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Remodeling is a commonly encountered term in the field of cardiothoracic surgery that 
is often used to describe various pathophysiological changes in the dimension, structure, 
and function of various cardiac chambers, including the aorta. Stanford type A or DeBakey 
type 1 aortic dissection (TAAD) is a perplexing pathologic condition that can present sur-
gical teams with the need to navigate a maze of complex decision-making. Ascending or 
hemi-arch replacement leaves behind a significant amount of distal diseased aortic tissue, 
which might have a persistent false lumen or primary or secondary intimal tears (or com-
munications between lumina), which can lead to dilatation of the aortic arch. Unfavorable 
aortic remodeling is a major cause of distal aortic deterioration after the index surgery. 
Cardiac surgeons are aware of post-surgical cardiac chamber remodeling, but the concept 
of distal aortic remodeling is still idealized. The contemporary literature from established 
aortic centers supports aggressive management of the residual aortic pathology during 
the index surgery, and with continuing technical advancements, endovascular stenting 
options are readily available for patients with TAAD or for complicated type B aortic dissec-
tion cases. This review discusses the pathophysiology and treatment options for favorable 
distal aortic remodeling, as well as its impact on mid- to long-term outcomes following 
TAAD repair.
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Introduction

Aortic dissection (AD) and aneurysm are end-stage 
eventualities of various aortic pathologies and are associat-
ed with significant morbidity and mortality if not treated 
promptly. AD has always captivated surgeons because of its 
fulminant course, and this constant engagement has 
brought improvement in contemporary surgical outcomes 
[1]. In 59% of patients with DeBakey type I or Stanford 
type A aortic dissection (TAAD), the entry tear is located 
in the proximal ascending aorta, while in other cases it 
might be found in the arch or distal aorta and can cause 
retrograde dissection along with malperfusion syndrome 
because of distal multiple re-entry tears (communications 
between lumina) [2,3]. Index proximal aorta surgery is re-
ported to have good long-term results for TAAD repair, 
with a rate of freedom from proximal reoperation after 
aortic valve resuspension of 94.6% at 5 years and 76.8% at 

10 years, and conservative hemiarch aortic replacement 
(HAR) is the most common surgical procedure performed 
[4]. However, it is often not sufficient to stabilize false lu-
men (FL) dimensions in the distal aorta, as it exposes the 
aorta for unfavorable remodeling, which eventually be-
comes a cause of distal secondary aortic intervention [3]. 
Ongoing unfavorable remodeling causes significant distal 
aortic dilatation (>55 mm or aortic growth of 10 mm/yr) 
and patients eventually undergo surgical or thoracic endo-
vascular aortic repair (TEVAR) during follow-up [4]. These 
unwarranted morbidities during follow-up are the main 
reason for endorsing aggressive surgical resection during 
the index aortic surgery [4,5].

Defining remodeling

Variability in reports is well recognized in the literature, 
and various groups have used different terminologies to 
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describe similar phenomena. A European Cardiothoracic 
and Vascular Intervention Committee published a consen-
sus document and suggested utilizing standard definitions 
for treatment and reporting purposes [2,6]. Remodeling is 
a process of stabilization of the overall aortic dimensions 
by slow obliteration of the FL and maintenance of true lu-
men (TL) patency. However, in the majority of the cases, 
this obliteration is incomplete and variable, which leads to 
aneurysmal dilatation of the aorta in 13.4%–62.5% of these 
patients after the index repair [7]. Aortic remodeling does 
not have an official definition, but it has been described by 
various surgical groups as favorable or unfavorable de-
pending upon the occurrence of regression or progression 
with a >10% volumetric difference in the aortic dimensions 
(TL, FL, or total aortic lumen) [8]. Other investigators have 
suggested using the aortic lumen diameter, as it correlates 
well with the cross-sectional area and could be used to as-
sess aortic remodeling [9]. In most cases, favorable remod-
eling of the TL and FL is limited to the segment of the 
proximal thoracic aorta with the stent-graft in-situ, where-
as volume changes of the TL and FL in the distal thoracic 
and abdominal aorta remain either stable or unpredictable 
[7,8]. Ulcer-like projections (ULPs) are examples of favor-
able remodeling seen in 62.3% of cases on computed to-
mography (CT) angiography scans [10]. Jang et al. [10] sug-
gested that ULPs are healed intimal tears and thrombosed 
FLs or form at the detachment site of side branches and 
penetrating atherosclerotic ulcers. Intramural hematoma 
(IMH) is another sub-group of acute aortic syndrome that 
most often shows favorable remodeling and resolution in 
50%–80% of cases, but in high-risk cases like elderly pa-
tients, those with an aortic diameter >4.0 cm, and those 
with an IMH thickness >10 mm it might develop into dis-
section [11]. The current European Society of Cardiology 
guidelines define IMH as a circular or crescent-shaped 
thickening >5 mm of the aortic wall with the absence of a 
dissecting membrane, intimal disruption, or FL flow [6]. 
Approximately 10%–30% of patients with acute aortic syn-
drome have associated IMH and most patients with IMH 
have Stanford type B dissection (50%–85%). Notably, IMH 
converts to acute aortic dissection in 88% of patients when 
the ascending aorta is involved, but in only 3% to 14% of 
cases when the descending aorta is involved. Patients with 
IMH have high rates of peri-aortic hematoma, pericardial 
effusion, and rupture in the mediastinum because it is lo-
cated superficially on the aortic wall. Cardiac tamponade, 
which occurs in 19% of patients with acute type A dissec-
tion, is one of the most common causes of death in pa-
tients with IMH [12]. The echocardiographic criteria for 

