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Purpose: To quantitatively and qualitatively assess perfusion with
pulse-inversion (PI) ultrasonography (US) in rabbit model
of acute testicular ischemia.

Materials and
Methods:

Institutional animal care committee approval was ob-
tained. After 35 rabbits underwent unilateral spermatic
cord occlusion, testicular Doppler US and contrast mate-
rial–enhanced PI imaging were performed. Enhancement
data yielded perfusion measurements including mean
value during the first 10 seconds, mean value over entire
recorded replenishment curve, and curve slope during the
first 5 seconds. Calculated perfusion ratios were compared
with radiolabeled microsphere–derived perfusion ratios.
Two readers assessed testicular perfusion as none, possi-
ble, or definite and relative perfusion as greater to the
right testis than to the left, greater to the left testis than to
the right, or as equal to both testes. With � statistics,
interobserver agreement for all imaging methods was de-
termined. Association between qualitative perfusion cate-
gories and radiolabeled microsphere–based perfusion
measurements was assessed. Quantitative and qualitative
determinations of relative perfusion were compared with
radiolabeled microsphere–based measurements.

Results: Correlations between calculated and radiolabeled micro-
sphere–based perfusion ratios were determined (r �
0.49–0.64). Interobserver agreement for presence of per-
fusion was excellent (� � 0.76), and that for relative
perfusion assessment was good (� � 0.55). Neither � value
varied significantly with imaging method. The percentage
of times a testis classified as having definite perfusion had
greater perfusion as measured with radiolabeled micro-
spheres than a testis classified as having no perfusion or
possible perfusion was higher with PI imaging than with
Doppler US (85%–98% vs 72%–89%). Identification of
the testis with less perfusion was better with quantitative
methods than with qualitative assessment of images by the
readers (75%–79% vs 34%–60%, P � .004).

Conclusion: PI imaging, compared with conventional Doppler US meth-
ods, provides superior assessment of perfusion in the set-
ting of acute testicular ischemia.
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Acute scrotal pain is common, with
an estimated risk of development
in one in 160 males by the age of

25 years. The overall incidence of testic-
ular torsion, the most serious cause of
acute scrotal symptoms, is approxi-
mately one in 4000 (1). Because of the
risk of infarction, testicular torsion
must be immediately excluded in all pa-
tients who present with acute scrotal
symptoms. Torsion can occur at any age
but is most frequent in the pediatric
population, with peaks of incidence in
the neonatal period and adolescence
(2). Clinical evaluation of acute scrotal
symptoms in children often is unreliable
because of small testicular size, pres-
ence of a reactive hydrocele, and lack of
patient cooperation. The need to ex-
clude the diagnosis of testicular torsion
to prevent unnecessary surgery must be
balanced by the requirement to rapidly
and accurately diagnose the condition in
those patients who require urgent surgi-
cal intervention (3).

Color Doppler ultrasonography (US)
currently is the imaging test of choice in
the evaluation of acute scrotal symptoms
because of its capability for direct visual-
ization of the testicular blood supply and
for documentation of alterations in blood
flow without the need for ionizing radia-
tion (4–7). Its use in children, however,
often is limited by the difficulty in detec-
tion of flow in testes of small volume (8–
12). Contrast material–enhanced US
techniques that have been developed
have resulted in greater sensitivity to flow
in small blood vessels (13–20). Harmonic
imaging is a US method in which trans-
ducers transmit ultrasound at one fre-
quency (the fundamental) and receive sig-

nals at twice that frequency (the second
harmonic). When harmonic imaging is
used in conjunction with microbubble-
based US contrast agents, there is greater
enhancement of the vascular signal com-
pared with that obtained with conven-
tional contrast-enhanced color Doppler
US methods (21,22). With pulse-inver-
sion (PI) imaging, a two-pulse sequence is
used with a 180° phase difference to can-
cel the effect of transmitted second har-
monics from nonvascular background tis-
sues on the received signal. This tech-
nique results in improved distinction
between parenchymal vessels and back-
ground tissues (14–18).

The purpose of our study was to
quantify relative testicular perfusion with
PI imaging in a rabbit model of acute tes-
ticular ischemia and to compare PI and
Doppler US images in the qualitative as-
sessment of testicular perfusion.

Materials and Methods

The contrast agent used in the study
(Definity; Bristol-Myers Squibb Medical
Imaging, Billerica, Mass) was provided
by the manufacturer. The authors had
control of the data and the information
submitted for publication.

Selection of Animals
The study was performed according to a
protocol approved by the Animal Care
and Use Committee of Children’s Hospital
Boston, Boston, Mass, and conformed to
guidelines issued by the National Insti-
tutes of Health for care of laboratory ani-
mals. Use of the rabbit in experimental
models of testicular ischemia is well es-
tablished (23–25). Thirty-five adult male
New Zealand white rabbits (Millbrook
Breeding Labs, Amherst, Mass) with a
mean weight of 4.0 kg were examined.

Animal Preparation
General anesthesia was induced by in-
tramuscularly administering atropine
sulfate (Baxter, Deerfield, Ill), 0.04 mg
per kilogram of body weight, and intra-
venously administering ketamine (Keta-
set; Fort Dodge, Fort Dodge, Ind), 10
mg/kg, and acepromazine maleate
(Phoenix Pharmaceutical, St Joseph,
Mo), 0.5 mg/kg (Appendix).

