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Aortic arch aneurysms are a challenging clinical problem especially in high-risk patients. Open aortic 
arch replacement, even in the best of centers, carries significant risk of stroke or death in this high-risk 
population. Many high-risk patients are deemed inoperable and not offered repair. Branched and fenestrated 
thoracic endografts are currently undergoing clinical trials in the United States but are not yet commercially 
available. Many elderly and frail patients have significant brachiocephalic occlusive disease or anatomy 
excluding them for consideration for such clinical trials. These patients also present with acute aortic 
syndromes requiring urgent or emergent repair and are unable to participate in clinical trials due to the time 
required to have such devices available. Alternative endovascular therapies, including parallel stent grafts 
(including Chimneys, Snorkels and Periscopes) and physician modified thoracic endografts, have been used 
to treat such high-risk patients combined with commercially available thoracic endovascular aneurysm repair 
(TEVAR) devices. This paper aims to review the techniques and current reported outcomes from parallel 
stent grafts and physician modified devices used to treat high risk patients undergoing repair for aortic arch 
pathologies. 
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Keynote Lecture Series

Introduction

Aortic arch aneurysms have been a formidable and 
challenging clinical problem since the first attempts at 
open surgical repair in 1957 by Drs. Denton Cooley 
and Michael DeBakey at our institution (1). The early 
experience with the management of aortic arch aneurysms 
was complicated by exceedingly high rates of stroke, major 
bleeding and death, with surgical treatment limited to just a 
few high volume centers around the world. Over the last six 
decades, advances in cardiopulmonary bypass, myocardial 
protection, cardiovascular anesthetic techniques, the use of 
deep hypothermic circulatory arrest, and antegrade and/or 
retrograde cerebral perfusion have significantly improved 
the outcomes of open aortic arch aneurysm surgery. 
Svensson et al. from the Cleveland Clinic have reported their 
outcomes in highly selected patients undergoing elective 

aortic arch surgery with 2% mortality and 2% stroke  
rate (2). Shah et al. examined their outcomes of ascending 
and transverse aortic arch surgery for both aneurysms 
and aortic dissection in octogenarians (37 patients/4.8%) 
compared to younger patients (742 patients/95.2%), and 
found acceptable rates of stroke (8%) and death (13.5%) in 
octogenarians that was not statistically different from the 
younger cohort (3). Open surgical repair is still considered 
the standard of care for aortic arch aneurysms, however, 
morbidity and mortality remains significant with reported 
rates ranging between 3.7% and 14% for mortality and 4% 
to 10% for neurological events (4-9).

It is difficult to compare aortic arch surgery to techniques 
of endovascular repair in the current literature due to the 
inherent bias in patient selection. Truly high-risk patients 
are more likely to undergo either non-operative repair or 
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endovascular repair, including the techniques of parallel 
grafting or physician modified grafts. Patients undergoing 
open surgical repair, even those with advanced age, have 
passed clinicians’ “eyeball test” and are appropriately 
offered open repair. Randomized trials of open aortic arch 
repair versus endovascular repair are unlikely as the current 
protocols for trials of branched and fenestrated thoracic 
endovascular devices have enrolled patients that are deemed 
“high-risk” by clinicians. We will not see comparable 
studies of parallel stent grafts or physician modified grafts 
as these are typically regarded as bail out procedures or are 
used in the setting of patients who are not candidates for 
clinical trial devices. The current evidence for the use of 
parallel grafts or physician modified grafts is based upon 
small, typically single center, case series and a limited 
number of multi-institutional collaborations, making direct 
comparisons to open arch repair impossible.