diagnosing IMH include a wall thickness >7 mm and an 
echolucent crescent-shaped zone in the aortic wall, which 
leads to compression of the aortic lumen [12]. It is often 
difficult to differentiate IMH from thrombosed FL and in-
timal calcification on various investigations such as echo-
cardiography and cardiac-gated CT aortography. Magnetic 
resonance imaging can be used for the diagnosis and fol-
low-up of patients with these findings.

Penetrating aortic ulcer (PAU) is an ulceration of an aor-
tic atherosclerotic plaque penetrating through the internal 
elastic lamina into the media [6]. PAU is responsible for 
acute aortic syndromes in 2%–7% of cases and has a high 
rate of negative remodeling, which eventually leads to aor-
tic rupture in 38% of cases. PAU is seen in the descending 
aorta in 94% of the patients while on the rest of the occa-
sions seen in multiple locations in the aorta.

Pathophysiology of patent false lumen 
or unfavorable remodeling

The complete process of aortic dilatation or remodeling 
in AD is complex, multi-factorial, and incompletely under-
stood. Interestingly, >90% of patients presenting with acute 
TAAD would fail to meet the guidelines for elective as-
cending aortic replacement before dissection onset, and 
nearly two-thirds of non-marfanoid patients with sponta-
neous TAAD have a non-dilated ascending aorta before 
dissection onset [13]. Notably, however, during aortic dis-
section, the greatest increase in the diameter (30%), 
cross-sectional area, tortuosity, ellipticity, and volume oc-
curs in the ascending aorta [14].

Several reports have suggested that FL partial thrombo-
sis, type A IMH, patency of the communication between 
lumina with a proximal location, greater FL thickness, ini-
tial aortic diameter, and the presence of ULPs are responsi-
ble for unfavorable remodeling [11,13].

Among the various proposed theories, a widely accepted 
one is that high diastolic blood flow in the FL causes dis-
tension of the dissected chamber, especially in cases with a 
partially or completely thrombosed distal pouch. This 
leads to hemodynamic stress and structural weakening of 
the aortic wall, which might induce progressive enlarge-
ment of the affected aortic segment [15]. As explained ear-
lier, obstruction of the FL drainage owing to blockage or 
the small size of the exit zones in the presence of continu-
ous proximal filling is associated with pressurization of the 
FL, resulting in the continuous expansion of the aorta. A 
crescent configuration of the TL in combination with a cir-
cular formation of the FL is suggestive of a large volume 
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through the FL and had been held responsible for escalated 
aortic growth or unfavorable remodeling [16].

The most widely assessed criteria of remodeling are the 
TL, FL, and aortic lumen, which behave differently in dif-
ferent distal aortic segments following frozen elephant 
trunk (FET) or TEVAR. In the proximal thoracic aorta, 
both the FL and TL remodel positively, while in the ab-
dominal aorta, the FL enlarges with time and the TL re-
mains stable in size, while the aortic lumen increases be-
cause of the FL distension [17]. Lombardi et al. [17] divided 
the maximum trans-aortic diameter into 3 categories— 
growth (increase of >5 mm), shrinkage (decrease of >5 
mm), or no change (increase or decrease within 5 mm)—
and found that in the majority of the cases, the thoracic 
segment of the aorta was stable or shrunk (80.3% at 1 year 
and 73.9% at 2 years).

