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Abstract

Purpose: To validate a novel methodology employing regular postoperative computed tomography angiography (CTA)
scans to assess essential factors contributing to durable endovascular aneurysm repair (EVAR), including endograft
deployment accuracy, neck adaptation to radial forces, and effective apposition of the fabric within the aortic neck. Methods:
Semiautomatic calculation of the apposition surface between the endograft and the infrarenal aortic neck was validated in
vitro by comparing the calculated surfaces over a cylindrical silicon model with known dimensions on CTA reconstructions
with various slice thicknesses. Interobserver variabilities were assessed for calculating endograft position, apposition, and
expansion in a retrospective series of 24 elective EVAR patients using the repeatability coefficient (RC) and the intraclass
correlation coefficient (ICC). The variability of these calculations was compared with variability of neck length and diameter
measurements on centerline reconstructions of the preoperative and first postoperative CTA scans. Results: In vitro
validation showed accurate calculation of apposition, with deviation of 2.8% from the true surface for scans with |-mm slice
thickness. Excellent agreement was achieved for calculation of the endograft dimensions (ICC 0.909 to 0.996). Variability was
low for calculation of endograft diameter (RC 2.3 mm), fabric distances (RC 5.2 to 5.7 mm), and shortest apposition length
(RC 4.1 mm), which was the same as variability of regular neck diameter (RC 0.9 to I.I mm) and length (RC 4.0 to 8.0 mm)
measurements. Conclusion: This retrospective validation study showed that apposition surfaces between an endograft and
the infrarenal neck can be calculated accurately and with low variability. Determination of the (ap)position of the endograft
in the aortic neck and detection of subtle changes during follow-up are crucial to determining eventual failure after EVAR.
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Introduction assessed accurately on the completion angiogram. Additionally,

. . acute migration and adaptive neck enlargement due to radial
Endovascular aneurysm repair (EVAR) is the preferred

treatment modality to exclude an infrarenal abdominal aor-

tic aneurysm (AAA). During the past decade, the envelope
has been pushed toward the treatment of complex aortic
anatomy by endovascular means."? The major limitation of
EVAR is to achieve and maintain sufficient seal and fixa-
tion in a challenging aortic neck. Challenging preoperative
aortic neck anatomy has been associated with acute and
long-term complications, such as type la endoleak and
endograft migration.””

Some aspects of EVAR technical success, such as achiev-
ing effective apposition in the entire aortic neck, cannot be
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Figure |. Endograft dimensions describing the 3-dimensional endograft position in the aortic neck. (A) Shortest fabric distance (SFD),
shortest distance between the lowest renal artery and the proximal endograft fabric boundary; contralateral fabric distance (CFD),
distance between the contralateral renal artery and the proximal fabric boundary; tilt (T), angle between the endograft axis and the
aortic neck; endograft fabric diameter (D), average diameter of the proximal end of the main body that is expanded in the aortic neck;
and shortest apposition length (SAL), shortest straight-line distance between the proximal circumference of the fabric and the distal
end of the aortic neck. (B) Aortic neck surface (ANS), surface area available for sealing in the aortic neck, with a cranial boundary
through the distal origins of the renal arteries and a caudal boundary at the distal end of the neck; endograft apposition surface (EAS),

actual coverage of the aortic neck by the endograft fabric.

forces are not often adequately evaluated on the first postop-
erative (1-month) computed tomography angiography (CTA)
scan. These 3-dimensional (3D) endograft dimensions within
the aortic neck (deployment accuracy, endograft apposition,
and endograft expansion at the proximal sealing zone) on the
first postoperative CTA scan could serve as a baseline for fur-
ther follow-up, since changes in these measurements may pre-
cede later failure of seal and fixation.

A new methodology has been presented that allows
semiautomatic quantification and visualization of the 3D
position, apposition, and expansion of the endograft fabric
within the aortic neck.® The current study validates the
accuracy of these apposition calculations in an in vitro
study and analyzes their precision in a retrospective series
of 24 elective EVAR patients.