Hybrid aortic arch repair

Thoracic endovascular aneurysm repair (TEVAR) has 
supplanted open surgical repair as the current standard of 
care for pathologies involving the descending thoracic aorta 
with associated decreased risk of morbidity, stroke, spinal 
cord ischemia, and mortality. Successful thoracic aortic 
aneurysm repair is predicated upon adequate proximal and 
distal seal zones to avoid endoleak and device migration. 
It is generally accepted that a seal zone of at least 2.5 cm is 
necessary for seal in fusiform thoracic aneurysms. In patients 
without an adequate proximal landing zone, a combination 
of open and endovascular surgery (hybrid aortic arch repair) 
can create an adequate proximal seal zone to allow for 
TEVAR. Extra-anatomic bypasses including carotid-carotid 
with carotid-left-subclavian bypass can extend the area of 
seal zone proximally to allow successful TEVAR of a distal 
arch aneurysm. In patients whose aneurysm extends more 
proximally and would require coverage of the innominate 
artery, a more proximal debranching procedure is required. 
Bavaria et al. (10) described a classification system for total 
arch debranching via median sternotomy (Figure 1). Type 
1 repair involves placement of a side biting clamp on the 
ascending aorta, without the need for cardiopulmonary 
bypass and debranching of the brachiocephalic vessels. The 
stent graft repair lands in the native ascending aorta above 
the takeoff of the bypass grafts. Type 2 repair involves 
cardiopulmonary bypass and replacement of the ascending 
aorta with a graft to create an area for stent graft seal. The 
brachiocephalic branches are bypassed from grafts arising 

from the ascending graft similar to type 1 repair. The 
TEVAR lands in the graft material of the new ascending 
aorta. Type 3 repair involves conventional arch replacement 
under hypothermic circulatory arrest and supra-aortic 
debranching. TEVAR can be performed in the same setting 
(frozen elephant trunk) or as a secondary procedure. Zone 
2 arch replacement has also been proposed as another type 
of hybrid procedure that allows for debranching of the 
innominate and left common carotid artery with the distal 
anastomosis in zone 2 between the left common carotid and 
left subclavian (Figure 2). The purported benefits of this 
operation are that the distal anastomosis is technically easier 
as opposed to an anastomosis deep in the chest, and the left 
recurrent laryngeal nerve is typically avoided. If the patient 
requires further coverage of the aorta then a TEVAR 
device can cover the left subclavian, with or without left 
carotid subclavian bypass in the neck. Thoracic branched 
endografts have also been used in this setting with the 
branched endograft in the left subclavian artery. 

Elhelali et al. reviewed the available literature through 
March 2021 for the Cochrane database of systematic 
reviews, including any randomized controlled trials (RCT) 
or controlled clinical trials (CCT) comparing hybrid 
repair to open surgical repair for thoracic aortic arch  
aneurysms (11). Their extensive literature review of 1,959 
reports of hybrid arch repair did not find a single study that 
met the inclusion criteria. Their inclusion criteria were 
guided by the International Aortic Arch Surgery Study 
Group for defining primary and secondary outcomes (12). 
Primary outcomes included aneurysm related mortality 
at thirty days and twelve months, any neurological deficit 
(stroke, paraplegia), or cardiopulmonary complications. 
Secondary  outcomes inc luded graf t  patency and 
reintervention rate. The reviewed studies were excluded 
for various reasons, most commonly because they were 
retrospective reviews without a comparator rather than 
RCT or CCT. The authors of this Cochrane review 
concluded that there is insufficient evidence to determine 
the safety and effectiveness of hybrid repair compared to 
open surgical repair in patients with thoracic aortic arch 
aneurysms. High quality RCTs or CCTs are necessary to 
determine the role of hybrid repair in the management 
of thoracic aortic arch aneurysms. Hybrid aortic arch 
repair creates an area for proximal seal where one does not 
exist. This procedure requires sternotomy and possibly 
cardiopulmonary bypass depending upon the area for 
proximal seal. Many patients who are elderly or high-risk 
are not candidates for hybrid operations due to their frailty 
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Figure 1 Bavaria hybrid arch repair. University of Pennsylvania classification system for hybrid aortic arch repair.

Figure 2 Zone 2 arch repair. Zone 2 aortic arch repair with debranching of the innominate artery and left common carotid artery.
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or comorbidities. In such patients, alternative endovascular 
strategies, as discussed below, may be the only option.

Parallel grafts

Fenestrated and branched endografts are currently 
undergoing clinical trials in the United States and at 
present there are no commercially available devices for 
use in the aortic arch. Many of these devices are custom-
made and require several months to manufacture prior 
to implantation. Such custom devices are typically only 
available as part of investigational device exemption (IDE) 
programs, which are not widely available. For patients 
requiring urgent/emergent repair, or when there is 
inadvertent coverage of a supra-aortic branch vessel, an 
immediate bail out option is required. Parallel stent grafting 
on an emergent basis was the first such bail out maneuver 
used in this setting.

