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ABSTRACT

Objective: For neonatal repair of coarctation of the aorta, patients may either un-
dergo thoracotomy with extended end-to-end anastomosis or sternotomy for
aortic arch reconstruction with cardiopulmonary bypass. The objective of this study
was to evaluate the comparative effectiveness of the 2 approaches in patients with
arch hypoplasia.

Methods: This is a single-center retrospective cohort study from July 2005 through
May 2022 of patients who underwent neonatal repair for isolated coarctation of the
aorta with additional arch hypoplasia. Inverse probability of treatment weighting is a
statistical method for creating comparable pseudopopulations and was used to ac-
count for baseline differences in population. The primary outcome was aortic rein-
tervention, and secondary outcomes were vocal cord dysfunction, length of stay,
chylothorax, and phrenic nerve palsy.

Results: There were 130 patients who met inclusion criteria. After weighting, the
interaction between distal transverse arch size and operative approach (sternot-
omy vs thoracotomy) was statistically significant, P<.05 for interaction. Among pa-
tients with a distal arch z-score <�3.5, patients undergoing thoracotomy with
extended end-to-end anastomosis had an increased hazard for reintervention. Ster-
notomy was associated with an increased length of stay in the intensive care unit by
4.7 days, P< .001, and odds of vocal cord dysfunction were also greater, odds ratio
7.1 (95% confidence interval, 1.66 to 41.26; P ¼ .01).

Conclusions: Among patients with a distal arch z-score smaller than �3.5, the haz-
ard of reintervention was increased for patients undergoing thoracotomy with
extended end-to-end anastomosis. However, length of stay and risk of vocal cord
paresis was reduced in patients undergoing thoracotomy. (JTCVS Open
2024;22:386-94)
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The hazard ratio for reintervention depended on
distal arch z-score.
CENTRAL MESSAGE

Patients with coarctation of the
aorta and aortic arch hypoplasia
with a distal arch z-score smaller
than �3.5 may benefit from
sternotomy over thoracotomy.
PERSPECTIVE
Repair of coarctation of the aorta with arch hypo-
plasia via sternotomy was associated with a
reduced risk for reintervention for patients with
a distal arch z-score<�3.5, but odds of recurrent
laryngeal nerve injury and ICU length of stay were
greater. Deciding between the sternotomy and
thoracotomy should be an individualized decision
after considering the relative risks of each
approach.
Coarctation of the aorta accounts for 6.6% of patients with
congenital heart disease.1 In many patients, the diseased
segment of aorta is limited to the aortic isthmus; in others,
the aortic arch may also be hypoplastic proximally. The sur-
gical approach to repair of this lesion depends on the antic-
ipated extent of reconstruction in order to achieve normal
geometry without a residual gradient.2,3 Among patients
with residual arch obstruction, potential late sequelae
include the need for reintervention, hypertension, and
stroke.4-8

An analysis of the Society of Thoracic Surgeons
Congenital Heart Surgery Database has demonstrated no
difference in the risk of in-hospital mortality for patients
undergoing isolated repair of aortic coarctation or
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Abbreviations and Acronyms
CI ¼ confidence interval
HR ¼ Hazard Ratio
ICU ¼ intensive care unit
IQR ¼ interquartile range
OR ¼ odds ratio
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hypoplastic aortic arch without cardiopulmonary bypass
versus patients undergoing isolated repair of aortic coarc-
tation or hypoplastic aortic arch with cardiopulmonary
bypass.9 Previous reports have suggested criteria for
discriminating between patients who should undergo one
approach or the other. These criteria include a distal aortic
arch less than 50% the size of the ascending aorta, distal
arch diameter (in millimeters) less than bodyweight in
kilograms þ 1, and multiple different thresholds for prox-
imal aortic arch size.2,3,10-13 However, the strength of the
evidence supporting these arbitrary thresholds is limited.
Moreover, the relative morbidity of the 2 approaches has
not been well quantified. The recently published “The
Society of Thoracic Surgeons Clinical Practice
Guidelines on the Management of Neonates and Infants
With Coarctation”14 offered a comprehensive review of
the existing evidence. Notably, the document stressed
that the existing literature was limited by significant selec-
tion bias and an opportunity existed to better elucidate var-
iables that might favor the sternotomy approach. We
undertook the current study to compare the effectiveness
of thoracotomy with extended end-to-end anastomosis to
sternotomy for aortic arch reconstruction in the manage-
ment of neonatal patients with coarctation of the aorta
and aortic arch hypoplasia.
METHODS
This is a single-center retrospective cohort study of patients who under-