Methods

Definitions of Endograft Dimensions

A description of the postoperative endograft dimensions and
illustrative examples have been presented previously.® In
summary, these dimensions include (1) shortest fabric dis-
tance (SFD), the shortest distance between the endograft
fabric and the lowest renal artery and the contralateral (CFD)
renal artery (Figure 1A); (2) tilt, the angle between the axis
of the proximal endograft fabric boundary and the direc-
tional vector of the centerline (Figure 1A); (3) endograft
expansion, the percentage of the original main body

diameter that is expanded in the aortic neck (the diameter is
defined as the average inner diameter over the plane through
the proximal edge of the fabric; Figure 1A); and (4) the
shortest apposition length (SAL), the shortest distance
between the proximal circumference of the fabric and the
first slice perpendicular to the centerline where circumferen-
tial apposition of the fabric with the aortic neck is lost
(Figure 1A). Because of the influence of tilt and complex
neck morphology, the lowest part of the proximal fabric
boundary is likely the location that is most at risk for seal
failure, as represented by (5) the endograft apposition (EAS)
surface between the endograft fabric and the aortic wall
from the proximal boundary of the fabric to the distal bound-
ary of circumferential apposition (Figure 1B). Aortic neck
surface (ANS) is the percentage that has been covered by
fabric (Figure 1B).

Calculation of Endograft Dimensions

Dedicated software was developed in Matlab 2016b (The
MathWorks, Natick, MA, USA) to calculate the 3D endo-
graft dimensions. The methodology includes 5 steps. First,
a centerline was constructed semiautomatically through the
aortic lumen on a vascular workstation [3mensio (version
8.1); Pie Medical Imaging BV, Maastricht, the Netherlands]
and the following 3D coordinates were identified on the
stretched vessel view: (1) the distal edge of the renal artery
orifices, (2) the most distal slice perpendicular to the center-
line to show circumferential apposition of the fabric with
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A. Measure centerline and coordinates on
vascular workstation

D. Calculate neck and apposition
surfaces on mesh between boundaries

B. Export mesh, centerline
and coordinates

E. Calculate endograft expansion, tilt, fabric distances and
shortest apposition length from proximal fabric boundary

C. Calculate boundaries from
mesh, centerline and coordinates

Figure 2. Step-by-step evaluation of the proposed methodology. (A) A centerline is constructed semiautomatically in a vascular
workstation, and 3-dimensional coordinates of the renal arteries, proximal end of the fabric, and distal end of the apposition are

measured. (B) A mesh of the aortic lumen, the centerline, and the coordinates are exported from the vascular workstation into the

dedicated software. (C) Boundaries for the proximal end of the neck (green), proximal end of the fabric (yellow), and distal end of the
apposition (red) are constructed. (D) The surface areas between the proximal and distal boundaries are calculated for the aortic neck
surface (green) and the endograft apposition surface (yellow). (E) From the proximal end of the fabric, the diameter, tilt relative to the

centerline, and fabric distances relative to the renal arteries are calculated.

the aortic neck, and (3) the proximal boundary of the fabric
(Figure 2A).

Second, a mesh of the aortic lumen was created by auto-
matic segmentation of the contrast-rich aortic lumen using
a tool in 3mensio. Poorly segmented contours, such as low-
contrast gaps, bone, small vessels, or chunks of calcium,
were manually corrected. Low-intensity thrombus was not
segmented. The mesh, centerline, and coordinates were
exported into the study software (Figure 2B).

Third, using the mesh, centerline, and 3D coordinates,
the software detected boundary circumferences on the mesh
of the aortic lumen, defining (1) the proximal end of the
aortic neck through the origins of both renal arteries, (2) the
proximal edge of the fabric, and (3) the distal end of the full
circumferential apposition of the endograft in the aortic
neck (Figure 2C). The normal vectors of the proximal and
distal boundaries of the aortic neck were obtained from the
directional vectors of the centerline.

Fourth, the surfaces were calculated over the aortic mesh
between the proximal and distal boundaries of (1) the entire
aortic neck and (2) apposition of the fabric with the aortic

neck (Figure 2D). Finally, the following parameters were
calculated at the level of the proximal endograft fabric
boundary: (1) the average endograft diameter to determine
the percentage of expansion of the endograft, (2) the tilt of
the axis relative to the direction of the aortic centerline, (3)
the shortest and contralateral fabric distances (SFD, CFD)
toward the origins of the renal arteries, and (4) the shortest
apposition length toward the distal end of circumferential
apposition (Figure 2E). The fabric distances were calcu-
lated as the Euclidean straight-line distances. For fabric dis-
tances >10 mm, distances were recalculated over the curve
of the aorta using methods described in detail previously.’

