
u n i ve r s i t y  o f  co pe n h ag e n  

Clinical validation of three-dimensional ultrasound for abdominal aortic aneurysm

Ghulam, Qasam M; Kilaru, Sashi; Ou, San-San; Sillesen, Henrik

Published in:
Journal of Vascular Surgery

DOI:
10.1016/j.jvs.2019.03.066

Publication date:
2020

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY-NC-ND

Citation for published version (APA):
Ghulam, Q. M., Kilaru, S., Ou, S-S., & Sillesen, H. (2020). Clinical validation of three-dimensional ultrasound for
abdominal aortic aneurysm. Journal of Vascular Surgery, 71(1), 180-188.
https://doi.org/10.1016/j.jvs.2019.03.066

Download date: 25. maj. 2023

https://doi.org/10.1016/j.jvs.2019.03.066
https://curis.ku.dk/portal/da/persons/henrik-sillesen(de688896-c103-431d-8fe1-d44ed6e3a595).html
https://curis.ku.dk/portal/da/publications/clinical-validation-of-threedimensional-ultrasound-for-abdominal-aortic-aneurysm(3cff0aab-e983-4161-88e2-8ca0091ea346).html
https://curis.ku.dk/portal/da/publications/clinical-validation-of-threedimensional-ultrasound-for-abdominal-aortic-aneurysm(3cff0aab-e983-4161-88e2-8ca0091ea346).html
https://doi.org/10.1016/j.jvs.2019.03.066


From t

Depa

tory a

and M

This stu

Author

recei

Corresp

Rigsh

ghula

The edi

disclo

manu

0741-52

Copyrig

Socie

BY-N

https://

180
Clinical validation of three-dimensional ultrasound for

abdominal aortic aneurysm
Qasam M. Ghulam, MD, PhD,a Sashi Kilaru, MD,b San-San Ou, MS,c and Henrik Sillesen, MD, DMSci,a,d

Copenhagen, Denmark; Cincinnati, Ohio; and Bothell, Wash
ABSTRACT
Objective: Three-dimensional ultrasound (3D-US) examination is a relatively new modality that can be used for
abdominal aortic aneurysm (AAA) surveillance, and may offer improved reproducibility over conventional two-
dimensional ultrasound (2D-US) examination. The aim of this study was to evaluate the interoperator reproducibility
of maximum anterior-to-posterior diameter by nonphysician ultrasound technicians in a typical vascular laboratory
setting, on patients with infrarenal AAAs using 3D-US and 2D-US examination.

Methods: A total of 134 consecutive patients with asymptomatic infrarenal AAAs were screened. Of the 134 patients, 28
(21%) were screen failures. From the remaining 106 patients, 3 (2.8%) had missing data and 13 (12.3%) had technically
unacceptable image quality. As a result, 90 patients were included for final analysis. Ultrasound image acquisitions were
performed during the single visit. The 2D-US images were evaluated at the time of examination by the respective
ultrasound technicians who acquired them. All 3D-US images were evaluated offline by both ultrasound technicians after
a wash-out period of at least 6 weeks.

Results: Excellent interoperator reproducibility was observed for measuring maximum diameter using 3D-US (intraclass
correlation coefficient, 0.97), and good agreement among ultrasound technicians (mean difference, �0.08 mm; limits of
agreement, �3.17; 3.00 mm). When using 3D-US examination, 74 of the 90 patients (82%) were estimated within 2 mm of
interoperator variability. Of 90 patients, 52 (58%) were estimated to be within the same variability by 2D-US examination.
Estimating AAA diameter using 3D-US was superior to 2D-US with respect to interoperator reproducibility.

Conclusions: Both 3D-US and 2D-US examination demonstrated good reproducibility among two vascular ultrasound
technicians with superior agreement from 3D-US examination. The present results support the broader use of 3D-US in
standard AAA surveillance programs. (J Vasc Surg 2020;71:180-8.)

