friried applied
e sciences

Article

Volumetric Analysis of Aortic Changes after TEVAR Using
Three-Dimensional Virtual Modeling

Edoardo Rasciti 11, Laura Cercenelli *
and Emanuela Marcelli 2%

Luigi Lovato

check for
updates

Citation: Rasciti, E.; Cercenelli, L.;
Bortolani, B.; Luzi, P.; Ippoliti, M.D.;
Lovato, L.; Marcelli, E. Volumetric
Analysis of Aortic Changes after
TEVAR Using Three-Dimensional
Virtual Modeling. Appl. Sci. 2024, 14,
6948. https://doi.org/10.3390/
app14166948

Academic Editor: Qi-Huang Zheng

Received: 1 June 2024
Revised: 27 June 2024
Accepted: 6 August 2024
Published: 8 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 2

, Barbara Bortolani {7, Paolo Luzi !, Maria Dea Ippoliti !,

Pediatric and Adult CardioThoracic and Vascular, Oncohematologic and Emergency Radiology Unit,
IRCCS Azienda Ospedaliero-Universitaria di Bologna, 40138 Bologna, Italy; edoardo.rasciti@aosp.bo.it (E.R.);
paololuzi88@gmail.com (P.L.); maria.dea.ippoliti@gmail.com (M.D.1.); luigi.lovato@aosp.bo.it (L.L.)
eDIMES Lab-Laboratory of Bioengineering, Department of Medical and Surgical Sciences,

University of Bologna, 40138 Bologna, Italy; barbara.bortolani@unibo.it (B.B.);

emanuela.marcelli@unibo.it (E.M.)

*  Correspondence: laura.cercenelli@unibo.it

These authors have contributed equally to this work and share first authorship.

¥ These authors have contributed equally to this work and share last authorship.

Abstract: TEVAR (thoracic endovascular aortic repair) is the preferred approach for treating descend-
ing thoracic aortic aneurysm (DTAA). After the procedure, patients require lifelong CTA (computed
tomography angiography) follow-up to monitor the aorta’s remodeling process and the possible
development of associated complications. With CTA, the aorta is usually measured with maximum
diameters taken at specific locations, and even in experienced centers, this type of evaluation is
prone to inter-observer variability. We introduce a new volumetric analysis of aortic changes after
TEVAR using three-dimensional (3D) anatomical models. We applied the volumetric analysis to
24 patients who underwent TEVAR for DTAA. For each patient, the descending thoracic aorta was
evaluated using both the maximum diameter from CTA and the volume from 3D reconstructions, at
discharge and 12 months after TEVAR. Both volume and diameter evaluations were then related to
the development of TEVAR complications. The group with TEVAR-related complications showed a
10% volume increase in the descending aorta, while the group with no TEVAR-related complications
only had a 1% increase. An increase of 40 mL in the descending aorta volume at 12 months seemed
to be predictive of complications, with 94% specificity and 75% sensitivity. Volumetric analysis is a
promising method for monitoring DTAA remodeling after TEVAR, and it may help in the early iden-
tification of high-risk patients who may benefit from a stricter follow-up, even if further evaluations
on a larger sample size are required to confirm these preliminary results.

Keywords: 3D virtual modeling; TEVAR; aortic volume; thoracic aortic aneurysm; aortic remodeling

1. Introduction

Thoracic endovascular aortic repair (TEVAR) is a low-invasive, effective technique for
the treatment of descending thoracic aortic aneurysms (DTAAs), complicated type B aortic
dissection, penetrating aortic ulcers, and traumatic aortic transections [1].

The expected benefit of TEVAR is a positive remodeling of the diseased aorta, whether
through the expansion of the true lumen and thrombosis of the false lumen in dissections
or by causing thrombosis of the aneurysmal sac while keeping the aortic lumen patent in
DTAA [2].

Currently, TEVAR is the preferred approach for the treatment of descending thoracic
aortic pathology, with improved early survival and lower rates of perioperative morbidity
compared to open surgery [3-5].

Although mid-term survival is similar between endovascular and open surgery, pa-
tients undergoing TEVAR have a higher rate of mid- to long-term complications and
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reintervention, and life-term imaging follow-up is needed to monitor the evolution of the
stent graft and its relationship with the aorta [6,7].

Possible complications include the development of endoleaks, retrograde dissection,
stent-induced new entry tear (SINE), stent graft migration, stent graft fracture, and degen-
erative aortic changes at the level of the landing zones. Any one of these complications, or
a combination thereof, can lead to an increase in the size of the diseased aorta, resulting in
negative aortic remodeling [8,9].