Parallel stent grafting is a term encompassing multiple 
techniques where branch vessel stent grafts run parallel to 
a main body aortic graft. Other terms include Chimneys, 
Periscopes, Snorkels or Sandwich technique depending 
upon the orientation of the branch grafts (Figure 3). Parallel 

grafting is technically easier than in situ fenestration 
or physician modification of a stent graft device. In the 
sometimes-litigious world of surgical practice, parallel 
grafting can be an attractive alternative compared to 
modification of commercially available devices and the 
unknown long term structural effects of those modifications. 

Parallel stent grafting in the aortic arch carries similar 
concerns for complications compared to open surgical 
repair including stroke, need for secondary interventions, 
and operative mortality. What is unique with parallel stent 
grafting is the planned disruption of the proximal seal zone 
of a TEVAR device. Creation of such gutters between 
the TEVAR device, the parallel stent graft and the aortic 
wall are the Achilles heel of this technique. These gutters 
represent Type 1A or 1B endoleaks that if persistent can 
lead to systemic arterial pressure within the aneurysm sac 
increasing the risk of aneurysm rupture. The risk of Type 
1 endoleak is reported to be as high as 23% in midterm 
follow-up (13) (Figure 4).

Lindblad et al. reported a meta-analysis of parallel grafts 
in abdominal and thoracic aortic stent grafting and included 
a review of those involving the aortic arch (14). They 
found 17 series and 23 case reports involving 314 patients  
who underwent parallel grafting of the supra-aortic trunks. 
Ninety-eight of the reported cases were in emergent 
situations. Early parallel graft patency was 99% with 
endoleak reported in 33 patients (11%). Thirty-day 
mortality occurred in 14 patients (4%) and procedure 
related complications were reported in 20 patients (6%). 

Figure 3 Chimney grafts. Arch repair with placement of parallel 
grafts in all three brachiocephalic vessels. The parallel grafts should 
extend proximal to the TEVAR graft. Multiple parallel grafts 
significantly increase the risk of Type 1 endoleak and generally 
should be avoided if possible. TEVAR, thoracic endovascular 
aneurysm repair.

Figure 4 Parallel graft gutters. Parallel grafts create gutters 
between the aortic wall and the stent graft and may lead to Type 1 
endoleak.
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Fifteen (45%) thoracic arch Type 1 endoleaks were observed 
and seven were reported to seal. Nine (27%) thoracic 
endoleaks were embolized or glued and five were treated by 
extension of the thoracic endograft. Three thoracic cases 
required open conversion, all for Type 1 endoleak. 

Voskresensky et al. (15) from the University of Florida 
reported their single center aortic arch chimney stent 
experience in 27 patients deemed unfit for open repair 
between 2002 and 2015. One third of patients were 
either symptomatic (26%) or ruptured (7%) at the time 
of presentation; 41% had previous open or endovascular 
repair of the arch or descending thoracic aorta. Chimney 
stents were planned in 75% of cases with the remainder 
placed for inadvertent coverage or encroachment on a 
brachiocephalic vessel. Five patients (19%) had two or 
more chimney grafts placed. Overall technical success was 
89% (one intraoperative death, two persistent Type 1A 
endoleak on subsequent imaging). Thirty-day mortality 
was low at 4% with one intraoperative death of a ruptured 
arch aneurysm. Seven patients (26%) experienced a major 
complication (stroke, three; respiratory failure, three; death, 
one). Nine patients (33%) required reintervention and no 
chimney occlusions occurred in the mid-term follow up. In 
this group of high-risk patients, the authors concluded that 
parallel stent grafting can be safely performed with high 
technical success and acceptable mid-term outcomes. Given 
the high rate of reintervention with parallel grafting, the 
authors stressed the need for diligent follow up.