Keywords: Abdominal aortic aneurysm; Three-dimensional ultrasound; Maximum diameter; Ultrasound reproducibility
Surveillance of native abdominal aortic aneurysms
(AAAs) is routinely performed with two-dimensional
ultrasound (2D-US) examination to determine progres-
sion of the aneurysm size.1 Imagingwith 2D-US is typically
used owing to its ready availability, low cost, lack of
ionizing radiation, and the absence of nephrotoxic
contrast agents,which ingeneral areusedwith computed
tomography angiography (CTA). However, 2D-USmay not
be sufficiently reproducible between ultrasound techni-
cians to reliably detect small changes, which could rule
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out or indicate the need for intervention.1-5 Indications
for surgical treatment and surveillance intervals of AAA
are defined by the AAA diameter, highlighting the impor-
tance of the accuracy and reproducibility with which the
diameter is established.6-8

Three-dimensional ultrasound (3D-US) examination is a
relatively new modality that can also be used for AAA
surveillance, and may offer improved reproducibility
over conventional 2D-US examination.7,9 Nevertheless,
only limited data on the accuracy and reproducibility of
aneurysm size measurements with 3D-US examination
are available. The main objective of this study was to
evaluate the interoperator reproducibility of 3D-US
examination for native AAAs, as compared with 2D-US
examination.
METHODS
Patients. Between June 20, 2016, and May 6, 2017, 134

consecutive patients with asymptomatic infrarenal
AAAs were screened for study eligibility. Patients were
recruited from a single center (Department of Vascular
Surgery at The Christ Hospital, Cincinnati, Ohio) and eligi-
bility was determined by the largest cross-sectional
anterior-to-posterior (AP) diameter by two mutually
blinded ultrasound technicians (S#1 and S#2), using the
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ARTICLE HIGHLIGHTS
d Type of Research: Prospective, single-center, repro-
ducibility study

d Key Findings: When measuring the maximum
diameter of abdominal aortic aneurysm (AAA) using
three-dimensional ultrasound (3D-US) examination
vs two-dimensional ultrasound (2D-US) examination,
excellent interoperator reproducibility was observed
(intraclass correlation coefficient, 0.97), and good
agreement among ultrasound technicians (mean
difference, �0.08 mm; limits of agreement, �3.17;
3.00 mm). When using 3D-US, 74 of 90 patients
(82%) were estimated within 2 mm of interoperator
variability. On 2D-US, 52 of 90 patients (58%) were
within the same variability. Estimating AAA diameter
using 3D-US was superior to 2D-US with respect to
interoperator reproducibility.

d Take Home Message: A 3D-US examination can be
applied by ultrasound technicians to native AAA sur-
veillance with excellent interoperator reproducibility,
superior to that of 2D-US, showing the potential
benefit to AAA patient surveillance.
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C5-1 curved array transducer on Philips EPIQ 7G
US-system (Philips Healthcare, Bothell, Wash).
Inclusion criterion was an AP diameter of 30 mm or

greater as measured using 2D-US examination. Exclusion
criteria were prior abdominal aortic surgery, umbilical or
ventral hernia repair with mesh implant, and pregnancy.
The study was conducted according to the International
Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use Guidelines for good
clinical practices and complied with the standards of
International Organization for Standardization 14155.
Written informed consent was obtained from all patients
before enrollment and study material was reviewed and
approved by the local institutional review board (#16-33).

Ultrasound technicians. The two ultrasound techni-
cians participating in the study were both credentialed
as registered vascular technologists (RVTs) by the
American Registry for Diagnostic Medical Sonography.
Ultrasound technician #1 (S#1) was also credentialed as a
Registered Diagnostic Cardiac Sonographer, and had a
total of 10 years of experience including 5 years in echocar-
diography. Ultrasound technician #2 (S#2) had a total of
8 years of experience in vascular ultrasound examination.
S#1was familiarwith 3D-USexamination for cardiac appli-
cations, in comparison with S#2 who had no prior experi-
ence with 3D-US examination. With regard to vascular
3D-US image acquisition and reading, both ultrasound
technicians were considered to be on an equal level.
Before study initiation, both ultrasound technicians un-

derwent a single day of supervised standardized training
in how to perform 3D-US examinations. The acquisitions
were reviewed by an experienced 3D-US trainer and the
participating ultrasound technicians were certified at the
discretion of the trainer.
Six weeks after the last scan was performed, both ultra-

sound technicians were trained in using the 3D-US
reading software, which was performed on a personal
computer using the reading software described else-
where in this article. Each ultrasound technician per-
formed 20 supervised readings that were not included
in the study. All study readings were done in one session.

