal response (i.e., blood flow in
the VOI and that in the control are ideally identical).
Noting that the time derivative of eqn (3) is proportional
to aAb, the ratio

Q5 ðdS=dtÞ=ðdS0=dtÞ (4)

yields a value proportional to blood flow.
Time-varying values assigned in the US images

were assumed to be solely a result of bubble response;
that is, the tissue response to the incident US beam was
linear. For each time step, pixel values were summed
and then divided by the total number of analyzed pixels
as a function of time to obtain a mean value. The pro-
cessed time history was then stored in a database. The
linear least-squares method (Bj€orck 1996) was used to
fit the rise phase of the mean signal over a 7-s period
about its midpoint. The midpoint was assumed to be the
maximum of the first derivative of the curve as a function
of time. The slope of the fit was determined, and the inter-
vention/control (I/C) ratio was calculated (Paltiel et al.
2011), providing an experimental approximation to eqn
(4). The standard deviation of the residuals was used to
quantify the error in the fit. In this process, the uncertainty
in the curve was determined by calculating the maximum
and minimum slopes that fit within one standard devia-
tion from the curve using only vertical offsets.

Individual US pixel intensity ratios were first aver-
aged over the ROI for each transverse, longitudinal and
combined acquisition data set, respectively. For each
experimental time point in each animal (i.e., pre-
operatively, immediately and 4 h and 8 h post-
operatively), these ratios were then separately averaged
over the three sets of transverse measurements, two sets
of longitudinal measurements and combined transverse
and longitudinal measurements (five data sets per testis).
Finally, the ratios per experimental time point were aver-
aged over all six animals in each of the five torsion groups
(i.e., 0�, 180�, 360�, 540� and 720�). For each experi-
mental time point (pre-operatively and immediately and
4 and 8 h post-operatively), each averaged US I/C data
set (transverse, longitudinal and combined transverse/
longitudinal ratios) for each torsion group was then
compared with the corresponding radiolabeled micro-
sphere I/C blood flow ratio.

Post-operative US and radiolabeled microsphere I/C
ratios, as a function of torsion degree, were compared
using Pearson’s correlation coefficient, r. Based on the
normal distribution of the radiolabeled microsphere
ratios, and scatter plots between radiolabeled micro-
spheres and US ratios, which in most cases exhibited an
approximately linear relationship between the two sets
of ratios, Pearson’s correlation coefficient was selected
as the most appropriate measure of correlation between
I/C ratios at distinct degrees of torsion. All reported
p-values were from two-sided tests, assuming a statistical
significance level a 5 0.05.
RESULTS

The combined US data and the radiolabeled micro-
sphere data provided calculated measurements expressed,
respectively, as the mean I/C testicular signal intensity
ratio (6standard deviation) and the mean radiolabeled
microsphere testicular blood flow ratio (6standard devi-
ation) (Table 1).

After unilateral testicular torsion, the post-operative
US I/C pixel intensity ratios decreased as torsion increased
above 360� (Table 2). However, at each degree of torsion,
there were relatively small fluctuations in the ratios over
time except for the combined 4-h post-operative value in
the 540� torsion group compared with the immediate
post-operative and 8-h post-operative values (0.61 vs.



Table 2. Postoperative intervention/control testicular mean ultrasound pixel intensity ratios stratified by degree of torsion and
time after surgery*

Torsion Number of animals Imaging plane

Ultrasound intervention/control ratio

Immediately postop 4 h postop 8 h postop

0�(sham) 6 Transverse 1.15 6 0.60 1.01 6 0.15 1.05 6 0.52
Longitudinal 1.02 6 0.29 0.99 6 0.33 1.08 6 0.25
Combined 0.98 6 0.36 1.01 6 0.24 1.10 6 0.34

180� 6 Transverse 0.97 6 0.33 0.88 6 0.44 1.00 6 0.55
Longitudinal 1.14 6 0.25 1.01 6 0.37 0.88 6 0.29
Combined 1.07 6 0.36 1.03 6 0.39 0.93 6 0.48

360� 6 Transverse 1.43 6 0.34 1.05 6 0.33 0.95 6 0.31
Longitudinal 0.95 6 0.54 0.64 6 0.41 0.81 6 0.18
Combined 1.09 6 0.52 0.85 6 0.44 0.94 6 0.32

540� 6 Transverse 0.44 6 0.45 0.51 6 0.39 0.56 6 0.52
Longitudinal 0.41 6 0.34 0.28 6 0.25 0.43 6 0.34
Combined 0.40 6 0.36 0.61 6 0.58 0.45 6 0.41