Validation of Surface Calculations

The methodology for semiautomatic calculation of surfaces
between boundaries over a mesh of the aortic lumen was
validated in a silicon cylinder with an inner diameter of 26.8
mm. The cylinder was filled with diluted contrast (Xenetix
300; Guerbet, Sulzbach, Germany) and scanned with the
standard local hospital CTA protocol. Images were acquired
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on a 256-slice CT scanner (Philips, Best, the Netherlands)
using the following parameters: 120-kV tube voltage, 200-
mAs tube current time product, 0.75-mm slice spacing, 0.9-
mm pitch, and 16x0.75-mm collimation. The true surface of
the open cylinder over the length of 30.0 mm was 2529
mm®.

The CTA scan with original slice thickness of 0.625 mm
was reconstructed into scans with slice thicknesses of 0.67,
0.8,09,1.0,1.3,1.5,2.0,2.5,3.0,4.0, and 5.0 mm. A mesh
of the inner volume of the cylinder was obtained in the
3mensio workstation from each of these CTA scan recon-
structions. A centerline was constructed through the center
of the cylinder, and coordinate markers were positioned on
the cylinder over a distance of 30.0 mm to mark the proxi-
mal and distal edges. The mesh surfaces between the upper
and lower boundaries were calculated for each of the recon-
structions with different slice thicknesses and compared
with the true surface of the cylinder.

Variability Analysis

Interobserver variability was analyzed for the endograft
dimensions and surface areas calculated from the first post-
operative CTA scans of 24 elective EVAR patients (the
review of anonymized CT datasets was exempt from insti-
tutional review board approval). To provide a baseline for
the variability of these calculations, the anatomical neck
characteristics (diameter and length) were also measured on
the preoperative and first postoperative CTA scans and
compared with studies that reported the variability in mea-
suring these neck parameters.'®'?

Nine patients were treated with an Endurant endograft
(Medtronic, Minneapolis, MN, USA), 9 with a Zenith endo-
graft (Cook, Bloomington, IN, USA), 4 with an Excluder
endograft (W.L. Gore & Associates, Flagstaff, AZ, USA),
and 2 with an AFX endograft (Endologix, Irvine, CA,
USA). No patient had received any additional graft material
in the aortic neck (eg, cuffs, bare stents, endoanchors, or
parallel grafts).

Two independent, experienced observers performed all
centerline constructions, measurements, and mesh exports
following the predefined measurement protocol. Each
observer was blinded to the results of the other. Neck diam-
eter was defined as the average diameter of the longest and
shortest axis measured perpendicular to the centerline from
adventitia to adventitia at the level of the distal boundary of
the lowest renal artery orifice. In necks with substantial
thrombus load, the inner-to-inner neck diameter was mea-
sured instead of the outer-to-outer diameter. Neck length
was defined as the centerline length from the level of the
lowest renal artery baseline to the first slice perpendicular
to the centerline where the average aortic diameter increased
10% as compared with the baseline level on preoperative
CTA scans. On postoperative CTA scans, the distal end of

the aortic neck was defined by the first slice perpendicular
to the centerline that showed interruption of circumferential
apposition of the fabric with the aortic neck.

Statistical Analysis

Normality of the data was assessed via visual inspection of
the histograms and Q-Q plots. All variables showed a nor-
mal distribution, so the data are expressed as means =+ stan-
dard deviations (SD). The mean difference between paired
measurements was calculated, along with the repeatability
coefficient (RC), described by Bland and Altman'? as 1.96
times the SD of the difference between 2 paired measure-
ments. It is expected that 95% of the differences between
the paired measurements are less than the observed RC.
Interobserver agreements were calculated with the intra-
class correlation coefficient (ICC), which has been tested
by absolute agreement in a 2-way mixed model."* ICC val-
ues >0.8 were considered good agreement. Variability of the
calculated endograft diameter and lengths (fabric distances
and seal length) were compared to the variability of neck
diameter and length measurements using a 3D workstation.
Differences between measured and calculated diameters
and lengths were assessed with 1-way analysis of varaince,
with the zero hypothesis of equal variability. The threshold
of statistical significance was p<0.05. Statistical analysis
was performed with SPSS software (version 23; IBM
Corporation, Armonk, NY, USA).