Study design. All enrolled patients underwent a 2D-US
examination, followed by a 3D-US examination during
the same examination, performed by the same two
ultrasound technicians. A strict minimum AP diameter
criterion ($30 mm) was enforced, in which the two ultra-
sound technicians had to independently measure the AP
diameter at 30 mm or greater; otherwise, the patient was
excluded.
To eliminate equipment-related variability, the ultra-

sound technicians used the same US-system (Philips
EPIQ 7G). S#1 used a C5-1 curved array transducer to
acquire a 2D-US dataset and measure the maximum
AP diameter with the measurement cursors on the US
system. Then the 3D-US dataset was acquired using the
X6-1 xMATRIX transducer and stored without measure-
ment for later off-line evaluation. The US system was
reset, and the S#2 independently repeated the
examination.
The EPIQ 7G US-system was configured with a clinical

preset named AAA and was used for all scans. However,
the ultrasound technician made appropriate adjust-
ments as necessary, that is, focal zone location, gain
setting, and so on, to optimize image quality (IQ).
All patients were examined in a supine position after

resting for 5 minutes. Patients were instructed to fast
before US examination. All source data were captured
on paper case report forms and later transcribed to the
electronic case report form. Likewise, all image datasets
were archived at the study site on a picture archiving
and communications system with a single back-up on
an external hard drive.
For the estimation of 3D-US interoperator reproduc-

ibility of AP diameter measurements, the 3D-US images
acquired by the two ultrasound technicians were evalu-
ated independently and off-line on a dedicated com-
puter using QLAB AAA quantification software (Philips).
The 3D-US acquisitions were read with a minimum of
6 weeks delay in a randomized sequence, and the ultra-
sound technicians were mutually blinded to the prior
2D-US results, as well as to each other’s 3D-US results.
For the estimation of 2D-US interoperator reproducibility
of AP diameter, the 2D-US acquisitions were evaluated at
the time of examination, by the respective ultrasound
technicians who acquired them, using standard on-cart



Fig 1. Two-dimensional ultrasound (2D-US) image, illus-
trating the anterior-to-posterior (AP) and lateral mea-
surements in a cross-sectional still image at the maximum
systolic diameter of an abdominal aortic aneurysm (AAA).

182 Ghulam et al Journal of Vascular Surgery
January 2020
distance cursors, and the results were exported as digital
imaging and communication in medicine structured
report files.
The estimation of 3D-US inter-reader reproducibility of

the AP diameter was performed by both ultrasound
technicians reading 3D datasets acquired by each ultra-
sound technician independently. Thus, S#1 and S#2
read data acquired by S#1 (inter-reader 3D-US AP diam-
eter S#1) and likewise for S#2 (inter-reader 3D-US AP
diameter S#2). Similarly, the interscan reproducibility
was estimated by both S#1 and S#2 independently,
meaning the S#1 read dataset acquired by S#1 and S#2
(interscan 3D-US AP diameter S#1), and likewise S#2
read dataset acquired by S#1 and S#2 (interscan 3D-US
AP diameter S#2).

Two-dimensional US acquisition. The 2D curved array
C5-1 transducer was used to measure the largest AP
diameter on the transverse image, from the leading edge
of the adventitia anterior wall to the leading edge of the
adventitia posterior wall (Fig 1). US image acquisition was
performed during a single breath hold and in maximum
systole, which was identified in a 10-second transverse
cineloop, demonstrating changes in diameter during the
cardiac cycle, at the same location. Latter 2D-US protocol
was used, since it has shown to minimize US-related
variability.2,10