Surgical Procedure
A unilateral inguinal incision with expo-
sure of the spermatic cord was per-
formed by one of two urologists
(R.A.S., L.G.F.) with both clinical (8
and 19 years, respectively) and large-
animal surgical experience (1 year and
13 years, respectively). A right-sided in-
guinal incision and then a left-sided in-
guinal incision were performed for con-
secutive experimental animals. An in-
flatable vascular occluder with a 6- or
8-mm luminal diameter (OC6, OC8;
Kent Scientific, Torrington, Conn) was
placed around the spermatic cord, fol-
lowed by cuff inflation with normal sa-
line to produce, in succession, mild,
moderate, and severe degrees of occlu-
sion of the testicular artery and vein
(Appendix).

Contrast Agent Administration
The US contrast agent was intermittently
infused intravenously by the first author
(H.J.P.) at a rate of 1.3 mL/min, with a
maximal dose of 20 mL per experimental
animal (Appendix). The duration of each
infusion was less than 4 minutes.

Image Acquisition
Serial color Doppler, power Doppler, and
PI US imaging was performed by the first
author (H.J.P., a pediatric radiologist with
16 years of experience) at baseline and af-
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ter mild, moderate, and severe degrees of
spermatic cord occlusion. All studies were
performed by using a US unit (model HDI
5000; Philips Medical Systems, Bothell,
Wash) and a linear transducer (Philips
Medical Systems). Of the 35 experimental
animals in the study, 22 were investigated
by using a 12–5-MHz linear transducer, and
13were investigatedwith a 7–4-MHz linear
transducer. Color and power Doppler US
images were acquired prior to contrast ma-
terial administration. PI images were then
obtained by using the so-called negative bo-
lus technique, which is based on the de-
struction-reperfusion principle (Appendix)
(26,29,37).

Regional Perfusion Measurements
Reference testicular perfusion measure-
ments were obtained by the first author by
using a radiolabeled-microsphere tech-
nique (38). At the conclusion of the experi-
ment, each rabbit was sacrificed with an
intravenous overdose of pentobarbital (1
mL/4.5 kg). The testes were then removed
by one of two individuals (R.A.S. or L.G.F.)
and immediately sectioned for regional per-
fusion determination (Appendix).

Quantitative Image Analysis
Gray-scale testicular parenchymal en-
hancement during the PI imaging se-
quences was measured with manufactur-
er’s software (QLAB, version 1.0; Philips
Medical Systems), which allows quantifica-
tion of pixel intensity before logarithmic
compression for video display. For each im-
aging sequence, identical regions of interest
(ROIs) were manually placed by the first
author over each testis, with four on each
side; care was taken to avoid the large ves-
sels located at the testicular periphery.
ROIs varied in size from 1.52 to 21.46 mm2

(mean, 7.2 mm2). An effort was made to
place corresponding ROIs in the right and
left testes at similar depths from the trans-
ducer face to avoid differences in signal in-
tensity values caused by differential beam
attenuation. Replenishment curves were
estimated on the basis of temporal changes
in image signal intensity within each ROI.

Qualitative Image Analysis
Image processing.—The digital cine
loops were converted to a multimedia
file format (Audio Video Interleave; Mi-

crosoft, Redmond, Wash) by the first
author (H.J.P.) and an administrative
assistant with manufacturer’s software
(QLAB, version 1.0; Philips Medical
Systems) and stripped of all identifying
information, including date of the study,
animal number, and experimental side.
Each image file was assigned a randomly
generated index number and exported

to a password-protected Web site for
review. Identifying links to each animal
were available only to the first author
and to the first author’s administrative
assistant and were stored in password-
protected computer files.

Image review.—Qualitative assess-
ment of all images was performed inde-
pendently by two readers (F.F., P.L.O.),

Table 1

Number of Animals Tested at Each Occlusion Level

Intervention Side Baseline Level Mild Level Moderate Level Severe Level

Right 17 17 16 14
Left 18 18 16 16
All 35 35 32 30

Table 2

Radiolabeled Microsphere–based Perfusion Measurements and Intervention-Control
Testicular Perfusion Ratios according to Occlusion Level

Occlusion
Level

No. of
Animals

Perfusion of
Intervention Testis
([mL � g�1]/min)

Perfusion of
Control Testis
([mL � g�1]/min)

Intervention-Control
Testis Ratio

Baseline 35 0.225 � 0.084 0.284 � 0.091 0.803 � 0.205
Mild 35 0.216 � 0.087 0.306 � 0.111 0.725 � 0.222
Moderate 32 0.196 � 0.078 0.331 � 0.108 0.607 � 0.230
Severe 30 0.086 � 0.072 0.295 � 0.123 0.287 � 0.225

Note.—Data are the mean � standard deviation.

Table 3

Number of Studies Performed with PI Imaging and Intervention-Control Testicular
Perfusion Ratio according to Occlusion Level

A: No. of Studies with PI Imaging
Occlusion Level MI of 0.16 MI of 0.09 All

Baseline 35 32 67
Mild 33 31 64
Moderate 31 30 61
Severe 29 27 56
All 128 120 248

B: Intervention-Control Testicular Ratio
Occlusion Level M10* Mmax* S05*

Baseline 0.955 � 0.439 0.961 � 0.416 1.020 � 0.695
Mild 0.745 � 0.335 0.763 � 0.336 0.724 � 0.359
Moderate 0.623 � 0.350 0.638 � 0.345 0.653 � 0.427
Severe 0.509 � 0.614 0.506 � 0.618 0.564 � 0.693

Note.—MI � mechanical index.