Computed tomography angiography (CTA) is the preferred imaging modality for
post-TEVAR surveillance, while magnetic resonance angiography (MRA) is a viable alter-
native despite generally having additional limitations due to metallic artifacts of the stent
graft [5]. In patients that undergo TEVAR for DTAA repair, CTA surveillance imaging is
recommended after 1 month, 12 months, and, if the disease remains stable, every year after
that [10].

In clinical practice, aortic remodeling after TEVAR is evaluated with CTA in the same
way a native aorta is evaluated, with diameter measurements taken perpendicularly to the
long axis of the aorta, at specific locations as well as at the level of the excluded DTAA and
any other aortic pathologic segments, with the maximum diameter usually reported [5,10].

As the thoracic aorta is a cylindrical structure that presents some fixed curvatures at
the ascending and proximal descending levels and may be quite tortuous in its descend-
ing portion, multiplanar reformats (MPRs) orthogonal to the aortic flow axis should be
created for each measurement in order to avoid over- or under-estimation of the aortic
diameters [10].

These measurements are subjected to some degree of inter-observer variability even
in experienced centers, and a standardized, repeatable measurement method is still to be
realized [11].

Three-dimensional (3D) virtual modeling obtained from patient diagnostic imaging
represents a new and exciting application in the field of bioengineering, with considerable
potential both for patient care and for referring clinicians or surgeons [12]. One of these
applications is represented by the possibility of examining volumes of various structures
or organs, providing information useful for both the pre-operative planning and disease-
related prognosis of cancer lesions [13,14].

The main objective of our study was to use 3D virtual modeling to estimate the
volumes of the DTAA after TEVAR and to evaluate any mid-term changes of these volumes
after the procedure.

The secondary objective was to compare these results with the standard of care of
CTA diameter measurements and to evaluate if this type of analysis can be more accurate
in identifying early aortic remodeling in the routine CTA surveillance protocol that these
patients undergo.

2. Materials and Methods

Patients who underwent TEVAR for DTAA at our institution between December 2011
and December 2014 were retrieved from the local picture archiving and communication
system; all consecutive patients with DTAA treated with TEVAR who underwent follow-up
CTA for at least 12 months following the treatment met the inclusion criteria. For the study,
a total of 30 patients were included.

This study was approved by the local ethics committee (CE-AVEC, S.Orsola-Malpighi
Hospital, Bologna, Italy; study protocol n.101/2011/0/Tess, code GRFE-2011, approved on
13 September 2011). All procedures involving human subjects were performed following
the ethical standards of the institutional and national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical standards. Informed
consent was obtained from all individual participants included in the study.

Demographic, clinical, and laboratory data were collected, with particular attention
given to inflammatory markers.
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2.1. CTA Protocol

All CTAs were performed with a 64-row (128 slices) CT scanner (Brilliance iCT SP,
Philips Healthcare, Andover, MA, USA). An unenhanced CT scan preceded the CTA.
80 mL of contrast media (Iomeprol 350 mgl/mL, Iomeron 350, Bracco, IT) was adminis-
tered, followed by a saline chaser (30 mL) using a dual-syringe injector (Medrad Stellant,
Bayer, Germany).

Bolus trigger technique was used by placing a region of interest (ROI) in the ascending
aorta with a 150 HU threshold and 13 s of fixed delay for the angiographic phase, which
was followed by a delayed phase (35 s after the former).

The CTA was performed at 100 kVp to optimize the aortic opacification from the
iodinated contrast media, with a pitch of 1.234, a rotation time of 270 ms. Automatic tube
current modulation (DoseRight) was used, and the CTA images were reconstructed with
2 mm thick slices at 1 mm increments.

2.2. Diameter Measurement from 2D CTA Imaging

Descending thoracic aortic maximum diameters were taken by manual measurements
with MPR reconstructions orthogonal to the aortic flow axis at 5 different regions relative
to the stent graft into which the descending aorta was divided (Figure 1):

1.  Proximal neck (native aorta between the origin of the left subclavian artery and the
proximal landing zone of the stent graft);

Proximal landing zone of the stent graft;

Aneurysm;

Distal landing zone of the stent graft;

Distal neck (native aorta between the distal landing zone of the stent graft and the
origin of the celiac trunk).

