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Abstract

Abdominal aortic aneurysms are present in up to 8% of men aged 65 and older, and rupture of an
abdominal aortic aneurysm and its associated conditions carries an overall mortality over 80%. While
open surgery was classically the solution for aneurysms, high surgical morbidity and mortality led
physicians to seek out less invasive options for frail patients. Today, open surgery remains the more
durable option but should be designated to well-selected patients with low surgical risk and a life
expectancy of more than 5 years, or in genetically associated aortic disease. For patients with a higher
surgical risk, the endovascular option holds significant appeal and has been shown to be cost effective
and safe, with low morbidity and mortality. Several methods for treating such disease exist today,
including fenestrated endovascular aortic repair, branched endovascular aortic repair, parallel graft
techniques (snorkel and chimney grafts), and physician-modified endovascular grafts, which are off-
the-shelf devices that are modified on the back table by the physician to suit a particular patient’s
anatomy. The aim of this review is to compare the different endovascular therapies available for urgent
complex and thoracoabdominal aortic aneurysm repair, and attempt to establish the role of physician-
modified endovascular grafts in the future for these patients.

Introduction

Abdominal aortic aneurysms (AAAs) are present in up to 8% of men aged 65 and older, and rupture of
an AAA and its associated conditions carries an overall mortality in excess of 80%; 2% of all deaths
are AAA-related. The endovascular revolution in aneurysm treatment was heralded by Volodos? and
Parodi® with endovascular aortic repair (EVAR) and by Dake with thoracic endovascular aortic repair
(TEVAR) in the 1990s.* Today, over 80% of infrarenal abdominal aortic aneurysms are treated with
endovascular technology in the United States.® While open surgery was classically the solution for
aneurysms, as they can be adapted to any anatomy type, high surgical morbidity and mortality led
physicians to seek out less invasive options for frail patients. Today, open surgery remains the more
durable option but should be designated to well-selected patients with low surgical risk and a life
expectancy of more than 5 years, or in genetically associated aortic disease.®® For patients with a
higher surgical risk, the endovascular option holds significant appeal and has been shown to be cost-
effective and safe, with low morbidity and mortality.®'® The main downside to endovascular therapy is
the frequent reinterventions necessary, although these are not associated with decreased survival.’

Historically, complex aneurysms were an obstacle to initial endovascular therapy; however, the
progress of fenestrated and branched technology has largely overcome these difficulties and most
thoracoabominal aneurysms (TAAs) and complex aortic aneurysms (CAAs) can be safely managed
with endovascular means.'? Several methods for treating such disease exist, including fenestrated
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endovascular aortic repair (FEVAR), branched endovascular aortic repair (BEVAR), parallel graft
techniques (snorkel and chimney grafts), and physician-modified endovascular grafts (PMEGs). These
technologies can also be divided as to their origin. Off-the-shelf devices are designed to be adaptable
to the largest amount of patient anatomy possible, although some limitations are present. Custom-
made devices are tailored to the patient, but the main downside is the time of fabrication, which can
take weeks and is not feasible in urgent or emergent cases. PMEGs are off-the-shelf devices that are
modified on the back table by the physician to suit a particular patient’s anatomy. While open surgery
remains an effective alternative for patients with suitable surgical risk and is more able to deal with
challenging anatomy, this is not within the scope of this review. The aim of this review is, instead, to
compare the different endovascular therapies available for urgent complex and thoracoabdominal
aortic aneurysm repair, and attempt to establish the role of PMEGs in the future for these patients.