* Data are the mean � standard deviation.
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both radiologists with particular expertise
in US (10 and 8 years, respectively), who
were blinded as to the side on which the
intervention testis and the control testis
were located. They classified the perfu-
sion to each testis on every image as ei-
ther none, possible, or definite. The crite-
rion used to categorize perfusion as possi-
ble or definite consisted of a qualitative
judgment comparable to that which
would ordinarily be employed in clinical
practice. They also categorized relative
testicular perfusion as right greater than
left, right equal to left, or left greater than
right (Appendix).

Statistical Analyses
All statistical analyses were performed
by one of the authors (L.A.K.). All re-

ported P values were from two-sided
tests and were considered to indicate a
statistically significant difference when
the P value was less than .05.

Quantitative analysis.—Each replenish-
ment curve plotted with data derived from
ROI measurements was analyzed sepa-
rately for the estimation of three measure-
ments of perfusion: (a) The mean value
during the first 10 seconds (M10) was used
to measure the average perfusion during
the first 10 seconds. (The mean total imag-
ing time differed for sequences performed
with the lower- and higher-frequency trans-
ducers. Use of a common maximum time
interval helped to standardize this differ-
ence.) (b) The mean value over the entire
recorded replenishment curve (Mmax) was
used tomeasure the average perfusion level

over the whole curve. Relative to M10, the
first few seconds are downweighted in
Mmax because they generally represent a
smaller percentage of the entire imaging
sequence duration. (c)The curve slope dur-
ing the first 5 seconds (S05) was used to
measure how quickly the testis was reper-
fused. S05 was calculatedby fitting a straight
line through the data obtained during the
first 5 seconds, with the restriction that the
line start at (0,0) (Appendix).

Qualitative analysis.—Interobserver
agreement about the presence of perfu-
sion and relative perfusion was assessed
with the weighted � statistic (35). In the
analysis of agreement on the presence of
perfusion, the control testis and the inter-
vention testis at the baseline occlusion
level were classified as having definite
perfusion 97% of the time (1251 of 1296
assessments). Therefore, most of this
analysis focused on the intervention testis
at mild, moderate, and severe levels of
occlusion. For the purpose of analysis,
relative perfusion of the right versus the
left testis was restated as intervention
versus control testis (viz, perfusion in the
intervention testis less than that in the
control testis, equal perfusion in both in-
tervention and control testes, perfusion in
the intervention testis greater than that in
the control testis). The readers were
blinded to which side was the interven-
tion side (Appendix).

Comparison of Quantitative and
Qualitative Analyses
For each of the calculated and qualitative
methods, we tabulated the percentage of
times each calculated method was correct
in the identification of the lesser perfused
testis by using the radiolabeled micro-
sphere–based measurements as the ref-
erence standard (Appendix).

Results

Thirty-five animals were examined.
Three rabbits died during the course of
the experiment. Autopsy revealed no
obvious cause of death. Technical prob-
lems with radioisotope injection and
data transfer account for the additional
decreases in numbers of animals tested
at the moderate and severe occlusion
levels (Table 1).

Figure 1

Figure 1: Baseline study. Top: Final frame from contrast-enhanced PI imaging sequence shows four ROIs over
right (R) and left (L) testes. Middle: Individual image frames are shown, with final frame outlined with yellow box.
Bottom: Corresponding testicular replenishment curves. The intervention-control (right-left) radiolabeled micro-
sphere–based testicular perfusion ratio was 1.04. A spread in reperfusion values was observed not only between the
right and left testes but also within each testis: Intratesticular perfusion was not uniform.
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The mean baseline perfusion value,
as measured with radiolabeled micro-
spheres, was 0.225 (mL � g�1)/min �
0.084 (standard deviation) in the inter-
vention testis and 0.284 (mL � g�1)/
min � 0.091 in the control testis. The
mean intervention-control testicular
perfusion ratio at baseline was 0.803 �
0.205. These values were similar
whether the intervention side was the
right or the left. Perfusion values on the
intervention side and the intervention-
control testicular perfusion ratio both
decreased as the degree of occlusion
increased (P � .001 for both with re-
peated-measures analysis of variance),
whereas perfusion values on the control
side remained fairly stable (P � .08)
(Table 2). When perfusion values on the
control side were combined for all oc-
clusion levels, the mean testicular perfu-
sion was 0.304 (mL � g�1)/min � 0.108.

Quantitative Analysis
Data for analysis were available for 248
(89%) of a possible set of 280 US studies
(Table 3, Figs 1–3). The PI data provided
calculated measurements of perfusion ex-
pressed as the mean intervention-control
testicular perfusion ratios � standard de-
viation, according to occlusion level (Ta-
ble 3).