Three-dimensional US acquisition. The 3D-US data
were acquired using a X6-1 xMATRIX transducer, which
enabled simultaneous and real-time display of both
transverse and longitudinal US images.
First, the largest AP diameter in the transverse view was

located, hereafter using the simultaneous longitudinal
view to ensure that the selected transverse plane was
perpendicular to the centerline. Image optimization
was then sought achieved by tilt and rotation of the
transducer, improving the visualization of the proximal
and distal parts of the aneurysm. Then, 3D-US acquisition
was performed, during single breath hold, and the
electronic sweep acquiring the data was completed
within approximately 3 seconds, displaying the multipla-
nar reconstruction. If satisfactory reconstruction was
achieved, at the discretion of the ultrasound technician,
the 3D dataset was saved for quantification off-line.
Otherwise, the process was repeated until an optimal
multiplanar reconstruction was achieved (Fig 2).

AAA segmentation. Quantification of the 3D-US AP
diameter was a two-step, semiautomated procedure.
First, according to a randomized reading sequence, the
correct US data were uploaded to the QLAB AAA quan-
tification software. The AAA software subsequently
automatically detected and displayed the boundaries of
the AAA vessel walls, within 5 seconds of initiation. Next,
if a limited boundary adjustment was needed, the ul-
trasound technician could place points of correction, to
adjust the segmented vessel wall boundaries. Each point
would require less than 1 second to adjust. If more
adjustments were necessary, the user could provide an
interactive initialization for the segmentation. When the
segmentation was satisfactory according to the judge-
ment of the reader, the reader accepted the results and
the maximum AP diameter was automatically calcu-
lated and saved as an extensible markup language file
for further analysis. On average, each case required
approximately 1 minute to review and finalize.

Data analysis and statistics. For this study, to achieve a
precise estimate of the limits of agreement (LoA) so that
the 95% confidence interval (CI) of the estimated limits
were within 61 mm, a sample size of approximately 75
patients were needed, assuming a standard deviation
(SD) of 2.5. Considering missing data rate of 10%, approx-
imately 85 patients were calculated to be enrolled in
this study.
Because the reproducibility of ultrasound technicians

was also evaluated using intraclass correlation (ICC), we
had to consider the precision of the correlation.
Assuming that the ICC would be greater than 0.7, with
a 95% CI width of 0.3 and using the procedure described
by Saito et al,11 105 patients were estimated to be
required for 2 ultrasound technicians with 10% missing
data taken into account.
Overall, considering both the sample sizes for precision

on LoA and ICC, approximately 105 patients were
planned to be enrolled and evaluated in the study.
Owing to operation limitations, only two ultrasound
technicians were evaluated.
For the primary efficacy analysis, the interoperator

reproducibility of the ultrasound technicians (S#1 vs
S#2) for 3D-US was evaluated based on the Bland and
Altman’s LoA to estimate the 95% probability interval of
the differences between the measurements obtained



Fig 2. Three-dimensional ultrasound (3D-US) image illustrating cross-sectional (upper left), longitudinal (upper
right), coronal (lower left), and the multiplanar reconstruction (lower right).
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by the two ultrasound technicians. The LoA, as defined
by Bland and Altman,12 was expressed as the mean
difference (md) 6 1.96 � SD, where md was the mean dif-
ference of the paired measurements from the two ultra-
sound technicians and SD was the standard deviation of
the differences. The difference was calculated as mea-
surement from S#1 minus measurement from S#2. In
addition, the 95% CI for the LoA were presented. Propor-
tions of patients whose difference between the two
ultrasound technicians were within 62, 3, 4, and 5 mm,
together with the corresponding 95% CI, were calculated
using Clopper-Pearson exact method and were likewise
presented.
The interoperator variability was also examined by

calculating the ICC, which is defined as a ratio of the sub-
ject variance to the total variance (ie, patient variance þ
ultrasound technician variance þ error variance) and esti-
mated using the two-way analysis of variance model
with both patient and ultrasound technician as random
variables. The 95% CI was estimated using the formula
described by Shrout and Fleiss.13

Similar statistical analyses were used for the secondary
efficacy analysis. LoA, proportions of patients with pair
differences within specific values, and ICC were per-
formed to evaluate the interoperator reproducibility of
the maximum AP diameter measurements by 2D-US
examination. The comparison of interoperator reproduc-
ibility between 2D and 3D examination was performed
by comparing the ICC values and their 95% CIs between
the modalities. If the 95% CIs were not overlapping, and
the one for the 3D examination was greater than the one
for the 2D examination, superiority for the interoperator
reproducibility would be declared for the 3D ultrasound
examination and vice versa.
All statistical analysis was performed using Statistical
Analysis System Enterprise Guide 9.4 (SAS Institute,
Cary, NC).