720� 6 Transverse 0.44 6 0.09 0.50 6 0.34 0.41 6 0.24
Longitudinal 0.35 6 0.30 0.57 6 0.35 0.33 6 0.21
Combined 0.41 6 0.16 0.48 6 0.29 0.35 6 0.19

* Data were acquired with the HDI 5000 and iU22 ultrasound systems (Philips Ultrasound, Bothell,WA, USA) at mechanical index5 0.07. Data have
been averaged over pixels within the region of interest; over number of acquisitions for transverse, longitudinal and combined imaging planes; over all
six animals per torsion group; and over both ultrasound systems. Values are means 6 SD.
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0.40 and 0.45, respectively). The post-operative radiola-
beled microsphere I/C blood flow ratios decreased as
torsion increased above 180� (Table 3). At each degree
of torsion, there was also little change in the ratios over
time except for the immediate post-operative value in
the sham surgery group, where there was a transient
increase in the ratio over baseline, and the 4-h post-
operative value in the 720� torsion group, where there
was a transient increase in the ratio compared with the
immediate post-operative value.

Comparison of US I/C testicular mean US pixel
intensity ratios with radiolabeled microsphere I/C testic-
ular mean blood flow ratios immediately and 4 and 8 h
post-operatively revealed overall high correlation
(r $ 0.88, p # 0.05) between the averaged transverse,
averaged longitudinal and combined averaged transverse
and longitudinal planar data, with the exception of the
transverse US ratio in the immediate post-operative
period (r 5 0.79, p 5 0.11) (Fig. 2).
Table 3. Postoperative radiolabeled microsphere-based
intervention/control testicular mean blood flow ratios
stratified by degree of torsion and time after surgery

Torsion
Number
of animals

Intervention/control radiolabeled
microsphere ratio

Immediately postop 4 h postop 8 h postop

0�(sham) 6 1.44 6 0.63 0.91 6 0.12 1.03 6 0.21
180� 6 1.07 6 0.38 1.03 6 0.34 1.05 6 0.53
360� 6 0.80 6 0.41 0.78 6 0.43 0.80 6 0.32
540� 6 0.04 6 0.06 0.03 6 0.03 0.06 6 0.05
720� 6 0.03 6 0.04 0.16 6 0.24 0.06 6 0.05

Values are means 6 SD.
DISCUSSION

In the clinical setting of acute scrotal pain, a reliable
assessment of testicular blood flow must be made to diag-
nose those patients with torsion who require urgent
surgery to prevent testicular infarction. Conventional
color Doppler US can usually differentiate between rela-
tively increased flow to an affected testis caused by
inflammatory conditions and diminished flow resulting
from torsion. However, normal blood flow to the small
testes of pre-pubertal children is frequently difficult to
depict, as are minor differences in flow between the
symptomatic and asymptomatic testes that often occur
in patients with partial or intermittent torsion (Cassar
et al. 2008; Kalfa et al. 2004; Karmazyn et al. 2005;
Nussbaum Blask et al. 2002).

Our prior work indicated that both qualitative and
quantitative analyses of relative US pixel intensity
derived from 2-D contrast-enhanced pulse inversion
imaging in a rabbit model of unilateral testicular ischemia
are superior to qualitative analyses of conventional color
and power Doppler imaging (Paltiel et al. 2006; Thierman
et al. 2006). The present study builds on our earlier
experience through the development of a rabbit model
of testicular torsion that more closely mimics the
anatomic and physiologic features of testicular torsion
in humans than does the prior rabbit model of testicular
ischemia (Paltiel et al. 2006; Thierman et al. 2006). We
extended the time frame of the current investigation to
assess relative changes in blood flow over an 8-h period,
because testicular salvage in humans is time dependent,
with irreversible ischemic injury occurring as soon as
4 h after spermatic cord occlusion (Bartsch et al. 1980).



Fig. 2. Mean ultrasound (US) pixel intensity ratios immediately
(a) and 4 h (b) and 8 h (c) after surgery follow a trend resembling
that of the mean radiolabeled microsphere (RLMS) blood flow
ratios at each degree of torsion. Data were acquired with the
HDI 5000 and iU22 US systems (Philips Ultrasound, Bothell,
WA, USA) at a mechanical index of 0.07 in transverse, longi-
tudinal and combined transverse/longitudinal planes. Data
have been averaged over pixels within the region of interest;
over number of acquisitions for transverse, longitudinal and
combined imaging planes; over six animals for each degree of
torsion; and over both US systems. The reported correlation
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Data were obtained from five different tissue planes per
testis in an attempt to better characterize flow throughout
the testicular volume.

