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WHAT THIS PAPER ADDS

A unique model of physician modified scalloped stent graft for one, two, or three supra-aortic trunks and its
accuracy of placement over the supra-aortic vessel origins on human cadaveric aorta placed on a benchtop
closed system pulsatile flow model was assessed. This model could provide an endovascular alternative to
transposition with expansion of the proximal landing zone in zone 2, 1, or 0 for emergency cases with either
short proximal zone 3 neck or injuries located at the inner circumference of the aortic arch.
Objective/Background: The aim of the study was to assess a model of physician modified scalloped stent graft
(PMSG) on currently available thoracic aortic devices to extend the proximal landing zone in either zone 2, 1 or
0 of the aortic arch while preserving flow in the supra-aortic vessels on human cadaveric aorta.
Methods: Fresh human aortas were harvested at autopsy from adult subjects. A proximal scallop was made on
the stent grafts based on direct measurements on the aortas to extend the proximal landing zone in zone
0 (n ¼ 5), zone 1 (n ¼ 5), and zone 2 (n ¼ 5). A previously described benchtop closed system pulsatile flow model
was used to mimic flow and pressure conditions in the aorta to deploy the stent graft as close to physiological
conditions as possible. Deployment accuracy of the scallop opposite the aortic arch branch ostia was assessed by
completion angiography and post-procedural analysis of the aortas.
Results: Fifteen proximal scalloped stent grafts were deployed in the aortic arch of 15 human cadaveric aortas
under fluoroscopy. The expected proximal landing zone was achieved in all cases (zone 2 ¼ 5; zone 1 ¼ 5; zone
0 ¼ 5). Post-procedural angiography and direct visual analysis showed supra-aortic vessel patency and
deployment of the scallop opposite the aortic arch branch ostia in all cases.
Conclusion: PMSG to extend the proximal landing zone in zone 2, 1, or 0 in order to treat urgent diseases of the
proximal descending aorta or the inner circumference of the aortic arch by a totally endovascular approach while
preserving flow in the supra-aortic trunks is experimentally feasible.
� 2017 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Article history: Received 23 November 2016, Accepted 24 April 2017, Available online 12 June 2017
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INTRODUCTION

Despite considerable advances in endovascular techniques
over the last decade and the introduction of fenestrated
and branched stent grafts to treat the entire abdominal
aorta, treatment of the aortic arch remains one of the last
barriers to providing patients with a total endovascular
treatment option. Nowadays, hybrid techniques have
commonly replaced open repair of the aortic arch. However,
there are still significant morbidity and mortality rates with
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these less invasive approaches, especially in acute thoracic
aortic syndrome.1 In emergency endovascular repair of the
thoracic aorta, expansion of the proximal landing zone in
zone 2, 1, or 0 is necessary to achieve a proximal seal in up
to 50% of patients.2 To date, there is a shortage of
commercially available devices to offer these patients
endovascular treatment.3 Proximal scalloped stent grafts
have been manufactured by companies to overcome neck
issues in the arch.4 However, construction of these custom
made devices can take as long as 6e12 weeks. Patients who
present with acute thoracic aortic syndrome cannot be
treated with the current modified thoracic stent graft
technology, while they are probably the ones who would
benefit most from this new approach. Based on the concept
of a physician modified fenestrated stent graft to treat an
emergency aneurysm involving the visceral aorta,4 use of a
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Extend Proximal Landing Zone in the Aortic Arch 151
physician modified proximal scalloped stent graft (PMSG) to
extend the proximal landing zone in zone 2 have been re-
ported in small case series with promising results.6

Enlargement of the physician modified scallop to include
one, two, or three supra-aortic trunks could provide an
endovascular alternative to transposition for emergency
cases with either a short proximal zone 3 neck or in specific
cases with aortic arch injuries located on the inner
circumference of the aortic arch.

However, appropriate sizing of the scallop based on the
targeted supra-aortic vessel origins and placement accuracy
of the scallop over them should first be experimentally
assessed. The aim of the pilot study was to assess a model
of physician-modified scalloped stent-graft for one, two or
three supra-aortic trunks and its accuracy of placement in
front of the supra-aortic vessels on human cadaveric aorta.