The false lumen, size of communications 
between lumina, and location

Persistent proximal communications between lumina 
lead to elevated diastolic pressures in the FL (relative to 
those in the TL), resulting in delayed drainage with aortic 
diameter expansion and unfavorable remodeling in mid-
term follow-up [18]. Similarly, the proximity of these com-
munications to the left subclavian artery (LSCA) and the 
number of tears are also important predictors of aneurys-
mal dilatation [19,20]. An FL and communications be-
tween lumina in the inner curvature of the aorta and tears 
at the concavity of the distal aortic arch are independent 
predictors of poor results [21].

Persistent filling of the FL is amongst the most common 
reasons for delayed or failed remodeling. A FL diameter of 
22 mm or more in the proximal thoracic descending aorta 
was found to be an independent predictor for late aortic 
enlargement, and once the aortic diameter exceeds 60 mm, 
the risk of FL rupture is around 30% per year [22]. FL pa-
tency has been reported to be associated with a 20% reduc-
tion in patient survival after the index surgery and a 25% 
reduction in event-free survival [23]. An aortic cross-clamp 
may cause back-pressure in the dissected aortic wall, not 
only resulting in the complication of cerebral malperfu-
sion, but also becoming a source of a persistent FL. A re-
sidual patent FL is the cause of unresected or secondary 
entry in the distal aorta. Although complete resection of 
all communication sites is required for thrombosis of the 
residual FL, the initial surgery for acute TAAD fails to 
achieve this objective, particularly in patients with primary 
or secondary entry located in the descending thoracic or 

abdominal aorta. Chronic FL patency is an independent 
factor to be associated with distal aortic enlargement; in 
order to decrease the incidence of residual patent FL, many 
authors have recommended systematic extended or total 
arch replacement during the index aortic surgery [3].

Distal anastomotic leak

A leak from a distal aortic-graft anastomosis is a com-
mon occurrence after hemiarch replacement, with a re-
ported incidence between 39% and 70% [24]. Usually, 
anastomotic leak is diagnosed if an FL is visualized during 
the early phase of CT angiography, and another radiologic 
manifestation of pressurization of the FL is delayed empty-
ing of the FL on late arterial-phase images. Almost all pa-
tients with accelerated distal aortic expansion (>2 mm/yr) 
were found to have communications between lumina at the 
distal anastomosis, preventing complete thrombosis of the 
FL in all patients [25]. Another interesting observation is 
that incomplete thrombosis of the FL is more common 
when visceral branches arise from the FL, with the pres-
ence of the maximum diameter of the FL in the abdominal 
aorta and multiple communications between lumina [26]. 
Ueki et al. [26] demonstrated that FL thickness (>15 mm), 
maximum descending aortic diameter, and the presence of 
a proximal communication between lumina were signifi-
cant predictors of dissection-related events.

In approximately 70% of patients with TAAD, the dis-
section f lap extends beyond the ascending aorta and in-
volves the aortic arch, and at least 1 entry tear was ob-
served in 80% of patients on pre-discharge CT scans [27]. 
Rylski et al. [14] reported aortic growth following TAAD 
surgery where the distal dissected aorta was left behind 
and defined no aortic growth as a change of <0.5 mm/yr, 
moderate aortic growth as 0.5–2.0 mm/yr, and accelerated 
aortic growth as >2 mm/yr. Notably, they reported new en-
try tears during early follow-up in the proximal thoracic 
aorta (22%), at the lesser curvature (11%), and at the distal 
aorta–graft anastomosis (9%). The largest increase in the 
total aortic lumen in their series was noticed 2 cm distal to 
the LSCA, reaching an average growth rate of 1.5 mm/yr, 
and it was influenced by the number of communications 
between lumina in the aortic arch, distal anastomosis leak, 
and persistent FL flow. A significant number of communi-
cations, especially in the aortic arch (36%) and supra-aortic 
arteries (50%), may compromise complete sealing of the 
entry tears during TEVAR and make it impossible to stop 
the blood flow through the FL.

The natural history of residual distal type B aortic dis-
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section (TBAD) after TAAD repair is different from that of 
primary TBAD, as the rate of interventions is significantly 
higher in primary TBAD [28]. In patients following TAAD 
repair, a patent primary entry tear is associated with a 
higher rate of interventions for the distal aorta, but this as-
sociation is not found in patients with isolated TBAD. In 
chronic TBAD, the dissection flap and aortic wall become 
thick and less compliant, leading to incomplete remodeling 
even after TEVAR [29]. These cases require rigorous fol-
low-up in early and mid-term follow-up. A variety of meth-
ods have been described to describe successful aortic re-
modeling after TEVAR such as evaluation of the FL/TL 
ratio, FL volumetry, and total aortic/aneurysm diameter 
changes over time on follow-up CT scans [30].