A determination of blood flow to an organ, tissue or
tumor would ideally involve acquisition and analysis of
a 4-D data set. Conventional US technology currently
limits dynamic contrast-enhanced imaging to a single
tissue plane so that only a small portion of a VOI is
imaged at any one time. However, repetitive disruption-
replenishment measurements can be made in rapid
succession during a single examination using a contin-
uous intravenous infusion of contrast material, thereby
permitting a sampling of the entire volume.

Our preliminary results with a multi-planar
approach to blood flow assessment are promising, with
overall high correlation between US pixel intensity and
radiolabeled microsphere blood flow I/C ratios for the
averaged transverse planes, averaged longitudinal planes
and averaged combined transverse and longitudinal
planes. Interestingly, there was no consistent improve-
ment in correlation when data from the transverse and
longitudinal planes were combined over those obtained
from separate analysis of data from the averaged trans-
verse planes and averaged longitudinal planes, although
the weakest correlation was seen with US data derived
from the averaged transverse planes alone in the imme-
diate post-operative period. One possible explanation
for the overall lack of difference between the averaged
US data derived from the transverse and longitudinal
scan planes is that blood flow throughout the testis is rela-
tively uniform: a single capsular arterial vessel gives rise
to parenchymal branches that supply the entire testicular
volume. Proximal occlusion of this vessel in the setting of
testicular torsion should therefore affect all portions of
the parenchyma to a comparable degree. In different clin-
ical situations where disease processes have a differential
effect on the arterial supply of an organ or tissue, unifor-
mity of blood flow to the entire organ would not be
anticipated.

The technique described in this article was devel-
oped in an experimental model of testicular torsion and
is potentially applicable to the evaluation of acute scrotal
pain. It could also be employed more widely to assess
blood flow tomany organs and tissues, including the liver,
kidneys and ovaries; visceral transplants; and tumors.

There were several limitations to this study. First,
it was performed using two different US machines
with US probes of different imaging frequencies. These
technical differences could theoretically have affected
coefficients were estimated on the basis of comparisons of
RLMS ratios (a vector of ratios for all degrees of torsion) and

US ratios in different planes.



Multiplanar contrast-enhanced US assessment of blood flow in testicular torsion d H. J. PALTIEL et al. 369
the results, as the behavior of the US microbubbles is
determined by the insonating frequencies. However,
the center frequencies of the two US probes are similar
(4.5 MHz vs. 5.5 MHz). Furthermore, our study
analyzed the ratios of US pixel intensities, not absolute
values; thus any differences in pixel intensity resulting
from differences in insonating frequency should apply
to both testes equally, and pixel intensity ratios should
not be affected. Absolute measures of blood flow are
not currently possible using the 2-D planar data avail-
able with conventional US instruments. Absolute
measurements of blood flow should be possible in the
future using matrix array US transducers. Three- and
four-dimensional data acquisition will permit quantifi-
cation of US pixel intensity from multiple tissue planes
simultaneously and an analysis of blood flow inhomo-
geneity (Hoyt et al. 2012; Leen et al. 2012; Paltiel
et al. 2011). Another potential limitation was the
tendency of the US contrast material to settle out of
solution over time. Destruction-reperfusion imaging
requires continuous infusion of microbubbles over
several minutes, and relies on the assumption of a con-
stant concentration of contrast agent in the blood pool
to make quantifiable measurements. In this investiga-
tion, the microbubbles were resuspended immediately
before infusion by rotating and inverting the syringe
containing the contrast material and orienting the infu-
sion pump horizontally, thereby minimizing contrast
separation (Kaya et al. 2009). Selection of US imaging
planes was subjective and, therefore, a potential source
of error when analyzing and comparing data from
acquisition to acquisition. However, by acquiring data
from multiple tissue planes that, in aggregate, included
all portions of each testis, we believe that we increased
the chances of obtaining a representative sampling of
bilateral testicular blood flow. Finally, the sample size
for each degree of torsion was small (n 5 6). Thus,
these results need to be validated in a larger study.
CONCLUSIONS

