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Short title: Distal Aortic Repair After Frozen Elephant Trunk  12 

WHAT THIS PAPER ADDS 13 

Total arch replacement with the frozen elephant trunk was associated with a peri-operative mortality 14 

of 10.1% (elective 8.4%, non-elective 13.7%). One stage repair was achieved in 46.8% of patients, but 15 

late distal failure occurred in 21%. Where there was no primary distal seal, further repair was 16 

ultimately indicated in 84% of patients, but performed in only 70% of these with no associated 17 

mortality. Earlier distal endovascular repair and better assessment of patient fitness may help reduce 18 

the interval mortality from rupture and the proportion of patients who are turned down for the 19 

second stage.  20 

Objective: To examine the management of distal aortic disease after total arch replacement with the 21 

frozen elephant trunk (TAR + FET) in patients with chronic thoracic aortic disease. 22 
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Methods: Two centre retrospective study of consecutive patients treated between January 2010 and 23 

December 2019. Primary endpoint was 30 day/in hospital mortality. Secondary end point was mid-24 

term survival. Data are presented as median (IQR). Chi squared or Fisher’s exact test was used as 25 

appropriate. Estimated survival (standard error) was assessed by the calculating Kaplan–Meier 26 

product limit estimator with right censoring of survival data. A p value of < .050 was considered to 27 

be statistically significant. STROBE guidelines were followed. 28 

Results: A total of 158 patients (72 men; median age 70, IQR 64, 75; median distal aortic diameter 29 

58 mm (46, 68; 127 aneurysmal disease, 31 chronic dissection) underwent TAR + FET. Peri-operative 30 

mortality was 10.1% (9/107 elective, 7/51 non-elective). Of 74 (46.8%) patients with a primary distal 31 

seal, seven (9.5%) died peri-operatively, distal seal was maintained during follow up in 51, nine 32 

underwent late distal repair (two planned, seven unplanned; one open, eight endovascular; one peri-33 

operative death) with a median interval to unplanned repair of 777 days (462, 1480), and seven with 34 

loss of seal had no intervention. Distal seal failed in 2/28 (7%) patients with a distal seal length 35 

> 30 mm and device oversizing > 10%, compared with 12/39 (31%) patients who did not meet these 36 

criteria (p = .031). In 84 patients without primary distal seal, nine (10.7%) died peri-operatively, the 37 

distal aorta remained below the size threshold for repair during follow up in 12 patients, 44 had distal 38 

repair (median aortic diameter 64 mm, 60, 75; eight open, one hybrid, 35 endovascular repairs; no 39 

mortality) at a median of 256 days (135, 740), and 19 did not have distal repair at the end of the 40 

follow up period: six died before planned repair at a median interval of 115 days (85, 120); eight were 41 

considered unfit; one was assessed as fit but declined; and four patients were awaiting assessment). 42 

Median follow up was 46 months (26, 75): no patients were lost to follow up. Estimated ± standard 43 

error five year survival was 61.5 ± 4.1%: elective 70.6 ± 4.7%, non-elective 43.2 ± 7.2%.  44 

Conclusion: TAR + FET achieved primary distal seal in 47% of patients, but late failure occurred in 45 

21% of patients. Distal repair was ultimately indicated in 84% of survivors without primary distal seal 46 
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and of these 70% underwent repair, almost 10% died before planned repair, and 13% were 47 

considered unfit. Earlier distal endovascular repair and better assessment of patient fitness may 48 

improve mid-term outcomes.   49 

Keywords: Distal repair, Frozen elephant trunk, Total arch repair  50 

INTRODUCTION 51 

A two stage open repair is the traditional approach for extensive proximal and distal thoracic aortic 52 

disease,1 but a significant proportion of patients do not undergo distal repair because of death after 53 

the first stage or in the interval between stages, or a decline in their fitness.2–5 Unlike total arch 54 

replacement (TAR) with a conventional floating trunk, the frozen elephant trunk (FET) technique has 55 

the advantage of achieving a primary distal seal in anatomically suitable patients thereby avoiding a 56 

second-stage procedure. Patients with more extensive distal disease still require a second stage 57 

repair which is increasingly performed using endovascular techniques in those with favourable 58 

anatomy.6–14 The aim of the present study was to examine the early and mid-term outcomes of TAR 59 

+ FET with emphasis on the management of distal aortic pathology. 60 

MATERIALS AND METHODS 61 

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines were 62 

followed in preparing the manuscript.15 This was a retrospective, two centre case series using 63 

routinely collected data conducted within the clinical audit framework; no intervention was 64 

performed, and patients were not contacted outside their routine clinical care. Specific ethics 65 

approval was not required, and patient consent was not sought in line with guidance from the UK 66 

Health Research Authority and UK Policy Framework for Health and Social Care Research (www.hra-67 

decisiontools.org.uk). 68 

Study cohort 69 
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Prospectively maintained databases were interrogated from two cardiovascular centres in the United 70 