went isolated repair of coarctation of the aorta in the neonatal period be-

tween July 2005 and May 2022 at Boston Children’s Hospital. After

approval from the institutional review board at Boston Children’s Hospital

(IRB-P00028876, initial approval May 2018; informed consent waived), a

query of patients undergoing aortic arch repair was performed using a

departmental database. Patients older than 28 days were excluded from

the study in order to limit the population to newborn patients. Moreover,

patients undergoing concomitant congenital heart operations other than

atrial septal defect closurewere excluded. Patients with genetic syndromes,

heterotaxy, and right aortic arch were also excluded from the study. Data

were abstracted from the medical record.

Outcomes
The primary outcome of interest was aortic reintervention, either surgi-

cal or catheter-based. Reintervention was assessed as time-to-event data us-

ing Cox proportional hazards regression, and the first reintervention (either

open or catheter-based) was used as the end point. Competing risks

methods were not used because of the limited observed mortality. Second-

ary outcomes of interest included survival (both perioperative and in
follow-up), postoperative intensive care unit (ICU) length of stay, total

postoperative hospital length of stay, vocal cord dysfunction (defined as

vocal cord immobility on postoperative direct laryngoscopy), chyle leak

confirmed by pleural triglyceride evaluation, and diaphragm paresis

requiring plication. Follow-up was determined by review of the medical

record.

Variable of Interest
In an effort to account for differences in body size, z-scores were used.

The z-score is the number of standard deviations above or below the mean

size of the structure for a given infant’s body surface area, ie, a patient with

a distal arch z-score of �2 is 2 standard deviations below the mean with

respect to distal arch size. Normative values and z-score calculation were

established with the methodology described by Sluysman and Colan15 us-

ing an online calculator (zscore.chboston.org).

Distal arch (which was defined as the aortic arch between the left com-

mon carotid and left subclavian artery) z-score was the primary variable of

interest on the basis of literature review. This was confirmed using a

machine-learning technique, described to follow, to identify anatomic

and demographic variables that predicted whether a patient would undergo

sternotomy or thoracotomy. In this machine-learning technique, risk factor

variables were selected by creating 1000 bootstrap replicates, and forward

selection using logistic regression was performed to predict whether a pa-

tient underwent sternotomy in each replicate. Variables that were selected

in>80% of the replicates, that had consistent coefficient sign in>80% of

the models, and that were statistically significant in>80% of the models

were selected for the final model.16 In the complete cohort of patients

(before trimming), the only observed variable that was a consistent predic-

tor of sternotomy was distal arch z-score. Male sex, weight, bovine arch,

aberrant subclavian artery, prematurity, aortic annular diameter, ascending

aortic diameter, mitral annular dimension, and body surface area did not

meet criteria for inclusion. In the subset of patients who were eligible for

both operations (after trimming), distal arch z-score remained the only

predictor.

At our facility, no institutional policy or consensus has existed regarding

the surgical approach. In addition, there were 13 different surgeons who

performed neonatal repair of coarctation of the aorta during the time period

under study. Given substantial practice variation, this created a broad re-

gion of overlap between the 2 approaches at smaller distal arch z-scores,

Figure E1.

Statistical Methods
Because of a lack of exchangeability, patients with a distal arch z-score

larger than�2 and those with an aortic annular z-score larger than�1 were

excluded from the study in a process known as trimming (Figures E1 and

E2).17 This process is critical for causal inference in that comparisons

should be made between patients who are eligible for both operations.18,19

Among patients with a distal arch z-score larger than�2, only 7.6% of pa-

tients underwent sternotomy as opposed to 29.4% of patients with a distal

arch z-score smaller than �2.

Logistic regression was used to estimate the probability of treatment

assignment to either sternotomy or thoracotomy. A density plot of the pro-

pensity scores demonstrated adequate common support (Figure E3). Stabi-

lized weights were estimated, and inverse probability of treatment

weighting was performed in order to create comparable pseudopopulations

that were balanced among both demographic and anatomic covariates,

similar to the effect of propensity score matching.20 A standardized

mean difference of>0.200 was considered to be statistically significant.

