Eur J Vasc Endovasc Surg (2016) 51, 216—224

Aortic Curvature Instead of Angulation Allows Improved Estimation of the
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WHAT THIS PAPER ADDS

Aortic neck angulation influences the accuracy of endograft placement and long-term endovascular abdominal
aortic repair outcome. To date, a uniform angulation measurement method is lacking and the current methods
are prone to subjective interpretation and assume a triangular oversimplification of the aortic neck. The present
paper introduces and validates a new method that allows uniform assessment of aortic neck curvature along the
center lumen line.

Objective: Supra- and infrarenal aortic neck angulation have been associated with complications after
endovascular aortic aneurysm repair. However, a uniform angulation measurement method is lacking and the
concept of angulation suggests a triangular oversimplification of the aortic anatomy. (Semi-)automated
calculation of curvature along the center luminal line describes the actual trajectory of the aorta. This study
proposes a methodology for calculating aortic (neck) curvature and suggests an additional method based on
available tools in current workstations: curvature by digital calipers (CDC).

Methods: Proprietary custom software was developed for automatic calculation of the severity and location of
the largest supra- and infrarenal curvature over the center luminal line. Twenty-four patients with severe supra-
or infrarenal angulations (>45°) and 11 patients with small to moderate angulations (<45°) were included. Both
CDC and angulation were measured by two independent observers on the pre- and postoperative computed
tomographic angiography scans. The relationships between actual curvature and CDC and angulation were
visualized and tested with Pearson’s correlation coefficient. The CDC was also fully automatically calculated with
proprietary custom software. The difference between manual and automatic determination of CDC was tested
with a paired Student t test. A p-value was considered significant when two-tailed o < .05.

Results: The correlation between actual curvature and manual CDC is strong (.586—.962) and even stronger for
automatic CDC (.865—.961). The correlation between actual curvature and angulation is much lower (.410—.737).
Flow direction angulation values overestimate CDC measurements by 60%, with larger variance. No significant
difference was found in automatically calculated CDC values and manually measured CDC values.

Conclusion: Curvature calculation of the aortic neck improves determination of the true aortic trajectory.
Automatic calculation of the actual curvature is preferable, but measurement or calculation of the curvature by
digital calipers is a valid alternative if actual curvature is not at hand.
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INTRODUCTION

During the last decade endovascular aneurysm repair

(EVAR) has become the preferred treatment modality for

infrarenal aortic aneurysms (AAA), with superior short-term
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Aortic Curvature Instead of Angulation

Among hostile neck anatomy characteristics, both suprare-
nal angulation (>45°) and infrarenal angulation (>60°) are
important.*?

Despite inclusion of large numbers of patients in previous
EVAR studies, it is difficult to determine the influence of
each individual aortic neck characteristic on post-EVAR
complications. One of the difficulties is the lack of a stan-
dardized measuring methodology. Angulation is measured
in different ways, compromising reliable comparisons be-
tween studies as well as the interpretation of endograft
manufacturers’ instructions for use (IFU).

Over the past 10 years, more and more preoperative
sizing and planning has been based on the center luminal
line (CLL) reconstructions with the use of a 3D workstation.
To determine supra- and infrarenal angulation, 3D work-
stations offer the option of measuring the angle between
the flow direction from the suprarenal aorta to the aortic
neck and from the aortic neck to the aneurysm sac along
the CLL, respectively. This method is based on the 2D
method described by van Keulen and coworkers, and
adapted for measuring in three dimensions along the CLL.*°
The angulation measurement over the CLL is referred to as
the flow direction angulation method (FDAM).

By using the FDAM, the maximum angle at the crossing of
two flow lines is measured. For gentle curvature, the inter-
section is located far from the center luminal line, and
therefore it overestimates the true aortic curvature. Also,
measuring the change in flow direction may underestimate
the risk factors for EVAR, as tortuous segments will be ignored.