Nonparametric Spearman correla-
tions between the calculated and the ra-
diolabeled microsphere-based interven-
tion-control testicular perfusion ratios
were moderate and ranged from 0.49 to
0.68 and were significantly higher for
the M10 and Mmax measurements, com-
pared with the S05 measurement (P �
.02) (Table 4). On the right side of Ta-
ble 4, analysis is restricted to the sub-
group of animals that were imaged with
the lower-frequency 7–4-MHz probe
alone. However, the ratios did not vary
significantly according to probe fre-
quency or MI. The mean differences in-
dicate that the calculated perfusion ra-
tios caused overestimation of the radio-
labeled microsphere–based perfusion
ratios by 0.08 to 0.19. These estimates
were all significantly nonzero (P � .05).
Results obtained from a repeated-mea-
sures analysis of variance model indi-
cated that the mean differences did not
vary significantly according to calcu-

Figure 2

Figure 2: Moderate right spermatic cord occlusion. Top: Final frame from contrast-enhanced PI imaging se-
quence shows four ROIs over right (R) and left (L) testes. Middle: Individual image frames are shown, with final
frame outlined with yellow box. Bottom: Corresponding testicular replenishment curves. The intervention-control
(right-left) radiolabeled microsphere–based testicular perfusion ratio was 0.44. A delay in the rate of rise of the right
testicular replenishment curves (arrow), compared with the left testicular curves (arrowhead), was observed; a de-
crease in the amplitude of the plateau levels of the right testis, compared with the left testis, was seen.

Table 4

Spearman Correlations and Mean Differences between Calculated and Radiolabeled
Microsphere–based Intervention-Control Testis Perfusion Ratios

Calculated
Measurement

PI with 12–5- and 7–4-MHz
Transducers Combined PI with 7–4-MHz Transducer Alone

MI of 0.16 MI of 0.09 MI of 0.16 MI of 0.09

Spearman Correlations

M10 0.56 0.63 0.68 0.62
Mmax 0.56 0.64 0.67 0.67
S05 0.49 0.53 0.54 0.52

Mean Differences*

M10 0.12 � 0.49 0.08 � 0.31 0.10 � 0.39 0.11 � 0.27
Mmax 0.12 � 0.48 0.10 � 0.29 0.10 � 0.35 0.15 � 0.23
S05 0.17 � 0.65 0.09 � 0.38 0.19 � 0.63 0.09 � 0.31

* Values for mean differences indicate calculated ratio larger than radiolabeled microsphere–based ratio.
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lated measurement, MI, or probe fre-
quency (Table 4).

Qualitative Analysis
Assessment of intraobserver reliability
revealed agreement about the presence
of perfusion (ie, none, possible, or defi-
nite) of the intervention testis in 38
(95%) of 40 cases and of the control
testis in 40 (100%) of 40 cases for each
reader. With respect to relative perfu-
sion assessment (ie, perfusion of the
right testis greater than that of the left,
equal perfusion of both testes, perfusion
of the left testis greater than that of the
right), reader A agreed with himself 29
(72%) of 40 times, and reader B agreed
with himself 37 (92%) of 40 times.

The readers agreed with each other
about the presence of perfusion on the
control side in 487 (95%) of 511 imaging
sequences, with 97% of the 511 se-
quences classified as having definite flow.
There was excellent interobserver agree-
ment about the presence of perfusion on
the intervention side at mild, moderate,
and severe occlusion levels (86% agree-
ment; � � 0.76; 95% confidence interval:
0.70, 0.83) (Table 5). The PI method with
an MI of 0.09 demonstrated the highest
interobserver agreement (� � 0.86 vs
0.73–0.74 for the other three methods),
although a test of variation across the
methods was not significant (P � .39).
When � statistics were calculated sepa-
rately according to occlusion level, the
highest level of agreement beyond chance
occurred with the greatest occlusion level
(Table 6).

PI at both MI settings more accu-
rately helped to distinguish different de-
grees of testicular perfusion than color
or power Doppler US (Table 7).

The two readers agreed about the
degree of relative perfusion between
the testes (ie, perfusion of the interven-
tion testis less than that of the control
testis, equal perfusion of both testes, or
perfusion of the intervention testis
greater than that of the control testis)
76% of the time (� � 0.55; 95% confi-
dence interval: 0.49, 0.62) (Table 8).
The level of agreement was fairly uni-
form across the imaging methods (� �
0.50–0.59, P � .79).

There were no statistically signifi-

Figure 3

Figure 3: Severe left spermatic cord occlusion. Top: Final frame from contrast-enhanced PI imaging se-
quence shows four ROIs over right (R) and left (L) testes. The left testis appears swollen and hypoechoic, com-
pared with the right testis, and is surrounded by a small hydrocele. Middle: Individual image frames are
shown, with the final frame outlined with yellow box. Bottom: Corresponding testicular replenishment curves.
The intervention-control (left-right) radiolabeled microsphere– based testicular perfusion ratio was 0.05. A
pronounced delay in the rate of rise of the left testicular replenishment curves (arrowhead), compared with the
right testicular curves (arrow), was observed; a decrease in the amplitude of the plateau levels of the left testis,
compared with the right testis, was seen.

Table 5

Interobserver Agreement about Presence of Perfusion to Intervention Testis with all
Imaging Methods Combined for Mild to Severe Occlusion Levels

Reader A
Reader B

None Possible Definite All

None 45 3 0 48 (13)
Possible 14 8 3 25 (7)
Definite 2 30 269 301 (80)
All 61 (16) 41 (11) 272 (73) 374 (100)

Note.—The � value was 0.76 (95% confidence interval: 0.70, 0.83). Data indicate number of imaging sequences. Numbers in
parentheses are percentages.
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cant differences in the results obtained
with the two US probes for the qualita-
tive portions of the study.