Kingdom (University Hospitals Birmingham, and Liverpool Heart and Chest Hospital). Data were 71 

collected for 158 consecutive patients who underwent TAR + FET for chronic multilevel thoracic aortic 72 

disease between January 2010 and December 2019. During the study period, a total of 138 patients 73 

with multilevel aortic disease underwent aortic arch repair using alternative techniques, and 68 74 

patients treated with TAR + FET were excluded from analysis (Table 1). 75 

Pre-operative assessment and patient selection 76 

All patients were discussed in a multidisciplinary team meeting consisting of cardiothoracic aortic 77 

surgeons, vascular and endovascular surgeons, interventional radiologists, and adult congenital 78 

cardiologists. Open and endovascular treatment options were considered before a decision was 79 

reached to proceed with TAR + FET. The diameter threshold for elective distal aortic repair in patients 80 

without heritable thoracic aortic disease (HTAD) was 60 mm regardless of operative approach or 81 

pathology.16 In HTAD, elective distal repair was assessed using aortic diameter and body surface area 82 

with intervention considered at a diameter > 50 mm. The principal selection criteria for treatment 83 

were patients with multilevel thoracic aortic disease (1) with the potential to achieve a one stage 84 

repair, and (2) to provide a stable platform for planned or anticipated distal aortic repair. In 85 

asymptomatic patients, fitness assessment included biochemical/haematological analysis, 86 

echocardiography, and pulmonary function testing. Coronary angiography was performed in selected 87 

elective patients. In non-elective patients, fitness assessment was tailored according to the urgency 88 

of repair. 89 

Procedural details 90 

All TAR + FET procedures were performed through a median sternotomy using cardiopulmonary 91 

bypass with deep hypothermic circulatory arrest. Cerebral protection was achieved with two vessel 92 

selective antegrade cerebral perfusion, and cerebral near infrared spectroscopy monitoring. 93 
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Commercially available devices were used in all patients: E-Vita Open (Plus) (Jotec GmbH, Hechingen, 94 

Germany) (n = 51), and Thoraflex (Terumo Aortic, Inchinnan, UK) (n = 107). The supra-aortic vessels 95 

were revascularised using a combination of inclusion patches and bypass grafts. The stent graft 96 

component of the prosthesis was 100 mm (n = 5), 130 mm (n = 7), 150 mm (n = 106), and 160 mm 97 

(n = 40) in length and the anastomosis between the proximal cuff of the FET and the native aorta was 98 

in zones 0 (n = 11), 1 (n = 1), 2 (n = 52), and 3 (n = 94). Additional cardiovascular procedures were 99 

performed in 61 patients: 23 coronary artery bypasses; 21 aortic root replacements, of which two 100 

were valve sparing; 15 aortic valve replacements and one resuspension; four aberrant right 101 

subclavian artery reconstructions; one tricuspid valve repair; and two synchronous thoracic 102 

endovascular aortic repair (TEVAR).  103 

Post-operative follow up 104 

All patients had computed tomographic angiography (CTA) of the entire aorta in the peri-operative 105 

period when clinically stable. On discharge from hospital, all patients were entered into a surveillance 106 

programme. Images were transferred electronically from referring centres and patients reviewed in 107 

the outpatient clinic if further intervention was required.  108 

Definitions and data collection  109 

The DeBakey classification was used to define the extent of aortic dissection. Established criteria 110 

were used to confirm the diagnosis of HTAD. Aortic rupture was defined by the finding of fresh blood 111 

in the chest at operation or demonstrated on CTA. 112 

The following data were retrieved: demography, comorbidity, operative details and duration, 113 

adjunctive procedures, staging approach, early (30 day) mortality and major complications, 114 

unplanned re-interventions, total hospital and critical care length of stay, patient survival, and re-115 

intervention during follow up. In hospital mortality was defined as any death prior to hospital 116 

discharge. Post-operative permanent stroke (cerebrovascular accident [CVA]) was defined as new 117 
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focal neurological (motor or sensory) deficit persistent at the time of discharge. Permanent spinal 118 

cord ischaemia (SCI) was defined as the inability to weight bear or walk unaided (paraplegia, Grade 3 119 

SCI). All cases of suspected SCI were confirmed by a neurologist and magnetic resonance imaging of 120 

the spinal cord was performed to confirm the diagnosis prior to transfer for rehabilitation. Major 121 

non-fatal complications were defined as early re-operation, respiratory failure requiring 122 

tracheostomy, renal replacement therapy (RRT), permanent SCI and permanent CVA. 123 

The primary endpoint was in hospital mortality. Secondary endpoints were survival and 124 

freedom from distal aortic re-intervention. Follow up ended and data were exported for analysis on 125 

31 December 2021. No patients were lost to follow up. Survival status was verified by cross-126 

referencing local electronic patient records with the NHS wide mortality database (Primary Care 127 

Mortality Database, Spine, NHS Digital) derived from death records from the Office for National 128 

Statistics. This NHS database holds the administrative data for all deaths within the United Kingdom. 129 

The cause of death was not available in many of the patients. Patients who lived far from the two 130 

institutions were followed up by the referring centre which informed us of any late complications 131 

and/or re-interventions and transferred CTA images electronically for assessment. 132 

Statistical analysis  133 

This was performed using R environment (version 4.0.3, The R Foundation for Statistical Computing, 134 

Vienna, Austria; https://www.r-project.org). Continuous variables were presented as median (IQR), 135 

and categorical data were presented as proportions/counts. Student’s t-test and Wilcoxon rank sum 136 

test were used to analyse continuous data, and chi-squared or Fisher’s exact test was used to analyse 137 

categorical data as appropriate. The effect size was presented as odds ratio (OR) with 95% confidence 138 

interval (CI). Overall survival was assessed by calculating Kaplan–Meier product limit estimator with 139 

right censoring of survival data. Median follow up was reported as the observed follow up in all 140 

subjects (irrespective of outcome). Survival was presented as estimated proportion surviving with 141 
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standard error (SE). Multivariable analysis of association of demographic, anatomical and clinical 142 

parameters with in hospital mortality and overall survival was conducted using logistic regression and 143 

Cox proportional models. Variable selection into the models was performed using stepwise algorithm 144 

with step () function. A p value of < .050 was considered to be statistically significant. 145 