Either linear or logistic regression was then used on the weighted pseudo-

populations to assess the outcome of interest. Freedom from reintervention

was estimated using the Kaplan-Meier method with weights. The interac-

tion between distal arch z-score and surgical approach was evaluated using

weighted Cox regression, and a plot of the distal arch size-dependent
JTCVS Open c Volume 22, Number C 387

http://zscore.chboston.org


Congenital: Aorta Chiu et al
hazard was created. As a sensitivity analysis, weights were truncated at the

1st and 99th percentile in order to assess the effect of extreme weights

(Figure E4).19

To assess the strength of existing criteria for distinguishing operative

approach, we examined the overall cohort of patients who had undergone

thoracotomy for extended end-to-end anastomosis, ie, including patients

with a distal arch z-score larger than �2. Cox regression was used to eval-

uate whether the cutoff of body weight in millimeters þ1 and distal arch

diameter<50% of the ascending aorta diameter were risk factors for late

reintervention.2,3,10,21,22 In order to assess risk factors for reintervention,

1000 bootstrap replicates were created, and risk factors were selected using

forward selection on a Cox regression model. As stated previously, only

variables that were selected in>80% of replicates, had consistent coeffi-

cient signs in>80% of models, and were statistically significant>80%

of the time were selected for the final model.

Continuous variables are presented as mean with standard deviation or

median with interquartile range (IQR). Categorical variables are presented

as absolute counts with percentages. Hazard ratios (HR) and odds ratios

(OR) are presented with 95% confidence intervals (CI)s. Missing data

were coded as missing in order to avoid listwise deletion. Patients missing

distal arch measurement (n¼ 8) were excluded. The analysis was conduct-

ed with R-4.2.1 (R Foundation for Statistical Computing).
RESULTS
There were 263 patients who underwent isolated repair of

coarctation of the aorta. Of these, there were 130 patients
who appeared to be eligible for either sternotomy or thora-
cotomy on basis of the anatomic criteria used for trimming
the dataset to a region of common support. There were
distinct differences in age, weight, aortic annular size, and
distal arch size at baseline. After inverse probability of
treatment weighting with stabilized weights, the 2 weighted
pseudopopulations were comparable with the exception of
mitral annular diameter, which had a difference of less
than 1 mm. This was considered to be statistically signifi-
cant but clinically irrelevant (Table 1).

During a median follow-up time of 4.4 years (IQR, 1.5-
9.4 years), there was one in-hospital death and no deaths
TABLE 1. Before inverse probability of treatment weighting, there were d

Characteristics

Unweighted

Thoracotomy Sternotomy

83 47

Age, d 7.75 (6.16) 5.36 (3.55)

Male sex, n (%) 56 (67.5) 33 (70.2)

Weight, kg 3.43 (0.53) 3.24 (0.60)

Preoperative BSA, m2 0.23 (0.02) 0.22 (0.03)

Bicuspid aortic valve, n (%) 60 (72.3) 29 (61.7)

Bovine arch, n (%) 1 (1.2) 2 (4.3)

Aberrant subclavian, n (%) 3 (3.6) 2 (4.3)

Aortic annulus, mm 5.7 (0.7) 5.3 (0.6)

Aortic annulus z-score �2.08 (0.69) �2.36 (0.66)

Mitral diameter (lateral), mm 8.8 (1.3) 8.0 (1.4)

Distal arch z-score �2.71 (0.51) �3.18 (0.47)

After weighting, the populations were similar across all covariates except for mitral diamete