Comparison of Quantitative and
Qualitative Analyses
As the ratio of testicular perfusion mea-
sured with radiolabeled microspheres
decreased (ie, as the difference be-
tween the perfusion values of each testis
increased), the percentage of correct
identification of the less perfused testis
increased for all methods. There was
generally a large improvement from the
perfusion ratio category of 0.60 or more
to less than 0.80 to the perfusion ratio
category of 0.40 or more to less than
0.60. Therefore, results are presented
for all ratios combined and separately
for ratios less than 0.60 (Table 9).

Overall, the performance of the six
calculated measurements was better
than that of the eight qualitative mea-
surements (Table 9). For all perfusion
ratios combined, comparison of each
calculated measurement with each qual-
itative measurement was statistically
significant (P � .004 for all compari-
sons), and this result indicated that,
with the quantitative methods, identifi-
cation of the side with lower perfusion
was significantly more likely than it was
with the readers.

When the analysis was restricted to
cases with the greatest difference in
perfusion (low-high perfusion ratios of
�0.60), it was easier to identify the less
perfused testis, which resulted in a
higher percentage of correct assess-
ments. Again, performance of the calcu-
lated measurements exceeded that of
the qualitative assessments, although
not all of the comparisons were signifi-
cant. The performance of calculated
measurements was especially promis-
ing, with an MI of 0.09. The best perfor-
mance of the qualitative assessments
was for color Doppler US, with rates of
74% and 84% for the two readers.

Discussion

Our data demonstrated that (a) calcu-
lated intervention-control perfusion
ratios derived from testicular replen-
ishment curves compared favorably

with ratios derived from radiolabeled
microsphere–based perfusion mea-
surements, (b) different levels of tes-
ticular perfusion were qualitatively
distinguished better with PI imaging
than with color or power Doppler US,
and (c) identification of the less per-
fused testis was significantly more
likely with quantitative methods than
with readers when a direct compari-
son between quantitative and qualita-
tive analyses was performed.

Limitations of the study included re-
striction of imaging to a single testicular
tissue plane and inclusion of testicular
parenchymal vessels of varying size
within each ROI.

When testicular perfusion measure-
ments are based on imaging limited to a
single tissue plane, one presumes that
these measurements are representative
of the entire organ. There may, in fact, be
substantial in-plane testicular flow vari-
ability. There is, therefore, a need for
volumetric flow information to more ac-
curately determine perfusion within the
testis as a whole. Current scrotal imaging
devices do not permit simultaneous ac-
quisition of reperfusion data from multi-
ple tissue planes. It is possible, however,
that averaging of data obtained from two
or more tissue planes during a short time
would result in an improved estimate of
total organ perfusion. Data from multiple
planes would also yield information on
perfusion changes in the direction orthog-
onal to the image planes and might pro-

vide an opportunity for more accurate
alignment between the left and right tes-
tes for comparison.

Quantitative analysis in this study re-
lied on a totally subjective determination
of parenchymal ROIs, with the potential
for erroneous inclusion of large feeding
vessels and structures adjacent to the tes-
tes. Physiologic differences in flow veloc-
ity within the macro- and microcircula-
tion, as well as size and position of the
ROIs, have been shown to influence tissue
replenishment curves (39–41). The expo-
nential function y � A[1 � e��t] has been
applied to replenishment curves obtained
in vivo to assess perfusion of kidney, myo-

Table 6

Intervention Testis: � Statistics for Perfusion according to Nominal and Measured
Occlusion Categories

Category No. of Imaging Sequences � Value

Nominal occlusion
Baseline 137 0.25
Mild 134 0.29
Moderate 124 0.64
Severe 116 0.75

Measured perfusion ([mL � g�1]/min)*
�0.30 59 NE†

�0.20 to �0.30 168 0.49
�0.10 to �0.20 195 0.53
�0.10 89 0.76

* Measured with radiolabeled microspheres.
† NE � could not be evaluated. The � statistic could not be calculated because one reader classified all cases in one category.

Table 7

Comparison of Classifications of
Testicular Perfusion according to
Imaging Method and Reader

Imaging Method Reader A Reader B

Color Doppler 87 (78, 95) 77 (68, 85)
Power Doppler 89 (81, 96) 72 (60, 83)
PI

MI of 0.16 98 (95, 100) 85 (72, 96)
MI of 0.09 96 (92, 99) 88 (71, 98)

All 89 (83, 93) 76 (70, 82)

Note.—Numbers are the percentages of times a testis
classified as having definite perfusion had greater per-
fusion according to radiolabeled microsphere–based
measurements than did a testis classified as having
none or possible perfusion, according to imaging
method. Numbers in parentheses are 95% confidence
intervals.
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cardium, and brain (40,42–45). As noted
by Lucidarme et al (39), however, this
exponential model is valid only if the con-
centration of microbubbles that enter the
ROI immediately after the destruction
pulse is constant. For this to occur, the
contrast medium infusion rate must be
constant and blood vessels entering the

ROI must not have been previously sub-
jected to the US beam. These authors
showed that the plateau of tissue en-
hancement depends on the fractional
blood volume in the ROI, the length of the
feeding vessels subjected to the US beam
before they reach this region, and the
flow rate. Potdevin et al (41) demon-

strated in phantom experiments that the
shape of the replenishment curve is sub-
stantially affected by the range of veloci-
ties within an ROI. Testicular replenish-
ment curves have not been previously in-
vestigated. In many cases, because the
assumed parametric model was not well
suited to the data, we abandoned it in
favor of three estimates of perfusion de-
tailed before, namely M10, Mmax, and S05.
In the future, we intend to perform stud-
ies that will incorporate replenishment
data derived from multiple tissue planes
and will investigate a variety of curve-fit-
ting algorithms.

