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Abstract: Background: The aim of this study was to evaluate the aortic diameter and volume during
the first year after a type A repair to predict the long-term prognosis of a residual aortic dissection
(RAD). Methods: All patients treated in our center for an acute type A dissection with a RAD and
follow-up > 3 years were included. We defined two groups: group 1 with dissection-related events
(defined as an aneurysmal evolution, distal reintervention, or aortic-related death) and group 2
without dissection-related events. The aortic diameters and volume analysis were evaluated on three
postoperative CT scans: pre-discharge (T1), 3-6 months (T2) and 1 year (T3). Results: Between 2009
and 2016, 54 patients were included. Following a mean follow-up of 75.4 months (SD 31.5), the
rate of dissection-related events was 62.9% (34/54). The total aortic diameters of the descending
thoracic aorta were greater in group 1 at T1, T2 and T3, with greater diameters in the FL (p < 0.01).
The aortic diameter evolution at 3 months was not predictive of long-term dissection-related events.
The total thoracic aortic volume was significantly greater in group 1 at T1 (p < 0.01), T2 (p < 0.01),
and T3 (p < 0.01). At 3 months, the increase in the FL volume was significantly greater in group 1
(p < 0.01) and was predictive for long-term dissection-related events. Conclusion: This study shows
that an initial CT scan volume analysis coupled with another at 3 months is predictive for the long-
term evolution in a RAD. Based on this finding, more aggressive treatment could be given at an
earlier stage.

Keywords: type A aortic dissection; residual aortic dissection; volume analysis; predictive factors;
long term results

1. Introduction

The long-term prognosis of a type A aortic dissection is directly related to the residual
aortic dissection (RAD) evolution [1,2]. Indeed, a patent false lumen (FL) in the descending
aorta is the most common situation encountered after the replacement of the ascending
aorta for a type A aortic dissection (TAAD) and is a well-known risk factor for aortic growth,
reinterventions, and mortality [3-7]. The identified poor prognostic factors associated with
a RAD are a matter of concern because patients with an increased risk of disease progression
might be offered earlier endovascular treatment to increase the mid- and long-term survival.

Currently, the most relevant anatomical criteria found in the literature were the initial
aortic diameter and the presence of a new entry tear on the distal anastomosis or the absence
of a resection of the primary entry tear [3-6,8-13]. However, different authors have stated
that using the diameter measurements is not sensitive and adequate to evaluate the behavior
of an aortic dissection due to the long extent of the aorta and its pathology [14] and, although
time consuming, that aortic volume measurement was the most relevant and consistent
method to reliably assess an aortic remodeling during a follow-up [15-19]. The volumetric
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measurement has been largely studied in abdominal aneurysm repair [20], but there are
few studies on volume analysis with the thoracic aorta [15] and in an aortic dissection or
other thoracic aortic diseases, the role of volume measurement remains unknown.

The aim of this study was to investigate the aortic diameter and volume during the
first year after a type A repair to predict the long-term prognosis of a RAD.

2. Patients and Methods

All patients included in this study were informed of the use of their data for clinical re-
search, and the institutional review board approved the project (approval number 2019-48).

2.1. Inclusion and Exclusion Criteria

Between January 2010 and December 2016, all patients treated in our center for a
TAAD with a RAD, a radiological and clinical follow-up > 3 years and three early CT
postoperative scans suitable for radiological analysis (pre-discharge (T1), 3-6 months (T2)
and 1 year (T3) CT scan) were included in this study.

2.2. Radiological Analysis
2.2.1. Diameter Measurement

Diameter measurements were performed using Endosize software (Therenva version
3.1.25, Rennes, France) in the perpendicular axis of the centerline (CL) at six levels for
the true lumen (TL), false lumen (FL), and the total aortic diameter of the thoracic aorta
(Figure 1).

Diameter 5

Diameter 6

Figure 1. Levels of the diameter measurements.

To assess the intra- and interobserver variability of the aortic diameter measurements,
a random sample of 50 CT scans was analyzed a second time by the same observer and by
a second radiologist.

2.2.2. Entry Tear

The number of entry tears on each CT-scan was reported, and its diameter measured.