Preliminary investigation of multi-planar dynamic
contrast-enhanced ultrasound assessment of blood flow
in a rabbit model of testicular torsion revealed overall
high correlation with radiolabeled microsphere blood
flow measurements. This technique holds promise for
future clinical applications, particularly for diagnosis of
testicular torsion in the pediatric population.
Acknowledgments—H.J.P. was supported in part by a Society for Pedi-
atric Radiology Research and Education Foundation grant, Bristol-
Myers Squibb Medical Imaging Grant CG 24056 and software provided
by Royal Philips Electronics. G.T.C. was supported in part by National
Institutes of Health Grant P41 RR019703.
SUPPLEMENTARY DATA

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.08.017.
REFERENCES

Abramowicz JS. Ultrasonographic contrast media: Has the time come in
obstetrics and gynecology? J Ultrasound Med 2005;24:517–531.

Bartsch G, Frank S, Marberger H, Mikuz G. Testicular torsion: Late
results with special regard to fertility and endocrine function.
J Urol 1980;124:375–378.

Bj€orck �A. Numerical methods for least squares problems. Philadelphia:
SIAM; 1996.

Brown JM, Taylor KJ, Alderman JL, Quedens-Case C, Greener Y.
Contrast-enhanced ultrasonographic visualization of gonadal
torsion. J Ultrasound Med 1997;16:309–316.

Caretta N, Palego P, Schipilliti M, TorinoM, PatiM, Ferlin A, Foresta C.
Testicular contrast harmonic imaging to evaluate intratesticular
perfusion alterations in patients with varicocele. J Urol 2010;183:
263–269.

Cassar S, Bhatt S, Paltiel HJ, Dogra VS. Role of spectral Doppler sonog-
raphy in the evaluation of partial testicular torsion. J UltrasoundMed
2008;27:1629–1638.

Charnley N, Donaldson S, Price P. Imaging angiogenesis. Methods Mol
Biol 2009;467:25–51.

Chen L, Zhan WW, Shen ZJ, Rui WB, Lv C, Chen M, Zhou JQ, Zhou P,
Zhou M, Zhu Y. Blood perfusion of the contralateral testis evaluated
with contrast-enhanced ultrasound in rabbits with unilateral testic-
ular torsion. Asian J Androl 2009;11:253–260.

Chomas JE, Dayton P, Allen J, Morgan K, Ferrara K. Mechanisms of
contrast agent destruction. IEEE Trans Ultrason Ferroelectr Freq
Control 2001;48:232–248.

Coley BD, Frush DP, Babcock DS, O’Hara SM, Lewis AG, Gelfand MJ,
Bove KE, Sheldon CA. Acute testicular torsion: Comparison of un-
enhanced and contrast-enhanced power Doppler US, color Doppler
US, and radionuclide imaging. Radiology 1996;199:441–446.

Eyding J, Wilkening W, Postert T. Brain perfusion and ultrasonic
imaging techniques. Eur J Ultrasound 2002;16:91–104.

Frush DP, Babcock DS, Lewis AG, Paltiel HJ, Rupich R, Bove KE,
Sheldon CA. Comparison of color Doppler sonography and radionu-
clide imaging in different degrees of torsion in rabbit testes. Acad
Radiol 1995;2:945–951.

Goede J, Hack WWM, Sijstermans K, van der Voort-Doedens LM, Van
der Ploeg T, Meij-de Vries A, Delemarre-van de Waal HA. Norma-
tive values for testicular volume measured by ultrasonography in
a normal population from infancy to adolescence. Horm Res
Paediatr 2011;76:56–64.

Heymann MA, Payne BD, Hoffman JI, Rudolph AM. Blood flow
measurements with radionuclide-labeled particles. Prog Cardiovasc
Dis 1977;20:55–79.

Hoyt K, Sorace A, Saini R. Quantitative mapping of tumor vascularity
using volumetric contrast- enhanced ultrasound. Invest Radiol
2012;47:167–174.

Hudson JM, Karshafian R, Burns PN. Quantification of flow using ultra-
sound and microbubbles: A disruption replenishment model based
on physical principles. Ultrasound Med Biol 2009;35:2007–2020.

Kalfa N, Veyrac C, Baud C, Couture A, Averous M, Galifer RB. Ultra-
sonography of the spermatic cord in children with testicular torsion:
Impact on the surgical strategy. J Urol 2004;172:1692–1695.

Karmazyn B, Steinberg R, Kornreich L, Freud E, Grozovski S,
Schwarz M, Ziv N, Livne P. Clinical and sonographic criteria of
acute scrotum in children: A retrospective study of 172 boys. Pediatr
Radiol 2005;35:302–310.