METHODS

The study was approved by the authors’ institutional review
committee and the ethics committee.
Harvesting and preparation of aortas

With the permission of the department involved and in
accordance with French regulations, 15 fresh human aortas
were harvested at autopsy from adult subjects who had
died a maximum of 4 days previously.

The aortas were procured from above the aortic valve to
the coeliac trunk. The brachiocephalic artery (BCA), the left
common carotid artery (LCCA) and the left subclavian artery
(LSA) were harvested for their maximum length (from 2 cm
to > 5 cm). Theaortas were immediately placed in ice and
maintained at 4 �C. Experiments were performed within 2 h
of harvesting. Sections of the aortas were sent to the
Department of Pathology for analysis (stained with hae-
matoxylin and eosin) to ensure the presence of a three layer
aortic wall comparable to a fresh aorta.
Bench test model

A previously described benchtop closed system pulsatile
flow model was used to mimic flow and pressure conditions
in the aorta to deploy the stent graft as close to physio-
logical conditions as possible.7,8 The pump rate was main-
tained at 60 beats/minute and systolic/diastolic pressure at
100/60 mmHg. The benchtop pulsatile flow model simu-
lated an aortic arch whose angulations were variable ac-
cording to the position of the distal aortic connection.
Common angulation of the aortic arch of 90� and extreme
angulation of 140� were used to assess whether the
deployment accuracy of the scallop was modified by the
aortic arch angulation.
Figure 1. Model of human cadaveric aorta preparation.
Experimental set-up

Aorta preparation. After aortic harvest, the BCA, LCCA, and
LSA diameters were measured using a ruler, as well as the
distance between each supra-aortic vessel. Then an 8 mm
knitted Dacron graft was anastomosed to the distal end of
each of the supra-aortic arteries (BCA, LCCA, and LSA). The
distal end of each graft was then connected to the closed
circuit to ensure an antegrade circulation into the supra-
aortic vessels during the experimental set-up. A 20 mm
diameter, 30 cm long knitted Dacron graft was anastomosed
to the distal end of the aorta to connect the aorta to the
closed circuit and to extend the distal part of the aorta in
order to reproduce the clinical catheterisation length of
access to the aortic arch. Aortic arch curvature was repro-
duced using an external knob to create a 90� of curvature as
previously reported.7 The intercostal and lumbar arteries
were oversewn (Fig. 1).

Device preparation. The stent graft used was the Valiant
Captivia (Medtronic, Minneapolis, MN, USA).

The stent graft was unsheathed for its four first stents.
The first uncovered stent and tip capture was tightly sur-
rounded by a surgical loop and put into a 2 mL needle
(Fig. 2A). The size of the scallop was based on direct mea-
surements on the aorta: 30% oversizing of the widest supra-
aortic trunk diameter included in the scallop was applied to
determine the width of the scallop, and the length of the
scallop was determined by the measured length between
the distal end of the LSA and the proximal end of the first
supra-aortic vessel included in the scallop.
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Figure 2. Surgeon modified stent graft procedural details. (A) Creation of the scallop on the graft unsheathed on its four first stents. The
first uncovered stent and tip capture surrounded by a surgical loop and put into a 2 mL needle. (B) Gold plated 15 mm tungsten loop
reinforces and mark the sides of the scallop. (C) Reloaded graft with gold plated 15 mm tungsten loop on the sheath tied with Steri-Strip
and transparent sterile hydrofilm.
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Minor adjustments were made in the localisation of the
scallop to allow for maximum usage of strut free fenestra-
tion when possible.

An ophthalmic Bovie cautery device (Medtronic) was
used to burn the Dacron fabric to create the scallops and
thus avoid fabric fraying. Gold plated 15 mm tungsten loop
One Snares (Merit Medical System Inc., South Jordan, UT,
USA) were then used to reinforce and mark the sides of the
scallop. These were hand sewn into place using 5-0 Prolene
suture in a 360� running fashion. A typical final PMSG de-
vice is shown in Fig. 2B.

The entire graft was then reloaded into the existing sheath
using a surgical loop to tightly surround the stent graft.
Location of the scallop within the sheath was marked on the
sheath using the gold plated 15 mm tungsten loop, and tied
with Steri-Strip and transparent sterile hydrofilm (Fig. 2C).