In the present study, a new method is proposed that
describes the actual curve of the aorta that is followed by
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the endograft during deployment throughout the entire
aortic neck and into the aneurysm. A better term to describe
this aortic trajectory would be curvature instead of angu-
lation, as angulation suggests a triangular oversimplification
of the aortic anatomy. Curvature takes into account not only
the severity of the angulation, but also the shape of the
trajectory over which the angulation is present. Angulation,
contrary to curvature, cannot differentiate between sharp
and long curves, while large aortic neck curvature could
result in suboptimal endograft deployment (Fig. 1).

In this paper, the method for calculating aortic curvature
is described and tested on a cohort of 35 EVAR patients. The
curvature is defined by a mathematical formula and will be
referred to as “actual curvature.” As this formula for actual
curvature is not available in all clinically used workstations,
a semi-automated measurement method is described that
enables aortic curvature measurements with digital cali-
pers, called “curvature by digital calipers” (CDC). The hy-
pothesis is that CDC is a good approximation of the actual
(mathematically calculated) curvature. Both angulation by
the flow direction method (FDAM) and CDC will be
compared with the actual curvature to test this hypothesis.

METHODS

Curvature and angulation

The 3mensio workstation (3mensio Vascular 7.0, Medical
Imaging BV, Bilthoven, The Netherlands) was used to obtain
the CLL at 1 mm increments from the CT scan. This CLL was
used to obtain the supra- and infrarenal curvature and
angulation. Matlab 2013b (The MathWorks, Natick,

(FDAM). (A) Large angulation (97.5°), but low curvature, endograft is correctly deployed. (B) Large angulation (88.6°) and large curvature,
the endograft is slightly kinked. A lower risk for migration and type la endoleaks is suspected in (A) compared with (B).
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Massachusetts, USA), software for numerical calculations,
visualization and programming, was used to develop
customized software to calculate curvature over the CLL.

The actual curvature (k) was calculated by numerical
computation, using the mathematical definition of extrinsic
linear curvature (Equation 1; Fig. 2A).

\/(z”y’ _ y/lzl)z + (X”Z/ _ Z”X’)Z + (y//x/ _ x”y’)z
kK= (X2 + y2 +Z/z)3/2 ’ (1)

where [x, vy, z] are the CLL Cartesian coordinates, ' = first
derivative, ” = second derivative.

Two digital caliper methods were used, one manual and
one automated. The digital caliper is an isosceles triangle of
three points that can be shifted over the CLL with the cursor
of the computer mouse. The CDC is the angle between the
three coordinates subtracted from 180°, which is displayed at
the screen for each desired location at the CLL (Fig. 2B). The
largest suprarenal () and infrarenal (0) CDC were measured
in the 3mensio workstation by two experienced observers.

The automated Curvature by Digital Calipers (aCDC) was
calculated with the customized software. The largest su-
prarenal (y) and infrarenal (3) aCDC were automatically
determined by the software (Fig. 2C).

The angulation (FDAM) was measured in three dimensions
by two experienced observers from the 3D CLL in the
3mensio workstation. The suprarenal angle (o) was measured
between the flow axis of the suprarenal aorta and the flow
axis of the aortic neck, the infrarenal angle (3) was measured
between the flow axis of the aortic neck and the flow axis of
the aneurysm sac, as is described by Van Keulen and co-
workers (Fig. 2D)." In case of multiple angles, the maximum
angle was chosen. The flow axis was defined by two points on
the CLL, marking the inflow and outflow of the segment.

Software validation

The automatic calculation of maximal curvature by digital
calipers was validated by correlating it to the outcome of 35
pre- and postoperative measurements of the curvatures 7y
and O by digital calipers in 3mensio. The measurements
were performed by two experienced observers.

Patient inclusion

In this study, 35 patients (29 males, mean age 76 + 6 years)
who had undergone elective endovascular repair of an
infrarenal aortic aneurysm with an Endurant endoprosthesis
(Medtronic, Santa Rosa, CA, USA) were included. Both su-
pra- and infrarenal angulations were calculated on the
preprocedural CT-scans with the FDAM. Twenty-four
consecutive patients with supra- or infrarenal angulation
>45°, and 11 consecutive patients with milder angulations
were selected. The large number of severely angulated
aortic necks was chosen because it was hypothesized that
angulation measurements will be more difficult in severe
angulations and to show the added value of curvature in
these complex anatomies. The protocol was approved by
the institutional review board.
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Mean time interval from the preoperative CT scan to the
EVAR procedure was 63 days (1—194), and from surgery to
postoperative CT scan was 33 days (13—64).