SR

Figure 1. (A) CTA parasagittal MPR with maximum intensity projection (MIP) reconstruction of the
thoracic aorta in a patient with DTAA (*) treated with TEVAR; (B) an example of the manual diameter
evaluation of the aorta at five different levels relative to the implanted stent graft: (1) proximal neck
(native aorta between the origin of the left subclavian artery and the proximal landing zone of the
stent graft); (2) proximal landing zone of the stent graft; (3) aneurysm; (4) distal landing zone of the
stent graft; (5) distal neck (native aorta between the distal landing zone of the stent graft and the
origin of the celiac trunk).
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Maximum aortic diameters were estimated from the CTA images of the retrospec-
tively reviewed patients, both at discharge and 12 months after TEVAR, and the presence
of TEVAR-related complications (e.g., endoleak or stent graft migration) were reported,
blinded to the outcomes of the patient.

Two variables were considered for this standard 2D CTA-based analysis: the net
difference between the estimated maximum diameter at the 12-month follow-up and the
one at discharge (Diameterpange NET, S€€ Equation (1)), and the corresponding percentual
difference, referred to as the maximum diameter at discharge (Diarne’cerdlange REL, See
Equation (2)),

Diameter jpangey,r (mm) = Diameteripy — Diameterpis (1)

Diameter gapger,, (%) = (Diameteriap — Diameterpys)/ Diameterpis (2)

2.3. Volumetric Analysis

Volumetric analysis consists of 3D virtual model reconstruction of the patient anatomy,
starting with image segmentation of diagnostic images, followed by automatic computation
of the volumes of some selected aortic segments. All 3D virtual model reconstructions,
based on high-quality CTA scans at discharge and at the 12-month follow-up, were carried
out by engineers at our institution.

2.3.1. Image Segmentation

Segmentation of the descending thoracic aorta was achieved using D2P™ software, v.
1.0.2.2055 (‘DICOM to PRINT’; 3D Systems Inc., Rock Hill, SC, USA). D2P™ is a cleared
medical device software intended for pre-operative surgical planning and the production of
3D-printed anatomic models for diagnostic purposes. D2P focuses on creating a workflow
consisting of as few steps as possible to provide a segmentation tool that is useable for
clinicians with limited experience in image processing [15].

A combination of semi-automatic tools (multi-slice interpolation and threshold seg-
mentation) in D2P™ software was used to segment each anatomical structure of interest
(aorta, thrombus, and stent graft) in the descending thoracic aorta, from the left subclavian
artery to the celiac trunk.

In detail, the contrast containing aorta was automatically segmented using the auto-
matic vascular segmentation option, and the Smart Brush tool was used to manually extend
the mask to unmasked areas with the use of a threshold range (HU 100-500). The aneurysm
and the intraluminal thrombus were segmented using the Multi-Slice Interpolation tool
plus Brush tool and Eraser tool. For the stent graft, the Threshold tool (HU 600-2500)
was used.

The segmentation results and the anatomical accuracy of the reconstructed 3D virtual
models were reviewed by two experienced radiologists. To validate the reconstructed 3D
virtual models, the two radiologists carefully examined the 3D anatomical reconstructions
in relation to the CTA scan projections (axial, coronal, and sagittal) that D2P™ software
provides contextually for the segmentation masks.

2.3.2. Volume Computation

The segmented aorta was then divided into the same 5 parts, as previously described
for the diameter measurements (Figure 2).

The volume of each region was then calculated in Matlab R2019a using the stlVolume
function, which, given a surface triangulation, computes the volume enclosed using the
divergence theorem. The assumption for this function is having triangle nodes of the
surface ordered correctly (i.e., the computed normal is outward). The function outputs the
total volume enclosed and the total area of the surface [16].
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Aorta
B Thrombus
Il Endoprosthesis

Thoracic Aorta
all)

1 Proximal Neck

2 Proximal Landing Zone
3 Aneurysm

4 Distal Landing Zone

5 Distal Neck

Figure 2. Descending thoracic aorta volume analysis with D2P software. (A) Segmentation of the
aorta, the thrombus inside the aneurysm, and the stent graft. (B) Segmentation of the descending
thoracic aorta relative to the position of the stent graft, defined as: (1) the native aorta proximal to the
stent graft landing zone, (2) the proximal stent graft landing zone, (3) aneurysm, (4) distal stent graft
landing zone, and (5) the native aorta distal to the stent graft landing zone.

These segments were then evaluated both separately and grouped as global descend-
ing thoracic aorta. All these volumes were analyzed at discharge (DIS) and at the 12-month
(12 M) follow-up.

Volumetric analysis was performed blinded to the outcomes and presence of complications.

Two variables were considered for the volumetric analysis: the net difference between
the absolute values of the computed volume at the 12 M follow-up and at discharge
(Volume nhange NET, S€€ Equation (3)), and the corresponding percentual difference, referred
to as the volume at discharge (Volume hange reL, S€€ Equation (4)),

Volumeyangeyer (ML) = Volumeioy — Volumepys 3)

Volume pangey,, (%) = (Volume v — Volumepys)/Volumepis 4)

12

2.4. Statistical Analysis

For all the patients included in the study, their demographic, clinical, laboratory, and
TEVAR-related data were collected and analyzed.