RESULTS 146 

Patients 147 

A total of 158 patients underwent TAR + FET for chronic multilevel thoracic aortic disease. 148 

Demographic details and prior aortic repairs are shown in Tables 2 and 3, respectively.  149 

Early outcome after total arch replacement with the frozen elephant trunk  150 

The overall in hospital mortality was 10.1% (n = 16): 8.4% (9/107) after elective and 13.7% (7/51) 151 

after non-elective repair (Table 4). The overall 30 day mortality was 7.6% (n = 12); 5.6% (6/107) after 152 

elective and 11.8% (6/51) after non-elective repair. Major complications occurred in 53 (37%) 153 

operative survivors and included early re-operation (n = 26), tracheostomy (n = 24), vocal cord palsy 154 

(n = 7), transient (n = 10), and permanent CVA (n = 4), temporary SCI (n = 5; all patients were 155 

ambulant unaided on discharge), temporary RRT (n = 15), and permanent RRT (n = 1). The indications 156 

for early re-operation were intrathoracic bleeding (n = 13), femoral artery exploration with/without 157 

thrombo-embolectomy (n = 3), bleeding from saphenous vein harvest site (n = 1), resection for small 158 

bowel ischaemia (n = 2), drainage of pericardial effusion (n = 4), removal of mediastinal packs (n = 1), 159 

ligation of subclavian artery for endoleak (n = 1), and commencement of circulatory support with 160 

extracorporeal membrane oxygenation (n = 1).  161 

Multivariable regression analysis identified the following independent predictors of in 162 

hospital mortality: age (OR 1.13, 95% CI 1.01 – 1.27, p = .033); coronary artery disease (OR 6.68 95% 163 

CI 1.36 – 32.67, p = .019); and post-operative RRT (OR 38.51 95% CI 7.15 – 207.36, p < .001).  164 
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Primary distal seal was achieved in 74 patients of whom 39 had a maximum descending 165 

thoracic aortic (DTA) diameter > 55 mm. Twenty three (31.1%) of these patients underwent non-166 

elective repair. Seven (9.5%) patients died in the peri-operative period, four of whom had a 167 

DTA > 55 mm. The median length of distal seal in the 67 operative survivors was 52 mm (34, 80) with 168 

a median device oversize at the distal landing zone of 4 mm (3, 5) or 10% (5, 14). Twenty eight (42%) 169 

patients had a distal seal > 30 mm in length and device oversizing > 10%.  170 

In 84 patients with no primary distal seal, 58 had a maximum DTA diameter > 55 mm. Twenty 171 

eight (33.3%) of these patients underwent non-elective repair. Nine (10.7%) patients died in the peri-172 

operative period, seven of whom had a DTA > 55 mm. 173 

Distal aortic repair 174 

A total of 53 patients had distal aortic repair: 28 TEVAR, 15 fenestrated branch (FB)EVAR, one visceral 175 

hybrid open endovascular repair, and nine open repairs (Table 5). Of 44 endovascular repairs, 12 176 

were performed with prophylactic cerebrospinal fluid drainage, with spinal cord neuromonitoring in 177 

15. Of nine open repairs, all were performed using full cardiopulmonary bypass with prophylactic 178 

cerebrospinal fluid drainage, with spinal cord neuromonitoring used in six patients. Data on 179 

maximum DTA diameter before TAR + FET and prior to distal re-intervention in patients with primary 180 

distal seal and no seal are shown in Tables 6 and 7. 181 

Of the 67 operative survivors with a primary distal seal, this was maintained during follow up 182 

in 51 patients. Two patients underwent elective FBEVAR distal to the sealed FET. In 14 patients there 183 

was loss of distal seal. Seven of these patients had an unplanned distal repair (one for distal stent 184 

graft induced new entry at a median of 777 days (462, 1480): there was one death on day 35 after 185 

open DTA repair complicated by CVA and permanent SCI, and no major complications in the 186 

remaining eight patients. Seven patients had loss of distal seal and no intervention. In five of these 187 

patients, the principal pathology in the proximal aorta had been treated by TAR and the distal aorta 188 
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was below size threshold for repair when the distal seal was lost and so no distal intervention was 189 

indicated. In two patients, the distal aorta was above size threshold and further intervention was 190 

indicated: one patient died of a non-aortic cause and one died of rupture. Excluding the two patients 191 

who had planned distal FBEVAR, distal seal was lost in two of 28 (7%) patients with a distal seal 192 

length > 30 mm and device oversizing > 10%, compared with 12 of 39 (31%) patients who did not 193 

meet the criteria (p = .031). 194 

Of the 75 operative survivors with no primary distal seal, the distal aorta remained below the 195 

size threshold for repair during follow up in 12 patients. Of the remaining 63 patients, 44 (median 196 

aortic diameter 64 mm, 60, 75) underwent distal repair (34 elective, 10 non-elective) (one for one for 197 

distal stent graft induced new entry) at a median interval of 256 days (135, 740). There were no peri-198 

operative deaths, but eight patients (three TEVAR, two FBEVAR, three OSR) had major complications. 199 

Of the remaining 19 patients, six patients with size threshold aneurysms at the time of their proximal 200 

surgery died after a median interval of 115 days (85, 120), while eight patients who had elective TAR 201 