PMSG procedural details. The procedures were performed
in a modern angiography suite using a portable imaging unit
(BV Endura Mobile C-arm; Philips Healthcare, Surrey, UK).
Aortas were connected to the benchtop closed system
pulsatile flow model. The distal connector was moved into
the rail to give an aortic arch angulation of 90� or 140�. The
angle formed by the BCA, LCCA, and LSA with the aortic
arch was between 30� and 90�.

A double curved extra stiff wire (Lunderquist; Cook
Medical Inc., Bloomington, IN, USA) was inserted into the
aorta through the distal 20 mm knitted Dacron graft. The
distal end of the wire was placed into the first centimetres
of the proximal Dacron graft sutured to the ascending aorta
with the curve part of the wire located within the arch to
mimic usual navigation. The PMSG was inserted into the
aorta over the extra stiff wire and the stent graft delivered
up into position near the supra-aortic trunks. An aortogram
was performed with the PMSG in place to mark the supra-
aortic trunks. Proper orientation of the graft (scallop upper)
was performed by rotating the graft clockwise under fluo-
roscopy. The proximal scallop markers were located on the
top of the graft (Fig. 3). The graft was then carefully
deployed under direct fluoroscopic visualisation, and tip
capture was released.

Assessment of deployment accuracy of the scallop to the
aortic arch branch ostia was performed by digital subtrac-
tion angiography (DSA) on completion of each procedure.
Deployment accuracy was defined as the distance between
the actual and intended device implantation locations, and
supra-aortic trunk patency measured from DSA images and
by direct visual examination at the end of the procedure by
cutting the supra-aortic trunks. Partial ostial coverage by
the stent graft was then assessed. If the covered part of the
stent graft was seen on the ostium, it was measured and
the percentage of the covering was then calculated and
considered as a stenosis. A branch stenosis �30%, as well as
a distance �4 mm from the end of the most distal branch
included in the scallop to the end of the scallop, was
considered inaccurate.
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Figure 3. Radiological image during navigation. The arrow shows
the outer marker.
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RESULTS

Macroscopic analysis of the aortas

A total of 15 cadaveric aortas were harvested. The mean
ascending aortic diameter measured at BCA level was
34 mm.

According to the scoring system of Malina et al., for
macroscopic classification of the cadaveric aortic wall,9 the
disease in the 15 cadaveric aortas was classified as grade I
(non-atherosclerotic; n ¼ 8), grade II (soft intimal thick-
ening; n ¼ 5), and grade III (calcified plaques engaging part
of the aortic circumference; n ¼ 2).

Mean BCA, LCCA, and LSA diameters were 14.25 mm,
11.75, and 11.25, respectively. The mean distance was 9 mm
between the BCA and LCCA, and 9.4 mm between the LCCA
and the LSA.

Device preparation

Fifteen stent grafts were modified. The graft diameter
ranged from 38 to 42 mm.

Five stent grafts were scalloped for the LSA (proximal
landing zone in zone 2), five were scalloped for the LSA and
the LCCA (zone 1) and five were scalloped for the LSA, the
LCCA, and the BCA (zone 0).

Graft modification times averaged 22 min (range 17e
33 min). Mean � SD scallop width was 15 � 2.5 mm.
Table 1. Scallop sizes and supra-aortic trunk patency after stent graft

Proximal
landing zone

Scallop
width (mm)

Scallop
length (mm)

2 (n ¼ 5) 13.8 � 1.3 20 � 1.9
1 (n ¼ 5) 15.0 � 1.4 32 � 1.9
0 (n ¼ 5) 17.6 � 3.0 49 � 5.6

Note. Data are mean � SD unless otherwise indicated. LSA ¼
BCA ¼ brachiocephalic artery; SG ¼ stent graft.
Mean � SD scallop length was 34 � 13 mm. Mean proximal
scallop width and length according to the proximal landing
zone are shown Table 1.

PMSG procedural details

Fifteen PMSGs were deployed in 15 human cadaveric
aortas.

For each proximal landing zone, four PMSGs were
deployed at an aortic arch curvature angle of 90� and one
PMSG was deployed at an aortic arch curvature angle of
140�.

The mean procedure time was 17 min (range 13e
22 min).