For the analysis, both net (mm and mL) and relative (%) diameter and volume changes
(see Equations (1)—(4)) were evaluated for each segment of the descending aorta and for
both groups (i.e., at discharge, and at the 12 M follow-up).

The continuous data are presented as the mean + SD and were compared using the
Student ¢-test, after preliminarily checking for normal distribution. The categorical data are
expressed as frequencies. A p value < 0.05 is considered statistically significant.

The cut-off predictive values for the continuous variables were calculated using the
ROC curve method and the Youden index. Statistical analysis of all data was performed
using commercially available software (SPSS V.28, IBM, Armonk, North Castle, NY, USA).
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3. Results

A total of 6 of 30 patients were excluded from the study due to insufficient quality of
the diagnostic imaging (e.g., the origin of the celiac trunk was not visible in the thoracic
CTA scan).

Therefore, a total of 24 patients were included; their demographics and clinical data
are reported in Table 1. The patients were predominately males (75%), with a mean age of
68 + 10 years.

Table 1. Demographic, clinical, and laboratory data of the patients included in our study. CAD,
coronary artery disease; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease;
CRP, c-reactive protein; ESR, erythrocyte sedimentation rate. n.s. = not significant.

Patients Characteristics n=24

Demographic Data
Males (%) 18 (75%)

Age, years (mean + SD) 68.2 +10.3

Clinical Data
Hypertension 18 (75%)

Smoking 8 (33%)
Diabetes mellitus 2 (8%)
Dyslipidemia 6 (25%)
CAD 7 (29%)
COPD 4 (17%)
CKD 3 (13%)

Laboratory Data (Mean & SD) At Discharge At 12 Months [4
CRP, mg/dL 27 +47 13+18 n.s.
IL-6, pg/mL 71+64 31.5 + 101.6 n.s.
ESR, mm/h 23.2 +15.8 26.5 +13.8 n.s.
D-dimer, ug/L 5.8+4.0 10.6 £9.6 0.027

Laboratory data and, in particular, inflammatory markers were evaluated at discharge
and 12 months after TEVAR; the results are reported in Table 1. Only the D-dimer levels
were increased at follow-up, while the other evaluated inflammatory markers were not
significantly different.

The mean clinical follow-up time after TEVAR was 55.3 £ 26.6 months. The TEVAR-
related data, events, and complications during the total follow-up time are reported in
Table 2. A total of 39 stent grafts were implanted, with an average of 1.6 for each TEVAR.
The most frequently implanted stent graft was the Medtronic Valiant Captivia (69%); the
other used stent grafts were the Bolton Relay (13%), the Gore TAG (10%), the Cook Zenith
(5%), and Jotec custom stent grafts (2.5%).

During the follow-up period, 12 patients (50%) had an endoleak, 5 of which were lim-
ited to a type II endoleak, while stent graft migration was reported in 6 patients (Figure 3).

A total of eight (33%) patients experienced TEVAR-related complications: seven
patients underwent re-TEVAR, two of them acquiring another re-TEVAR in the following
months. Re-TEVAR was required for degenerative changes to the distal aortic neck with
type Ib endoleak in seven cases (77%), for proximal aortic neck degeneration with type la
endoleak in one case (11%), and for both proximal and distal aortic neck degeneration in
one case (11%).

Four patients died during the total follow-up time, with only one stent-related death.
At 14 months after TEVAR, after progressive dilatation of the proximal landing zone,
the stent graft slightly migrated downward, creating a type la endoleak. As the DTAA
increased over time, the patient underwent surgical intervention with ascending aorta and
aortic arch replacement. The patient died some days later for bowel infarction and renal
ischemia caused by systemic hypotension.
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Table 2. TEVAR-related data, including procedure details and related events in the total follow-up time.