CTA scan protocol

CTA images were acquired on a 256 slice CT scanner. Scan
parameters were: tube voltage 120 kV, tube current time
product 180 mAs pre- and 200 mAs postoperative, distance
between slices 0.75 mm, pitch 0.9 mm, collimation 128 mm
X 0.625 mm pre- and 16 mm x 0.75 mm postoperative.
Preoperative slice thickness was 2.1 + 1.1 mm. Post-
operative slice thickness was 1.6 + 0.4 mm. Preoperatively,
100 mL Xenetix300 contrast was administered intravenously
in the arterial phase at 4 mL/s, postoperatively 80 mL was
administered at 3 mL/s.

Statistical analysis

Statistical analysis was performed with SPSS v. 22 (IBM
Corp, Armonk, NY, USA). A p-value was considered signifi-
cant when two-tailed a < .05. Difference between manual
and automatic determination of CDC was tested with the
paired Student t test. Bland-Altman plots were constructed
as scatter plots in which the Y axis represented the differ-
ence between two paired measurements and the X axis
represented the average of these measurements.

Correlation between actual curvature and measured
angulation and curvature

Thirty-five pre- and postoperative measurements of angles
o and (0 by FDAM and curvatures Y and d by CDC were
correlated to the actual curvature for each of the two ob-
servers. The relationship between the different methods
and the actual curvature was shown in scatter plots and
tested with the two-tailed Pearson correlation coefficient.

There are two online supplements to these methods:
Appendix I. In vitro validation of curvature calculation over
the center luminal line, and Appendix Il. Conversion from
CDC (°) to curvature (m™3).

RESULTS

Fig. 2 shows an example of the actual curvature, angles a
and 8 by FDAM, CDC, and aCDC Y and 9. All measurements
and calculations were performed on the same CLL.

An example of the aCDC versus the actual curvature over
the entire trajectory of the abdominal aorta is shown in Fig.
3. This graph shows the curvature over the aortic trajectory
from the suprarenal aorta to the bifurcation. The graph also
illustrates the location, magnitude (height of peak), and
trajectory (width of peak) of curvatures y and 9.

Validation of aCDC

Pre- and postoperative maximal curvatures Y and d on the
CLL of 35 patients were measured by an experienced
observer in 3mensio (CDC) and calculated in Matlab (aCDC).
The paired t test showed no significant difference between
maximum automatic and measured CDC over any of the



Aortic Curvature Instead of Angulation

regions (Table 1). The Bland-Altman plot shows a minimal
systematic error, suggesting good agreement between the
CDC and aCDC (Fig. 4).

Correlation between angulation and curvature

Table 2 shows the average angulation and curvature,
determined by the different methods over the pre- and
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postoperative supra- and infrarenal aorta. Suprarenal
angulation is reduced by 2% and infrarenal angulation by
19% as a result of the endoprosthesis implantation. Su-
prarenal curvature is reduced by 16—23% and infrarenal
curvature by 28—29%.

Both automated and manual CDC measurements of the
maximum curvature are very close to true mathematical

Figure 2. Example of angulation and curvature measurements and calculations on a pre-EVAR CTA scan; the orifice of the lowermost renal
artery is marked by the yellow plane. (A) Automatic calculation of actual curvature (Y = 125 m™%; 8 = 76 m™%); the colors indicate the
degree of curvature, blue dots mark the location of the largest curvatures. (B) Measured angulation by flow direction in 3mensio (o =
76.3°; § = 64.9°). (C) Measured curvature by digital calipers (Y = 58°; 0 = 49°). (D) Automatically calculated curvatures by digital calipers
(Y = 58° 0 = 49°); the red dot marks the baseline, green dots mark the measured locations of the largest curvatures.
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Figure 3. Example of actual curvature (blue, in m™%) versus auto-
matically calculated aCDC (purple, in °) over the CLL of the same
patient as in Fig. 2. Left to right equals caudal to cranial with the
aortic bifurcation set to 0, and locations of the caudal end of the
neck (Neck) and orifice of the lowest renal artery (Baseline) are
marked. For correct scaling, the conversion factor 1:1.8 is used.
The digital calipers closely follow the actual curvature.
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midline curvature (Fig. 5A,B; Table 3). The correlation be-
tween the actual curvature and the CDC is strong (.586—
.962) and even stronger for the aCDC (.865—.961). The
correlation between the actual curvature and the FDAM is
much lower (.410—.737; Fig. 5C; Table 3). Flow direction
angles overestimate CDC by 60% on average, and vary
substantially (Fig. 5D).

