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WHAT THIS PAPER ADDS

This review introduces vascular specialists to three-dimensional ultrasound and its present and future potential
applications in patients with abdominal aortic aneurysms. The literature, evidence, and current areas of
research, including measurement of diameter and volume, endoleak detection, and rupture risk prediction are
covered.
Three-dimensional (3D) ultrasound is an evolving modality that may have numerous applications in the
management of abdominal aortic aneurysms. Many vascular specialists will not be familiar with the different
ways in which 3D vascular ultrasound data can be acquired nor how potential applications are being explored by
researchers. Most of the current literature consists of small series and single-centre experience, although clinical
themes such as measurement of abdominal aortic aneurysm volume and surveillance following endovascular
repair are emerging. The aim of this topical review is to introduce clinicians to the current concepts of 3D
ultrasound, review the current literature, and highlight avenues for further research in this new and exciting field
of vascular imaging.
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INTRODUCTION

Possible clinical applications of three-dimensional (3D) ul-
trasound (US) have been described in obstetrics, gynae-
cology, urology, cardiac, and breast imaging.1 Given the
prominent role of ultrasound in the initial diagnosis of
vascular disease, it is not surprising that there is growing
interest in the use of this technology. Presently, 3D-US is not
integrated into the diagnostic armamentarium in most
vascular clinics, but has been used in research settings to
image carotid, lower limb, and abdominal aortic disease.2e5

3D-US is a rapidly developing and exciting new imaging
modality that has the potential to replace computed
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tomographic angiography (CTA) for a number of clinical
applications in the management of abdominal aortic
aneurysm (AAA). Until recently, clinical implementation has
been limited by the need for laborious post-processing
software and the absence of well-defined clinical
indications.

The aim of this topical review is to introduce vascular
specialists to the current ‘state-of-the-art’ of 3D-US by
presenting the current knowledge and near-future applica-
tions of 3D-US in the management of AAA.
Three different ways to generate 3D-US images

There are three main approaches to the acquisition of 3D-
US data: mechanical, matrix, and freehand (Fig. 1).

Mechanical 3D-US transducers consist of a motor con-
tained within the transducer that moves a single array of up
to 512 piezoelectric crystals acquiring a series of two-
dimensional (2D) images. These 2D images are then
placed sequentially into a 3D volume reconstruction. The
volume that can be imaged is relatively small compared
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Figure 1. Three-dimensional ultrasound techniques. From left to right: (A) mechanical transducer; (B) matrix transducer; (C) standard
curved transducer adapted for freehand scanning using optical tracking; (D) standard linear transducer adapted for freehand scanning
using magnetic tracking.
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with a matrix transducer. Hence, only small sections of
anatomy can be imaged using this technology.1,6e8

A typical commercially available matrix 3D-US transducer
is composed of grids up to 9,000 piezoelectric crystals. The
imaging volume is larger than mechanical transducers and
image acquisition at around one second is much faster.
Owing to the grid of crystals and electronic sequencing,
image acquisition can be performed in all three image
planes. The image resolution is slightly reduced compared
with the mechanical transducer. The fixed crystal grid in
matrix scanning can image over a longer and wider range
than a mechanical probe, but the volume still remains
limited. Therefore, for long vessels the anatomy cannot al-
ways be seen in a single acquisition.

“Freehand” 3D-US uses position sensing and standard 2D,
“off-the-shelf”, transducers coupled to an external tracking
system. The most popular approach is to use sensors
mounted on a conventional 2D transducer, which are
tracked by an optical system or within a magnetic field. The
orientation of the probe can be determined by the system
and allows reconstruction of the US images into a 3D vol-
ume. This method gives greater operator freedom as
transducers can be passed over a large region of interest
and the transducer position can be manoeuvred to avoid
obstacles such as bowel gas and acoustic shadowing
(Table 1).1,6e8