Endovascular technique of parallel grafts

The technique of parallel grafting is relatively straight 
forward albeit with a few caveats. It is universally accepted 
that parallel grafts should be covered stent grafts as opposed 
to bare metal stents to enhance sealing. In the parallel 
graft technique, excess oversizing of the main body aortic 
endograft is needed to facilitate formation of channels 
lateral to the stent graft in order to accommodate and 
hopefully mold around the parallel graft. An undersized 
main body graft leads to the formation of gutters and Type 
1A or 1B Endoleak. It is important to have the parallel 
grafts extend beyond the main body stent graft for at least 
1–2 cm. Many interventionalists will reinforce the parallel 
grafts with self-expanding or even balloon expandable stents 
to prevent crushing of the parallel graft from the radial force 
of the aortic grafts. In our practice we tend to reinforce the 
origins of the brachiocephalic vessels inside of the parallel 
grafts with a self-expandable stent. The longer a gutter is, 

the more likely it is to seal along its length if an endoleak 
occurs. Multiple parallel grafts significantly increase the risk 
of gutters and endoleak and generally should be avoided if 
possible.

Physician modified endografts (PMEGs)

In-situ fenestration

In-situ arch fenestration has been used by some as a means 
of revascularizing supra-aortic branch vessels without the 
need for custom branched or fenestrated grafts or the use of 
parallel grafts that may compromise the seal zones with the 
creation of gutters and the risk of endoleak. McWilliams  
et al. described the first needle in situ fenestration of the left 
subclavian artery during TEVAR (16). A needle was used 
to puncture the fabric and serial cutting balloons were used 
to enlarge the opening. This was followed by covered stent 
placement through the fenestration into the left subclavian 
artery. Due to concerns with creating uncontrolled tears in 
the fabric and Type 3 endoleak, others have used laser or 
radiofrequency energy to create fenestrations in the TEVAR 
fabric. Murphy et al. used laser fenestration in 2009 to 
revascularize the left subclavian artery in a traumatic aortic 
transection with good results (17). Panneton et al. have one 
of the largest single center series on laser fenestration and 
have reported their experience in various aortic pathologies, 
as well as studying laser fenestration in the laboratory to 
better define its place in a surgeon’s armamentarium (18-20).  
Laser fenestration has typically been used in urgent or 
emergent settings as a means to revascularize aortic arch 
vessels when trial branched or fenestrated devices are not an 
option or in the setting of unintended coverage of a supra-
aortic branch vessel (Figure 5).

Anatomical limitations to in-situ fenestration include 
steep angulation (<30 degrees) of supra-aortic branch vessels 
or if they arise very anterior or posterior on the arch. Such 
angulation makes it difficult to align the laser perpendicular 
to the graft material. Stent graft branches arising at a 
steep angle, rather than perpendicular to the TEVAR 
graft, are more prone to develop stenosis or thrombose. 
Other anatomical limitations to in situ fenestration involve 
characteristics of the branch vessel being stented. Large 
vessel diameter (>10 mm), dissection in the branch vessel, or 
a short distance to secondary branches (such as the vertebral 
artery on the left, or the innominate bifurcation on the 
right) can complicate in situ fenestration.

Riga et al. examined in-situ needle fenestration (21) 
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in a benchtop model utilizing various commercially 
available TEVAR grafts and found distinct differences 
among polytetrafluoroethylene (PTFE) and various types 
of polyester grafts. PTFE was easier to penetrate than 
polyester but resulted in elliptical or slit like fenestrations. 
Monofilament twill woven polyester [Medtronic Talent 
Endograft (Medtronic Vascular, Santa Rosa, CA, USA)] 
achieved a circular fenestration but not the multifilament, 
tubular woven polyester of the Cook Zenith Endograft 
(Cook Inc., Bloomington, IN, USA). The quality of the 
fenestrations also decreased with the angle of puncture 
in all materials and cutting balloons created more tears as 
opposed to standard balloon angioplasty. Panneton et al.  
have also performed in vitro testing of laser and needle 
fenestration and found that laser fenestration created 
more predictable openings with less tears. They also noted 
more tears of the fabric when dilated to 10 and 12 mm as 
compared to 8 mm balloons. Panneton et al. also caution 
the use of laser fenestration in the setting of PTFE grafts 
due to concerns for the intravascular release of hydrogen 
chloride, trifluoroacetate, and other toxic substances (22). In 
clinical practice, their group has limited laser fenestration to 
polyester grafts. Zeng et al. recently reported their in vitro 
comparison of needle and laser fenestration using various 
stent grafts and noted that following balloon angioplasty of 
the fenestrations, there was no significant difference in the 
quality of the fenestrations between either technique (23,24).