DISCUSSION

Measuring or calculating aortic curvature instead of angu-
lation has four advantages:

1 Measurements and calculations are performed entirely
on the CLL.

2 Curvature is calculated over all CLL coordinates, which
enables software manufacturers to include calculation
of maximum as well as average curvature over specific
aortic segments, such as suprarenal aorta, aortic neck,
aneurysm, aortic bifurcation, and common iliac artery.

3 Distance of the largest curvature from baseline (lowest
renal artery) can be measured over the CLL, which
enables comparison of the largest curvature location

Table 1. Association between automatic and measured largest
curvature by digital calipers.

Automatic Measured % Paired t
mean (SD) mean (SD) Difference test

p-value
Pre-EVAR, ¥ (°) 32.4 (15.7) 32.5(15.7) 0.14 .582
Pre-EVAR, d (°) 41.9 (14.2) 41.9 (14.1) 0.03 .897
Post-EVAR, ¥ (°) 26.9 (13.6) 27.2 (13.5) 0.95 .056
Post-EVAR, d (°) 30.1 (12.7) 30.1 (12.7) 0.16 490
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between multiple follow-up CTA scans. This is useful for
proper quantification of eventual displacement of the
largest curvature over time and changes in the proximal
part of the endograft over time.

4. In a tortuous aorta, multiple relevant curvatures can be
measured and displayed, potentially increasing insight
into the risks of endovascular repair over long term
follow-up.

Despite the essence of a robust and validated measure-
ment method for aortic angulation, multiple methods have
been described and are used in clinical practice, each with
benefits and limitations.

In 1997, Ahn et al. were the first to describe a classification
of aortic angulation.'* They proposed measurement of the
“largest angle,” but did not describe how this angle should be
measured. Chaikof and colleagues specified that the supra-
renal angle (o) should be measured between the flow axis of
the suprarenal and infrarenal aortic neck and the infrarenal
angle (0) between the flow axis of the infrarenal neck and the
aneurysm body.? Van Keulen et al. included the use of a 3D
workstation to define angulation o and 5.10 However, their
method was still dependent on the visual interpretation of
the largest angle, which might lead to substantial inter-rater
variability and the possibility of misinterpreting the location
of the largest angle. Furthermore, their method is still based
on two-dimensional angulation measurements, often
underestimating or overestimating tortuous aorta segments.
To reduce the errors of two-dimensional measurements, the
method of Van Keulen was adapted to a 3D measurement
technique, available in the 3mensio workstation.

Ouriel et al. described a different way of defining aortic
angulation.™” They calculate the angle between fixed points
on the aorta CLL. The suprarenal angulation is measured be-
tween the orifice of the celiac trunk, the orifice of the
lowermost renal artery, and the proximal aspect of the
aneurysm sac.The infrarenal angulation is measured between
the orifice of the lowermost renal artery, the proximal aspect
of the aneurysm sac, and the aortic bifurcation. Despite this
method being less susceptible to inter-rater variability than
other methods, tortuous segments not located in the inferior
renal orifice or the proximal end of the aneurysm sac are not
measured, while these segments could contribute to accurate
procedure planning or risk analysis for patient outcome.

The variety in measured angles by these different
methods influences the interpretation of endograft manu-
facturers’ instruction for use (IFU). Incorrect interpretation
of the IFU could lead to unintentional treatment of patients
outside the IFU, or unnecessary open procedures in patients
fit for endovascular repair.