RESULTS
Of 134 patients, 28 (21%) did not comply with the inclu-

sion criterion of maximum diameter of 30 mm or greater
(screen failure); therefore, 106 patients (79%) were
enrolled. Among 106 enrolled patients, three (2.8%) had
missing data, because the 3D-US acquisition was not
saved in the correct format, and 13 (12.3%) had technically
unacceptable 3D IQ (technical success rate 85% [90/106];
the 2D IQ in these cases was also poor, although poten-
tially useable for diameter estimation. As a result, 90
patients were included in the final efficacy analysis,
with median age of 74 years, 84% male, and a mean
body mass index of 28.7 6 4.4. About 69% of the patients
had hypertension, 50% had ischemic heart disease, 22%
had peripheral Artery Disease, and 23% were current
smokers (Table I).

Interoperator reproducibility of AP diameter with 3D-
US examination. In the efficacy population consisting of
90 patients, the mean 3D-US AP diameter was 37.9 6

6.7 mm and 38 6 6.6 mm measured by S#1 and S#2,
respectively. The LoA for 3D-US AP diameter was �3.17 to
3.00mm,with amean difference betweenmeasurements
from the two ultrasound technicians of �0.08 6 1.57 mm
(Fig 3). The 95% CI for the lower LoA was �3.73
to �2.61 mm; likewise, for the upper LoA was 2.44 mm to
3.56 mm (Table II). Proportions of patients whose pair
differences of 3D-US AP diameter between the two ultra-
soundtechnicianswithin62, 3, 4, and5mmwere0.82 (95%
CI, 0.73-0.89), 0.93 (95% CI, 0.86-0.98), 0.98 (95% CI,
0.92-1.00), and 1.0 (95%CI, 0.96-1.00), respectively (Table III).



Table I. Patient demographics and baseline
characteristics

Measurements (N ¼ 90) Total

Age, years 74.2 6 8.7

Male gender 76 (84.4)

Body mass index, kg/m2 28.7 6 4.4

Hypertension 62 (68.9)

Ischemic heart disease 45 (50)

Peripheral artery disease 20 (22.2)

Current smoker 21 (23.3)

Values are presented as mean 6 standard deviation or number (%).

Fig 3. Bland and Altman plot illustrating the difference
between anterior-to-posterior (AP) diameter acquired and
read by each ultrasound technician separately, using (A)
three-dimensional ultrasound (3D-US) and (B) two-
dimensional ultrasound (2D-US). SD, Standard devotion.
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The ICC for the 3D-US AP diameter was 0.972 (95% CI,
0.958-0.982; Fig 4). All the paired differences between the
diameter measurements are presented in Table II and the
AP diameter estimated with 3D-US by the two ultrasound
technicians as a Bland-Altman plot in Fig 3.

Interoperator reproducibility of AP diameter with
2D-US. The interoperator reproducibility using 2D-US
had a difference between the means of the two ultra-
sound technicians measuring AP diameter of 0.14 6

2.46 mm. The LoA for 2D-US AP diameter was
-4.68 mm to 4.95 mm. The 95% CI for the lower LoA
was -5.56 to -3.80 mm and for the upper LoA was 4.07
to 5.83 mm (Table II). Proportions of patients whose
pair differences between the two ultrasound technicians
within 62, 3, 4, and 5 mm were 0.58 (95% CI, 0.47-0.68),
0.81 (95% CI, 0.71-0.89), 0.92 (95% CI, 0.84-0.97), and 0.93
(95% CI, 0.86-0.98), respectively (Table III). The ICC was
0.934 (95% CI, 0.902-0.956; Fig 4).