TEVAR Data
Implanted stent graft (total) 39
Implanted stent graft per TEVAR (mean =+ SD) 1.6 £0.6
Stent graft name n (%)
Valiant Captivia® (Medtronic, Minneapolis, MN, USA) 27 (69%)
Relay® (Bolton Medical, Sunrise, FL, USA) 5 (13%)
TAG® (Gore Medical, Flagstaff, AZ, USA) 4 (10%)
Zenith® (Cook, Bloomington, IN, USA) 2 (5%)
Custom stent graft (Jotec GmbH, Hechingen, Germany) 1 (2.5%)
. . o Time after TEVAR
TEVAR-related events in the total f/u time 1 (%) (months, mean = SD)
Endoleaks (total) 12 (50%)

Typela 3 (12.5%) 38.3+37.7

Type Ib 3 (12.5%) 27+0.6

Type I 7 (29.2%) 51+54

Type III 2 (8.3%) 49 +32.5

Type IV -

Type V 1 (4.2%) 12
Stent graft migration 6 (25%) 26.0 £16.9
Re-TEVAR (total) 7 (29.2%)

1 7 (29.2%) 38.3 +35.0

2 3 (12.5%) 66.0 £ 8.5
Death (total) 4 (16.7%) 423 +£299

Stent-related 1 (4.2%) 15

Not stent-related 3 (12.5%) 51.3 £29.1
TEVAR-related complications (total) 8 (33.3%)

Figure 3. CTA follow-up after TEVAR for DTAA showing blood flow outside the stent graft at the
proximal landing zone (arrows), with an incomplete seal of the DTAA (type Ia endoleak).
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The patients were divided into two groups according to the occurrence or absence
of TEVAR-related complications, with 16 patients (66%) without reported TEVAR-related
complications during the total follow-up time.

The results of both the diameter and volume analysis of these two groups at discharge
and after 12 months are reported in Table 3.

Table 3. Diameter and volume analyses of the descending aorta after TEVAR related to subsequent
complications. Both net (mm and mL) and relative (%) diameter and volume changes are reported
for each segment of the descending aorta and for both groups. n.s. = not significant.

TEVAR-Related No TEVAR-Related

Complications vs. No

Complications Complications C .
(1 =8) (1 = 16) Complications
. Net Relative Net Relative Net .
Diameter Change (mm) (%) (mm) (%) ) Relative (p)
Proximal Neck (1) 25+35 5.7 £8.0 1.0+ 1.7 28 +5.0 n.s. n.s.
Proximal Landing Zone (2) 01429 01%£76 11£17 31+45 n.s. n.s.
Aneurysm (3) 1.5+ 6.5 26 +£95 —2.3+9.0 —24+124 n.s. n.s.
Distal Landing Zone (4) 43+84 10.4 + 18.6 02+32 09 +386 0.049 0.048
Distal Neck (5) 34+£113 89 +£253 05+24 21+6.7 n.s. ns.
Volume Change Net (mL) Rel: tive Net (mL) Rel‘? tive Net Relative (p)
(%) (%) (p)

Proximal Neck (1) 61 26 £31 2+1 8§+4 0.001 ns.
Proximal Landing Zone (2) 18 +23 24 £22 4+4 14+11 ns. n.s.
Aneurysm (3) 13 £33 5+ 16 —21+48 —4+24 0.043 n.s.
Distal Landing Zone (4) 17+ 15 42 +51 3+12 17 £21 0.022 ns.
Distal Neck (5) 22 +23 72 £ 110 2+8 5+ 16 0.030 n.s.
Descending Thoracic Aorta (1, 2, 3, 4, 5) 55+ 25 10£5 —11£51 1+16 0.001 0.030

An example of the two types of analysis is reported in Figure 4.

Proximal neck measurements for both the diameter and volume evaluations were
not carried out for most patients (81.25%), as the stent graft was positioned right after the
origin of the left subclavian artery (landing zone 3), and as such, there was no proximal
neck to evaluate.

In the diameter evaluation, only the distal landing zone was different between the two
groups, with both a net (4.3 £ 8.4 mm vs. 0.2 + 3.2 mm, p = 0.049) and relative increase
(10.4 £ 18.6% vs. 0.9 £ 8.6%, p = 0.048) in the maximum diameter in patients with TEVAR-
related complications compared to substantial stability in the no-complication group.

In the volumetric evaluation, except for the proximal landing zone, all other seg-
ments of the descending aorta showed significant increases in net volume changes in the
TEVAR-related complication group compared to the no-complication group, which showed
substantial stability. The DTAA volume increased in the TEVAR-related complication group
(13 £ 33 mL) and decreased in the no-complication group (—21 & 48 mL, p = 0.043). The
distal landing zone had a net volume increase in the complication group compared to the
no-complication group (17 £ 15mL vs. 3 & 12 mL, p = 0.022).

Both the proximal (6 =1 mL vs. 2 & 1 mL, p = 0.001) and distal (22 4= 23 mL vs.
2 £ 8 mL, p = 0.030) aortic necks showed a higher increase in volume in the TEVAR-related
complication group.