Technique
Needle or laser fenestration begins with placement 
of a 7 or 8 Fr sheath in the planned target vessel for 
revascularization. The size of the sheath is dependent on 
the size of the planned covered stent graft rather than the 
diameter of the laser or needle. Typically, an angled Ansel 
sheath (Cook Medical, Bloomington, IN, USA) or another 
preformed angled tip allows directionality of the sheath. 
One can also use one of the newer steerable sheaths to 
allow maneuvering of the sheath to orient perpendicular 
to the TEVAR graft. Current options include the Morph 
AccessPro 6 Fr (BioCardia, Inc., San Carlos, CA, USA) 
or the TourGuide 6.5, 7, 8.5 Fr (Medtronic Vascular, 
Santa Rosa, CA, USA). Our preference has been to use a 
Spectranetics (now Philips) Turbo Elite 2 mm laser (6 Fr 
compatible, over an 0.018 guidewire) via a steerable delivery 
catheter. The laser is oriented perpendicular to the stent 
graft, and this is confirmed in both a left anterior oblique 
(LAO) projection as well as a right anterior oblique (RAO) 
projection to ensure optimal placement perpendicular to 
the fabric and in the center of the endograft. Standard 
laser energy is applied using gentle forward pressure on 
the endograft until the laser visibly penetrates the fabric. 
The 0.018 wire within the laser is now advanced, the laser 
is removed and a secondary catheter [we prefer a Quick-
Cross (Philips, Cambridge, MA, USA)] is advanced to 
exchange it with a stiff 0.035 wire. Balloon angioplasty 

Figure 5 Laser fenestration. Using energy from a laser, a small hole is burned in the fabric of the TEVAR graft and a wire is passed into the 
lumen. The in-situ fenestration is then balloon dilated, and a covered stent graft is placed with the proximal end flared. TEVAR, thoracic 
endovascular aneurysm repair.
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of the fenestration is performed with a 6 mm angioplasty 
balloon. The fenestration is now stented with an 8–10 mm 
iCast balloon expandable covered stent (Getinge, Wayne, 
NJ, USA) or Gore VBX balloon expandable stent (Gore, 
Flagstaff, AZ, USA). One quarter of the stent graft is within 
the TEVAR and the other 3/4 is within the branch vessel. 
The intragraft portion of the balloon expandable stent graft 
is flared with a 14×20 balloon. This balloon angioplasty 
must be outside of the fenestration in order to prevent 
tears of the TEVAR fabric. The current sizes of balloon 
expandable stent grafts make in situ fenestration possible for 
most left subclavian and left common carotid arteries. The 
innominate artery is often outside of the size range for laser 
fenestration, especially in the setting of a bovine trunk, and 
this limits the technique’s use for total endovascular arch 
coverage. 

Outcomes of in-situ fenestration
Panneton et al. reported single center results of 36 patients 
undergoing attempted in situ laser fenestration, which was 
technically successful in 35/36 cases (97.2%). Of note, 33 
of 35 cases were of laser fenestration of the left subclavian 
artery alone. Mortality was reported in 5.7% and stroke 
in 2.9%. Two patients had minor vascular complications 
requiring evacuation of arm brachial artery associated 
hematomas. There were no major fenestration related 
complications. 

Crawford et al. performed a meta-analysis in 2016 of all 
available series and case reports of in situ fenestration of 
the aortic arch (25). Sixteen clinical papers (including two 
case series and 14 case reports) reported in situ fenestration 
of 46 aortic arch vessels in 44 patients. There were 42 
retrograde fenestrations and four antegrade instances of  
in situ fenestration. The left subclavian was the target vessel 
in 72% and the most frequent indication was degenerative 
aneurysm (43%). Technical success was high at 96% and 
the combined perioperative rate of stroke, paralysis or death 
was 7%. Most fenestrations were performed in polyester 
grafts (91%) as opposed to PTFE (9%). Short to moderate 
term reported results were deemed to be acceptable and 
longer follow up is required due to concerns for durability 
and the risk of structural integrity of the fenestration/stent 
graft junction in a mobile aortic arch.