PUBLISHED CLINICAL STUDIES

The evidence base on 3D-US is growing, but there are
currently insufficient data or comparative studies sufficient
to perform a systematic review or meta-analysis. However,
three main applications of 3D-US relevant to AAA have been
studied: (1) measuring AAA size, including maximum
diameter and volume; (2) endoleak detection following
endovascular aneurysm repair (EVAR); and (3) rupture risk
prediction models (Table 2).
Measuring AAA size

Maximal diameter. Accuracy and reproducibility in the
measurement of AAA diameter is paramount as it governs
current referral thresholds for AAA repair, surveillance
following EVAR, and research investigating the effects of
pharmaceutical compounds on AAA growth rates. Although
AAA diameter is the conventional indication for repair, the
optimal imaging modality remains a matter of debate.9

Operator variability in ultrasound imaging is predomi-
nantly caused by variation in the orientation of scanning
planes between operators.10e12 3D-US has the potential to
eliminate these shortcomings as the diameter of the AAA
can be measured in the true axis as achieved by CTA. This
allows measurements in orthogonal planes, reducing user
dependency, and potentially making measurements more
accurate and reproducible.

3D-US has been investigated in three studies from two
centres with the aim of improving the accuracy of
measuring maximum diameter assessment in AAA and
EVAR surveillance.2,3,13 Using the same semi-automated
software, two types of maximum diameter were
described in each of these studies: (1) the US dual-plane
diameter was determined on the US unit at the bedside
using existing software on the US system where transverse
and longitudinal views were displayed simultaneously in a
live split image (Fig. 2); (2) the centreline diameter was
defined “off line” on a workstation as the maximum diam-
eter perpendicular to a centreline, semi-automatically
generated in postprocessing software (Fig. 3).

Diameter measured using the US centreline achieved
better agreement with CTA (mean difference 1.8 mm
[centreline] vs. 2.6 mm [dual plane]) but equivalent repro-
ducibility compared with that of dual-plane diameter in
small AAAs. In post-EVAR patients, interoperator repro-
ducibility measures of 4.4 mm were acceptable but slightly
inferior compared with the results obtained in small, un-
treated AAAs, with an interoperator reproducibility of
3.0 mm.3 This was explained by more hostile residual sacs
being larger, reconfigured and containing an EVAR device.
Similar reproducibility was reported in a previous study
using a mechanical transducer.13

The 3D-US dual-plane measurement of diameter is, to the
best of the authors’ knowledge, the only 3D-US application
that is used routinely in clinical practice (Fig. 2). Using this



Table 1. Advantages and disadvantages of three-dimensional (3D) ultrasound methods.

Mechanical Matrix Freehand: magnetic Freehand: optical
Advantages � Predefined

orientation
and distance,
therefore highly
accurate
reconstruction

� High image
resolution

� “Dual plane”
visualisation

� Can be near
real-time (3D)
imaging

� Rapid acquisition
compared with
mechanical

� Highly accurate
reconstruction

� Longer and wider
sweep range
compared with
the mechanical
transducer

� Easy to handle

� Essentially
“unlimited” volume
acquisition length

� Whole vessels can
be scanned

� Transducer can be
manipulated during
acquisition to avoid
bowel gas or possibly
calcium shadowing

� Able to make use
of specialist high
frequency
“off-the-shelf”
probes

� Smaller diameter
vessels can be
assessed

� Five or 6 degrees
of freedom tracking

� Essentially “unlimited”
volume acquisition

� Whole vessels can
be scanned

� Transducer can be
manipulated during
acquisition to avoid
bowel gas or possibly
calcium shadowing

� Able to make use
of specialist
high-frequency
“off-the-shelf” probes

� Smaller-diameter
vessels can be assessed

� Higher level of
tracking accuracy
than magnetic

� Six degrees of
freedom tracking

Disadvantages � Complete vessel
cannot often
be scanned

� Slow acquisition
compared with
matrix transducer

� Rotating and tilting
can result in reduced
image resolution

� High cost
� Delicate
� Complete vessel
cannot often
be scanned

� Contraindicated with
some pacemakers

� Interference from
ferromagnetic
material can affect
tracking accuracy

� Variations in probe
pressure during
acquisition may
influence distort
data and reduce
reconstruction accuracy;
additional attachments
can affect ergonomics