This is the first study to describe methods for abdominal
aortic curvature measurements. It is hypothesized that
procedure success, endograft migration, type la endoleak
prevalence, and endograft kinking are associated with cur-
vature, rather than with angulation. Fig. 1 shows an
example of potential endograft kinking in a postoperative
scan in a highly curved aorta, whereas an aorta with similar
angulation but lower curvature shows no signs of kinking.
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Figure 4. Bland-Altman plots of automatic versus measured largest curvature by digital calipers.

The hypothesis of increased risk for migration is supported
by findings of Figueroa et al.*® They show how the increase
in aortic curvature leads to higher displacement forces in a
3D computational analysis.

Evidence that curvature is superior to angulation in
predicting aortic neck-related adverse events can only be
assessed through analysis of clinical data. An other study by
our group compared 64 patients who developed intra-
operative type IA endoleaks with 79 control participants
without early or late neck-related complications. Predictive
value of curvature was compared with supra- and infrarenal
angulation, neck tortuosity index, and other neck charac-
teristics, including neck length, neck diameter, maximum
aneurysm sac diameter, and calcium and thrombus load in
the aortic neck. Multivariate regression analysis identified
calcification circumference in the aortic neck (p = .020) and
curvature over the juxtarenal aortic neck (p = .039), cur-
vature over the aneurysm sac (p = .048) and curvature over
the terminal aorta (p = .002) as significant predictors for
intraoperative type IA endoleak. Suprarenal and infrarenal
angulation and aortic neck tortuosity index were no sig-
nificant predictors.™

When it comes to procedure planning, inaccurate
assessment of aortic tortuosity can result in underestimation
of the true aorta length. This occurs when the stiff endograft

straightens the tortuosity and the angulation is transposed
to suprarenal and/or iliac regions. Visualization of the entire
aortic tortuosity will be helpful in interpreting the risk for
aortic straightening. The overview of the number of curves
and their severity are also of great value in preventing
physicians for overlooking relevant curvatures. This option,
however, is only available for automatic curvature calcula-
tion, which is not incorporated in current 3D workstations.

Curvature is a mathematical expression, and can be
numerically calculated over the CLL coordinates. The current
software can be easily included in any CLL-based worksta-
tion at very low costs. Moreover, other commercially
available workstations do have some sort of curvature cal-
culations incorporated, which is free of charge.

A strong correlation was seen between the actual cur-
vature and the CDC (Table 3; Fig. 5A), suggesting that digital
calipers give a good representation of the actual curvature
and therefore are a decent alternative for actual curvature
calculation if this is not available. As the digital calipers
measure the curvature in a triangular orientation over a
distance of 30 mm, sharp curves (narrow peaks in Fig. 3) are
smoothed. CDC values depend on the length of the caliper
arms. Reducing the caliper arm length would better follow
the curve of the CLL, but will also result in smaller curvature
values, including more noise. Because exact curvature

Table 2. Average pre- and post-EVAR maximum curvature and angulation over the supra- and infrarenal aorta (n = 35).

Actual curvature (m~2) mean (SD)

aCDC (°) mean (SD)

CDC (°) mean (SD) Angulation (°) mean (SD)

Pre-EVAR, Y/a. 62.7 (42.0) 32.4 (15.7) 32.5 (15.7) 43.2 (21.5)
Pre-EVAR, 3/6 77.7 (32.3) 41.9 (14.2) 41.9 (14.1) 66.6 (19.3)
Post-EVAR, Y/o.  48.0 (30.0) 26.9 (13.6) 27.2 (13.5) 42.4 (21.8)
Post-EVAR, 8/8  55.3 (32.7) 30.1 (12.7) 30.1 (12.7) 53.8 (21.4)
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Figure 5. Scatter plots of actual curvature versus CDC and FDAM. Measurements by two observers, pre- and postoperative values of supra-
and infrarenal aortic neck are combined. (A) Actual curvature versus measured curvature by digital calipers. (B) Actual curvature versus
automatically calculated curvature by digital calipers. (C) Actual curvature versus angulation by flow direction. (D) Angulation by flow

direction versus measured curvature by digital calipers.

measurement may not be clinically relevant, as long as the
measurements provide useful information for procedure
planning, improve clinical outcome, and the measurement
procedure is fast, easy to use, and reproducible, the exact
length of the caliper arms is not of importance. More
important, however, is standardization of techniques. The
use of a standardized arm length of 15 mm is recom-
mended, which correlates well with the actual curvature
and results in curvature values that are easy to interpret.
The Tortuosity Angle tool with 15 mm armes, available in the
3mensio workstation, is a good tool for measuring CDC.
Other companies may offer similar utilities, but these have
not been tested as part of this study.