A possible limitation of the study was
the use of an occlusive ischemic model as
a surrogate for testicular torsion. The de-
gree of ischemia induced by a defined de-
gree of torsion can be variable. We there-
fore employed a more straightforward
method of producing ischemia through di-
rect occlusion of the spermatic cord to
investigate the capability of PI imaging to
depict perfusion differences between in-
tervention and control testes.

In conclusion, quantitative and qual-
itative PI imaging, compared with con-
ventional Doppler US methods, pro-
vides a superior assessment of perfu-
sion in acute testicular ischemia. The
results of our investigation hold promise
in regard to the utility of PI imaging for
the diagnosis of testicular ischemia in
patients with acute scrotal pain and
warrant further methodological investi-
gation and refinement.

Practical application: PI imaging is
of potential utility in the diagnosis of tes-
ticular ischemia in patients with acute
scrotal pain, especially in children with
small testes in whom conventional Dopp-
ler imaging methods provide a suboptimal
assessment of both the presence of perfu-
sion and relative perfusion to the symp-
tomatic and contralateral testes.

Appendix

Animal Preparation
The first rabbit in this series received a
higher dose of intravenous ketamine (25
mg/kg) and was given intramuscular xyla-
zine (Xylazine HCI Injection; IVS Animal
Health, St Joseph, Mo)(5 mg/kg) instead

Table 8

Interobserver Agreement about Relative Perfusion in Intervention and Control Testes

Reader A

Reader B
Intervention Less
than Control

Equal in
Both

Intervention Greater
than Control All

Intervention less than control 178 76 1 255 (50)
Equal in both 31 208 4 243 (48)
Intervention greater than control 0 10 3 13 (3)
All 209 (41) 294 (58) 8 (2) 511 (100)

Note.—Data are numbers of imaging sequences. Numbers in parentheses are percentages. The � value was 0.55 (95%
confidence interval: 0.49, 0.62).

Table 9

Correct Identification of Testis with Lower Perfusion Determined with Radiolabeled
Microspheres

Measurement and Imaging Method All Ratios* Ratios �0.60†

Quantitative
M10

PI with MI of 0.16 77 91
PI with MI of 0.09 78 98

Mmax

PI with MI of 0.16 77 91
PI with MI of 0.09 79 100

S05

PI with MI of 0.16 78 91
PI with MI of 0.09 75 92

Qualitative
Reader A

PI
MI of 0.16 40 67
MI of 0.09 38 67

Color Doppler 60 84
Power Doppler 53 75

Reader B
PI

MI of 0.16 36 62
MI of 0.09 34 67

Color Doppler 48 74
Power Doppler 39 58

Note.—Numbers are percentages.

* Sample size range was 120–138.
† Sample size range was 52–57.
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of acepromazine. All subsequent rabbits
received ketamine and acepromazine be-
cause of an across-the-board change in
anesthetic medication instituted by the
veterinary department of our animal facil-
ity. Anesthesia was maintained with
1%–3% isoflurane (Baxter, Deerfield, Ill)
mixed with oxygen and delivered intratra-
cheally. An endotracheal tube was placed
to protect the airway, and a catheter was
inserted into an ear vein for venous ac-
cess. A central venous catheter (Intra-
medic PE 90; Becton Dickinson, Sparks,
Md) was placed into a jugular vein for
contrast agent administration. Straight
polyethylene catheters were inserted into
the left ventricle (4-F; Cook, Blooming-
ton, Ind) for radiolabeled-microsphere in-
jection and into one femoral artery (Intra-
medic PE 50; Becton Dickinson) for blood
pressure monitoring and for obtaining
reference blood samples. Heparin flushes
were administered through the venous
and arterial catheters. Animal tempera-
ture was maintained with a warming
blanket, and the ambient temperature
was held constant. Heart rate, respira-
tory rate, and oxygen saturation were
continuously monitored.

Surgical Procedure
The volume of saline required to pro-
duce mild to severe levels of occlusion
varied from animal to animal, with a
range of approximately 0.05–1.50 mL.
The degree of occlusion was visually de-
termined by the first author in every
instance by monitoring flow within the
ipsilateral testis with color Doppler US
while increasing pressure within the
cuff and comparing the resultant flow
within this testis to flow within the con-
tralateral control testis. The criteria
used to categorize perfusion as mildly,
moderately, or severely diminished rel-
ative to that in the control testis con-
sisted of a qualitative judgment compa-
rable to that which would ordinarily be
employed in clinical practice.

Contrast Agent Administration
The contrast agent used in this study is a
perflutren lipid–coated microsphere
composed of octafluoropropane encap-
sulated in an outer lipid shell. The mean
range in diameter of the microsphere

particles was 1.1–3.3 �m. One milliliter
of this contrast agent suspension con-
tains a maximum of 1.2 � 1010 per-
flutren lipid microspheres. For each ex-
perimental animal, 1.3 mL of contrast
agent suspension was reconstituted
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 jugu-
lar venous catheter by means of an infu-
sion pump (model 55-1111; Harvard
Apparatus, South Natick, Mass). Be-
tween infusions, the syringe was gently
rotated and inverted to resuspend the
contrast agent, which had a tendency to
settle out of solution over time.