Saremi et al. [31] reported the following radiological pre-
dictors of unfavorable remodeling after TEVAR: a tortuous 
aorta with angulation, proximal endoleak, failure to cover 
proximal primary communications near the arch vessels, 
and thickened FL in chronic dissections. The etiology of 
persistent FL flow can either be from proximal aortic caus-
es (distal suture line leak, unsealed landing zone of a stent, 
uncovered primary communications between intima, arch 
vessel leak, distal stent collapse, FL stenting, and defective 
stent) or from distal aortic causes (re-entry fenestration, 
intercostal arteries, fistula to pulmonary artery, an iatro-
genic intimal tear, recurrent dissection, and an aberrant 
right subclavian artery).

Unfavorable remodeling in TAAD patients after su-
pra-coronary ascending aorta replacement with aortic 
valve resuspension is well known, and De Paulis et al. [32] 
reported that at a 5-year follow-up, 36% of patients present-
ed with aortic root dilatation of >10% and 56% of the pa-
tients progressed from mild aortic regurgitation (AR) to 
severe AR. These findings furnish evidence that negative 
aortic remodeling is a feature of diseased aortic tissue, and 
to increase event-free survival, extensive resection of the 
aortic tissue is mandatory—both proximally towards the 
root and distally towards the arch.

Another factor to mention is the detrimental effect of 
gelatin-resorcinol-formaldehyde (GFR) biologic glue (Cryo-
Life Inc., Kennesaw, GA, USA), which has been reported 
by various groups to be a cause of unfavorable aortic re-
modeling that leads to pseudoaneurysm formation [31]. 
GFR bio-glue is known to cause macroscopic necrosis and 
microscopic acellular fibrosis with islands of hyaline mate-
rial deposition [32,33].

Stent-grafts and other endovascular interventions can be 
used to achieve favorable remodeling by aiding TF patency 
and by occluding FL backf low. There are various tech-

niques to address these challenges from the TL side, such 
as TEVAR, PETTOCOAT (provisional extension to induce 
complete attachment), STABILISE (stent-assisted bal-
loon-induced intimal disruption and relamination in aortic 
dissection repair), the Knickerbocker technique, branched 
stent-grafts, and the parallel stent-graft technique [6]. The 
benefits of trans-TL approaches are that they exclude entry 
tear in the proximal aorta and reduce flow through the FL, 
while simultaneously stabilizing the TL lumen.

However, there are few well-established techniques to 
achieve these goals through the FL, such as FL emboliza-
tion and Candy Plug stent deployment [8]. Percutaneous 
balloon fenestration can be performed to create a tear in 
the intimal f lap, helping in the free communication be-
tween the TL and FL [34]. Further, if the TL remains col-
lapsed, TEVAR can be performed in the TL to increases TL 
perfusion pressure while simultaneously encouraging flow 
in the FL. The principal role of dissection flap fenestration 
is to help restore perfusion to branches compromised by 
dynamic obstruction. The advantages of trans-FL ap-
proaches are that they prevent excessive coverage of the 
distal aorta and reduce the chances of spinal cord isch-
emia.

Impact of thoracic endovascular aortic 
repair on aortic remodeling

Zhong et al. [35] reported that complete remodeling after 
retrograde TEVAR in the proximal descending aorta, dis-
tal thoracic aorta, and infra-renal abdominal aorta oc-
curred in 89%, 78%, and 50% of cases, respectively, during 
31 months of follow-up. STABILISE is another technique 
to optimize the chances of abdominal remodeling by dis-
rupting the FL and converting the aortic lumen into a sin-
gle lumen. This technique increased the likelihood of com-
plete remodeling in the infra-renal aorta compared to only 
TEVAR (82% versus 12%) [36]. However, in this technique, 
special attention is given to the aortic branches supplied by 
the FL, and it is managed by visceral artery catheterization 
before inflation of the bare stent, and stenting of the side 
branches is required.