Kaufmann BA, Wei K, Lindner JR. Contrast echocardiography. Curr
Probl Cardiol 2007;32:51–96.

KayaM, Gregory TS 5th, Dayton PA. Changes in lipid-encapsulated mi-
crobubble population during continuous infusion and methods to
maintain consistency. Ultrasound Med Biol 2009;35:1748–1755.

Klauser A, Demharter J, De Marchi A, Sureda D, Barile A,
Masciocchi C, Faletti C, SchirmerM, Kleffel T, Bohndorf K, IACUS

http://dx.doi.org/10.1016/j.ultrasmedbio.2013.08.017
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref1
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref1
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref2
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref2
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref2
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref3
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref3
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref3
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref3
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref4
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref4
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref4
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref5
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref5
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref5
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref5
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref6
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref6
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref6
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref7
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref7
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref8
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref8
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref8
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref8
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref9
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref9
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref9
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref10
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref10
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref10
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref10
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref11
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref11
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref12
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref12
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref12
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref12
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref13
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref13
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref13
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref13
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref13
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref14
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref14
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref14
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref15
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref15
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref15
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref16
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref16
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref16
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref17
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref17
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref17
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref18
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref18
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref18
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref18
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref19
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref19
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref20
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref20
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref20
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref21
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref21


370 Ultrasound in Medicine and Biology Volume 40, Number 2, 2014
study group. Contrast enhanced gray-scale sonography in assess-
ment of joint vascularity in rheumatoid arthritis: results from the IA-
CUS study group. Eur Radiol 2005;15:2404–2410.

Kogan P, Johnson KA, Feingold S, Garrett N, Guracar I, ArendshorstWJ,
Dayton PA. Validation of dynamic contrast enhanced ultrasound in
rodent kidneys as an absolute quantitative method for measuring
blood perfusion. Ultrasound Med Biol 2011;37:900–908.

Kulin HE. Puberty: When? J Clin Endocrinol Metab 1993;76:24–25.
Lassau N, Chapotot L, Benatsou B, Vilgrain V, Kind M, Lacroix J,

Cuinet M, Taieb S, Aziza R, Sarran A, Labbe C, Gallix B,
Lucidarme O, Ptak Y, Rocher L, Caquot LM, Chagnon S,
Marion D, Luciani A, Uzan-Augui J, Koscielny S. Standardization
of dynamic contrast-enhanced ultrasound for the evaluation of anti-
angiogenic therapies: The Frenchmulticenter Support for Innovative
and Expensive Techniques Study. Invest Radiol 2012;47:711–716.

Leen E, Averkiou M, Arditi M, Burns P, Bokor D, Gauthier T, Kono Y,
Lucidarme O. Dynamic contrast enhanced ultrasound assessment of
the vascular effects of novel therapeutics in early stage trials. Eur
Radiol 2012;22:1442–1450.

Lencioni R, Della Pina C, Crocetti L, Bozzi E, Cioni D. Clinical
management of focal liver lesions: the key role of real-time
contrast-enhanced US. Eur Radiol 2007;17(Suppl 6):F73–F79.

Mansbach JM, Forbes P, Peters C. Testicular torsion and risk factors for
orchiectomy. Arch Pediatr Adolesc Med 2005;159:1167–1171.

Matsumoto M, Kimura K, Fujisawa A, Matsuyama T, Asai T, Uyama O,
Yoneda S, Abe H. Regional blood flows measured in Mongolian
gerbil by a modified microsphere method. Am J Physiol 1982;242:
H990–H995.

Metzger-Rose C, Krupinski EA, Wright WH, Baker MR, McCreery TP,
Barrette TR, Unger EC. Ultrasonographic detection of testicular
ischemia in a canine model using phospholipid coated microbubbles
(MRX-115). J Ultrasound Med 1997;16:317–324.

Nussbaum Blask AR, Bulas D, Shalaby-Rana E, Rushton G, Shao C,
Majd M. Color Doppler sonography and scintigraphy of the testis:
A prospective, comparative analysis in children with acute scrotal
pain. Pediatr Emerg Care 2002;18:67–71.