Inter-reader and interscan reproducibility of AP
diameter with 3D-US. In the sameefficacypopulation (90
patients), the mean difference between measurements
acquired by S#1 and read by both ultrasound technicians
using 3D-US was 0.02 6 0.83 mm for first ultrasound
technician and 0.126 0.85mm for the second ultrasound
technician. In contrast, the mean difference in AP diam-
eter when acquired by each ultrasound technician
separately and read by S#1 and S#2 was -0.20 6 1.61 mm
and �0.10 6 1.75 mm, respectively (Table II).

Comparing reproducibility of 3D-US and 2D-US. The
difference between the upper and lower LoA in the
Bland-Altman plot represents a range of variability, and
corresponds to the interoperator variabilities for 2D-US
and 3D-US examinations are shown in Fig 3. This range of
variability is reduced from 64.82 mm for 2D-US exami-
nations to 63.09 for 3D-US examinations, a decrease of
36%. The interoperator reproducibility of 3D-US exami-
nations was considered to be superior to 2D-US exami-
nations, because there was no overlap between the 95%
CI for ICC, and the ICC for 3D-US examinations (0.97) was
greater than that for 2D-US examinations (0.93).
DISCUSSION
Indications for surgical treatment and surveillance

intervals for AAA are defined by the maximum AP diam-
eter and potentially the rate of growth of the aneurysm.
The estimated diameter is subject to variation due to
both technique and acquisition protocol. Estimation of
diameter using ultrasound can vary up to 610 mm,1-3

but a recent study has demonstrated potential for an
improved agreement with 3D-CTA, with a variation
of 63 mm.7 However, the need for a noninvasive imaging
modality in an outpatient clinic is not only restricted to a
good agreement with CTA, but also demands a high
reproducibility, because patients undergoing AAA sur-
veillance may be scanned by different ultrasound techni-
cians at each visit. Thus, improving the reproducibility of
the method makes a broader implementation viable



Table II. Summary of paired differences between ultrasound technicians

Measurements (N ¼ 90) Mean difference 6 SD 95% LoA
CI for Lower

LoA CI for upper LoA Range

Interoperator reproducibility

2D-US AP diameter, mm 0.14 6 2.46 �4.68 to 4.95 �5.56 to �3.80 4.07-5.83 29.95-61.75

3D-US AP diameter, mm �0.08 6 1.57 �3.17 to 3.00 �3.73 to �2.61 2.44-3.56 27.13-60.83

Inter-reader 3D-US AP diameter

Acquired by S1, mm 0.02 6 0.83 �1.62 to 1.65 �1.92 to �1.32 1.35-1.95 27.88-61.5

Acquired by S2, mm 0.12 6 0.88 �1.61 to 1.85 �1.93 to �1.29 1.53-2.17 26.19-60.18

Interscan 3D-US AP diameter

Read by S1, mm �0.20 6 1.61 �3.35 to 2.95 �3.92 to �2.78 2.38-3.52 27.13-60.83

Read by S2, mm �0.10 6 1.75 �3.35 to 3.34 �4.16 to �2.90 2.71-3.97 27.45-60.85

2D-US, Two-dimensional ultrasound; 3D-US, three-dimensional ultrasound; 95% LoA, 95% limits of agreement; AP, anterior-to-posterior; S#1, ultra-
sound technician 1; S#2, ultrasound technician 2; SD, standard deviation.
Range is for average (range).

Table III. Proportions of patients with paired differences between the two ultrasound technicians measuring AP diameter,
within 2, 3, 4, and 5 mm using 2D-US and 3D-US examination

Measurements (N ¼ 90)

2 mm 3 mm 4 mm 5 mm

nw/N Prop (95% CI) nw/N Prop (95% CI) nw/N Prop (95% CI) nw/N Prop (95% CI)

Interoperator reproducibility

2D-US AP diameter, mm 52/90 0.58 (0.47-0.68) 73/90 0.81 (0.71-0.89) 83/90 0.92 (0.85-0.97) 84/90 0.93 (0.86-0.98)