Physician-Modified Endovascular Grafts

PMEGs have existed since the beginning of the endovascular revolution, with the first endovascular
stents implanted consisting of metal stents manually sutured to polyester fabric.?® The term physician-
modified endovascular grafts was coined in 2011 by Dr. Benjamin Starnes.'? More data on PMEGs,
including technical descriptions, variations of technique, and clinical results have recently been
published, consolidating them as a viable option in treating aortic disease both urgent and
elective.>13-18 Currently, data from across the United States show that approximately 20% of complex
aneurysms are treated with PMEGs."®

As a treatment option, PMEGs are, in a word, heterogeneous. This is a double-edged sword; while
PMEGs offer an unrivaled versatility, standardization of PMEGs is also the greatest challenge posed.
With this comes the necessary rigorous training and exhaustive attention to detail necessary for any
physician to successfully incorporate PMEGs as a potential therapy in their arsenal. The endograft can
be planned for as soon as contrast-based imaging is available and does not require the time for
manufacturing that custom-made devices do,?° and changes are made to off-the-shelf EVAR or
TEVAR devices on the back table while the patient is prepped for surgery, akin to back table organ
preparation before transplants.

The main limitations of PMEGs are the expertise and regulatory approval required to safely perform
them, due to the complex nature of AAA repair. This, consequently, makes quality control and
standardization of care a currently unsolved dilemma. In the United States, it is strongly encouraged
that PMEGs be performed only under the aegis of an Investigational Device Exemption (IDE) from the
Food and Drug Administration (FDA), and patients subject to this form of therapy should be enrolled in
clinical studies in order to have follow-up, allow for quality improvement analyses, and provide higher-
quality data to guide clinical decisions. This is due to the FDA viewing a modified commercially
available device as a new device that falls under its oversight and subject to review. In exceptional
circumstances, however, PMEGs can be used outside of FDA IDE approval. These circumstances
involve compassionate use in dire circumstances, after adequate informed consent of off-label device
use and the absence of effective alternative therapies, or an inability to transfer the patient due to
clinical status.'®

In the urgent setting (in patients who cannot be transferred), a PMEG can be done expeditiously if the
physician has the expertise to do so. However, some patients in extremis cannot tolerate even the
minutes it takes for back table modifications to occur, and therefore these patients may benefit from
other techniques that do not require this extra step. Examples are open surgery, which carries higher
risk for short-term morbidity and mortality, and parallel stent graft techniques, such as chimney and
snorkel grafts, which might need arm access, can carry risks of gutter leaks, and might not be as
expeditious depending on aneurysm complex anatomy.

PMEGs in Comparison With Other Technologies

In terms of other technologies for treating urgent CAAs, as compared with PMEGs, custom-made
devices are rarely available for urgent cases owing to the time necessary to produce them, which can
vary from 3 weeks up to 2 months. Off-the-shelf devices are an excellent alternative, limited only by
the fact that not all patient anatomy is adaptable to these devices. This can be due to cranial direction
of target vessels, narrow proximal landing zones, or the necessity of excessively long aortic coverage,
increasing the risk of spinal cord injury.2%2! PMEGs are more adaptable to difficult anatomy but are
limited by human resources. PMEGs should only be done by physicians well versed in this complex
technique, as operator volume has been shown to significantly impact outcomes, radiation exposure,
and operative times.'? Aortic centers, intended to improve the standard of care of aortic diseases,
should necessarily have physicians capable of offering these solutions when applicable.??



Table 1. Summary of advantages, disadvantages, and ideal scenarios for urgent complex and thoracoabdominal aneurysm

repair strategies.

Advantages

Disadvantages

Ideal scenarios/current devices

Branched endovascular aortic
repair (off-the-shelf)

- Requires larger aortic lumen

- Requires less precision, as
branches allow for repositioning

- Superior long-term vessel patency
for the visceral vessels

- Currently no FDA-approved device
- Does not suit 100% of patient
anatomy

- Future devices will likely be limited
by vessels with cranial orientation

- Urgent cases, within IFU (no
currently available devices, but
devices expected soon)

- Cook Zenith t-branch: 39%
anatomically within IFU%

- Gore TAMBE: 33% anatomically
within IFU%

- Jotec E-nside: Not currently in trial
in the United States; 43%
anatomically within IFU%