a significant difference.
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during follow-up. After inverse probability of treatment
weighting, median postoperative ICU length of stay was
2.1 days (IQR, 1.6-3.9 days) for patients who underwent
thoracotomy and 5.0 days (IQR, 3.2-9.2 days) for patients
who underwent sternotomy. Using weighted linear regres-
sion, sternotomy approach for aortic arch reconstruction
was associated with increased ICU length of stay by
4.7 days, P<.001, and there was an inverse relationship be-
tween body weight and ICU length of stay, ie, each kilo-
gram increase in weight reduced ICU length of stay by
1.8 days, P ¼ .007. Total postoperative hospital length of
stay for the cohort was a median of 8.1 days (IQR, 5.2-
14.4). The total postoperative hospital length of stay was
6.3 days longer among patients undergoing sternotomy us-
ing weighted linear regression, P¼ .03, with no statistically
significant effect of weight. The odds of vocal cord dysfunc-
tion were substantially greater with sternotomy, OR, 7.14
(95% CI, 1.66-41.26, P ¼ .01) and decreased with
increasing body weight, OR per kilogram increase in
body weight 0.18 (95% CI, 0.04-0.62, P ¼ .01). There
was no difference in the odds of diaphragm paresis or chyle
leak on the basis of surgical approach. In our sensitivity
analysis, eliminating extreme weights, ie, truncating at the
1st and 99th percentile, did not affect the significance of
the results.
Risk of Reintervention During Follow-up
Before weighting, there were a total of 12 first-time rein-

terventions. Of these, 11 were catheter-based and 1 was
open. Two patients subsequently underwent an open opera-
tion after an initial catheter-based procedure. After inverse
probability weighting, there were 14.5 first-time reinterven-
tions in the thoracotomy group and 7.2 first-time reinterven-
tions in the sternotomy group. The 5-year cumulative
incidence of reintervention in the weighted
istinct differences in the 2 populations

Weighted

SMD

Thoracotomy Sternotomy

SMD87.77 42.64

0.474 6.92 (5.67) 6.02 (3.83) 0.188

0.059 63.6 (72.5) 31.4 (73.7) 0.027

0.343 3.32 (0.55) 3.39 (0.67) 0.104

0.346 0.22 (0.02) 0.22 (0.03) 0.054

0.227 64.5 (73.5) 30.1 (70.6) 0.065

0.188 1.2 (1.4) 1.9 (4.5) 0.181

0.033 5.0 (5.7) 2.9 (6.8) 0.047

0.588 5.5 (0.7) 5.4 (0.6) 0.121

0.413 �2.23 (0.70) �2.32 (0.61) 0.125

0.602 8.7 (1.2) 8.1 (1.4) 0.401

0.968 �2.97 (0.70) �2.97 (0.45) 0.006

r, although the difference was noted to be clinically insignificant. Bold value indicates
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pseudopopulations, irrespective of distal arch z-score, was
18.7% (95% CI, 0%-35.7%) for patients undergoing tho-
racotomy with extended end-to-end anastomosis and
18.0% (95% CI, 0.5%-32.4%) for patients undergoing
sternotomywith aortic arch reconstruction, Figure 1, the cu-
mulative incidence of catheter-based and open reoperation
are separately reported (Figures E5 and E6). With respect
to hazard for reintervention, the interaction between distal
arch z-score and operative approach was statistically signif-
icant, P¼ .03 (Figure 2). The HR was>1 with a distal arch
z-score<�3.5 suggesting an increased risk of reinterven-
tion associated with thoracotomy approach. Conversely,
when the distal arch z-score was>�3.0, the HR was<1,
suggesting a reduced risk associated with thoracotomy
approach compared with sternotomy. In the sensitivity anal-
ysis, eliminating extreme weights, ie, truncating at the 1st
and 99th percentile, once again did not affect the signifi-
cance of the results.
HR

FIGURE 2. Plot demonstrating the relative hazard of thoracotomy

compared with sternotomy as a function of distal transverse arch size. Pa-

tients with a distal arch z-score<�3.5 appear to have lower risk of reinter-

vention via sternotomy; patients with a distal arch z-score larger than �3

appeared to have reduced risk of reintervention via thoracotomy. HR, Haz-

ard ratio.
Additional Analyses
In our analysis examining the entire cohort of patients

who had undergone thoracotomy and extended end-to-end
anastomosis during the entire time period under investiga-
tion (n¼ 197), our machine-learning technique for variable
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FIGURE 1. Cumulative incidence with 95% confidence intervals of rein-

tervention for patients undergoing repair via thoracotomy (blue) versus

sternotomy (red). There was no difference between the populations before

accounting for the interaction between operative approach and distal arch

size.
selection did not identify distal arch z-score as a risk factor
for reintervention. The only variable that was a consistent
predictor of reintervention was presence of a bovine arch
(HR, 9.4; 95% CI, 3.8-23.1; P<.001), which was present
in 12 patients (6.1%). There was no difference in the distal
arch z-score when comparing patients with and without
bovine arch in this cohort, P ¼ .3.
Applied to the entire cohort of patients who had under-