The AARCHIF (Aortic ARCH In situ Fenestration) 
registry reported the international multicenter experience 
of in-situ fenestration for aortic arch aneurysms or localized 
Type A dissections involving Ishimura Zone 0 or 1 
pathology. Isolated in situ fenestration of the left subclavian 

artery was excluded from this analysis (26). Twenty-
five patients were treated at nine different institutions in 
seven different countries between June 2009 and March 
2017. Fenestrations were created by either laser, needle 
or radiofrequency catheters with implantation of covered 
stent grafts. Unique to this series was fenestration of the 
brachiocephalic trunk (20 patients), left common carotid 
(21 patients) and left subclavian (nine patients). Most of the 
patients in this registry had intraoperative cerebral perfusion 
during the AARCHIF procedure using extracorporeal 
circulation with pump driven bypass to both carotid 
arteries or an extraanatomical femoral-carotid or axillary 
carotid bypass for cerebral perfusion. Technical success 
was 94% (47/50). Mortality occurred in one patient (4%) 
with stroke rates of 12% (three patients). One proximal 
stent graft non-alignment and four Type III endoleaks (two 
early, two late) were observed and required reintervention. 
Mid-term follow up was 31.5 months and showed no late 
aneurysm related mortality. Late reinterventions occurred 
in six (26.1%) due to Type III endoleak or distal aneurysm 
expansion requiring intervention.

In situ fenestration, using laser or needle technique, 
appears to be a reasonable option in the short and possibly 
mid-term in patients who are not candidates for open/
hybrid aortic repair and in those who are not candidates 
for trial branched or fenestrated stent graft devices. Due 
to significant motion in the aortic arch and its interaction 
with unreinforced in situ fenestrations, questions remain 
about the durability of the procedure. Most endovascular 
interventionalists using this procedure have currently 
relegated it to a bail out maneuver for unintended vessel 
coverage or for urgent/emergent situations where parallel 
grafts are deemed less suitable. 

Back table modification

Back table modification of commercially available thoracic 
endografts to create fenestrations or side branches is the 
least common employed endovascular technique in the 
management of aortic arch pathology in high risk patients. 
PMEGs originally were used in the management of 
juxtarenal, pararenal or thoracoabdominal aortic aneurysms 
with reasonable success in patients deemed unfit for open 
repair (27). Reyes Valdivia et al. (28) recently published 
a systematic review of PMEGs in the treatment of aortic 
arch diseases and found just six publications including 
239 patients. Most patients (70%) came from just four 
high volume centers and involved a single home-made 
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fenestration in Zone 2 for the left subclavian artery. 
Technical success was high at 98.3%. Thirty-day mortality 
rate was low at 2.9% with a stroke rate reported of 2.1%. 

The role of back table modifications of a thoracic 
aortic endograft for use in the abdominal aorta, much 
less the aortic arch, remains largely unclear. The Society 
for Vascular Surgery (SVS) issued an advisory statement 
in 2013 regarding physician modified devices and noted 
that both local institutional review board (IRB) and FDA 
Investigator Device Exemption (IDE) approvals should be 
obtained prior to use of a PMEG device (29). The IDE 
process includes creating a research study protocol, case 
reporting forms, and submission of an IDE request to the 
FDA. A study coordinator and monitor are required to be 

part of the study to ensure the informed consent process, 
capture of all study data per the protocol and the timely 
reporting of adverse event data to the IRB and to the FDA. 
Yearly study reports to the IRB and FDA are standard, as 
well as audits of the data and case reporting. The purpose 
of the IDE is to capture data similar to a clinical trial. By 
enrolling patients and capturing data as part of an IDE, the 
procedures are typically eligible for coverage by Medicare 
and reimbursement.