2.2.3. Volume Calculation
Custom MATLAB application (Figure 2).
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Figure 2. Method for the volume measurement with the TAV method. (A): Diagram showing the
volume calculation method with MATLAB. (B): The interface used for the volume measurement.

We developed a custom application through the MATLAB software (named TAV
(thoracic aorta volume)) to evaluate the volumes of the thoracic aorta.

The method is based on the addition of the elementary volume (EV). It is assumed
that the area of a surface (5;) that is identified on an axial CT scan image does not vary over
a certain height h;. This hypothesis is valid if the EVi remains straight, i.e., its tortuosity
(Ti) remains low. Ti is the ratio between the EV curvilinear length (li) and its straight-line
length (hi). The height is optimal when the tortuosity is close to 1. A maximum tortuosity
threshold is therefore chosen to validate the hypothesis of a constant area over h; The
elementary volume V; is then equal to Si x hi. The total volume is the sum of all of the
elementary volumes over the segment of interest.

The main advantage of this method is that it allows a measurement of the volumes
of the TL and FL in 30 min (compared to 1 h with the standard method), which is less
expensive (compared to the available software) and can be performed on any computer.

2.2.4. Volume Calculation Validation: Semiautomated Method Coupled with the
Standard Method

To validate the custom application of the TAV, the results were compared with those
results obtained when using a reference method made by another observer [21-23].

The volume analysis was performed with semiautomated segmentation, which deter-
mines the boundaries around the voxels with a similar intensity (TL and contrast aortic
lumen). For the FL, a manual selection was carried out at each slice.

To assess the intra- and interobserver variability of the aortic volume measurements, a
random sample of 50 CT scans was analyzed a second time by the same observer and by a
second radiologist.

3. Endpoints

We defined two groups: group 1 with dissection-related events defined as (i) aneurys-
mal evolution during the 3 years of follow-up (aortic growth > 10 mm), (ii) distal reinter-
vention (aortic diameter greater than 55 mm, rapid aortic growth (10 mm/y), malperfusion
syndrome or aortic rupture) or aortic-related death; and group 2 without dissection-related
events during the 3-year follow-up.

We analyzed the aortic diameters and the volume at T1, T2 and T3.

We analyzed the aortic diameter and the volume evolution: the change between the
postoperative and the 3-month CT scans and between the postoperative CT scans and the
1-year CT scans.

The epidemiological, anatomical and volumetric risk factors for dissection-related
events were analyzed.



J. Cardiovasc. Dev. Dis. 2022, 9, 349 4o0f 11

4. Statistical Analysis

All analyses were performed using the Statistical Package for Social Sciences software,
version 20 (SPSS, IBM Corporation, New York, NY, USA). The medians and interquartile
ranges (Q1-Q3) are used to describe the continuous variables; the categorical variables
are presented as numbers and frequencies. The risk factors for an aneurysmal evolution
and the distal reinterventions were assessed with a univariate analysis. The normality
of the continuous variables was assessed by the Kolmogorov—Smirnov test. In cases of
an abnormal distribution, Mann—-Whitney tests were performed. In cases of a normal
distribution, T-tests were performed. The categorical variables were compared by the x? or
Fisher’s exact tests.

To identify the independent predictors for long-term dissection-related events, a binary
logistic regression was conducted (descending method). The variables that were included
in the model were selected based on the p-value obtained in the univariate analysis (p < 0.1)
and were limited to four given the number of reported events.

All statistical tests were 2-tailed, and p-values < 0.05 were considered statistically significant.

5. Results
5.1. Study Population

Between January 2010 and December 2016, 309 patients were treated in our center for
a TAAD. Among them, the rate of stroke was 11.6% (36/309), the rate of a tamponade at
admission time was 14.2% (44/309) and the in-hospital mortality was 17.7% (55/309).

Thirty-two patients did not have a RAD, and 48 patients were lost to follow-up.

Among the 174 survivors with a RAD, 38 patients died during follow-up (<3 years of
follow-up) from non-aortic causes and without reoperation in the distal aorta and were
excluded, 81 patients were excluded due to the absence of at least the 3 years follow-up or
due to the absence of at least one of the three CT scan follow-ups during the first year.

