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INTRODUCTION
​​​Endovascular repair has become the preferred treatment 
method for abdominal aortic aneurysms (AAAs) in anatomi-
cally suitable patients, offering reduced perioperative morbid-
ity and mortality rates compared to open surgery.1 However, 
a significant percentage of patients present with complex 
abdominal aortic aneurysms (cAAA) - including juxtarenal, 
pararenal, paravisceral and type IV thoracoabdominal aneu-
rysms- where an insufficient infrarenal sealing zone prevents 
standard endovascular aneurysm repair (EVAR). To achieve a 
sufficient proximal seal, it is necessary to extend the landing 
zone above the renal and, in certain cases, the mesenteric 
vessels.

​​Fenestrated and branched endovascular aortic repair (FE-
VAR/BEVAR) using custom made devices (CMDs) has emerged 
as a widely accepted approach for these complex anatomies. 
Contemporary CMD FEVAR/BEVAR series demonstrate high 
technical success rates and favorable perioperative outcomes, 
reflecting improved device design and increasing operator 
experience.2 Long-term and midterm studies further report 
acceptable survival, sustained aneurysm exclusion, and dura-
ble target vessel patency in pararenal and thoracoabdominal 
aneurysms treated with CMDs.3 Multicenter and multicohort 
evaluations indicate that CMD FEVAR/BEVAR can consistently 
achieve technical success across experienced centers when 
appropriate planning and imaging protocols are applied.3 Fur-
thermore, the use of CMDs has proven effective in both elec-
tive and high-risk patient cohorts with juxtarenal aneurysms, 
showing better outcomes compared to those undergoing 
open repair.4 

​​Despite these advances, CMD FEVAR/BEVAR is subject 
to inherent limitations. The time required for device manu-
facturing introduces a significant delay from the indication 
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to implantation, rendering CMDs less practical for urgent or 
emergency indications. Access to CMD programs can be re-
stricted by geographical location, reimbursement policies, 
device availability, and anatomical constraints related to de-
vice design. These factors continue to challenge seamless 
customizations for all patients. These practical barriers cre-
ate a clinical gap, particularly in patients with symptomatic, 
rapidly expanding, or ruptured complex aortic aneurysms. 
Physician-modified endografts (PMEGs) have been developed 
to address this gap. PMEGs are created by back-table modi-
fication of commercially available endografts to incorporate 
custom fenestrations aligned with target vessels. Since the 
first descriptions of physician-modified techniques, numer-
ous centers have adopted PMEG workflows to treat complex 
infrarenal, juxtarenal, and pararenal aneurysms when CMDs 
are not readily available or urgent repair is indicated.5,6 Early 
observational studies and systematic reviews indicate a high 
rate of technical success and acceptable short-term efficacy, 
although significant heterogeneity in reporting standards and 
device platforms has impeded outcome interpretation.6

More recent large observational cohorts and registry data 
have provided important evidence supporting PMEG feasibili-
ty in a broader range of clinical contexts. A multicenter PMEG 
study including over 1,200 patients demonstrated high tech-
nical success and encouraging early outcomes across elective, 
symptomatic, and ruptured complex aneurysm cohorts.7 Long-
term follow-up studies conducted at high-volume centers fur-
ther demonstrate durable exclusion and satisfactory target 
vessel patency up to five years following implantation.8

​As PMEG adoption has expanded, attention has increas-
ingly focused on the technical challenges associated with 
these techniques. These include meticulous preoperative 
planning, precise fenestration alignment, device re-sheath-
ing, and reliable target vessel cannulation, especially in the 
presence of severe aortic angulation or tortuosity.9 Surveys 
of global practice patterns confirm substantial variability in 
indications, planning strategies, and device platforms, reflect-
ing the absence of standardized workflows and dependence 
on individual operator experience.9 In response to this varia-
tion, recent multicenter initiatives have evaluated structured 
four-fenestration workflows, demonstrating promising early 
outcomes while highlighting the importance of reproducible 
planning and execution principles.10