Parallel stent-grafts (chimneys,
snorkels, periscopes, sandwich)

- Can be done intraoperatively as a
rescue maneuver

- Can quickly be used to stabilize
patients in extremis

- Lower long-term patency
- Risk of gutter endoleaks and need
for reinterventions

- Emergent cases, where no off-the-
shelf device is available or suitable
for use, and patient cannot tolerate
transfer

- Intraoperative rescue maneuver
(inadvertent renal artery coverage;
type la endoleak)

Physician-modified endovascular
grafts

- Can be customized to a wider
variety of patient anatomy
(versatility)

- Fashioned from commercially
available devices

- Heterogenous

- Requires highly trained physician
- Not fully reimbursable

- Requires time for preparation
before patient intervention begins

- Urgent cases, no off-the-shelf
devices available at a high-volume
center with trained physician
experienced with PMEGs

- Can be done using most
commercially available EVAR or
TEVAR devices

IFU = instructions for use; PMEGs = physician-modified endovascular grafts; EVAR = endovascular aortic repair; TEVAR = thoracic endovascular aortic repair.

Current results of PMEGs employed to treat urgent CAAs and TAAs have shown 30-day mortality
between 6% and 8%, a technical success rate of 92% to 97%, freedom from aortic-related mortality of
94%, overall 1-year survival rate of 70% to 78%, and 1-year freedom from reintervention of 70% to
83%.1317 For total (urgent and nonurgent) cases, PMEGs have shown a 30-day mortality of 5.7%,
technical success rate of 91% to 99%, freedom from aortic-related mortality of 92%, and freedom from
reintervention at 5 years of 57%.% When compared with the only currently FDA-approved device, the
Zenith Fenestrated stent graft (Cook Medical), although not in urgent patients, the technical success
was 100%, freedom from aortic-related mortality was 96.8% at 5 years, and freedom from
reintervention was 63.5% at 5 years.23 This shows that in trained hands, PMEGs can offer consistent
results comparable to commercially available devices. The main advantages and disadvantages of
different technologies available to treat CAAs when open repair is unwise are summarized in Table 1.
An algorithm for urgent case conduction is also summarized in Figure 1.
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Figure 1. Algorithm for urgent complex aneurysm repair.

Open repair, parallel
grafts (chimney, Yes
snorkel, periscope, or |% Is the patient in extremis?
sandwich), or laser
fenestration
No
Yes . - -
Use available devices Does the patient fit IFU for available
(F/BEVAR) on IFU b devices (F/BEVAR)?
No
Transfer the patient Yes Can the patient tolerate transfer to
to a high-volume < a high-volume center with IDE for
center for care PMEGs?
No
Discuss with patient
risks and benefits and Yes Does the center have an
informed consent of |« experienced physician with formal
compassionate use of training in PMEGs?
PMEG technology
No

Consider open repair, parallel
grafts (chimney, snorkel,

periscope, or sandwich), or laser
fenestration

F/BEVAR = fenestrated/branched endovascular aortic repair; IFU = instructions for use; PMEGs =
physician-modified endovascular grafts

Technical Considerations

Once the decision to proceed with a PMEG has been taken, the process of preoperative planning—
arguably the most important part of the procedure —must then begin. Factors to consider include
diameter of access vessels (ideally >8.5 mm), degree of calcium in access vessels (for percutaneous
closure devices), and any tortuosity in the iliac vessels (risk of iliac artery injury while tracking). For the
back table modification of the off-the-shelf device itself, important parameters are target vessel
diameters, distance to first branch, and clock face position from the aorta (converted to angle, will be
used to calculate the arc length based on the diameter of the aortic stent graft to be modified), as
summarized in Table 2.6
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Table 2. Summary of measurements needed for back table physician-modified endovascular graft construction (measurements

based on 30-mm Terumo bifurcated graft).