When evaluating the global descending thoracic aorta volumes, the patients without
complications after 12 months had a mild reduction in their aortic volumes (—11 £ 51 mL),
while the patients with complications had a moderate increase in these volumes (55 + 25 mL,
p = 0.001). When evaluating the ROC curve analysis for the net volume change of the
descending thoracic aorta, the cut-off point to predict TEVAR-related complications was
40.4 mL (AUC of 0.906, sensibility of 0.750, and specificity of 0.938, p = 0.001) (Figure 5).
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DISCHARGE 12 M - Follow Up

DISCHARGE 12 M - Follow Up

Figure 4. Example of a patient case analyzed by both methods: the conventional manual measurement
from CTA imaging using MPR reconstructions orthogonal to aortic flow axis (A) and the new
volumetric analysis (B), both performed at discharge and at the 12 month follow-up (FU) after
TEVAR. (1) Proximal Neck; (2) Proximal Landing Zone; (3) Aneurysm; (4) Distal Landing Zone;
(5) Distal Neck.

Relative changes in the aortic volumes were also evaluated: only the global descending
thoracic aortic volumes were significantly different between the two groups, with a 10 £+ 5%
increase in the complication group and a 1 4= 16% increase in the no-complication group
(p = 0.030).

The results of the ROC curve analysis for all diameters and volumes considered in the
study are reported in Table 4.
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Figure 5. ROC curve analysis for net changes in descending thoracic aortic volumes: a cut-off of

40 mL demonstrated high specificity and good sensibility in predicting TEVAR-related complications

(AUC of 0.906, sensibility of 0.750, and specificity of 0.938, p = 0.001).

Table 4. Results of ROC curve analysis for all diameters and volumes considered in the study.

Variable Cut-Off AUC Std. Error Asyrr}ptotlc CI (95%) Sensitivity ~ Specificity
Value Sig
Diameter change—net (mm)
Proximal Neck (1) 4.0 0.667 0.265 0.505 0.147-1.000 0.500 1.000
Proximal Landing Zone (2) 1.0 0.465 0.139 0.783 0.193-0.737 0.500 0.688
Aneurysm (3) 2.0 0.680 0.130 0.159 0.424-0.935 0.750 0.688
Distal Landing Zone (4) 3.0 0.641 0.138 0.270 0.370-0.911 0.625 0.813
Distal Neck (5) 4.0 0.647 0.155 0.270 0.343-0.952 0.429 1.000
Diameter change—relative
Proximal Neck (1) 10.4% 0.667 0.265 0.505 0.147-1.000 0.500 1.000
Proximal Landing Zone (2) 4.6% 0.438 0.135 0.624 0.137-0.702 0.375 0.688
Aneurysm (3) 2.6% 0.656 0.138 0.221 0.386-0.927 0.750 0.688
Distal Landing Zone (4) 8.1% 0.637 0.138 0.284 0.366-0.907 0.625 0.813
Distal Neck (5) 11.6% 0.634 0.156 0.316 0.328-0.940 0.429 1.000
Volume change—net (mL)
Proximal Neck (1) 4.4 1.000 0.000 0.064 1.000-1.000 1.000 1.000
Proximal Landing Zone (2) 54 0.688 0.150 0.161 0.393-0.982 0.714 0.813
Aneurysm (3) -7.3 0.727 0.115 0.076 0.501-0.952 0.875 0.563
Distal Landing Zone (4) 14.0 0.733 0.145 0.102 0.499-1.000 0.667 0.933
Distal Neck (5) 4.6 0.875 0.073 0.005 0.731-1.000 1.000 0.688
Descending Thoracic Aorta 40.4 0.906 0.062 0001 0785-1.000  0.750 0.938
(1,2,3,4,5)
Volume change—relative

Proximal Neck (1) 30.5% 0.625 0.296 0.643 0.044-1.000 0.500 1.000
Proximal Landing Zone (2) 40.3% 0.616 0.154 0.385 0.314-0.919 0.429 1.000
Aneurysm (3) —3.7% 0.617 0.119 0.358 0.383-0.851 0.875 0.563
Distal Landing Zone (4) 42.3% 0.611 0.141 0.436 0.334-0.888 0.333 0.933
Distal Neck (5) 9.8% 0.857 0.079 0.008 0.703-1.000 1.000 0.688
Descending Thoracic Aorta 3.2% 0.703 0.107 0.111 0.493-0.913 1.000 0.625

(1,2,3,4,5)
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4. Discussion

TEVAR is a minimally invasive endovascular procedure used to treat DTAAs, and it
shows several advantages compared to traditional open surgical repair, such as a lower risk
of perioperative complications, shorter hospital stays, and lower mortality rates during
follow-up. These advantages make TEVAR an attractive option for many patients who
have a DTAA [17-19].