The locations of curvatures y and J in relation to the upper
and lower renal arteries and the begin of the aneurysm are
also important. The proprietary custom software, designed in
Matlab, provides an overview of these relations (Fig. 3).
Future research is needed to relate the magnitude and loca-
tion of curvature to procedure success and long-term com-
plications. The effect of aorta straightening, accuracy of post-
EVAR endograft placement in angulated aortas, and endog-
raft sealing are also subjects of interest for further research.

The proposed methodology for curvature measurements
instead of angulation has two limitations. First, curvature is
calculated at every point of the CLL. Reliability of the cur-
vature calculations depends on the correctness of the CLL. If
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Table 3. Correlation of the actual curvature and the curvature by digital calipers (automatic and manual) and the angulation by flow

direction.

Automatic curvature by digital calipers Pre-EVAR, v (°)
Pre-EVAR, 0 (°)
Post-EVAR, v (°
Post-EVAR, 0 (°
Pre-EVAR, v (°)
Pre-EVAR, 0 (°)
Post-EVAR, v (°
Post-EVAR, 0
Pre-EVAR, a (°)
Pre-EVAR, £ (°)
Post-EVAR, a. (°
Post-EVAR, 8 (°

)
)
Manual curvature by digital calipers

)
)

Angulation by flow direction
)
)

the CLL is misplaced, it will influence the accuracy of the
curvature measurements. To reduce this limitation, the CLL
should be placed with care in the center of the lumen. This
may require some extra planning time.

Second, clinical use of actual curvature measurements has
not been published so far. It requires implementation of the
curvature calculation software in clinical workstations. Only
then can the method be standardized for uniform reporting.

CONCLUSION

Proper and consistent measurement of aortic (neck) angu-
lation is difficult. It assumes linear, angulated neck config-
urations, which is often not a true representation of the
aortic anatomy. In the current study curvature is calculated
instead of angulation. Curvature provides information about
the entire aortic trajectory, including severity of angulation.
Actual curvature calculation is the most accurate means of
representing aortic curvature, but if this option is not
available in the workstation, CDC can be measured instead.
The current analysis documented a high correlation be-
tween CDC and the actual curvature. As the measured CDC
is dependent on the caliper arm length, a consensus is
needed about the arm length. Until such a consensus is
available, an arm length of 15 mm is proposed. This
methodology should provide a standardized method of
expressing the true aortic trajectory and one that does not
assume a linear angular configuration at the aortic neck.
This novel technique holds potential to improve the pre-
dictive value of aortic neck measurement for identifying
those patients at greatest risk for proximal neck complica-
tions after endovascular aneurysm repair.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ejvs.2015.09.008.
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Significance
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.000
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Significance
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Enormous Intra-abdominal Arteriovenous Malformation

- . *
J. Rodriguez-Padilla, J. De Haro
Hospital Universitario Getafe, Madrid, Spain

A 34 year old, otherwise healthy, male was admitted with abdominal pain. Angiography revealed a large abdominal and
pelvic arteriovenous malformation (AVM) with huge partially thrombosed aneurysmal abdominal and pelvic veins (short
arrows), and multiple high flow arteriovenous shunts forming a nidus of about 5 cm dependent on the hemorrhoidal and
bilateral hypogastric arteries (long arrow). The patient was unsuccessfully treated by venous embolization with Onyx 18 and
anticoagulated long term to prevent embolism. Intra-abdominal AVMs are infrequent, sporadic, and rarely reported. Pre-
sumed to be congenital, these cases rarely present with such huge dimensions.
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