+ FET were considered unfit for further intervention and five died during follow-up (Table 8). One 202 

patient was assessed as fit for FBEVAR but declined and subsequently died. Four patients were being 203 

assessed or awaiting distal repair at the end of follow up period. 204 

Mid-term outcomes 205 

Median follow up after TAR + FET was 46 months (26, 75). Estimated ± standard error survival at one, 206 

three, and five years for the entire cohort was 79.7% ± 3.2%, 69.1 ± 3.7%, and 61.5% ± 4.1%. The five 207 

year survival was 70.6 ± 4.7% after elective repair, and 43.2 ± 7.2% after non-elective repair (Fig. 1). 208 

There was no significant difference in five year survival comparing patients with a primary 209 

distal seal (64.2 ± 6.0%) and those with no initial distal seal (59.0 ± 5.6%) (HR 0.81, 95% CI 0.50 – 1.30, 210 

p = .38) (Fig. 2). Patients in both groups were similar in terms for indication for repair (primary seal: 211 

56, 75.7%, aneurysm, 13, 17.6%, chronic dissection vs. no primary seal: 65, 77.4%, aneurysm, 15, 212 
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17.9%, chronic dissection) and the proportion with acute presentation (primary seal: 23, 31.1%, vs. 213 

no primary seal: 28, 33.3%). Patients who had a primary distal seal > 30 mm in length with device 214 

oversizing > 10% (77.0% ± 8.3%) had similar survival to those who did not meet these criteria (65.7% 215 

± 8.7%) (HR 0.67, 95% CI 0.29 – 1.55, p = .35). There was no significant difference in five year survival 216 

comparing patients who had distal repair (77.8 ± 6.3%) and those who did not (63.0 ± 5.4%) (HR 0.59, 217 

95% CI 0.33 – 1.05, p = .090) (Fig. 3). 218 

Cox regression analysis identified the following independent predictors of survival: chronic 219 

obstructive pulmonary disease (OR 3.72, 95% CI 2.01 – 6.87, p < .001); peripheral arterial disease (OR 220 

2.94, 95% CI 1.24 – 6.97, p = .014); chronic dissection (OR 0.27, 95% CI 0.09 – 0.81, p = .020); stroke 221 

after TAR + FET (OR 2.97, 95% CI 1.36 – 6.51, p = 007); RRT after TAR + FET (OR 3.33, 95% CI 1.83 – 222 

6.06, p < .001); and distal repair (OR 0.21, 95% CI 0.11 – 0.42, p < .001.  223 

DISCUSSION 224 

The present study examined the need for distal aortic repair after TAR + FET in patients with chronic 225 

multilevel thoracic aortic disease. The traditional approach in these patients has been TAR with a 226 

floating elephant trunk followed by open distal aortic replacement. While the peri-operative 227 

morbidity and mortality associated with TAR is similar whether a floating or frozen trunk is used,2–4,6–228 

10 the latter avoids a second stage repair, with its associated mortality and risk of interval rupture, in 229 

a proportion of patients. A two stage repair is indicated for patients with more extensive distal 230 

disease, and the clinician has the choice of using a floating or frozen trunk. Potential advantages of 231 

the FET include a reduction in the risk of SCI after the second stage by encouraging thrombosis of the 232 

proximal DTA thereby staging the occlusion of segmental spinal collaterals; and providing a more 233 

stable platform for distal endovascular repair which is increasingly the approach of choice for the 234 

second stage.6–14 235 
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In the present study, TAR + FET achieved a primary distal seal in 40% of patients with size 236 

threshold distal aneurysms, and 47% of all patients. Late failure occurred in a quarter of patients with 237 

half of these undergoing distal repair at a median of approximately 25 months. Previous work from 238 

this group has recommended a distal seal of more than 30 mm in length and device oversizing of over 239 

10% in order to improve durability of the distal seal.17 While these criteria were not used for FET 240 

planning in the present patient cohort, late loss of distal seal occurred in only 7% of those with a 241 

primary distal seal who met the criteria compared to 31% of those who did not. There was no 242 

significant impact on mid-term survival dependent of the quality of the distal seal which may be due 243 

to the relatively small sample size, but also the fact that the majority of those who originally had a 244 

‘poor’ primary distal seal and had size threshold distal aneurysms underwent distal repair for loss of 245 

seal, whereas the majority of those who had a “poor” primary seal and did not have distal repair 246 

when there was a loss of seal had below size threshold distal disease. These data emphasise the 247 

importance of (1) endovascular planning to achieve a “good” durable distal seal in those who are 248 

anatomically suitable for a one stage repair, and (2) CTA surveillance to identify failure of the distal 249 

seal and allow timely re-intervention. 250 

The predominant approach for distal repair in the present study was standard TEVAR for DTA 251 

aneurysms, and either FBEVAR for older patients or open repair for young patients with 252 

thoracoabdominal aortic aneurysms (TAAAs). The overall mortality for the two stage repair was 12% 253 

(first stage 10.1%, second stage 1.9%). While the early mortality from TAR + FET is similar to previous 254 

large series,8,9 and in the mid-range compared with high volume North American centres using 255 

predominantly the floating trunk,2–4 the early outcome from the distal repair is significantly better 256 

than in a number of other large studies reporting mortality rates of 6 – 19%.3–7,10,13 The low mortality 257 

from the second stage may partly explain why the five year survival was not significantly worse in 258 

patients with more extensive distal disease and those who underwent distal repair.   259 
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Overall, 79% of survivors of TAR + FET had successful distal aortic repair either primarily by 260 

the FET or after further intervention, and this compares favourably with 64% of patients reported by 261 