3D-US AP diameter, mm 74/90 0.82 (0.73-0.89) 84/90 0.93 (0.86-0.98) 88/90 0.98 (0.92-1.00) 90/90 1.00 (0.96-1.00)

Inter-reader 3D-US AP diameter

Acquired by S#1 86/90 0.96 (0.89-0.99) 87/90 0.97 (0.91-0.99) 88/90 0.98 (0.92-1.00) 90/90 1.00 (0.96-1.00)

Acquired by S#2 86/90 0.96 (0.89-0.99) 87/90 0.97 (0.91-0.99) 88/90 0.98 (0.92-1.00) 90/90 1.00 (0.96-1.00)

Interscan 3D-US AP diameter

Read by S#1 75/90 0.83 (0.74-0.90) 84/90 0.93 (0.86-0.98) 86/90 0.96 (0.89-0.99) 90/90 1.00 (0.96-1.00)

Read by S#2 71/90 0.79 (0.69-0.87) 82/90 0.91 (0.83-0.96) 86/90 0.96 (0.89-0.99) 89/90 0.99 (0.94-1.00)

95% LoA, 95% limits of agreement; AP, anterior-to-posterior; CI, confidence interval; S#1, ultrasound technician 1; S#2, ultrasound technician 2; Prop
95% CI, proportions of patients within this difference.
Note: nw is the number of patients whose pair differences are within the specific value.
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and increases safety of the surveillance since the chance
of missing or overestimating growth is decreased.
This study had three main findings. First, both 3D-US

and 2D-US examinations provided a high reproducibility
measured by LoA and ICC. Second, 3D-US examination
showed significantly better reproducibility compared
with 2D-US examination. Third, in a standard outpatient
AAA surveillance setting, 3D-US scans performed by
experienced RVTs without prior vascular 3D US experi-
ence, estimated AP diameter with a good interscan
and inter-reader variability, although reading of 3D-US
examinations was performed off-line.
The low variability of both 3D-US and 2D-US examina-

tion between ultrasound technicians indicated good
reproducibility, with results very similar to those esti-
mated in a recent 3D-US study performed by vascular
physicians highly experienced in vascular ultrasound
examinations.7 The mean difference was similar in these
two 3D-US studies (�0.08 mm vs 0.4 mm), and in regards
to LoA the difference was marginal, only separated
by 0.5 mm. Furthermore, no trend was seen in the
Bland-Altman plots (Fig 3), suggesting that there was
no difference when measuring the AP diameter of small
and large AAAs using the two US modalities. Thus, the
results from current study, where ultrasound technicians
were inexperienced with 3D-US examinations, were
comparable with findings from Bredahl et al,2 who
obtained results in a research setting by experienced
3D-US ultrasound technicians. This may be one of the
additional values of 3D-US examination, making it easier
to acquire at optimal image planes for accurate assess-
ment of diameter, which has already been demon-
strated in CTA.14,15 However, the technique of reference
for measuring maximum diameter in native AAA is still
considered to be CTA and results are always anticipated
to be superior to 3D-US examination.5,7,16 A prior CTA
study, in part determining the interoperator reproduc-
ibility between two experienced vascular radiologists
estimating AAA diameter reading the same 3D-CTAs,
had a nearly identical mean difference compared with



Fig 4. Forest plot with summary of reproducibility with intraclass correlations (ICCs).
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current study (�0.086 1.57 vs 0.096 1.08) and with range
of variability only slightly less than in the present study,
favoring 3D-CTA (3D-CTA LoA, �2.07 to 2.24 mm vs 3D-
US LoA, �3.17 to 3.00 mm.17 Because the patients in this
study were participants in a noninvasive cardiovascular
screening program, no CTA was routinely performed on
these small aneurysms to estimate agreement between
3D-US examination, 2D-US examination, and concomi-
tant CTA, which may be considered as a limitation.
However, a prior accuracy study has already demon-
strated an improved agreement between CTA and
3D-US examination, but in contrast with the current
study, the latter was performed in a scientific setting
with experienced physician ultrasound technicians.7 A
common denominator in decreasing the known vari-
ability of US examination when measuring maximum
diameter is standardization,18 which was most likely the
reason in the current study. After performing the image
acquisition, quantification was performed fully auto-
mated with minimal ultrasound technician adjustment
(on average, one adjustment was made per eight cases),
contrary to 3D-CTA study, which was quantified with the
readers’ assistance (semiautomatic). A similar situation
applies to the improved results of 3D-US examination
in comparison with 2D-US examination, which relied
on the ultrasound technician to place the caliper accord-
ingly, to determine the maximum AP diameter, intro-
ducing a potential means of variability.
When estimating the proportions of patients with