Heo et al. [37] described remodeling by dividing intimal 
tears into level 1 (between the distal anastomosis and the 
T7 vertebra), level 2 (T7 up to the coeliac trunk), and level 
3 (below the coeliac trunk), and found a significant rate of 
aortic dilatation and interventions in patients with level 1 
tears. The reason behind these changes might be high-pres-
sure jet blood flow through the FL, leading to an increase 
in intraluminal tension and causing expansion of the FL 
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chamber. Therefore, in these patients, aortic debranching 
and antegrade stenting should be performed. Although 
they reported faster favorable remodeling in the level 1 
area following stenting, 21.4% of the patients still required 
re-interventions following TEVAR. All these reports un-
derscore that remodeling rates are neither consistent nor 
favorably satisfactory in the distal aorta beyond the stent-
graft–covered area [38,39]. The aortic lumen remains stable 
in acute and chronic dissections in the proximal aorta fol-
lowing TEVAR, irrespective of FL patency, but TL dimen-
sions are strongly dependent on the FL patency. The exter-
nal aortic wall (aortic lumen) has the ability to undergo 
remodeling even in the chronic phase, but TL remodeling 
is better only in acute dissections, which becomes a reason 
for re-intervention in the descending thoracic aorta in 
mid-term follow-up (69.5%) [39].

The factors associated with secondary aortic interven-
tions are device oversizing by >10%, bare-spring stents, 
early endoleaks with incomplete FL thrombosis, younger 
age, TAAD with a larger maximal aortic diameter at pre-
sentation, Marfan syndrome, and use of arch vessel ad-
junctive procedures with the index TEVAR. However, there 
was no survival difference at a 5-year follow-up in patients 
who received secondary aortic interventions. Giles et al. 
[39] demonstrated that secondary aortic interventions were 
a common feature following TEVAR for both acute and 
chronic TBAD patients. The major reasons described for 
TEVAR failure were persistent retrograde FL perfusion 
from distal re-entry tears, kinetic motion of the dissection 
flap and variable aortic-wall compliance, continued pres-
surization from the distal lumen despite thoracic FL aneu-
rysm thrombosis, intimal-medial erosion from the stent-
graft, endograft collapse due to a non-compliant dissection 
flap, and visceral vessel ischemia. Various forms of impro-
visation have been performed to correct these deficiencies 
of TEVAR in the distal thoraco-abdominal aorta. TEVAR 
covers proximal entry communications in the lumina, but 
leaves persistent perfusion in the distal FL, and therefore 
continues to have the potential for aneurysmal dilatation. 
Additional bare stent implantation in the thoraco-abdomi-
nal aorta has been proposed to stabilize the TL and intimal 
lamina (PETTICOAT technique). The PETTICOAT tech-
nique offers good short- and mid-term outcomes, but the 
FL is not completely sealed, and slow unfavorable remodel-
ing continues. To avoid leakage between the stent and aor-
tic walls, balloon-assisted full expansion of the covered 
and bare stent has been introduced (in the STABILISE 
technique), but this technique has the potential risk of aor-
tic rupture during ballooning [34,36].

How to increase the chance of 
favorable remodeling following 
surgery?

The review of the present literature strongly endorses ag-
gressive resection of the distal diseased aortic segment and 
debranching of arch vessels with the deployment of FET to 
obliterate the distal FL (covering zones 0, 1, and 2 in the 
aorta) and keeping the TL open with stent support [38,39]. 
The conventional elephant trunk (ET) or FET and retro-
grade TEVAR are good options to improve unfavorable re-
modeling. Shrestha et al. [40] presented a 10-year follow-up 
and advocated FET rather than a conventional ET graft to 
prevent squashing of the distal TL diameter. They strongly 
suggested proper evaluation of intimal tears on preopera-
tive scans to cover the proximal aorta completely and avoid 
endoleak.

The described average rate of early (<3 months) FL 
thrombosis at the level of the stent-graft as assessed by im-
aging techniques is 85% (range, 69%–100%). Moreover, it 
increases to 89% within 6–12 months after surgery, which 
confirms that aortic remodeling starts immediately after 
surgery and progresses over time [40]. FET helps TAAD 
patients in multiple ways. The first is immediate improve-
ment by expanding and supporting the TL and excluding 
communications between lumina in the proximal aorta, 
thereby stopping malperfusion to the brain and visceral 
circulation. The second is by boosting favorable remodel-
ing in mid- to long-term follow-up and reducing the re-
quirement for further re-interventions. FET can also be 
used to remodel proximal aneurysmal dilatation following 
TAAD when there is no landing zone for retrograde TE-
VAR [41]. TEVAR in chronic TBAD is still known to cause 
retrograde TAAD by extending the FL proximally, and this 
iatrogenic negative remodeling might obscure the out-
comes. In a recent cohort, most patients experiencing ret-
rograde dissection after TEVAR had a primary communi-
cation at the concavity of the distal aortic arch [42]. The 
shape and diameter of the ascending aorta must be consid-
ered in the treatment of complicated type B dissections. 
The life-threatening situation of retrograde TAAD after 
TEVAR is caused by stent-related manipulation and the 
fragility of the entire aortic wall.