Image Acquisition
A steady infusion of the contrast agent
was established, and a US probe was
placed over an ROI. Delivery of a burst
of high-energy US pulses into the tissues
caused microbubble destruction within
the imaging plane (26–28). Low-energy
US scanning performed immediately af-
ter delivery of the high-energy US pulses
permitted imaging of a progressive in-
crease in tissue US signal intensity due
to replenishment of the microbubbles
through arterial perfusion.

We investigated the 12–5-MHz and
7–4-MHz probes since, in our practice,
both are employed in the evaluation of
the pediatric scrotum. We were inter-
ested in comparing the results from
data acquired with these two probes be-
cause the image resolution and sensitiv-
ity to low flow provided by the higher-
frequency probe are generally consid-
ered superior to those obtainable with
the lower-frequency probe, whereas the
resonance frequency of the micro-
bubbles used in the contrast agent inter-
acts better with the 7–4-MHz frequen-
cies than with the 12–5-MHz frequen-
cies. This observation theoretically
would result in more robust PI imaging
data. Imaging was performed with the
US probe fixed by means of a mechani-
cal arm over a midtransverse plane of
the scrotum to include both testes
within the field of view. The same ma-
chine settings were used for acquisition
of all of the color and power Doppler
images, as well as for all of the PI im-

ages. One or two focal zones were posi-
tioned adjacent to the mid-to-lower por-
tions of the testes. Gray-scale and color
gain were adjusted during the course of
the color and power Doppler sequences
for image optimization. PI imaging was
performed by using a 170-dB dynamic
range with persistence turned off. Gray-
scale gain was adjusted prior to contrast
agent administration and was not al-
tered after it.

At baseline and at each level of sper-
matic cord occlusion, an intravenous in-
fusion of the contrast agent was estab-
lished, followed by intermittent PI imag-
ing at a low MI setting 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 sec-
onds. Continuous PI imaging at a low MI
was then performed for several sec-
onds, followed first by delivery of seven
destructive image pulses into the scro-
tum at maximal power (0.6–0.9 MI)
and then by a reversion to low-MI imag-
ing. Images were acquired uniformly
over time for an average of 14 seconds
(range, 7–20 seconds) during which
contrast agent replenishment to a
steady-state level within the imaging
plane was achieved. The sampling inter-
val was 0.075 seconds in 90% of the
imaging sequences, with a range of
0.0375–0.115 seconds. A scanning se-
quence performed with a low MI setting
of 0.16 was immediately followed by a
second scanning sequence performed
with a low MI setting of 0.09.

Digital cine loops of all imaging se-
quences recorded from the time of initia-
tion of continuous low-MI imaging
through microbubble destruction and
subsequent full contrast agent replenish-
ment were transferred to a personal com-
puter for image processing and analysis.

Regional Perfusion Measurements
A different radioisotope was used for
each perfusion determination: cerium
141 (baseline), ruthenium 103 (mild oc-
clusion), niobium 95 (moderate occlu-
sion), and scandium 36 (severe occlu-
sion) (PerkinElmer Life and Analytical
Sciences, Billerica, Mass). Each of these
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radioisotopes has a unique photon en-
ergy and therefore can be measured in-
dependently. For every perfusion mea-
surement, a 0.2-mL solution containing
10 �Ci (0.74 MBq) of 15-�m-diameter
radiolabeled microspheres was injected
into the left ventricular catheter. A ref-
erence blood sample was simulta-
neously removed from the femoral ar-
tery with a 5-mL syringe and with-
drawal pump (model 55-1143; Harvard
Apparatus) at a rate of 2.0 mL/min for
1.25 minutes. The withdrawal interval
was measured with an electronic timer.

After sacrifice, each testis was used
in its entirety for perfusion measure-
ments. In the first three rabbits, the
testis was divided longitudinally into
two strips; in the remaining rabbits, the
testis was divided 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 reference blood samples was
measured in a deep-well gamma
counter (Packard, Downers Grove, Ill).
Regional perfusion measurements (ex-
pressed as [mL � g�1]/min of testicular
tissue) for each tissue sample were de-
termined. The measurements for the in-
dividual tissue strips were averaged to
obtain a mean perfusion measurement
for each testis. By averaging the perfu-
sion measurements from four tissue
samples as compared with two tissue
samples, we were able to increase the
stability of the data.

Image Review
Readers A and B accessed the pass-
word-protected Web site and sequen-
tially downloaded the randomly ordered
image files. Each image file could be re-
viewed repeatedly without penalty and
was classified by means of a pop-up
menu. Once an image file was electroni-
cally classified and submitted, it was no
longer available for review and its clas-
sification could not be altered.

Intraobserver reliability was evalu-
ated by having each reader assess 40
(8%) of 511 imaging sequences twice.
The percentage of times each reader
agreed with himself in regard to the
classification of the presence of perfu-

sion in each testis (ie, none, possible, or
definite) and in regard to the classifica-
tion of relative perfusion (ie, perfusion
of the right testis greater than left, equal
perfusion of both testes, or perfusion of
the left testis greater than right) were
tabulated.