Finally, 54 patients were included.

The demographic data of the patients are presented in Table 1.

Table 1. Demographic data.

. Dissection Related Non-Dissection
Variables Total n = 54 Events n = 34 Related Events n = 20 p Value
Male sex, n (%) 35 (64.8) 23 (67.6) 12 (60.0) 0.57
Age, median (range) 62.5 (37-82) 64.3 (37-82) 60.4 (40-75) 0.19
Hypertension, n (%) 34 (62.9) 22 (64.7) 12 (60.0) 0.72
Dyslipidemia, 7 (%) 6 (11.1) 3(8.8) 3 (15.0) 0.66
Smoking, n (%) 18 (33.3) 9 (26.5) 9 (45.0) 0.16
Diabetes, 1 (%) 4(7.4) 4(11.8) 0(0) 0.29
COPD, 1 (%) 2(3.7) 1(2.9) 1(5.0) >0.99
CAD, 1 (%) 2 (3.7) 1(2.9) 1(5.0) >0.99
Renal failure, n (%) 1(1.8) 0(0.0) 1(5.0) 0.37
Marfan syndrome, n (%) 1(1.8) 1(2.9) 0(0) >0.99
Bicuspid aortic valve, n (%) 1(1.8) 0(0) 1 (5.0) 0.37
Follow-up (months), median (range) 69.0 (32-144) 76.0 (32-131) 66.5 (34-144) 047
Initial type A aortic repair, n (%)
Ascending aortic replacement 2(3.7) 1(2.9) 1 (5.0)
Hemiarch replacement 42 (77.8) 24 (70.6) 18 (90.0) 0.05
Partial aortic arch replacement 6 (11.1) 5(14.7) 1(5.0) )
Total aortic arch replacement 4(7.4) 4(11.8) 0(0.0)

COPD: Chronic obstructive pulmonary disease, CAD: coronary artery disease, SD: standard deviation.

Following a median follow-up of 69.0 months (32-144), the rate of dissection-related
events of the descending aorta was 62.9% (34/54). Among them, the median aortic diameter
of the descending thoracic aorta was 57.0 mm (46-100). There were 12 aortic reinterventions
(22.2%) for distal enlargement of the descending thoracic aorta and 3 postoperative deaths
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(2 perioperative deaths: 1 patient treated emergently for aortic rupture, 1 cardiac arrest and
1 late death secondary to an endoprosthesis infection 10 years later).

5.2. Measurement Validation
5.2.1. Diameter

The intra- and interobserver intraclass correlation coefficients (CC) for the aortic
diameter measurements (total aortic diameter) were greater than 0.96 and 0.92, respectively.
The average difference was 0.5 mm between the readers across the measurements. No
difference in the classification of the patients was found.

5.2.2. Volume

The interobserver intraclass CC validated the TAV software in the calculation of the
volumes of the TL (CC = 0.92) and the FL (CC = 0.96) (Supplemental Scheme S1).
The interobserver intraclass CC was greater than 0.94.

5.3. Anatomical Risk Factors for the Dissection-Related Events
5.3.1. Univariate Analysis
Aortic Diameter Analysis

The total aortic diameters within the descending thoracic aorta were significantly
greater in group 1 than in group 2 at T1, T2 and T3. This difference was linked to a greater
diameter in the false lumen (Table 2).

Table 2. Comparison of the measurement of the diameter at each level of the thoracic aorta between
groups 1 and 2 at T1 (postoperative CT scan), T2 (3 months) and T3 (1 year).