� Requires uninterrupted
line of sight

� Variations in probe
pressure during
acquisition may influence
distort data

� Additional attachments
can affect ergonomics
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feature, it is possible to achieve anteroposterior image
planes perpendicular to the aneurysms centreline as both
the horizontal and longitudinal images are displayed
simultaneously and in real time. This is reported to be quick,
with a easy learning curve and suitable for most patients,
even those with a high body mass index. Most importantly,
reproducibility was superior compared with the conven-
tional 2D-US anteroposterior diameter.2

The time spent on postprocessing in order to determine
the centreline diameter has been recently reduced to a
promising median of 72 s, using software expected to
become commercially available soon. Ease and speed,
which is critical if these methods are expected to become
standard in clinical practice, is expected to improve in the
coming few years. Moreover, the availability of these ac-
curate methods to measure AAA diameter will increasingly
have applications is research to evaluate if pharmaceutical
compounds influence AAA growth rate.
Volume estimation. Aneurysm shrinkage, based on maximal
diameter, is considered to represent successful aneurysm
exclusion after EVAR.14 It is believed that aneurysm volume
should be superior to measuring maximal diameter from a
single cross-section,15,16 although this has yet to gain
widespread clinical adoption and remains a topic of
debate.17 3D-US has the potential to widen the applicability
of volume measurements by reducing the cost, radiation
exposure, and nephrotoxic contrast necessary in CTA.15,18,19

Although it is unclear whether precise measurement of
volume is essential in AAA surveillance it is likely that vol-
ume may be a more sensitive measure of AAA size and
growth rate.

Volumetric meshes to measure AAA using magnetically
tracked, electrocardiogram (ECG)-gated, freehand 3D-US
was reported first in 2001.20 Some 12 years later a similar
approach was used to measure aortic volume in a pilot
study of seven patients during EVAR surveillance.21 ECG



Table 2. Relevant studies.

Study 3D-US method Aim Main findings
Maximum diameter
Long et al., 201313 Mechanical transducer Reproducibility of 3D-US diameter and volume

measurements in 42 patients
3D-US AAA diameter and volume measurements
have acceptable reproducibility

Bredahl et al., 20152 Matrix transducer 3D-US centreline-based diameters vs. dual-plane
US diameter and CT in 100 patients with small
AAAs

3D-US demonstrated an acceptable
reproducibility and a good agreement with 3D-CT

Bredahl et al., 20133 Matrix transducer AAA diameter measurements following EVAR vs.
CT in 124 patients

Better correlation with 3D-CTA using 3D-US than
standard 2D-US

Volume estimation
Leotta et al., 200120 Tracked, magnetic; ECG-gated Proof-of-principle; 3D-US scanning of a normal

aorta, small AAA and post-EVAR
Generation of 3D-US AAA models technically
feasible

Causey et al., 201321 Tracked, magnetic; ECG-gated AAA volume following EVARdcomparison with
CT in seven cases

Correlation coefficient for volume measurement
of 0.93 and good inter-rater reliability

Long et al., 201313 Mechanical transducer Reproducibility of 3D-US diameter and volume
measurements in 42 patients

3D-US AAA diameter and volume measurements
have acceptable reproducibility

Bredahl et al., 201322 Matrix transducer AAA volume following EVARdcomparison with
CT in 93 patients

3D-US, volume measurements were within
�12 mm of 3D-CTA measurements with a mean
difference of 1 mm

Bredahl et al., 20152 Matrix transducer 3D-US centreline-based volumes of small AAA vs.
3D-CT in 54 patients

Mean difference of 8.3 mL between 3D-CTA and
3D-US volumes

Arsicot et al., 201423 Matrix transducer AAA volume following EVARdcomparison with
CT in 75 patients

Mean difference between CT and ultrasound
measurements was 12.75 mm with wide limits of
agreement