Results

Validation of Surface Calculations

The surface area calculated from the original CTA scan of the
silicone model with slice thickness of 0.625 mm was very
close to the actual surface (2545 vs 2529 mm?). With increas-
ing slice thickness of the reconstructed CTA scans, the calcu-
lated surfaces over the volume segmentation of the cylinder
decreased, following a logarithmic pattern (Figure 3). For
reconstructions with slice thickness of 1.0 mm, common for
CTA scans, the surface was underestimated by 2.8%.

Variability Analysis

The average slice thicknesses of the pre- and postoperative
clinical CTA scans were 1.6+0.8 and 1.5+0.8 mm, respec-
tively. The variabilities in measurements of aortic neck
morphology and endograft dimensions are shown in Table
1. Excellent agreement was observed for all variables (ICC
0.909 to 0.996).

The variabilities regarding calculation of the endograft
dimensions (endograft diameter, fabric distances, shortest
apposition length, and endograft apposition surface) were
compared with the variabilities in measurement of anatomical
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Figure 3. In vitro validation of the surface area calculations
on computed tomography angiography (CTA) reconstructions
with various slice thicknesses. The calculated surface areas of
an open cylinder were compared to the actual surface area.
With increasing slice thickness of the reconstructed CTA scan,
the calculations underestimate the true surface, following a
logarithmic pattern.

neck diameter and length. Both endograft diameter calcula-
tions and neck diameter measurements showed very low vari-
ability, which was not statistically different (p=0.054). The
mean differences between observers for these variables were
within 1 mm, with 95% of the dispersion within 2 mm.
Calculations of fabric distances and shortest apposition length,
as well as measurements of neck lengths, also showed low
variability. The variabilities of SFD, CFD, and apposition
length calculations compared with neck length measurements
were not significantly different (p=0.201, p=0.339, and
p=0.968, respectively). Mean differences between the observ-
ers for these calculations and measurements were within 1
mm, with 95% of the dispersion within 4 to 8§ mm.

The average differences between observers for calcula-
tion of aortic neck surface and endograft apposition surface
were 28 to 43 mm’, with an RC of 303 to 692 mm”. When
this is expressed as the percentage of the mean calculated
value, the mean difference is within 2.3% for the surface
calculations, compared to 2.6% for the preoperative neck
length measurements; 95% of the variability in calculating
the surfaces was within 17% to 45%, which was also com-
parable to measurements of the pre- and postoperative neck
lengths (19% to 35%).

Tilt was calculated with a mean interobserver difference
of —1.3° and an RC of 9.2°. This parameter could not be
compared to any preoperative neck parameter.

Case Example

A 75-year-old man presented with a 72-mm AAA; the prox-
imal neck measured 15 mm long by 23 mm in outer diam-
eter, without thrombus or calcification. The aneurysm was
treated with a 28-mm-diameter Talent endoprosthesis over-
sized by 22% (Figure 4A). The first postoperative CTA scan

showed a reasonably good position of the endograft relative
to the renal arteries (SFD 4 mm, CFD 5 mm), with 70% of
the aortic neck surface covered, resulting in an apposition
length of 12 mm (Figure 4B). The endograft was expanded
to 82% of its original diameter. On the second follow-up
scan 15 months after the procedure, the endograft had dis-
placed 8 mm caudally compared to the initial position, with
an apposition reduction of 10% (Figure 4C). After 27
months, the caudal displacement continued, further reduc-
ing the apposition; the endograft was almost fully expanded
to 27 mm (Figure 4D). After 51 months, the endograft was
fully migrated, resulting in a type Ia endoleak (Figure 4E).