Coselli and colleagues.4 Distal repair was ultimately indicated in 84% of patients with no primary 262 

distal seal: of these 70% underwent repair, almost 10% died before planned repair, and 13% were 263 

unfit. The interval mortality in the present series is similar to that reported by Etz and colleagues,3 264 

and almost half that reported by two other large US centres.4,6 The interval to the planned second 265 

stage was just over eight months, but a small group of patients succumbed before this at a median 266 

interval of almost four months. As this was a retrospective study, it is not possible to ascertain the 267 

exact reasons for the time interval between stages in each patient but they are likely to be 268 

multifactorial and include human factors as well as access to healthcare. It has been suggested that 269 

a four week interval between stages in patients undergoing endovascular TAAA repair is sufficient to 270 

allow the spinal cord collateral circulation to adapt while minimising the risk of interval rupture. 271 

Patients need longer to recover after open proximal aortic surgery, but one can anticipate that distal 272 

endovascular repair performed at an earlier stage of their recovery would have avoided interval 273 

rupture. A sub-group of patients were considered unfit for distal repair after elective TAR + FET. Two-274 

thirds of these patients had major post-operative complications and it is possible that their fitness 275 

decreased as a consequence. It is equally possible that those who had no major complications but 276 

became unfit were not assessed adequately prior to TAR + FET and did not have the required 277 

resilience. Patient selection combined with frailty and physiological assessment, may help identify 278 

those patients who are at higher peri-operative risk and are less likely to recover sufficiently for 279 

further intervention. 280 

Multivariable regression identified age, coronary artery disease and post-operative RRT as 281 

independent predictors of in hospital mortality. Cox regression analysis identified chronic obstructive 282 

pulmonary disease, peripheral arterial disease, and post-operative CVA and RRT as being associated 283 
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with a survival disadvantage, while chronic dissection and distal repair were associated with a survival 284 

advantage. Further work in larger patient cohorts may determine if data such as these can assist in 285 

the risk stratification of patients before TAR + FET. 286 

The present study has a number of limitations. This was a retrospective analysis of 287 

prospectively-collected data from two centres and there would have been inherent differences in 288 

patient selection, assessment, and management, despite the fact that the two principal indications 289 

for treatment were the same in both centres. The procedure was introduced to clinical practice just 290 

before the study period and so the outcomes include the learning curve. It was not possible to 291 

determine aneurysm related mortality as data on cause of death were incomplete, and this further 292 

hampered meaningful interpretation of the findings in this subgroup. The relatively short median 293 

follow-up of 46 months implies that survival beyond three to four years must be interpreted with 294 

caution. This is evident when one examines the relationship between distal repair and survival. 295 

Univariable analysis demonstrated no statistically significant difference in survival comparing those 296 

who had and did not have distal repair. However, if the survival curve had been manipulated and 297 

censored at four years, for example, there may have been a significant difference as the confidence 298 

intervals do not overlap. Distal repair was selected for the multivariable model as the p-value on 299 

univariable analysis was less than 0.1, and ultimately was shown to be independently associated with 300 

survival. Finally, further work comparing pre- and post-operative CTA data in patients who had an 301 

initial distal seal and those who did not might prove useful for procedural planning. 302 

In conclusion, the present study demonstrates that TAR + FET can reduce the immediate need 303 

for a second stage repair in 40% of patients with size threshold distal aortic disease. Further research 304 

is required to determine the criteria for an adequate distal seal for a durable one-stage repair. In 305 

patients with more extensive disease, distal open or endovascular repair (in appropriately selected 306 

patients) can be performed with low mortality. Earlier distal endovascular repair should be 307 
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considered to reduce the risk of interval mortality from rupture, and better assessment of patient 308 

fitness would help reduce the proportion of patients who are turned down for distal repair. 309 

CONFLICTS OF INTEREST 310 

The vascular unit at University Hospitals Birmingham receives funding from Cook Inc. and Atrium-311 

Maquet; the cardiac unit at University Hospitals Birmingham receives funding from Jotec GmbH and 312 

Terumo Aortic; the vascular unit at Liverpool University Hospitals receives funding from Cook Inc.; 313 

and the cardiac unit at Liverpool Heart and Chest Hospital receives funding from Terumo Aortic and 314 

Artivion. 315 

FUNDING 316 

None. 317 

REFERENCES 318 

1. Svensson LG. Rationale and technique for replacement of the ascending aorta, arch, and distal 319 

aorta using a modified elephant trunk procedure. J Cardiac Surg 1992;7:301–12. 320 

2. Svensson LG, Rushing GD, Valenzuela ES, Rafael AE, Batizy LH, Blackstone EH, et al. Modifications, 321 

classification, and outcomes of elephant-trunk procedures. Ann Thorac Surg 2013;96:548–58.  322 

3. Etz CD, Plestis KA, Kari FA, Leuhr M, Bodian CA, Spielvogel D, et al. Staged repair of thoracic and 323 

thoracoabdominal aortic aneurysms using the elephant trunk technique: a consecutive series of 215 324 

first stage and 120 complete repairs. Eur J Cardiothorac Surg 2008;34:605–14. 325 

4. Coselli JS, Frankel WC, Green SY, Amarasekara HS, Zhang Q, Preventza O, et al. Staged Repair of 326 

Extensive Aneurysms of the Thoracic Aorta by Using the Elephant Trunk Technique. Ann Thorac Surg 327 

2022;114:1578–85. 328 

5. Gombert A, Ketting S, Ruckbeil MV, Hundertmark A-K, Barbati M, Keschenau P, et al. Perioperative 329 

and long-term outcome after ascending aortic and arch repair with elephant trunk and open 330 

thoracoabdominal aortic aneurysm repair. J Vasc Surg 2022;75:824–32.   331 

Jo
urn

al 
Pre-

pro
of



6. Roselli EE, Subramanian S, Sun Z, Idrees J, Nowicki E, Blackstone EH, et al. Endovascular versus 332 

open elephant trunk completion for extensive aortic disease. J Thorac Cardiovasc Surg 333 