Endoleak detection after EVAR
Abbas et al., 201427 Tracked, magnetic Endoleak detection vs. CT and standard CEUS

after conventional infrarenal EVAR; 30 paired
scans

3D-CEUS potentially superior to CEUS and CTA for
endoleak classification

Ormesher et al., 201432 Tracked, magnetic Endoleak detection and classification vs. CEUS
and DSA in 20 patients

3D-CEUS able to detect and classify endoleaks
more accurately than DSA or standard CEUS

Rupture risk prediction
Bihari et al., 201340 Matrix transducer Validation of 3D-US against in vitro model for

strain measurements, followed by in vivo use in
five patients

3D-US accurate compared to in vitro model; 3D-
US speckle tracking capable of detecting
heterogeneity of local biomechanical parameters
over the whole aneurysm

Kok et al., 201539 Mechanical transducer Comparison with CTA for generation of
geometries for use in FEA for peak wall stress
estimation

Mixed results for accuracy of 3D-US geometries
compared with CT; 3D-US geometries has stress
artefacts when used in FEA

Owen et al., 201638 Tracked, magnetic Comparison of a 3D-US and CTA-derived model in
computational fluid dynamic simulations

Anatomical location of region of lowest wall
sheer stress comparable between modalities

Note. 3D ¼ three-dimensional; US ¼ ultrasound; AAA ¼ abdominal aortic aneurysm; CT ¼ computed tomography; 2D ¼ two-dimensional; ECG ¼ electrocardiogram; EVAR ¼ endovascular
aneurysm repair; CTA ¼ computed tomographic angiography; CEUS ¼ contrast-enhanced ultrasound; DSA ¼ digital subtraction angiography; FEA ¼ finite element analysis.
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Figure 2. Dual-plane image using the matrix transducer. Transverse (left) and longitudinal (right) images are displayed simultaneously in
real time allowing optimisation of diameter measurements, and to ensure scan position before the three-dimensional acquisition is
performed. Leading edge to leading edge measurement is recommended for measurement in two-dimensional or dual-plane imaging.
Note. AAA ¼ abdominal aortic aneurysm.
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gating has not been used since then to eliminate errors
caused by AAA pulsatility; however, the number of patients
in these studies are were too small to draw firm conclusions
and the methodology lacked clinical utility owing to the
Figure 3. Three-dimensional ultrasound centreline-based diameter and
abdominal aortic aneurysm (AAA) and the maximal diameter is calcula
with the maximal AAA diameter. (B) Combined image information from
(C) longitudinal and (D) cross-section. In three-dimensional ultrasound
extensive manual postprocessing required (5e43 min for
each case).

To measure AAA volume, 3D data acquired using a me-
chanical or matrix transducer requires postprocessing using
volume measurement. (A) A centerline is generated through the
ted perpendicular to this. Blue contour indicates the cross-section
longitudinal and cross-sectional images. Acquired serial images in
, inner-to-inner measurements are used.



Figure 4. Three-dimensional contrast-enhanced ultrasound with
magnetic tracking demonstrating a type IIa endoleak. The stent-
graft has been segmented in red and the abdominal aortic aneu-
rysm wall illustrated as a mesh. A type II endoleak is seen (yellow
arrows) flowing from the IMA to a lumbar artery.
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dedicated software.22 The whole length of AAA cannot be
imaged within a single sweep using this technology. To
compensate, a “partial volume” must be defined by using
the location of the maximum AAA diameter as a reference
point. In 42 patients, excellent interoperator agreement was
reported when AAA partial volumes were measured with a
mechanical 3D transducer (BlandeAltman mean
difference �0.56 mL, limits of agreement �8.1 to 6.98 mL,
correlation coefficient 0.994).13 With further development,
partial volume using a matrix transducer achieved a mean
difference of 1 mL and limits of agreement of �12 mL (12%)
compared with 3D-CTA for 93 patients. The interoperator
variability for volume measurements using 3D-US was
higher than 3D-CTA (17 mL vs. 9 mL) but still within the
current accepted variability of diameter measurements us-
ing 2D-US.22

Recent work using a similar matrix transducer showed
wider limits of agreement (�58.43 to 32.91 mL) and a mean
difference of 12.75 mL when comparing 3D-US with CTA.
The interoperator variability was excellent, with a mean
difference between two operators of 3.31 mL.23 This study,
however, suffered from methodological limitations; the
proximal and distal extents of the aneurysm were not
defined and it is unclear whether inner wall or outer wall
measurements were used for each modality.