Discussion

A new methodology was validated that enables semiauto-
matic quantification and visualization of the 3D endograft
parameters that are involved in sealing in the infrarenal
aortic neck (position, apposition, and expansion) based on
regular post-EVAR CTA scans. The in vitro validation
showed that the surface calculations were accurate for
CTA scans with 0.625- and 1.0-mm slice thicknesses. For
increasing slice thickness, the surface is underestimated
due to triangulation of the mesh by fewer face triangles.
More complex shapes of the aorta may result in larger
underestimation of the true surface, but correcting for this
error is only relevant when comparing absolute surfaces
between scans. The percentage of aortic neck covered by
the endograft, which may be more intuitive and important
than the absolute surface area, is not affected by this
underestimation.

High agreement was found for calculation of the endo-
graft dimensions and measurement of the anatomical neck
characteristics. The agreements for measuring neck diame-
ter and length were slightly better than presented in the lit-
erature, which may result from the use of a dedicated
vascular workstation and a strict measurement protocol.'*2
Calculation of the endograft dimensions from the mesh of
the aortic lumen, centerline, and coordinates was reproduc-
ible, with variability margins that were comparable to those
of measuring the anatomical neck characteristics on a
stretched vessel CTA reconstruction. Variability of tilt cal-
culations could not be compared to the literature since this
parameter has not been described previously.

The 3D dimensions of the endograft within the aortic
neck should be assessed on the first postoperative CTA scan
of every EVAR patient as a quality check of the procedure
and to serve as a baseline for further follow-up. Currently,
technical success of the procedure is defined as successful
deployment of a patent, unobstructed endograft, with secure
fixation and absence of type I or III endoleak according to
the completion angiogram."” These requirements may be
achieved, yet deployment of the endograft may be subopti-
mal, or the neck may not tolerate the expanding endograft.
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Table I. Interobserver Variability for Measuring Aortic Neck Morphology and Endograft Dimensions.”

Pre-EVAR Post-EVAR
Mean MD RC ICC p Mean MD RC ICC p

Neck diameter, mm 237 0.0 0.9 0.996 (0.991 to 0.998) <0.001 234 -0.I I.I 0.994 (0.987 to 0.998) <0.001
Neck length, mm 227 0.6 8.0 0.994(0.986 to 0.997) <0.001 213 -03 40  0.988(0.973 to 0.995) <0.001
Neck surface, mm? 1532 28 692 0.95] (0.885 to 0.979) <0.001 1835 43 303  0.988 (0.972 to 0.995) <0.00I
Endograft diameter, mm 234 04 23 0.972 (0.933 t0 0.988) <0.001
Shortest fabric distance, 1.8 0.7 52 0.906 (0.782 to 0.959) <0.001

mm
Contralateral fabric 10.2 05 57  0.984(0.962 to 0.993) <0.001

distance, mm
Tilt, deg 154 -13 92 0917 (0.810to00.964) <0.00I
Apposition surface, mm? 1331 -9 307 0.987 (0.971 to 0.995) <0.001
Shortest apposition 135 -02 4.1 0.986 (0.968 to 0.994) <0.001

length, mm

Abbreviation: EVAR, endovascular aneurysm repair.
Data are presented as means, mean difference (MD), repeatability coefficient (RC), and intraclass correlation coefficient (ICC) with 95% confidence

interval in parentheses.

Pre-EVAR: 1 month
Neck:
Length 15 mm
Diameter
@0 23 mm
@-5 23 mm
@ -10 23 mm
@ -15 25 mm
Surface 1051 mm?
Thrombus:
Circumference °
Thickness 0 mm
Calcification:
Circumference g°
Thickness 0 mm

Device main body:
Diameter 28 mm
Oversized 22%

Aneurysm:

Diameter 72 mm

27 months.

21 mm

24 mm
26 mm
27 mm
27 mm
2050 mm?