T1 T2 T3
Levels Group 1 Group 2 p-Value Group 1 Group 2 p-Value Group 1 Group 2 p-Value
35.1 340 355 338 358 29
. b1 [324-409]  [29.0-38.7] 0-201 [324-402]  [30.8-37.8] 0186 [319-419]  [30.0-39.9] 0.116
Total aortic
diameter D2 431 37.3 0.033 * 417 37.9 0.023* 434 374 0.018 *
[36.1-454]  [33.7-41.0] : [364-480]  [33.3-407] : [365-51.6]  [31.7-42.7] :
mm, med
o b3 409 352 0,001+ 414 362 0001+ 44.6 359 0001+
[35.7-449]  [34.1-37.5] : [363-463]  [32.5-37.0] : [36.0475]  [31.3-38.38] :
395 341 440 344 484 375
D4 [36.9-42.9]  [31.0-36.8] <0.001* [40.1-49.3]  [32.5-38.1] <0.001* [43.6-535]  [32.9-40.4] <0.001*
3538 318 N 390 322 § 422 343 X
D5 (334-387]  [295-341] <0001 [352-433]  [292-343] <0001 136.8462]  [302-37.0] <0001
318 293 3.0 30,0 354 307
D6 [302-346]  [27.7-32.6] 0.009 % [317-36.5]  [28.7-33.1] 0.001* [33237.7]  [29.1-340] ~ <0-0017
342 315 357 25 360 352
D1 [309-375]  [28.6-35.7] 0.380 [316-386]  [286-377] 0.158 [337-41.0]  [322-39.7] 0.814
True lumen 36.4 31.5 35.9 34.5 37.0 33.8
mm, med D2 [352-392]  [27.2-348] 0.001~ [344400]  [284-36.1] 0.034% [341-407]  [30.3-36.5] 0.020°%
(range) 346 2.2 368 312 372 304
D3 1307-38.1]  [274-320] <9001 [3207402]  [29.7-328] 0.001* [328408]  [289-328 ~ <00017
284 272 320 281 . 33 291 i
D4 [255-32.0]  [23.8-29.2] 0.209 [27.7-363]  [265-313] 0.025 [203-372]  [26.6-32.1] 0.003
27.8 248 28.4 26.7 295 275
D5 [231-305]  [23.5-28.6] 0.352 [252-30.3]  [24.2-314] 0599 [27.0-321]  [264-29.1] 0.051
257 242 270 262 273 272
D6 [234-280]  [20.4-27.9] 0.244 [243-293]  [21.7-29.2] 0.565 [256-30.8]  [23.9-28.5] 0.629
328 357 39.7 336 405 363
False D1 [172-405]  [32.2-37.8] 0.526 [269-485]  [20.2-40.8] 0.386 241-527]  [24.7-41.0] 0.409
37.1 3.2 374 345 382 338
1““‘;’;;““' D2 [32.9-407]  [26.6-36.6] 0.043* [30.7-434]  [29.6-36.1] 0.086 [32.9-434]  [29.4-37.3] 0.053
36.6 296 . 365 310 372 32.1 i
(range) D3 [31.8-402]  [26.6-334] 0.001 [B13-411]  [26.7-32.5] 0.002* [31.6-414]  [27.7-334] 0.002
39.1 341 04 346 453 373
D4 [354-41.8]  [30.9-35.7] 0.001* 387-485] [321-389] <091 416518  [329-384] <0007
35.0 317 ) 383 23 § 399 334 s
D5 [33.1-387]  [292-333] <0001 [343-409]  [29.7-339] <0001 [355458]  [30.8-355] <0001
313 285 3.7 293 39 287
D6 [201-337]  [263-32.1] 0.025* 3113571  [273315  <O001T  1397368]  [273-325] 0.001

D: diameter * Statistically significant Med: median.
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An initial aortic diameter greater than 36 mm predicts the long-term risk of dissection
aortic-related events with a specificity of 90% and a sensitivity of 75% (Supplemental
Scheme S2).

Aortic Diameter Evolution Analysis

The significant aortic diameter evolution at 3 months (T2) and 1 year (T3) is summa-
rized in Figure 3.