Unlike diameter, where an increase in AAA size following
EVAR of 5 mm is widely considered a threshold for treat-
ment, there is no such agreement of what constitutes an
important change in AAA volume. Some reports have sug-
gested an increase in volume of 2% is indicative of endo-
leak, while a fall in volume of >3% suggests successful
exclusion of the AAA.24 As AAA volume measurement by
3D-US becomes established, it is expected that the tech-
nique could rapidly be included in standard surveillance
protocols for small AAAs and post-EVAR. Although the re-
sults with matrix transducers are encouraging, new free-
hand 3D-US methods are under development that will allow
visualisation of the majority of infra-renal aorta, and should
improve overall accuracy. How the accuracy and reproduc-
ibility of 3D-US volume measurements will be influenced by
remodelling of the aorta after EVAR is an area for further
research.

Although 3D-US addresses some of the limitations of
standard US, the use of any US method is limited by tech-
nical issues. In some cases, even imaging the whole of an
infrarenal AAA can be challenging. Volume measurement of
pararenal, and thoracoabdominal AAAs using 3D-US is never
likely to be feasible, and it is expected that any purely US-
based follow-up post-EVAR in these cases is probably un-
realistic. The measurement of iliac artery volumes using 3D-
US has never been investigated, it is likely that this will be
technically challenging owing to vessel depth and bowel
gas, which makes imaging of the common iliac artery
particularly difficult. Furthermore, the relatively small
number of iliac aneurysms compared with the number of
AAAs would make recruiting a sufficient number of patients
difficult.
Endoleak detection after EVAR

CTA has been considered the “gold standard” for post-EVAR
surveillance since EVAR was first introduced and has been
incorporated in all follow-up programmes.25 Ultrasound
techniques are increasingly replacing CTA as a noninvasive,
nontoxic, radiation-free, and inexpensive alternatives for
endoleak detection.26 A common criticism of US is that it is
operator dependent, requiring the operator to interpret 2D
images in 3D. This may make interpretation of difficult scans
challenging. The use of a 3D system that allows multiplanar
reconstructions reduces this error and allows vascular spe-
cialists easy access to clear and detailed images of clinical
use (Fig. 4).

A recent pilot study compared 3D contrast-enhanced US
(3D-CEUS) with CTA in 30 patients following EVAR.27 The
sensitivity, specificity, positive, and negative predictive
values for 3D-CEUS to detect endoleak were 100%, 92%,
94%, and 100%, respectively, with excellent interoperator
reliability (kappa 0.88). The 3D system enabled more accu-
rate characterisation of type II endoleaks with the inflow
vessel identified in each case. This study was limited by
small numbers and without follow-up it was not possible to
determine whether the increased accuracy of 3D-CEUS
influenced treatment decisions and patient management.
The number of endoleaks detected by 3D-CEUS in this study
was no greater than standard CEUS. However, 3D-CEUS
more clearly defined endoleak type, and differentiated
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between type II and III endoleaks in cases where both CT
and standard CEUS failed to reach a clear conclusion. This
technique therefore has the potential to avoid unnecessary
catheter angiography in such cases. Fusing CT and CEUS
imaging has also been reported as a way to try and improve
the accuracy of EVAR follow up.28,29

As both standard CEUS and 3D-CEUS were shown to be
more sensitive for the detection of endoleak than CTA,30 it
is likely that these additional endoleaks were true rather
than false positives, illustrating that CTA may not be an
acceptable “gold standard”. As avoiding ionising radiation
and nephrotoxic X-ray contrast is important for surveillance,
further research is needed to explore whether 3D-CEUS
reliably detects endoleak in EVAR surveillance and in-
fluences patient management.31