Other adjunct modalities to help 
favorable remodeling are:

(1) Many authors used angioscopy to better inspect the 
distal lumen to find intimal tears and for proper deploy-
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ment of the antegrade stenting, as a malpositioned stent 
might increase the chances of neurological events [43].

(2) The distal anastomosis can be performed using vari-
ous buttress methods, such as applying a Teflon felt strip 
between the dissection layers (the sandwich technique) [37].

(3) Performing adventitial inversion into the TL can re-
duce the incidence of distal anastomotic leak and mini-
mize surgical bleeding and distal malperfusion [44].

(4) “Neo-media” creation can be performed by inserting 
Teflon felt inside the dissected layers and fixation with bio-
glue [45].

Predictors of distal aortic remodeling

The contemporary literature indicates that an initial aor-
tic diameter >35 mm, an FL diameter 22 mm, and a large 
(>10 mm) proximal intimal tear are known risk factors for 
FL patency after conservative surgery (ascending aorta or 
hemiarch resection) for TAAD patients [46]. This acceler-
ated aortic growth can be curtailed by complete resection 
of the diseased aortic segment, especially in young, stable 
patients with a large distal FL.

Exclusion of the proximal aortic tissue up to the orifice 
of the innominate artery (IA) and aggressive beveling of 
the lesser curvature of the arch extending distally to the 
level of the ligamentum arteriosum are the hallmarks of 
true hemiarch repair [47]. A group from Michigan Medi-
cine reported that when dissected arch branch vessels 
without malperfusion syndrome were not repaired or re-
placed, there was no significant difference in postoperative 
stroke or perioperative mortality between hemiarch and 
arch replacement (zone 1/2/3) with the replacement of arch 
branch vessels [48]. They showed similar mid-term out-
comes in both the hemiarch and debranching groups, but 
unsurprisingly, the re-intervention rate was higher in the 
conservative group (3.9%/yr versus 2.2%/yr). These find-
ings support an aggressive approach in stable and young 
patients with a dilated aortic arch, and most importantly, 
in the hands of an experienced surgeon.

Di Eusanio et al. [49] endorsed that younger patients 
with an intimal tear in the arch or distal aorta should be 
considered for total arch replacement instead of conserva-
tive HAR, as the freedom from re-operation rates at a 
7-year follow-up were 71% versus 85%, respectively. The 
reasons for a persistent FL are incomplete resection of the 
primary intimal tear or the presence of unresected com-
munications between lumina located in the arch or in the 
distal aorta. Di Eusanio et al. [49] also advocated using 
FET with debranching in younger patients with distal aor-

tic malperfusion due to compression of the TL, complex 
primary re-entry tears involving the distal arch or proxi-
mal descending thoracic aorta, distal arch or descending 
thoracic aorta rupture, aneurysmal arch and proximal de-
scending thoracic aorta, and a severely damaged aortic 
arch preventing a safe distal anastomosis.

A patent FL in descending aorta segments after the sur-
gical treatment of TAAD is common (64%–90%). The 
principle of managing distal aortic malperfusion and im-
proving the remodeling is obliterating the FL using graft 
extension (conventional frozen trunk or endovascular 
stenting using FET) and radial expansion of the TL with 
cardiac ejections. The most widely used hybrid endovascu-
lar prostheses are the Thora flex hybrid (Terumo Aortic, 
Sunrise, FL, USA) and the E-vita Open (JOTEC GmbH, 
Hechingen, Germany) [41]. Multiple reports have suggest-
ed that FET open stenting is far better than the conven-
tional ET, and it is the preferred modality to manage com-
plex DeBakey type I AD and aneurysms [3,5,35]. The 
conventional ET group had higher mortality, while the 
FET group had a higher frequency of complete remodeling 
(FL thrombosis rate, 64% versus 29%) and fewer distal aor-
tic re-interventions [50].