gone thoracotomy for extended end-to-end anastomosis
(n ¼ 197), there were 83 patients who would have under-
gone sternotomy with aortic reconstruction on the basis of
body weight þ 1 criterion. This criterion was not an inde-
pendent predictor of reintervention on Cox proportional
hazards regression, P ¼ .4. Using the <50% ascending
aorta criterion, there were 64 patients who would have
been considered for sternotomy with aortic arch reconstruc-
tion, and this criterion alsowas not an independent predictor
of reintervention in Cox proportional hazards regression,
P ¼ .5. Using these alternative criteria would have
increased the total ICU length of stay for the cohort by
approximately 390.1 and 300.8 bed-days, respectively.
DISCUSSION
Coarctation of the aortamay be addressed via thoracotomy

with extended end-to-end anastomosis or sternotomy for car-
diopulmonary bypass and aortic arch reconstruction. Short-
term outcomes for both of these operations have acceptable
rates of aortic reintervention ranging from 4% to 14% at a
JTCVS Open c Volume 22, Number C 389
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median follow-up ranging from 1 year to 6 years.21,23-27

However, limited guidance has been provided regarding
optimal patient selection. We found that among patients
with a distal arch z-score smaller than �3.5, left
thoracotomy with extended end-to-end anastomosis was
associated with an increased hazard for reintervention
compared with sternotomy with aortic arch reconstruction
using cardiopulmonary bypass. Moreover, therewas substan-
tial morbidity associated with sternotomy and aortic arch
reconstruction including prolonged postoperative ICU and
total postoperative hospital length of stay in addition to an
increased odds of recurrent laryngeal nerve injury.

When comparing the 2 approaches, previous studies have
not made distinct efforts to create comparable groups inso-
much that patients who were not truly candidates for ster-
notomy with aortic arch reconstruction were included in
the comparator group having undergone thoracot-
omy,12,22,23,25,28-31 ie, the 2 groups lacked
exchangeability.18,19 Moreover, many of the studies were
underpowered to detect differences between groups and
also included patients across a broad age range. For these
reasons, discrepant findings published in the literature
may be attributable to differences in baseline populations
with failure to account for confounding.

Several of the studies suggesting alternative distal arch
criteria were restricted to the subset of patients who had un-
dergone thoracotomy for extended end-to-end anastomosis.
Tulzer and colleagues12 have suggested a lower limit of z
�4.6 for the proximal arch, and Kotani and colleagues11

have gone so far as to suggest z �6 for the proximal arch.
Moreover, Callahan and colleagues13 have conjectured
that the lower limit of size may not be defined. Indeed,
repair of interrupted aortic arch is technically possible via
thoracotomy without the use of cardiopulmonary bypass.32

Despite these suggestions, these studies may suffer from se-
lection bias, as the subset of patients who underwent ster-
notomy—presumably with some elevated risk for residual
obstruction if performed via thoracotomy—had already
been removed from the at-risk population. Mirroring this
phenomenon, in our exploratory analysis including only
those patients who had undergone left thoracotomy for
extended end-to-end anastomosis, distal arch z-score did
not prove to be an independent predictor of reintervention.

The increased risk for reintervention seen among our pa-
tients with bovine arch undergoing thoracotomy for repair
of coarctation of the aorta is consistent with previous re-
ports.33,34 Although only 6.1% of the patients in our cohort
undergoing thoracotomy for repair of coarctation of the
aorta had bovine arch, the reported prevalence of bovine
arch in other series has ranged from 17% to 28.6%.33-35

As such, this may be an added consideration when
deciding between sternotomy and thoracotomy.