O’Hara SM, Frush DP, Babcock DS, Lewis AG, Barr LL, Bukowski TP,
Kline-Fath BM, Sheldon CA. Doppler contrast sonography for de-
tecting reduced perfusion in experimental ischemia of prepubertal
rabbit testes. Acad Radiol 1996;3:319–324.
Pallwein L, Mitterberger M, Gradl J, Aigner F, HorningerW, Strasser H,
Bartsch G, zur Nedden D, Frauscher F. Value of contrast-enhanced
ultrasound and elastography in imaging of prostate cancer. Curr
Opin Urol 2007;17:39–47.

Paltiel HJ, Kalish LA, Susaeta RA, Frauscher F, O’Kane PL,
Freitas-Filho LG. Pulse-inversion US imaging of testicular
ischemia: Quantitative and qualitative analyses in a rabbit model.
Radiology 2006;239:718–729.

Paltiel HJ, Padua HM, Gargollo PC, Cannon GM Jr, Alomari AI, Yu R,
Clement GT. Contrast- enhanced, real-time volumetric ultrasound
imaging of tissue perfusion: Preliminary results in a rabbit model
of testicular torsion. Phys Med Biol 2011;56:2183–2197.

Su HL, Qian YQ, Wei ZR, He JG, Li GQ, Zhang J, Zhou XD, Jing W.
Real-time myocardial contrast echocardiography in rat: Infusion
versus bolus administration. Ultrasound Med Biol 2009;35:
748–755.

Thierman JS, Clement GT, Kalish LA, O’Kane PL, Frauscher F,
Paltiel HJ. Automated sonographic evaluation of testicular perfu-
sion. Phys Med Biol 2006;51:3419–3432.

Valentino M, Bertolotto M, Derchi L, Bertaccini A, Pavlica P,
Martorana G, Barozzi L. Role of contrast enhanced ultrasound in
acute scrotal diseases. Eur Radiol 2011;21:1831–1840.

Weber MA. Ultrasound in the inflammatory myopathies. Ann NYAcad
Sci 2009;1154:159–170.

Wei K, Jayaweera AR, Firoozan S, Linka A, Skyba DM, Kaul S. Quan-
tification of myocardial blood flowwith ultrasound-induced destruc-
tion of microbubbles administered as a constant venous infusion.
Circulation 1998;97:473–483.

Wei K, Le E, Bin JP, Coggins M, Thorpe J, Kaul S. Quantification of
renal blood flow with contrast-enhanced ultrasound. J Am Coll
Cardiol 2001;37:1135–1140.

Williams R, Hudson JM, Lloyd BA, Sureshkumar AR, Lueck G,
Milot L, Atri M, Bjarnason GA, Burns PN. Dynamic microbubble
contrast-enhanced US to measure tumor response to targeted
therapy: A proposed clinical protocol with results from renal cell
carcinoma patients receiving antiangiogenic therapy. Radiology
2011;260:581–590.

Wu FC, Brown DC, Butler GE, Stirling HF, Kelnar CJ. Early morning
plasma testosterone is an accurate predictor of imminent pubertal
development in prepubertal boys. J Clin Endocrinol Metab 1993;
76:26–31.

http://refhub.elsevier.com/S0301-5629(13)00977-0/sref21
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref21
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref21
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref22
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref22
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref22
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref22
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref23
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref24
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref25
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref25
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref25
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref25
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref26
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref26
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref26
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref27
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref27
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref28
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref28
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref28
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref28
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref29
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref29
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref29
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref29
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref30
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref30
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref30
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref30
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref31
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref31
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref31
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref31
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref32
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref32
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref32
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref32
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref33
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref33
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref33
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref33
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref34
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref34
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref34
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref34
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref35
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref35
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref35
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref35
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref36
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref36
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref36
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref37
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref37
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref37
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref38
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref38
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref39
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref39
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref39
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref39
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref40
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref40
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref40
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref41
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref42
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref42
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref42
http://refhub.elsevier.com/S0301-5629(13)00977-0/sref42

	Multi-planar Dynamic Contrast-Enhanced Ultrasound Assessment of Blood Flow in a Rabbit Model of Testicular Torsion
	Introduction
	Methods
	Animal selection
	Animal preparation
	Surgical procedure
	Contrast agent administration
	Image acquisition
	Regional blood flow measurements
	Image processing
	Quantitative image analysis

	Results
	Discussion
	Conclusions
	Supplementary Data
	References