2013;146:1408–16;  334 

7. Kreibich M, Berger T, Rylski B, Chen Z, Beyersdorf F, Siepe M, et al. Aortic reinterventions after the 335 

frozen elephant trunk procedure. J Thorac Cardiovasc Surg. 2020;159:392–9. 336 

8. Tsagakis K, Pacini D, Grabenwoger M, Borger MA, Goebel N, Hemmer W, et al. Results of frozen 337 

elephant trunk from the international E-vita Open registry. Ann Cardiothoracic Surg 2020;9:178-188.  338 

9. Shrestha M, Martens A, Kaufield T, Beckmann E, Bertele S, Krieger H, et al. Single-centre experience 339 

with the frozen elephant trunk technique in 251 patients over 15 years. Eur J Cardiothorac Surg 340 

2017;52:858–66. 341 

10. Rustum S, Beckmann E, Wilhelmi M, Krueger H, Umminger J, Haverich A, et al. Is the frozen 342 

elephant trunk procedure superior to the conventional elephant trunk procedure for completion of 343 

the second stage? Eur J Cardiothorac Surg 2017;52:725–32. 344 

11. Gkremoutis A, Zierer A, Schmitz-Rixen T, El-Sayed Ahmad A, Kaiser E, Keese M, et al. Staged 345 

treatment of mega aortic syndrome using the frozen elephant trunk and hybrid thoracoabdominal 346 

repair. J Thorac Cardiovasc Surg 2017;154:1842–9.  347 

12. Kawajiri H, Tenorio ER, Khasawneh MA, Pochettino A, Mendes BC, Marcondes GB, et al. Staged 348 

total arch replacement followed by fenestrated-branched endovascular aortic repair for patients 349 

with mega aortic syndrome. J Vasc Surg 2021;73:1488–97.  350 

13. Loschi D, Melloni A, Grandi A, Baccellieri D, Monaco F, Melissano G, et al. Open or endovascular 351 

treatment of downstream thoracic or thoraco-abdominal aortic pathology after frozen elephant 352 

trunk: perioperative and mid-term outcomes. Eur J Cardiothorac Surg 2021;61:120–9. 353 

Jo
urn

al 
Pre-

pro
of



14. Shalan A, Tenorio ER, Mascaro JG, Juszczak MT, Claridge MW, Melloni A, et al. Fenestrated-354 

branched endovascular repair for distal thoracoabdominal aortic pathology after total aortic arch 355 

replacement with frozen elephant trunk. J Vasc Surg 2022;76:867–74. 356 

15. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP; STROBE Initiative. 357 

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: 358 

guidelines for reporting observational studies. Lancet 2007;37–0:1453–7.  359 

16. Riambau V, Böckler D, Brunkwall J, Cao P, Chiesa R, Coppi G, et al. Management of descending 360 

thoracic aorta diseases: clinical practice guidelines of the European Society for Vascular Surgery 361 

(ESVS). Eur J Vasc Endovasc Surg 2017;53:4–52. 362 

17. Kandola S, Abdulsalam A, Field M, Fisher RK. Frozen elephant trunk repair of aortic aneurysms: 363 

How to reduce the incidence of endoleak and reintervention. JTCVS Tech 2020;3:13–20. 364 

Figure 1. Cumulative Kaplan–Meier estimate of survival after elective and non-elective total arch 365 

replacement with frozen elephant trunk in patients with chronic multilevel aortic disease.  366 

Figure 2. Cumulative Kaplan–Meier estimate of survival after total arch replacement with frozen 367 

elephant trunk in patients with chronic multilevel aortic disease comparing those who had and did 368 

not have a primary distal seal.  369 

Figure 3. Cumulative Kaplan–Meier estimate of survival after total arch replacement with frozen 370 

elephant trunk in patients with chronic multilevel aortic disease comparing those who had and did 371 

not have distal aortic repair. 372 

Table 1. Open and endovascular approaches to arch repair in patients with multilevel 

aortic disease. 

Type of repair Frequency 

Open repair   
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 Total arch replacement + floating elephant trunk 106 

 Total arch replacement + frozen elephant trunk 226 

  Chronic multilevel thoracic aortic disease 158 

  Acute aortic dissection* 57 

  Prior DTA or TAA repair* 13 

Endovascular repair  

 FBEVAR with proximal seal in zone 0/1 20 

 Hybrid arch debranching and TEVAR with proximal seal in zone 0/1  10 

 Parallel endografting and TEVAR with proximal seal in zone 1 2 

DTA = descending thoracic aortic; TAA = thoraco-abdominal aortic; FBEVAR = fenestrated-branch 373 

endovascular aortic repair; TEVAR = thoracic endovascular aortic repair. 374 

*Excluded from analysis. 375 

Table 2. Comorbidity data for 158 patients undergoing total arch replacement and frozen 

elephant trunk for chronic degenerative and post-dissection multilevel aortic disease. 