4 mm

509 mm? (25%)

14 mm
20 mm

27 mm (96%)

g°

Follow-up: 3 months Follow-up: 15 months Follow-up:
Neck: Neck: Neck:
Length 17 mm Length 27 mm Length
Diameter Diameter Diameter
@0 23 mm @0 23 mm @0
@-5 24 mm @ -5 24 mm @ -5
@-10 24 mm @ -10 25mm @-10
@ -15 25 mm @ -15 26 mm @ -15
Surface 1676 mm=2 Surface 2587 mm? Surface
Apposition: Apposition: Apposition:
Length 12mm Length 12mm Length
Surface 1164 mm? (69%) Surface 1528 mm? (59%) Surface
Top of fabric: Top of fabric: Top of fabric:
SFD 4 mm SFD 12 mm SFD
CFD 5mm CFD 14 mm CFD
Diameter 23 mm (82%) Diameter 25 mm (89%) Diameter
Tilt 9° Tilt 8° Tilt
Aneurysm: Aneurysm: Aneurysm:
Diameter 71 mm (99%) Diameter 75 mm (105%) Diameter

77 mm (107%)

Follow-up: 51 months

Neck:
Length 21mm
Diameter
@0 24 mm
@-5 26 mm
@ -10 29 mm
@-15 29 mm
Surface 1864 mm?
Apposition:
Length 0 mm
Suface 0 mm? (0%)
Top of fabric:
SFD 18 mm
CFD 28 mm
Diameter 28 mm (100%)
Tilt 4°
Aneurysm:
Diameter 83 mm (116%)

Figure 4. Case example of caudal endograft displacement. (A) Neck morphology on the preoperative computed tomography

angiography (CTA) scan showed an unchallenging neck with sufficient oversizing. (B) The first postoperative CTA scan showed

reasonably good position, apposition, and expansion of the endograft in the aortic neck. (C to E) Progressive caudal displacement and
expansion of the endograft were observed, eventually resulting in loss of apposition and a type la endoleak.
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Adaptive neck enlargement has recently been described in
detail by Tassiopoulos and coworkers,'® who found >3-mm
neck enlargement within 1 month in 12.5% of the patients.
With the presented software, neck enlargement can also be
appreciated at the level of the proximal edge of the fabric,
in addition to measurements in the orthogonal plane at cer-
tain distances from the renal artery baseline.

Practice guidelines advise a second CTA scan 1 year after
the procedure, which is mainly used to check for endoleaks
and obstruction of the endograft.'”'® Again, over the course
of a year, the actual complication may not have occurred yet,
while signs of a progressive process can be detected by anal-
ysis of the position, apposition, and expansion of the endo-
graft compared with the first follow-up CTA scan. The
effects of radiation and contrast exposure urges physicians
to reduce the number of post-EVAR CT scans and replace
the 1-year CT scan with duplex ultrasound and radiography.
As a result, accurate 3D information on the endograft posi-
tion and apposition are unavailable during further follow-up.
Therefore, accurate analysis of the endograft dimensions on
the 1-month CTA scan is essential to identify high-risk
patients who may require further CT follow-up.

Time-dependent surface coverage and endograft expan-
sion during the cardiac cycle can be appreciated only with
dynamic CT imaging. Four-dimensional (4D) analysis also
captures the dynamic properties of different stent designs
during the cardiac cycle. The software used in this study
was not optimized for 4D analysis, and current analyses
were done only on static CTA series, which is a major limi-
tation of this study. However, 4D analysis of endograft
dimensions is feasible with the current software by analyz-
ing dynamic scans as a series of 3D volumes, but this is still
time consuming. Automatic analysis of dynamic CTA scans
is currently a work in progress.

The variability analysis is limited by the retrospective
study design. Accuracy and precision of the measurements
that are used to calculate the endograft dimensions may vary
between observers and with the quality of the CTA scan,
which is also the case when measuring regular anatomical
characteristics. Accuracy of localizing the proximal fabric
edge may also depend on the endograft type. The patients
included in this variability analysis were treated with differ-
ent types of endografts. Endurant, Excluder, and Zenith
endografts are equipped with 3 or 4 radiopaque markers that
are easily localized in 3D from the reconstructed CTA scan.
Devices with 2 or fewer radiopaque markers at the proximal
edge of the fabric, such as the Talent or AFX endografts,
require localization of the fabric edge based on the stent
frame design, which may be more susceptible to error.

Conclusion

A new methodology was validated to quantify and visualize
position, apposition, and expansion of the endograft within

the aortic neck after EVAR. Accurate post-EVAR analysis
of these endograft dimensions is feasible and reproducible.
A large clinical validation study'® that emphasizes the added
value of each of the postoperative endograft dimensions to
predict failure of seal and fixation in the proximal neck
accompanies the publication of this article.
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