Accurate placement of the PMSG was observed in all
cases on completion DSA (Fig. 4A and B) and direct visual
post-procedural analysis of the aortas (Fig. 5A and B).
Proximal anchoring was in the expected zone, the distance
between the end of the most distal branch included in the
scallop and the end of the scallop was <4 mm in all cases,
and there was no branch stenosis �30%.

DISCUSSION

The correction of aortic arch pathology remains the last
frontier for endovascular treatment; left subclavian artery
coverage is necessary to achieve proximal seal in up to 50%
of patients treated by thoracic endovascular aneurysm
repair.2 Hybrid repairs constituting a bridge from surgery to
an endovascular approach have been described as safe and
less invasive in high risk patients.1,10e12 However, there
remain relevant adverse consequences, with peri-operative
mortality and stroke rates ranging from 0% to 25%.13

In recent years, a variety of endovascular approaches
have been developed in order to achieve complete endo-
vascular treatment of the aortic arch, such as the chimney
technique. This technique is less challenging than fenes-
trated and branched endografting,14 and can be used with a
variety of stents, making it applicable in urgent situations.
However, the incidence of endoleaks and strokes during the
peri-operative period are 21.6% and 7.8%, respectively.15 A
limitation is that the stents may become obstructed,
resulting in stenosis and a requirement for a catheter pro-
cedure in the aortic arch. Future studies should evaluate
long-term graft durability and techniques for fixation to the
aortic arch.

Proximal scalloped and branched endografts currently
available for the aortic arch are custom made devices
designed according to each patient’s anatomy and manu-
factured under medical prescription. These devices may
deployment according to the proximal landing zone.

LSA/LCCA/BCA patency after
SG deployment (%)

Max. stenosis (%)

100 0
100 10
100 10

left subclavian artery; LCCA ¼ left common carotid artery;
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Figure 4. Procedural detail. (A) Deployment of a scalloped stent graft in zone 0 under fluoroscopy. (B) Preserved patency of all the aortic
arch branches after deployment of the scalloped stent graft in zone 0 confirmed by completion angiography.
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allow total endovascular treatment for aortic arch disease
for elective surgery with promising results.3,4,16e18 Howev-
er, the manufacturing process requires about 2e3 weeks
and these devices cannot be used for aortic arch
emergencies.

Currently, for emergency injuries of the proximal
descending thoracic aorta with a short (<2 cm) proximal
landing zone the LSA is usually covered without revascu-
larisation.19 However, LSA coverage without revascularisa-
tion has been reported to be associated with an increased
risk of stroke, paraplegia, and arm ischaemia.20 Even sys-
tematic LSA revascularisation remains under debate; it is
assumed that in these emergency settings, the risk of
paraplegia is increased as a result of haemodynamic insta-
bility. Regarding urgent aortic arch injuries when zone 1 or
Figure 5. Direct visual post-procedural analyses of the aortas. (A) Confir
common carotid artery, and the brachiocephalic artery ostia. (B) Confir
0 stent graft proximal anchoring is needed, either open
surgery or a hybrid procedure with supra-aortic trunk
debranching is performed, with not insignificant morbidity
and mortality.21,22

Based on the PMSG technique described for thoraco-
abdominal aortic emergencies,5 herein a technique is re-
ported for a physician modified thoracic stent graft to
create a proximal scallop using an “off the shelf” thoracic
stent graft to extend the proximal landing zone to zone 2, 1,
or 0 with preservation of flow in the aortic arch branches.

One of the limitations of these devices is a possible lack
of deployment accuracy in the diseased arch. The present
experimental study shows 100% scallop deployment accu-
racy over the supra-aortic trunk ostia, without any LSA
stenosis on completion angiography or direct visual
med location of the scallop opposite the left subclavian artery, left
med location of the scallop over the left subclavian artery ostium.
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Extend Proximal Landing Zone in the Aortic Arch 155
evaluation, with a 30% diameter oversizing of the scallop
compared with the widest ostium diameter included in the
scallop. Although the model does not reproduce exact
vessel access anatomical characteristics such as iliac angu-
lation, the aortic arch angulation, the distance to the
femoral access vessels, and the pulsatile flow in the aortic
arch are reproduced to bring the model as close as possible
to clinical practice. In this experimental study an extreme
aortic arch curvature angle of 140� did not alter the
deployment accuracy of the scallop.