Clock face Arc length Distance from | Vessel Aortic flow Distance to Optimal
(angle) (distance on celiac artery diameter lumen first vessel parallax angle
the X-axis) (distance on diameter takeoff
the y-axis)
Celiac artery 0045 (21°) 5.5 mm NA 6 mm (7 mmat | 35mm 22 mm 65 RAO; 10
ostium) CRA
Superior 0000 (0°) 0mm 25mm 55mm(8mm | 33mm 42 mm 60 RAO; 0 CRA
mesenteric artery at ostium)
Right renal artery | 1030 (-45°) -11.8 mm 33 mm 4.5mm (7mm | 34 mm 48 mm 30 LAO; 15 CRA
at ostium)
Left renal artery 0345 (115°) 30.1 mm 36 mm 5mm(Smmat | 34 mm 31 mm 20 LAO; 15 CRA
ostium)

NA = not applicable; RAO = right anterior oblique; CRA = cranial; LAO = left anterior oblique.

For modification of the stent graft, an option would be to use a transparent sterile plastic piece, such
as those used in instrument packaging to measure distances and mark the fenestration positions as
demonstrated in Figure 2. The blue plastic can then be cut with a scalpel in the center to permit
marking of the fenestrations on the stent graft with a marker. The fenestrations are then made using
ophthalmic cautery, with care taken to avoid involvement of metallic stents in the graft itself.
Fenestrations should be 8 x 8 mm for visceral arteries and 6 x 6 mm for renal arteries. After they have
been burned into the fabric, reinforcement with the metallic wire from a snare should be performed
with 6-0 Prolene sutures and radiopaque coils or gold markers, whenever available, placed for
fenestration visualization on fluoroscopy. Once this is completed, the device is once again enclosed
within the delivery system with the help of vessel loops, umbilical tape, or Rummel tourniquets. This
portion of the procedure usually takes from 45 to 60 minutes but can take longer, depending on the
complexity, the number of fenestrations, and the incorporation of mini-cuffs or inner branches.?*
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Figure 2. For modification of the stent graft, an option would be to use a transparent sterile plastic piece, such as those used in
instrument packaging to measure distances and mark the fenestration positions. CA = celiac artery; SMA = superior
mesenteric artery; RRA = right renal artery; LRA = left renal artery.

RRA I 30.1mm

Following PMEG construction, endovascular intervention may then begin, and the preoperative
planning must be strictly followed for optimal results. Optimal parallax angles are useful in providing
the best image for target vessel catheterization (Table 2); modern positioning systems and fusion
imaging are useful adjuncts.?5% Balloon-expandable bridging stents must be used, and proximal
flaring performed to avoid type llic endoleaks. Bridging stents are sized according to target vessel
diameter and length to the first branch (Table 2). Minute deviations can result in extreme difficulty in
target vessel incorporation, which is why precision in planning and execution is crucial.

From this description, it is evident that excruciating attention to detail is paramount and the margin for
error is practically inexistent. Therefore, the importance of preoperative planning and rigorous
physician training standards cannot be overstated, and mistakes on this step can doom the procedure
to failure.

Conclusions

PMEGs might play an important role in urgent treatment of complex abdominal and thoracoabdominal
aortic aneurysms due to their versatility. However, owing to the complex nature of these interventions,
PMEGs should only be used by physicians with specific training, ideally with FDA IDE overview and
patient enroliment in clinical studies. PMEGs offer a solution that has less perioperative morbidity and
mortality than open repair, albeit less durable. Patients in extremis might benefit instead from other
interventions that do not require back table device modifications, such as open repair (with higher
morbidity and mortality) or parallel stent grafts (with lower long-term durability, risk of gutter leaks).

In the future, PMEGs are likely to continue to occupy a niche in urgent cases when other devices are
unsuited to repair and time is of the essence, but should be limited to high-volume centers and highly
trained operators. In the future, standardization of training for physicians apt to perform PMEGs should
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be pursued to guarantee high-quality care. &
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