Technique
Back table modification of thoracic endografts involves 
either partial or complete unsheathing of the TEVAR 
device. Utilizing a pre-printed template, the locations of the 
intended fenestrations are marked on the graft (Figure 6). 
Utilizing an eye cautery device, fenestrations are created in 
the TEVAR graft (Figure 7). A 5-0 polyester locking suture 
(Ethibond, Ethicon) is used to reinforce each fenestration. 
Radiopaque markers are sutured around the fenestration 
using coronary graft markers or gold beads (Accellent, 
Wilmington, MA, USA). Most physicians creating back 
table fenestrations use a Cook TX2 polyester graft (Cook 
Medical, Bloomington, IN, USA) or a Medtronic Talent 
polyester graft (Medtronic Vascular, Santa Rosa, CA, USA) 
rather than a PTFE graft. The Cook TX2 device, with its 
trigger wires that keep the graft attached to the delivery 
system at the top and bottom of the endograft, allows for 
the creation of diameter reducing ties. This technique 
involves completely unsheathing the TEVAR device and 
removing a section of the polyurethane that houses the 
trigger wires distally. A trigger wire is then retrieved and 
then rerouted in and out of the fabric using a long spinal 
needle. This is performed on the opposite side of the graft 
from the fenestrations. Next, utilizing prolene sutures, 
loops are created to bring together multiple stent rings on 
the graft. The prolene is looped around the trigger wire 
before it is tied. This maneuver will partially restrain the 
device on the posterior side of the graft to the fenestrations 
and will allow for catheter manipulation within the graft. 
Each fenestration is then cannulated, as well as the intended 
branch vessel. Once sheaths have been advanced through the 
fenestrations and into the branch vessel, the trigger wires are 
removed, the loops come undone and the TEVAR device 
fully expands. Authors have also described pre-cannulating 
the fenestrations with 0.014 wires and snaring these wires 
and bringing them out through the intended target vessel. 

Once the fenestrations have been created, the device is 
reloaded back into its sheath or a larger Check-Flo Sheath 

Figure 6 Marking PMEG device. Based upon the patient 
preoperative CT scan, sites for custom fenestrations are marked on 
the TEVAR graft. PMEG, physician modified endograft; TEVAR, 
thoracic endovascular aneurysm repair.

Figure 7 Creating fenestrations of PMEG. Ophthalmologic 
cautery is used to create fenestrations in the fabric. The fenestrations 
are reinforced with a locking suture around a radiopaque marker. 
PMEG, physician modified endograft.
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Figure 8 Resheathing PMEG device. Following creation of the 
fenestrations, the device is carefully placed back in the delivery 
sheath utilizing restraining ties and a freer elevator. PMEG, 
physician modified endograft.

(Cook Medical, Bloomington, IN, USA) using silk ties 
around the stent frame and manual force to reload the device 
(Figure 8). Care must be taken not to injure the delivery 
sheath before it goes through the patient’s iliac vessels.

PMEGs in the aortic arch have the least amount of 
supporting data. Concerns about quality and long-term 
structural integrity of homemade fenestrations or branches 
in the setting of a mobile aortic arch have limited its 
widespread application in high risk patients. Some authors 
have reported the use of 3-D printed models of the patient’s 
anatomy or printing computer aided design templates 
to guide the location of fenestrations or branches on the 
TEVAR device (30). There is considerable time needed 
to partially or completely unsheathe a TEVAR device 
and create fenestrations or branches, sew radiopaque 
markers, and reinforce the fenestrations with suture. In 
patients presenting with rupture and or hemodynamic 
instability there is typically not enough time to employ this 
endovascular technique. 

Conclusions

Parallel and PMEGs are infrequently used in most centers 
except in extenuating circumstances of either high-risk 
patients who are not candidates for branched or fenestrated 
trial devices or as a bail out maneuver during complicated 
TEVAR. We, and others, have avoided PMEGs due to 
the inconsistent results and medicolegal risk associated 
with altering a medical device. We have found parallel 
grafts as a technically easier option in such extenuating 
circumstances. Physicians treating patients with complex 

aortic arch aneurysm and dissections should have a clear 
understanding of the available endovascular techniques 
for emergent situations as described above. The use of 
parallel grafts or PMEGs may be the only option for repair 
in certain patients or in emergent situations. The high 
technical success and early results justify their use in such 
situations, however the risk for Type 1 or 3 endoleak is not 
insignificant and reintervention is frequently needed. In 
the next several years, multiple branched and fenestrated 
endovascular thoracic stent grafts for use in the aortic arch 
will hopefully be commercially approved and obviate the 
need for parallel and physician modified devices. 
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