The extension of the FL has been divided into 3 seg-
ments in relation to the stent-graft (the stented segment of 
the FET in the descending aorta is defined as segment A, 
the segment from the distal end of the stent-graft to the 
level of the coeliac trunk as segment B, and the segment 
from the coeliac trunk to the aortic bifurcation as segment 
C); this division is prognostic, as FL thrombosis is variable 
after FET deployment [6]. The incidence of persistent re-
sidual f low increases as the FL extends away from the 
stent-graft (90% FL thrombosis at segment A and only 20% 
at segment C or at the coeliac axis origin) [7]. Another re-
ported advantage of the FET is that it reduces the rate of 
annual aortic growth in the covered part of the distal aor-
ta, but does not stop dilatation in the distal aorta near the 
diaphragm and in the abdominal aorta, which eventually 
may lead to future aortic interventions [51]. Dohle et al. [8] 
reported their 10 years of experience with this technique 
and suggested that the FET technique enables 100% avoid-
ance of proximal endoleak and complications in the first 
half of the descending aorta using a circumferential suture 
line for FET fixation in the distal arch. Obliteration of the 
FL is also more frequent common in TAAD patients than 
in those with chronic dissections, especially in the distal 
thoracic aorta.

Partial thrombosis leads to a rise in the FL pressure, 
which increases wall tension and causes distal aortic aneu-
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rysmal changes with an eventuality of aortic rupture. Song 
et al. [52] reported that partial thrombosis of the FL is an 
independent risk factor for negative remodeling and is re-
sponsible for rapid distal aortic expansion, poor long-term 
survival, and aorta-related re-interventions after the index 
TAAD surgery.

Patients with connective tissue disorders (especially 
Marfan syndrome) are another important subgroup where 
distal aortic remodeling is poor, and these patients have a 
high aortic growth rate. Chen et al. [53] reported a series 
including 172 patients with Marfan syndrome and showed 
that the size of the distal aorta remained stable in 63.5% of 
patients at a follow-up of 6.2 years, and more importantly, 
disappearance of the FL with normal aortic segments was 
observed only in 28.8% of patients. They reported that the 
preoperative distal aortic maximum diameter (>45 mm) 
was an independent predictor of complications and reoper-
ation during mid-term follow-up.

Evangelista et al. [54] reported the follow-up outcomes of 
184 consecutive patients (108 surgically treated TAAD and 
76 medically treated type B dissections) with patent FLs 
and reported that the presence of a large proximal entry 
tear was a predictor of mortality and required surgical/en-
dovascular treatment in mid-term follow-up. The multi-
variate analysis in their series identified the baseline maxi-
mum descending aorta diameter, proximal location, and 
the size of the communication of lumina as predictors of 
dissection-related adverse events, whereas mortality was 
predicted by the baseline maximum descending aorta di-
ameter, Marfan syndrome, and maximum descending aor-
ta diameter. Another noticeable finding was a higher aortic 
growth rate in type B than in type A dissections (0.48 ver-
sus 0.21 mm/yr, respectively). A proximal descending aor-
tic entry tear was seen in 44% of patients and was associat-
ed with poor outcomes, and most of these tears (68%) were 
10 mm or smaller.

Dohle et al. [8,55] compared the effect of entries and ex-
its on FL progression following TAAD repair using FET by 
dividing the entire descending aorta into 3 segments. Posi-
tive remodeling was found in segments A (94%), B (63%), 
and C (54%), respectively, at a 1-year follow-up. The FL 
thrombosis quotients increased postoperatively across all 3 
segments, and it was highest in segment A (98%), followed 
by segments B and C (52% and 28%, respectively). They 
found negative remodeling in >2 segments in 43% of cases 
at the 1-year follow-up. Entries located in the proximal de-
scending aorta and close to the distal anastomosis after 
isolated proximal repair had a poor impact on FL remodel-
ing and mid-term outcomes.

However, these favorable findings should be taken with a 
grain of salt, as in 35% of the patients the FL remained 
complete or partially patent more distally, and endovascu-
lar stenting shifts FL patency-associated complications 
from the arch to the distal descending aorta [56].

Frozen elephant trunk sizing to 
minimize unfavorable remodeling

Antegrade stent sizing is paramount in minimizing en-
dovascular leak, stabilizing the TL, and promoting aortic 
remodeling. Various groups have used different landmarks 
to size these grafts, but graft size is commonly determined 
at the level of the left atrium on preoperative cardiac-gated 
CT or echocardiography studies [57]. Intraoperatively, the 
point of reference for the positioning of the proximal end 
of the stent-graft is the cusp of the inner curve of the aortic 
arch. Hoffman et al. [57] supported using longer and big-
ger grafts that can cover the distal aorta up to the T10–T12 
vertebrae, as it allows a more extensive repair of the dis-
sected aorta, which limits the potential for residual type B 
dissection to a shorter distal section. Second, the total oc-
clusion of the segmental arteries down to T10–T12 enhanc-
es the redistribution of spinal cord perfusion, which helps 
to develop collaterals and reduces the incidence of spinal 
cord ischemia during retrograde TEVAR.