Statistical Analyses
Quantitative analysis.—In the prelimi-
nary analysis, a nonlinear curve that has
been used in the literature was fit to
each ROI, with y � A[1 � e��t], where
� represents mean microbubble veloc-
ity, t is time in seconds, A represents
fractional blood volume, and the prod-
uct of � and A represents tissue perfu-
sion (26,29,30). The assumed paramet-
ric model was not, in many cases, well
suited to the data and did not permit an
estimation of model parameters. This
approach was not pursued further.

For each PI imaging sequence, per-
fusion estimates from the four left and
four right testicular ROIs were averaged
to produce single left and right sum-
mary statistics, and ratios of the perfu-
sion estimate for the intervention testis
to that for the control testis were calcu-
lated. Thus, the ROI data for each PI
imaging sequence were reduced to in-
tervention-control testicular perfusion
ratios for M10, Mmax, and S05. These
calculated intervention-control perfu-
sion ratios derived from the testicular
replenishment curves were then com-
pared with the ratios derived from the
radiolabeled microsphere–based re-
gional perfusion measurements.

The performance of the calculated
measurements of relative testicular
perfusion was assessed by determining
(a) the nonparametric Spearman corre-
lation between calculated perfusion ra-
tios and radiolabeled microsphere–
based perfusion ratios and (b) the mean
difference between calculated perfusion
ratios and radiolabeled microsphere–
based perfusion ratios. Visual examina-
tion of the replenishment curves sug-
gested that there was less noise in the
data derived from the lower-frequency
(7–4-MHz) US transducer. When we
tested whether correlations varied sig-
nificantly according to calculated mea-
surement (M10, Mmax, S05) or MI (0.16

or 0.09), we accounted for the noninde-
pendence induced by estimating differ-
ent ratios in the same animal (31). This
was not necessary when we compared
transducer frequencies (12–5-MHz
transducer vs 7–4-MHz transducer); re-
sults of a test for independent data were
sufficient (31). A repeated-measures
analysis model with a robust variance
estimate was used to assess whether the
mean differences were significantly dif-
ferent from zero and whether they var-
ied according to calculated measure-
ment, MI, or transducer frequency (32).

Qualitative analysis.—The � value
was calculated separately for each imag-
ing method—namely color Doppler im-
aging, power Doppler imaging, and PI
imaging at MI levels of 0.16 and 0.09—
transducer frequency, and all imaging
methods combined. To investigate
whether there might be a graded associ-
ation with the degree of spermatic cord
occlusion, � for the intervention testis
was calculated separately according to
occlusion level. In addition to the base-
line, mild, moderate, and severe catego-
rizations, occlusion categories were cre-
ated on the basis of radiolabeled micro-
sphere–based perfusion measurements
of 0.30 or greater, of 0.20 or greater to
less than 0.30, of 0.10 or greater to less
than 0.20, and less than 0.10 (mL � g�1)/
min to analyze the results in terms of
more homogeneous perfusion catego-
ries.

Qualitative measurements of perfu-
sion were compared with radiolabeled
microsphere–based perfusion measure-
ments by calculating the percentage of
times a testis classified as having defi-
nite flow had greater flow as measured
with radiolabeled microspheres than a
testis rated as having none or possible
flow. This is equivalent to calculating
the area under a receiver operating
characteristic curve for comparison
of radiolabeled-microsphere perfusion
measurements in testes classified as
having definite perfusion with those in
which perfusion was classified as possi-
ble or none (33). In contrast to the usual
receiver operating characteristic curve
setting, the roles of the reference stan-
dard and the diagnostic test are re-
versed here. Confidence intervals for
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these quantities were constructed by us-
ing the bootstrap method (34).

Comparison of Quantitative and
Qualitative Analyses
For quantitative assessments, if the side
for which a lower calculated measure-
ment of testicular perfusion (ie, M10,
Mmax, S05) was the same as the side for
which the radiolabeled microsphere–
based perfusion measurement was
lower, then the calculated measurement
was considered correct. For qualitative
assessments, if a reader classified perfu-
sion of the left testis as less than that of
the right and the perfusion measure-
ment of the left testis was lower or,
similarly, if a reader classified perfusion
of the right testis as less than that of the
left and the perfusion measurement of
the right testis was lower, then the
reader was considered correct. If a
reader classified perfusion as equal to
both testes, the reader was considered
incorrect regardless of the perfusion
measurement. (In fact, for the right and
left testes, radiolabeled microsphere–
based perfusion measurements never
were exactly the same.)

The percentage of correct assess-
ments was determined separately for
the six calculated measurements (M10,
Mmax, and S05 applied to PI imaging with
an MI of 0.16 and to PI imaging with an
MI of 0.09) and for the eight qualitative
assessments (the four imaging methods
of color Doppler US, power Doppler
US, PI imaging with an MI of 0.16, and
PI imaging with an MI of 0.09, each
assessed by two readers). For each
combination, the results were further
stratified according to the true relative
perfusion measurements obtained with
radiolabeled microspheres by using four
categories that were based on the ratio
of lower perfusion to higher perfusion
measurements: perfusion ratio category
of 0.80 or more to less than 1.00, perfu-
sion ratio category of 0.60 or more to
less than 0.80, perfusion ratio category
of 0.40 or more to less than 0.60, and
perfusion ratio category of zero or more
to less than 0.40. Comparison of each
calculated measurement with each qual-
itative measurement was performed by
using the McNemar test (35). The Bon-

ferroni-Holm method was used to adjust
for multiple comparisons (36).
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