Characteristics Frequency  

Male:Female 72:86 

Age at surgery – y 70 (64, 75) 

Aortic pathology  

 Aneurysmal disease 127 (80.4) 

 Chronic dissection 31 (19.6) 

  DeBakey I 21 

  DeBakey II 1 

  DeBakey IIIa 8 
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  DeBakey IIIb 1* 

 Heritable thoracic aortic disease  8 (5.1)* 

 Vasculitis 4 (2.5)* 

 Infective native 5 (3.2)† 

Prior aortic surgery 36 (22.8) 

Maximum diameter of distal aorta – mm 58 (46, 68) 

Distal aortic diameter > 55 mm 97 (61.4) 

Presentation  

 Elective 107 (67.7) 

 Urgent 31 (19.6) 

 Emergency 20 (12.7) 

Renal replacement therapy 0 

Diabetes mellitus 11 (7.0) 

Hypertension 122 (77.2) 

Hypercholesterolaemia 41 (25.9) 

Chronic obstructive pulmonary disease 39 (24.7) 

Peripheral arterial disease 14 (8.9) 

Transient cerebral ischaemic attack/stroke  11 (7.0) 

Coronary artery disease 41 (25.9) 

Left ventricular ejection fraction    

 >50% 136 (86.1) 

 31–50% 12 (7.6) 

 <30% 2 (1.3) 
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 Not available 8 (5.1) 

Estimated glomerular filtration rate 74 (60, 87) 

Data are presented as n (%) or median (interquartile range). HTAD = heritable thoracic aortic 376 

disease. 377 

*Three of four patients with vasculitis, all six with non-HTAD DeBakey III chronic dissection, and five 378 

of eight patients with HTAD (three had DeBakey III dissections) had a dilated distal aorta (>40 mm). 379 

†Patients with infective native aneurysms of the aortic arch underwent total arch replacement with 380 

zone 0 distal anastomosis for Dacron prosthesis and the frozen elephant trunk sealed distally in zone 381 

4 or 5.  382 

Table 3. Prior aortic procedures in 36 patients undergoing total arch replacement and 

frozen elephant trunk for chronic degenerative and post-dissection multilevel aortic 

disease. 

Type of repair Frequency 

Open repair   

 Aortic valve replacement 2 

 ARR + ascending aortic repair 4 

 VSARR + ascending aortic repair 7 

 Ascending aortic repair alone 7 

 Aortic valve replacement + ascending aortic repair 3 

 ARR + ascending + Hemi-arch repair 1 

 ARR + ascending + total arch replacement + floating elephant trunk 1 

 Ascending + total arch replacement 1 

 Patch repair of aortic coarctation 4 
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 Repair of aortic transection 1 

 Abdominal aortic aneurysm repair 4 

 Thoracoabdominal aortic aneurysm repair, extent IV 1 

Endovascular repair  

 Infrarenal endovascular abdominal aortic aneurysm repair 1 

 Fenestrated endovascular juxtarenal aortic aneurysm repair 1 

ARR = aortic root replacement; VSARR = valve-sparing aortic root replacement  383 

Table 4. Peri-operative mortality in patients after total arch replacement with frozen elephant 

trunk  

Urgency of 

repair 

Demography Cause of death Post-operative 

day of death 

Elective 62M, chronic dissection Intra-operative cardiac dysfunction 0 

Elective 78F, degenerative aneurysm Re-operation-bleeding, RF, AKI-RRT 32 

Elective 77F, degenerative aneurysm Re-operation-bleeding, RF, AKI-RRT, paraplegia 223 

Elective 84F, degenerative aneurysm Re-operation-bleeding, RF, CF, AKI-RRT 19 

Elective 79F, degenerative aneurysm AKI-RRT, Re-operation-bleeding-cardiac arrest 2 

Elective 83F, degenerative aneurysm AKI-RRT, pancreatitis 2 

Elective 71F, degenerative aneurysm RF, AKI-RRT 47 

Elective 73M, degenerative aneurysm Re-operation-bleeding, AKI-RRT 17 

Elective 70M, degenerative aneurysm Re-operation-AMI-SMA bypass 2 

Urgent 69M, degenerative aneurysm ARDS 5 

Urgent 80M, degenerative aneurysm Re-operation-bleeding, RF, AKI-RRT 93 

Urgent 72F, pseudoaneurysm AKI-RRT, ARDS 17 

Urgent 76F, chronic dissection CVA, AKI-RRT 8 

Urgent 67M, chronic dissection Intra-operative cardiac dysfunction 0 

Emergency 72F, chronic dissection Re-operation-bleeding, AKI-RRT 5 
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Emergency 73F, ARSA + Ao-Oes fistula CVA, AKI-RRT 11 

M = male; F = female; RF = respiratory failure; AKI-RRT = renal replacement therapy for acute 384 

kidney injury; CF = cardiac failure; AMI = acute mesenteric ischaemia; SMA = superior mesenteric 385 

artery; ARDS = acute respiratory distress syndrome; CVA = stroke; ARSA = aberrant right subclavian 386 

artery; Ao-Oes = aorto-oesophageal. 387 

Table 5. Late secondary interventions after total arch replacement and frozen elephant 

trunk for chronic degenerative and post-dissection multilevel aortic disease. 

 Frequency 

Primary distal seal 67 

 Planned  

  FBEVAR 2 

 Unplanned  

  TEVAR 6 

  Open DTA repair 1 

No primary distal seal 75 

 Planned   

  TEVAR 18 

  FBEVAR 12 

  Open TAA repair 4 

 Unplanned   

  TEVAR 4 

  FBEVAR 1 

  Open TAA repair 4 
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  Visceral hybrid repair 1 

FBEVAR = fenestrated-branch endovascular repair; TEVAR = thoracic endovascular repair; DTA = 388 

descending thoracic aortic; TAA = thoraco-abdominal aortic. 389 

Table 6. Descending thoracic aortic diameter before total arch replacement and frozen elephant 

trunk and prior to distal re-intervention in patients with primary distal seal. 