Other groups have performed graft sizing based on the 
TL size and reported the incidence of FL patency to be be-
tween 5% and 23%. Uchida et al. [58] advocated intraoper-
ative decision-making for FET sizing by inserting a ball-
shaped valve sizer into the TL of the descending aorta from 
a transverse incision in the arch under transesophageal ul-
trasound guidance. They strongly suggested correct sizing 
to avoid intimal tear in TAAD cases, especially in patients 
with Marfan syndrome.

Tsagakis and Jakob [59] suggested that the stent-graft 
size should be chosen according to the nature of the dis-
ease and the aortic diameter at the estimated distal landing 
zone. According to them, no oversizing in acute AD, no 
oversizing or 1-size less in chronic AD, and up to 10% 
over-sizing in aortic aneurysm should be done. In AD, the 
maximal TL diameter is used for sizing. By placing the 
proximal FET anastomosis in arch position one 2 and us-
ing a stent-graft length of 130 mm, the stented portion of 
the FET usually ends at descending aorta level T5. They 
also used intraoperative angioscopy to definitively deter-
mine the distal landing zone. In acute AD, they achieved 
complete thrombosis of the FL in 90% of patients and 85% 
freedom from reintervention downstream at 8 years. Thus, 
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FET induces positive aortic remodeling and eliminates re-
sidual dissection in the arch and descending aorta to a sig-
nificant extent. Various groups have recommended moving 
the surgical field to zone 2 by performing debranching of 
the LSCA prior to the establishment of extra-corporeal cir-
culation to minimize the deep circulatory hypothermic ar-
rest period.

Trade-offs against neurological 
complications

Neurological complications are the most significant set-
back of these complex interventions and should be taken 
into consideration, as various surgical units have reported 
different stroke rates. A pooled analysis showed overall 
mortality of 8.8% in total arch replacement with FET de-
ployment, where 53.2% of cases were done in emergency 
situations [60]. These single-digit mortality outcomes are 
because of data from high-volume specialized centers, 
which perform FET more often than conventional ET. Pre-
ventza et al. [60] presented a meta-analysis and reported an 
overall permanent or transient stroke rate of 7.6% in 32 
studies, similar to what has been reported for conventional 
ET repair. However, this rate is higher than what was re-
ported in previous FET meta-analyses, the reason for 
which could be the inclusion of only studies of total arch 
procedures, which are more complex and thus may incur a 
higher risk of stroke than proximal arch or hemiarch pro-
cedures. In their meta-analysis, they showed significantly 
higher rates of paralysis or paraparesis in patients with 
coverage at the T8 vertebra or beyond or a stent length of 
15 cm or longer (spinal cord injury, 4.7%; stroke, 7.6%; op-
erative mortality, 8.8%). The spinal cord ischemia event 
rate was higher with a stent length of 15 cm or greater or 
coverage to T8 or beyond than with a stent length of 10 cm 
(11.6% versus 2.5%). Patients with TAAD and bovine 
arch—a common trunk of the IA and the left common ca-
rotid artery (LCCA) or an origin of the LCCA from the 
IA—were reported to have a 14% incidence of arch entry, 
which was significantly higher than that in patients with-
out this pattern (59% versus 13%) and experienced a higher 
rate of postoperative neurological injury.

When a patent FL perfuses the thoraco-abdominal seg-
ment through multiple communications between the lumi-
na, then it becomes a necessity for survival as it maintains 
visceral, renal, spinal, or peripheral perfusion. For this rea-
son, it is a well-known aspect of the natural history of FL 
that distal runoff through these communications into the 
major vessels appears to be the mechanism of FL patency 

and the continued malperfusion of vital organs [24,41].

Conclusion

These contemporary outcomes reemphasize the impor-
tance of complete resection or closure of any significant 
communications between the TL and FL in the distal as-
cending aorta. Favorable remodeling of the distal thoracic 
aorta following debranching with FET stent in complex 
TAAD or DeBakey type 1 dissections supports liberal but 
judicious usage of this technique in stable and young pa-
tients with minimum preoperative morbidity.
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