DIAMETER EVOLUTION AT 3 MONTHS DIAMETER EVOLUTION AT 1 YEAR
44— GROUPE 1 #— GROUPE 2 4 GROUPE1 MGROUPE2
P<.01

14 14 P=0.04
12 12 P<0.01 P<0.01 P<.01
° v P=0.04 A P<001 1
’ 8 } VAN P=002

P=0.016 N X /
6 P=0.014 6 T/ /

~
——

(14) Z ¥3L3WvVIa
(11) ¥ ¥313WvIa
(14) v ¥3L3NVIQ
(14) S ¥3L3IWVIQ
(14) 9 ¥313WvIa

(11) T ¥313wvia
(1v101) € ¥313WVIQ
(1vLioL) ¥ ¥313WVIQ
(1V101)S ¥313NVIA
(14) ¥3L3IWVIQ DILYOY WNIWIXYIN

(1VLOL) Y3L3IWVIA DILYOY WNWIXVIN

Figure 3. The aortic diameter evolution (true lumen (TL) and false lumen (FL)) at 3 months and
1 year: significant evolution in the aortic diameter within the different diameters.

The aortic diameter evolution at 3 months was not predictive of long-term dissection-
related events. An aortic diameter evolution that is greater than 5 mm at 1 year predicts the
long-term risk of dissection-related aortic events with a sensitivity of 70% and a specificity
of 67% (Supplemental Scheme S2).

Entry Tear

An entry tear > 10 mm (55.9% (19/34) vs. 25.0% (5/20); p = 0.027) was significantly
associated with the risk of dissection related aortic events.

Volume Analysis

The total aortic volume within the thoracic aorta was significantly greater in group 1
at T1, T2 and T3 and was directly related to the expansion of the FL (Figure 4); there was a
significant difference in the volume of the FL at T1 (178 mL vs. 128 mL in groups 1 and 2,
respectively, p < 0.01), T2 (235 mL vs. 129 mL in groups 1 and 2, respectively, p < 0.01) and
T3 (255 mL vs. 131 mL in groups 1 and 2, respectively, p < 0.01). There was no significant
difference in volume of the true lumen: 165 mL vs. 144 mL, 165 mL vs. 145 mL and 180 mL
vs. 161 mL at T1, T2 and T3 in groups 1 and 2, respectively.
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Figure 4. ROC curves showing: sensitivity and specificity of the initial false lumen (FL) volume at T1.
Sensitivity and specificity of the FL volume evolution at 3 months.

A volume of the FL that was > 140 mL on the initial CT scan predicted the long-term
dissection-related events with a sensitivity of 85% and a specificity of 85% (Figure 4).

Volume Evolution Analysis
The evolution of the aortic volume at 3 months (T2) and 1 year (I3) is summarized in
Figure 5.

False lumen and true lumen volume evolution

600 600
|:| Groupe 1
500 |:| Groupe 2 500
P<0.01
400 400
= P<0.01 =
E E
g P<0.01 “E’
£ s 300 5
o NS NS NS o
> >
200 rq 200
0 0
] ] ] ] ) [}
€ € IS IS £ €
= = =2 = S =
g S g S o S
— - - - — -
= = = w- o ol
— o~ m i ! on
— — — - o~ —

Figure 5. Volume of the true lumen (TL) and the false lumen (FL) evolution at 3 months and 1 year
in groups 1 and 2. In group 1, the volume of the TL was stable over time, and the volume of the FL
had increased significantly at 3 months and 1 year. In group 2, the volume of the TL had increased
significantly at 3 months and 1 year, and the volume of the FL was stable over time.
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At 3 months and 1 year, the increase in the volume of the FL was significantly greater
in group 1 than in group 2 (p < 0.01). There was no difference in the evolution of the TL.

A greater than 13% change in the volume of the FL at 3 months predicts the long-term
dissection-related events with a sensitivity of 88% and a specificity of 75% (Figure 5).

5.3.2. Multivariate Analysis

The initial aortic diameter was an independent predictive factor of long-term dissection-
related events: HR = 1.49 Clgs = [1.05-2.10], p = 0.026. The initial aortic volume and the
evolution of the FL volume at 3 months tends to be associated with the risk of long-term
dissection-related events: HR = 1.03 Clgs = [0.99-1.07], p = 0.070; HR = 1.11 Clg5 = [0.99-1.26],
p = 0.078, respectively.