The valuable contribution of an outer marker on the
sheath to allow accurate placement of the scallop in front
of the LSA ostium under fluoroscopy with a mobile C-arm
fluoroscopic X-ray system was observed during this experi-
mental study. However, the authors have started to test the
PMSG in real clinical cases with the large fixed angiographic
systems currently available in the hybrid operating room,
and have noted that with the improvement of image quality
the outer marker is no longer necessary.

Another issue to be mentioned is the incidence of type I
endoleak due to inadequate sealing with the modified stent
graft, especially with a scalloped and fenestrated stent
graft. A recent study compared the outcomes of branched
versus fenestrated custom made endografts for endovas-
cular repair of aortic arch lesions without a higher rate of
endoleak in the fenestrated group.18 To reduce the risk of
type I endoleak the present model of PMSG should be used
in cases of aortic arch injuries located on the inner
circumference of the aortic arch, such as complicated acute
type B aortic dissection with proximal entry tear on the
inner circumference, penetrating aortic arch ulcer, or trau-
matic rupture of the aortic isthmus. The outer circumfer-
ence of the aortic arch should be safe enough to achieve a
good seal with optimal and complete apposition of the
modified stent graft on the scallop side. The model should
not be used in cases of circumferential aneurysmal degen-
eration of the aortic arch or chronic dissecting aneurysm; in
these cases, bridging stents are required owing to the dis-
tance between the scallop and the target vessel. In com-
bination with the strong pulsation of the arch, they would
be exposed to mechanical stress that would compromise
the seal at the scallop. Branched arch devices are probably
more suitable for these cases.18

The time taken for the device customisation is another
potential limitation. Modification of a stent graft to produce
the scallop, constrain the device, and resheath it varies (in
the authors’ experience) from 17 to 33 min, with a mean
device modification time of 23 min. This represents the
major drawback of this technique for managing thoracic
aortic emergencies in haemodynamically unstable patients.
Nevertheless, considering that the preparation of the graft
can begin independently of the procedure (as soon as the
computed tomography scan is available) and the measure-
ments are made, this time often coincides with the prepa-
ration of the patient by the anaesthetic team and femoral
artery exposure and access. Furthermore, this time is rela-
tively short if it is compared with the time for supra-aortic
trunk transposition performed in hybrid procedures.
PMSG offers a quickly available and reproducible option
for extending the proximal landing zone to zone 2, 1, or
even 0 for emergency aortic arch injuries. This technique
allows matching of the variability of the origins of the
supra-aortic trunks in an emergency with an “off the shelf”
thoracic stent graft device. The procedure does not require
aortic arch branch catheterisation, which increases the
potential for prolonged catheter and guidewire manipula-
tion in the aortic arch and risk of cerebral embolic events or
stroke.

Limitations

This was an experimental study and the PMSGs were used
in non-pathological aortic arches. It would be interesting to
assess the efficiency of the scalloped stent graft to exclude
aneurysm/primary entry tear in aneurysmal or dissected
aorta arising from a real three dimensionally printed path-
ological aortic arch. However, the flexibility, elasticity, and
strength of three dimensionally printed aortas are different
from real aortas, and assessment of the accurate placement
of the scallop under fluoroscopy in real aortas would
probably be more appropriate. Furthermore, there exists an
obvious legal risk to modifying an existing Food and Drug
Administration approved medical device, involving product
liability and durability. However, PMSG have been used for
several years to treat aortic thoraco-abdominal aneurysms
without any problems of device deterioration, with up to
four homemade fenestrations,5 and these favourable results
could be extrapolated to one thoracic stent graft. However,
this technique needs to be clinically assessed on patho-
logical aortic arch.

CONCLUSION

PMSGs to extend the proximal landing zones to zones 2, 1,
or 0 were feasible in an experimental model with cadaveric
aortas. In this experimental study the accuracy of stent graft
and scallop deployment over aortic arch branch ostia under
fluoroscopy with a 30% oversizing is demonstrated. Its use
for total endovascular repair of urgent aortic arch diseases
needs to be further investigated.
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