Stent grafts are designed to cover aneurysms, diverting blood flow away from the
weakened, aneurismatic aorta, and restoring normal blood flow.

After the positioning of the stent graft, the aorta and the excluded aneurysm undergo
a remodeling process, which ideally leads to thrombosis of the excluded aneurysm sac and
reduction in or stability of the aortic aneurismatic dilatation (positive aortic remodeling).

As this remodeling process is complex and takes time, and with it, the relationship
between the stent graft and the aorta or its branches can also change, possibly leading to
complications like endoleaks or stent graft migration, life-time imaging follow-up of these
patients is recommended, while re-TEVAR is not uncommon [10].

In addjition to recognizing the appearance or increase in endoleaks, CTA follow-up is
routinely used for monitoring the evolution of the aneurysm and the surrounding aorta.

As for any other aortic condition, both in the settings of acute aortic syndromes
and chronic conditions, like aneurysm, dissection, or penetrating aortic ulcers, in clinical
practice, the aortic dimensions are reported as the maximum diameter perpendicular to the
axis of blood flow [20].

Aorta measurements must be repeatable and precise to characterize pre-existent aortic
disease and its eventual progression. Measurements should be performed at specific
segmental levels, as well as at the site of any aortic pathology. Using multiplanar reformats
that are orthogonal to the aortic flow axis is strongly recommended [10].

Still, even in experienced centers, there is some degree of inter-observer variability
when reporting aortic diameters, and the need for a more robust and objective way to mea-
sure the aortic changes and pathologies has already been expressed in the literature [11,21].

As the aorta is a cylindrical structure subjected to tortuosity and with changing
dimensions or degrees of dilatation along its long course inside the body, a volumetric
evaluation can be suitable to better analyze its changes both in the case of chronic aortic
pathology or post-surgery/endovascular procedures [22].

A DTAA can be stable at its maximum diameter but still increase in dimension along
its path, and these differences may be underestimated by a manual diameter evaluation.

As previously suggested by similar experiences of using volumetric analysis to three-
dimensionally characterize pathological regions (typically tumors), a 3D-based approach
may provide additional information that cannot be extracted from 2D images. Moreover,
volumetric analysis, such as the one we propose in this study, allows for objective evaluation
of the morpho-dimensional changes in the treated aorta (e.g., the volume of the whole vessel
or portions of it), since these parameters are calculated automatically by the implemented
algorithms on the 3D reconstructed vascular model (once this is validated by the radiologist).
This guarantees repeatable results, regardless of the operator carrying out the assessment.

Volumetric evaluation of the aorta after endovascular aortic repair (EVAR) for ab-
dominal aortic aneurysm has already been reported in the literature, with interesting
results [23-26].

As for TEVAR, some studies have shown promising results in the context of type-B
aortic dissection or post-surgery type-A residual dissection [27-29].

To the best of our knowledge, only Nomura et al. compared volumetric and diameter
analysis in the settings of TEVAR for DTAA correction [30].

They showed that an 11.6% increase in aneurysm volume between pre-operative
and follow-up CTA was associated with the development of a type I endoleak, while a
pre-operative thrombus volume of 11.3% of the total aneurysm was associated with a type
II endoleak. They concluded that for predicting the presence of a high-pressure endoleak
after TEVAR, volume change analysis performed better than diameter change analysis.
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Differently from Nomura et al., our study had a fixed range of CTA follow-up time
after TEVAR (12 months instead of 6 months as a minimum), with a long clinical follow-up
time (55.3 £ 26.6 months).

Compared to Nomura et al., our study specifically compared the diameters and
volumes of the descending aorta between discharge and the 12-month follow-up after
TEVAR, using the stent graft as a reference. In contrast, Nomura’s study compared the
pre-operative volumes with those from the last available follow-up, which was at least six
months post-TEVAR.

Moreover, we analyzed both the diameters and volume changes in five different
descending aortic segments, and not only at the level of the DTAA, for a more precise
evaluation of the complex phenomenon of aortic remodeling after TEVAR, which may
impact not only the aneurysmal sac but also other portions of the descending aorta, such as
the stent graft landing zones and aortic necks.

Nevertheless, we similarly observed that in patients who developed TEVAR-related
complications, there was a net increase in the volume of the descending aorta, aneurysm,
distal landing zone, and both the proximal and distal necks, and a relative increase (10%)
in the global descending thoracic aorta volume at 12 months after CTA compared to the
substantial stability of the same volume in the no-complication group.