We observed an increased odds of recurrent laryngeal
nerve injury in patients undergoing sternotomy for aortic
390 JTCVS Open c December 2024
arch reconstruction. Importantly, recurrent laryngeal nerve
injury may necessitate additional procedures including in-
jection laryngoplasty, thyroplasty, tracheostomy, gastro-
stomy, or prolonged nasoenteric feeding.36 For this
reason, recurrent laryngeal nerve monitoring may be bene-
ficial in this population. Notably, recurrent laryngeal nerve
monitoring requires that the patient not be paralyzed during
the mobilization of the aortic arch in the process of identi-
fying and preserving the recurrent laryngeal nerve.37-39

Despite these precautions, however, the recurrent
laryngeal nerve may still be vulnerable to stretch injury
either during the dissection or from an overly patulous
arch patch.
Limitations
This was a retrospective study, which may have been sub-

ject to confounding. Our efforts to create comparable
groups using inverse probability of treatment weighting ap-
peared to achieve similar pseudopopulations. However, in-
verse probability of treatment weighting is only able to
account for observable variables and does not completely
eliminate the possibility of confounding. Because our facil-
ity serves a geographical area that contains many pediatric
cardiology programs, patients most commonly follow-up at
outside institutions. Consequently, another limitation of our
study is the duration of follow-up. However, as patients are
typically repatriated to our facility for reintervention
because of the close partnership between our group and
regional pediatric cardiology practices, the reintervention
rate is likely to be accurate. Reintervention, however, is
an imperfect means of accounting for residual lesions, as
clinically significant residual lesions contributing to
elevated risk for cardiovascular disease may not rise to
the level of reintervention.6 Despite these limitations, this
is the first study to enumerate the distinct risks and benefits
with respect to recurrent laryngeal nerve dysfunction, hos-
pital length of stay, and reintervention using causal infer-
ence techniques.
CONCLUSIONS
In this study comparing patients with hypoplastic distal

arch, the risk for reintervention depended on both the surgi-
cal approach and the size of the distal arch. Although ster-
notomy for aortic arch reconstruction was associated with a
lower risk for reintervention in patients with distal arch
z-score smaller than �3.5, there was an associated increase
in the odds of recurrent laryngeal nerve injury and longer
hospital length of stay. These results suggest that the risk
for reintervention must be weighed against the potential
morbidity of the surgical approach. Furthermore, this un-
derstanding of the risk of reintervention may be a means
of identifying patients who require more frequent clinical
follow-up.
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FIGURE E1. Overall cohort, before trimming. In blue, patients undergoing thoracotomy with extended end-to-end anastomosis; in red, patients undergo-

ing sternotomywith aortic arch reconstruction. The yellow linemarks a distal arch z-score of�2. Above a distal arch z-score of�2, patients do not appear to

routinely undergo sternotomy for aortic arch reconstruction. Below a distal arch z-score of �2, there appears to be common support.
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FIGURE E2. Overall cohort, before trimming. In blue, patients undergoing thoracotomy with extended end-to-end anastomosis; in red, patients undergo-

ing sternotomy with aortic arch reconstruction. The yellow linemarks an aortic annular z-score of�1. Above an aortic annulus of z-score of�1, patients do

not appear to routinely undergo sternotomy for aortic arch reconstruction. Below an aortic annular z-score of �1, there appears to be common support.
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FIGURE E3. A density plot of the 2 approaches demonstrating adequate

common support.
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FIGURE E4. As a sensitivity analysis, extreme weights (1st and 99th

percentile) were eliminated from the dataset. In doing so, stabilized

weights smaller than 0.4 and greater than 3.69 were eliminated. The inter-

action between distal arch size and operative approach was once again

tested. The interaction between surgical approach and distal arch size

was once again statistically significant, P ¼ .02. HR, Hazard ratio.
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FIGURE E5. Catheter-based reintervention. There was no significant dif-

ference in the cumulative incidence of catheter-based reintervention when

comparing thoracotomy (blue) with sternotomy (red); shaded areas repre-

sent 95% confidence intervals, before accounting for the interaction be-

tween operative approach and distal arch size.
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FIGURE E6. Open reoperation. Before weighting, there were 3 open sur-

gical reoperations with 2 occurring in the sternotomy group (red) and 1 in

the thoracotomy group (blue); shaded areas represent 95% confidence in-

tervals. Both patients who eventually underwent reoperation from the ster-

notomy group had previously undergone catheter based intervention. This

makes inference somewhat challenging, but it may be the case that when an

intervention is required after the sternotomy approach, it is more likely that

a catheter-based reintervention will be inadequate.
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