paired differences within 2, 3, 4, and 5 mm of interop-
erator variability, using both 3D-US and 2D-US exami-
nation, the former was superior. Whereas proportions
of paired differences when using 2D-US examination
improved with increasing variability, it never surpassed
3D-US examination. We observed that majority of the
paired measurements were estimated within 2 mm
of interoperator variability, when using 3D-US exami-
nation. In comparison, 2D-US examination only esti-
mated one-half of the paired measurements within
the same variability (Table III). The improved variability
of both ultrasound techniques was furthermore
emphasized by ICC, showing a close correlation
between the two ultrasound technicians using either
3D-US examination (0.97) or 2D-US examination (0.93;
Fig 4). It is paramount to highlight that, even though
the level of ultrasound technician experience with
regard to 3D-US image acquisition and reading was
sparse and diverse, the two ultrasound technicians
had a good correlation when estimating inter-reader,
interscan, and interoperator reproducibility, most likely
contributed by the software automation, which pro-
duced consistent results.
Even though the 3D-US technical success rate in the

current study (85%) was comparable with previous
3D-US studies, performed by experienced physicians,7,19

a lower success rate when compared with 2D-US exam-
ination was demonstrated. Two-dimensional US with its
single cross-sectional view achieves a better IQ, whereas
3D-US examination at the slight expense of the IQ, con-
structs multiple cross-sectional views in both transverse
and longitudinal planes simultaneously. However, when
acquiring a 3D-US scan on a patients with a difficult
AAA, the same 3D-US transducer can be used to acquire
2D-US images, increasing the IQ; thus, an on-cart mea-
surement is possible. The ultrasound technician is not
dependent on changing transducers. However, current
3D transducer technology (X6-1) is not fully matured as
the 2D transducer, which definitely influences the
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technical success rate, just as a learning curve is also
expected. Additional ultrasound technicians could have
been included, which would have strengthened the
study, and would have made it possible to accommo-
date latter assessment. However, mainly owing to prac-
tical reasons, for example, repeated US scans on the
same patient, time consumption, and ethical consider-
ations, only two ultrasound technicians were chosen.
Reading of the 3D images was performed off-line,

meaning the ultrasound technician read the scans in
batches, which could be argued as a limitation. However,
in this manner, the ultrasound technician became well-
acquainted with the use of the 3D reading software. In
contrast, analyzing a scan immediately after acquisition
might be more accurate because the operator will
remember the live scan, which was the basis for the
acquisition to be analyzed. For daily practice, the reading
capability must be on-cart, allowing for fast and immedi-
ate reading and interpretation of results. In a busy
vascular clinic, the daily volume of AAA cases would
counteract the possible lack of experience ensuring the
necessary level of consistency with this new reading
capability.
The 3D-US technology is already commercially available

and costs approximately the same as other US trans-
ducers. Concerning the financial aspects of such invest-
ment, a reimbursement code for 3D-US in the United
States may be applicable. However, regulations for reim-
bursement may differ between countries.
CONCLUSIONS
Combined with semi-automated AAA quantification

software, 3D-US examination provided a significantly
improved reproducibility compared with the current
2D-US examination standard of care. Furthermore, cur-
rent study setup mitigated the immediate relationship
between level of technician experience and vascular US
variability, decreasing the otherwise known operator
dependent variability. Thus, the need for a reproducible,
noninvasive AAA imaging modality in an outpatient
clinic seems more likely to be fulfilled with 3D-US
examination, providing good agreement with 3D CTA
as shown previously and now demonstrating a high
reproducibility.
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