Finally, as carbon dioxide (CO2) angiography lacks
adequate sensitivity for completion imaging following EVAR,
3D-CEUS may have a specific role in completion imaging for
patients with contrast allergy or with severe chronic kidney
disease.25 The feasibility of a magnetically tracked freehand
3D-CEUS technique for intraoperative completion imaging
to replace completion angiography during EVAR has been
reported.32 Endoleaks were detected and classified more
accurately by 3D-CEUS than uniplanar angiography or stan-
dard CEUS. It seems unlikely that 3D-CEUS will be widely
used for completion imaging but remains an alternative for
patients at risk of renal damage with X-ray contrast.
Rupture risk prediction

Although it is clear that the risk of AAA increases with
maximum aneurysm diameter, the observation that small
aneurysms may rupture and much larger aneurysms remain
intact for years emphasises the need for rupture risk pre-
diction. AAA morphology, the volume of the aneurysm,
biomechanical assessment of AAAs, and volume of intra-
luminal thrombus have all been proposed as supplementary
predictors of rupture risk.33,34 Until now, these parameters
have relied on CTA for the geometry of the AAA and volume
of the aneurysm and thrombus.35e37 The ability to derive
physiological parameters that may relate to rupture risk
from a noninvasive, inexpensive, and radiation-free mo-
dality would be valuable. The application of 3D-US for this
purpose is clearly in its infancy with only three relevant
studies, all recruiting only a few patients and using different
approaches.38e40

Whether there are other parameters which predict AAA
rupture more reliably than diameter alone must be
confirmed in prospective trials before 3D-US will gain
impact in this area. However, patient recruitment for
prospective studies evaluating geometry and volume
growth will be easier with 3D-US than with CTA which will
never be appropriate for the routine surveillance of small
AAA.

CONCLUSION

This review emphasises the growing interest for and the use
of 3D-US in the management of aortic disease. Results from
3D-US in clinical practice are, however, sparsely reported in
the management of AAA, but it seems evident that 3D-US
can diagnose even minor endoleaks accurately and assess a
more precise AAA diameter. How these extra endoleaks
seen with 3D-CEUS, where the majority will be without
therapeutic consequences, should be handled prospectively
is still unclear.

Most of the available literature describes experimental
work, preliminary results, single-centre experiences, and
small patient numbers. Many 3D-US techniques require
time-consuming extensive, off-line postprocessing which
limits applicability in busy vascular clinics. In comparison to
CTA, several technical limitations of 3D-US techniques have
been identified: difficulties imaging the entire aneurysm
and insufficient image quality leading to inaccuracy of AAA
size measurement.

3D-US is currently a research tool and sparsely imple-
mented in clinical practice but has considerable potential.
Only simultaneous, dual-plane imaging is commercially
available at the moment, although this may change in the
near future as a result of increasing research interest in this
technology. The increasing experimental work performed
recently has identified several research targets for 3D-US in
the management of AAA and post-EVAR surveillance. At the
moment, the promising concepts of AAA volume, thrombus
volume, and biomechanical risk prediction models are yet
to gain clinical traction, but this may be influenced by the
ability of 3D-US to replace CTA for these applications.
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Popliteal Artery Entrapment and Fibular Angiodysplasia in Siblings
W.G. Mouton a,*, A. Wyss b

a Department of Surgery, Spital Thun STS AG, Switzerland
b Department of Radiology, Spital Thun STS AG, Switzerland
A 33-year-old man presented with claudication due to bilateral popliteal type I entrapment with a left-sided occlusion and a
right-sided stenosis (A).The treatment for the left side was conservative.The right-sided entrapment was successfully surgically
released. The patient’s 29-year-old sister has an asymptomatic right-sided type III popliteal entrapment without stenosis. The
patient’s 27-year-old brother has an asymptomatic right-sided fibular artery dysplasia (B). The youngest of the four siblings, a
26-year-old man, shows no vascular pathology. No ancestors have ever had any peripheral vascular symptoms.
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