6. Comment

This is the first study to identify the aortic volume as a predictor of a long-term
unfavorable evolution of a RAD after a TAAD. Recently, we published the results of a
prospective follow-up study after a TAAD repair, and we showed that the RAD is associated
with a high rate of aortic dissection-related events, which requires a close follow-up at an
expert center [13].

Following a RAD, the risk factors for aortic growth in the descending thoracic aorta
that have been identified in the literature, include young age, connective tissue diseases,
bicuspid aortic valve, male sex, large initial aortic diameter, absence of resection of the
primary entry tear during initial surgery or a new entry tear and the persistence of a
patent FL [3-6,8-11,24,25]. The most relevant anatomical criteria found in the literature
are the initial aortic diameter [3-6,8-11], the presence of a new entry tear on the distal
anastomosis [6] or absence of a resection of the primary entry tear [3-5].

Our study confirms that the initial aortic diameter predicts a long-term unfavorable
evolution, but the diameter alone, although confirmed in several studies, is not enough
to screen patients in an optimal way. Furthermore, the contribution of the volumes in
this context is major. Indeed, an aortic dissection involves the entire thoracic aorta, and
the volume is therefore more suitable than the aortic diameter measurement at different
levels. We evaluated the anatomy of the whole aorta with the TL and the FL analyzed
separately, which confirmed that the unfavorable evolution occurs at the expense of the
FL. More importantly, considering the anatomical evolution over time, the aortic volume
determination allows us to predict the long-term fate of a RAD earlier than the aortic
diameter. Indeed, we showed that the aortic FL volume evolution at just 3 months predicted
a long-term unfavorable evolution with a sensitivity of 88% and specificity of 75%, whereas
the evolution of the aortic diameter at 3 months was not predictive of long-term dissection-
related events. Currently, many teams are working on the automation of the volume
calculation with the use of artificial intelligence, which would make it possible to use the
volumes in clinical practice.

We studied the anatomical criteria on the CT scans performed during the first year
after a type A repair to propose an early endovascular treatment. Indeed, an endovascular
repair of an acute or subacute dissection is associated with a rapid expansion of the TL and a
collapse of the FL. In contrast, an endovascular treatment for a chronic dissection can induce
a FL thrombosis in the treated segment without a change in the aortic diameter in most
cases and with a patent FL within the thoraco-abdominal aorta [26]. The anatomical criteria
identified in this study (initial aortic volume and diameter, aortic volume evolution at
3 months) coupled with the demographic factors that are associated with a poor prognosis
of a RAD could be used in the future to screen patients at risk of an aneurysmal evolution,
reinterventions and death, and propose a more aggressive treatment at an early stage to
promote the aortic remodeling and improve long-term survival without reintervention.

Hemodynamic factors are also important to predict the long term evolution of a
RAD [27,28] and improve the understanding of this complex pathology. In a recent
study [29], we developed a numerical patient-specific modeling of a RAD and we per-
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formed a hemodynamic analysis on two patients. Although these comparisons could only
be conducted on two patients and need to be confirmed by a larger number of cases, our
findings point to these hemodynamic markers as possible candidates for an early evaluation
of the pathology’s evolution towards an unfavorable scenario.

Limits
This was a retrospective monocentric study, which could limit the external validity of
this study. The other limitations are the small study group and the number lost to follow-up,

so the next step is to confirm our results in a prospective study.
The exclusion criteria could limit the interpretation of the results.

7. Conclusions

The first year after a TAAD is a critical period, but the increase in the volume of the
FL at an early stage was significantly greater in patients with a long-term unfavorable
evolution. The volume analysis in addition to the diameter analysis could be used in the
future to screen patients at risk of an aneurysmal evolution, reinterventions and death, and
propose a more aggressive treatment at an early stage to promote the aortic remodeling
and improve long-term survival without reintervention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcdd9100349/s1, Scheme S1: Validation of the custom applica-
tion of the TAV results. Comparison of the results obtained using a reference method by another
observer [23-25]. Scheme S2: ROC curve showing the sensitivity and specificity of the total aortic
diameter measurement at T1. ROC curve showing the sensitivity and specificity of the aortic diameter
evolution at 3 months (blue) and 1 year (green).
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