As far as segmental analysis is concerned, it is interesting to note that the greatest
relative changes in volume were identified at the level of the distal landing zone and
aortic neck, suggesting that these segments may be the most susceptible to pathologic
remodeling and dilatation after TEVAR. This confirms what has already been expressed in
the literature regarding the importance of the optimal selection of the distal landing zone
for TEVAR [31,32].

When comparing the results of both the diameter and volume changes, the diameter
evaluations showed significant changes only at the distal landing zone of the stent graft,
while volume analysis seemed to be more appropriate for identifying even small volume
changes that occurred after TEVAR in all segments of the descending aorta, which may
have been underestimated by the manual diameter measurements.

Except for the identification of endoleaks or stent graft migration, the CTA follow-up
using diameters in patients with TEVAR was based on the same principles of follow-up of
native DTAA, with an aneurysm growth threshold of >5 mm/year identified as a feature of
high-risk for a rupture aneurysm [33].

Still, there is no consensus on when to treat patients with re-TEVAR, as it is usually a
multidisciplinary decision.

Our results show a particularly high AUC score (0.906) for the net volume changes of
the descending thoracic aorta (Figure 5, Table 4). Meanwhile, considering the volumetric
variables for every single portion of the aorta (1, 2, 3, 4, 5), lower AUC scores were
obtained. This indicates that a volume measurement considered as a whole (i.e., the entire
descending thoracic aorta volume change) is more predictive than the volumetric changes
in the single portions. In general, the AUC and the sensitivity/specificity scores were
higher for volumetric parameters (especially for the net volume changes) than for the
standard diameter evaluations, as shown in Table 4. In our study, 40 mL increases in
the global descending thoracic aorta volumes after 12 months seemed to be predictive of
TEVAR-related complications with high specificity (94%) and good sensibility (75%). In this
scenario, this parameter could be used as a marker for patients at higher risk for re-TEVAR
who may undergo a stricter CTA follow-up and an early multidisciplinary re-evaluation.

Even though this was out of the scope of our study, global descending thoracic
aortic volume analysis also has another distinct feature that could represent an attractive
opportunity for the follow-up of patients after TEVAR. Since the volume in segmentation
analysis of the descending thoracic aorta is defined as the volume between two anatomic
landmarks that are the origin of the left subclavian artery and the origin of the celiac trunk,
a chest CT without the use of iodinated contrast media should be enough to generate
volumetric analysis.
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As these patients need life-time imaging follow-up, this could have a favorable impact
for reducing both ionizing radiation exposure and iodine contrast media administration,
but further studies are needed to confirm our results.

Our study has several limitations. The major limitation is the small sample size and its
retrospective nature, which underpowers our analysis, even though both the diameter and
volume analysis were performed blinded to the outcomes and presence of complications.
The proposed volumetric analysis, which represents a preliminary evaluation, will soon
be expanded by adding a greater number of cases and taking into account some patient-
specific characteristics, such as the length of the aortic regions, age, body surface area, and
body mass index, against which the results can be normalized.

Another limitation is related to the slice thickness of the CTA imaging of 2 mm, which
is routinely used at our institution for the CTA acquisition protocol in aortic pathology,
being at the upper limit of the recommended range of slice thickness according to the
guidelines of our National Radiology Society.

CTA slice thicknesses smaller than 2 mm would allow for more accurate anatomical
3D reconstructions and conventional diameter evaluations.

Moreover, in this study, only the discharge and 12-month follow-up CTAs were
evaluated, in contrast to a long clinical follow-up (average 4.5 years) available for these
patients. Also, a pre-TEVAR CTA was not included in the analysis.

Finally, a possible limitation of the proposed volumetric analysis could be the total
time required for the preparation of the 3D anatomical models. In our experience, a mean
time of three hours to segment and validate the 3D reconstructions of the aortic vasculature
at both discharge and the 12-month follow-up with the radiologist is required.

5. Conclusions

In this study, we showed that aortic volume analysis after TEVAR is feasible and has
the potential to increase the understanding of the complex remodeling process that the
aneurysmatic descending aorta undergoes after a stent graft has been deployed.

At 12 months after TEVAR, patients with complications had net and relative increases
in the global descending aortic volumes and net increases in aneurysm and both the
proximal and distal aortic neck volumes. Volume analysis in the no-complication group
confirmed the intended results of TEVAR for DTAA correction, which included a reduction
in the aneurysm volume and stability of the dilatated descending aorta.

A net increase of 40 mL in the global descending aortic volumes at 12 months after
TEVAR seems to be predictive of TEVAR-related complications, with high specificity and
good sensibility, but more studies are needed to confirm our results.
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