Primary 

distal seal  

DTA diameter prior to 

TAR + FET (mm) 

DTA diameter at re-

intervention (mm) 

Interval to re-

intervention (days) 

Pathology 

Y 23 53 1 569 Symptomatic expansion 

Y 35 52 38 Rapid growth 

Y 61 57 870 Type 1b EL 

Y 62 60 1 519 Gradual growth 

Y 65 56 1 480 Type 1b due to retracted FET 

Y 67 68 470 Symptomatic SINE 

Y 80 77 777 Type 1b EL 

DTA = descending thoracic aorta; TAR+FET = total arch replacement and frozen elephant trunk; EL = 390 

endoleak; SINE = stent-graft induced new entry tear. 391 

Table 7. Descending thoracic aortic diameter before total arch replacement and frozen 

elephant trunk and prior to distal re-intervention in patients with no primary distal seal. 

Primary distal seal  DTA diameter prior to 

TAR+FET (mm) 

DTA diameter at re-

intervention (mm) 

Interval to re-intervention 

(days) 

N 37 48 116 

N 38 56  2 945 

N 43 62 1 421 

N 48 60 997 

N 50 73 688 
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N 51 55 419 

N 52 54 235 

N 53 63 686 

N 54 54 35 

N 54 56 2 635 

N 55 60 1 123 

N 55 55 104 

N 56 60 1 367 

N 56 58 245 

N 58 65 13 

N 58 59 532 

N 60 60 136 

N 60 60 266 

N 60 60 557 

N 60 100 101 

N 61 61 171 

N 61 64 206 

N 61 63 448 

N 63 70 924 

N 63 66 718 

N 64 60 189 

N 65 66 190 

N 65 70 134 

N 65 60 1 723 

N 70 70 128 

N 70 70 927 

N 72 71 424 

N 75 88 763 
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N 75 75 137 

N 75 75 13 

N 65 75 765 

N 75 75 188 

N 77 70 246 

N 80 120 174 

N 82 96 389 

N 83 85 536 

N 83 83 33 

N 85 85 7 

N 110 110 8 

DTA = descending thoracic aorta; TAR + FET = total arch replacement and frozen elephant trunk.  392 

Table 8. Comorbidity and peri-operative outcome data for patients with size threshold aneurysms and 

no distal seal after total arch replacement and frozen elephant trunk who died not proceed to second 

stage repair. 

Urgency of 

repair 

Demography Complications Outcome regarding 

second stage repair 

Elective 68F; HT, dyslipidaemia RF-trache, CVA Interval death 

Elective 78F; HT, CKD3 Nil Interval death 

Elective 64F; HT, COPD, DM Nil Interval death 

Elective 68M; CAD, HT, dyslipidaemia, CKD2 Nil Interval death 

Urgent 72F; CKD2 Re-operation-bleeding, RF-trache Interval death 

Urgent 76F; CAD, HT, dyslipidaemia, PAD, CVA AKI-no RRT Interval death 

Elective 75F; HT, CKD3 Re-operation-ALI, RF-trache, AKI-RRT Unfit; died 8M 

Elective 71M; CAD, CCF, HT, dyslipidaemia, CKD2 CVA Unfit; died 3M 

Elective 72F; dyslipidaemia, CKD2 Nil Unfit; alive 

Elective 75F; CAD, HT, COPD Nil Unfit; died 10M 
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Elective 67F; HT, CKD2 RF-trache, CVA Unfit; alive 

Elective 72F; HT, dyslipidaemia RF-trache Unfit; alive 

Elective 72F; CAD, HT, COPD, DM, CKD3 Nil Unfit; died 10M 

Elective 67F; CKD3 RF-trache, temp paraparesis, CF, AKI-RRT Unfit; died 31M 

Emergency 76F; HT, CKD3 RF-trache, temp paraparesis Unfit; alive  

M = male; F = female; HT = hypertension; CKD = chronic kidney disease; COPD = chronic obstructive 393 

pulmonary disease; CAD = coronary artery disease; PAD = peripheral arterial disease; CVA = stroke; 394 

DM = diabetes mellitus; RF = respiratory failure; trache = tracheostomy; AKI-RRT = renal 395 

replacement therapy for acute kidney injury; CF = cardiac failure; temp = temporary. 396 
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Figure I 

Estimated survival after elective and non-elective total arch replacement with frozen elephant trunk 

in patients with chronic multi-level aortic disease.  

 

  

Jo
urn

al 
Pre-

pro
of



Figure II 

Estimated survival after total arch replacement with frozen elephant trunk in patients with chronic 

multi-level aortic disease comparing those who had and did not have a primary distal seal.  
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Figure III 

Estimated survival after total arch replacement with frozen elephant trunk in patients with chronic 

multi-level aortic disease comparing those who had and did not have distal aortic repair. 
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Short title: Distal Aortic Repair After Frozen Elephant Trunk 
Figure 1: follow H1 and H2; add – % to vertical axis labels; horizontal axes labels: Time after 
index procedure – y; delete axes and labels from the Number at risk section; ; in number at 
risk section change Emergency to a heading above No and Yes 
Figure 2: follow H1 and H2; add – % to vertical axis labels; horizontal axes labels: Time after 
index procedure – y; delete axes and labels from the Number at risk section; in number at 
risk section change Primary seal to a heading above No and Yes 
Figure 3: follow H1 and H2; add – % to vertical axis labels; horizontal axes labels: Time after 
index procedure – y; delete axes and labels from the Number at risk section; in number at 
risk section change Distal repair to a heading above No and Yes 
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