​ The selection of an appropriate device is pivotal in assess-
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ing the feasibility of PMEG. The Terumo Aortic TREO endograft 
has emerged as a particularly versatile platform for physician 
modification due to features such as a long main body, wide 
stent-to-stent spacing, controlled deployment, and capacity 
for partial deployment and re-sheathing. Dedicated reports 
describe TREO modification for incorporation of up to four 
fenestrations in juxtarenal and pararenal aneurysms, even in 
emergency situations.11,12 Simulation studies further support 
the geometric compatibility of four fenestrated PMEG design 
with the use of TREO endograft, suggesting potential advan-
tages in planning and structural characteristics.13

Despite increasing evidence supporting the use of PMEGs, 
it remains an off-label technique, and its success significantly 
depends on patient selection, detailed planning, and operator 
expertise. Experts agree that PMEGs should be performed in 
specialized centers characterized by robust governance, a high 
volume of cases, and experience with complex endovascular 
aortic repair.

This article describes a reproducible technique for the cre-
ation and implantation of a four-fenestrated physician-mod-
ified endograft using the Bolton TREO platform for complex 
abdominal aortic aneurysms.

CASE PRESENTATION
A 74-year-old obese male (BMI >31) presented to the emer-
gency department with acute abdominal pain radiating to 
the back. His medical history was significant for arterial hy-
pertension, dyslipidemia, chronic obstructive pulmonary 
disease, active smoking, and coronary artery disease. Three 
months prior, he had undergone coronary angioplasty for an-
gina and was receiving dual antiplatelet therapy. Computed 
tomography angiography demonstrated a 7.2-cm juxtarenal 
abdominal aortic aneurysm, with an infrarenal neck diame-
ter of 3.8 cm (Fig. 1A-B). Given the patient’s symptoms and 
significant comorbidities, an endovascular approach using a 
physician-modified endograft (PMEG) was selected.

Figure 1A-B. Computed tomography angiography demonstrated a 7.2-cm juxtarenal abdominal aortic aneurysm, with an infra-
renal neck diameter of 3.8 cm

A B

HOW I DID IT

1. Preoperative Measurements and Planning on Computed 
Tomography Angiography
This technique is applied in patients with cAAA, including 
AAAs with a short proximal neck (<5mm), juxtarenal, parare-
nal, paravisceral aneurysms, as well as certain type IV thoraco-
abdominal aortic aneurysms. This is particularly appropriate 
for urgent or emergency situations, such as symptomatic an-
eurysms, in which CMDs are not readily available.

Preoperative planning was performed using high-resolu-
tion computed tomography angiography (CTA). All measure-
ments were obtained and independently cross-checked using 
EndoSize and Horos to ensure accuracy and reproducibility. 
The aortic diameter was measured at the planned proximal 
sealing zone above the celiac trunk (CT), followed by system-
atic diameter evaluation along the entire length of the aorta 

down to the distal sealing zone. Simultaneously, longitudinal 
length measurements of the aorta were performed to deter-
mine the required graft length and the relative position of the 
visceral vessels (Fig. 2A-C).

Taking into consideration the diameter and length mea-
surements, the suitable TREO stent graft was selected, with 
careful consideration of both the main body diameter and 
length to ensure adequate proximal and distal sealing while 
accommodating the planned fenestrations. The circumferen-
tial orientation of each target vessel, including the celiac trunk 
(CT), the superior mesenteric artery (SMA), and the right and 
left renal arteries (RAs), was evaluated on axial CTA images. 
Clock positions were measured in degrees, using the 12:00 
o’clock position as the reference point equivalent to 0°. The 
angular deviation of each target vessel’s ostium from the 0° 
point was calculated and defined as the θ (theta) angle. This 
angle was measured from the center of the aortic lumen to 
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the center of the vessel ostium. Fig. 3 illustrates an example of 
how the θ angle was measured for the celiac trunk.

The diameters of each target vessel were assessed at both 
the ostial and distal landing segments. These measurements 
help determine the size of each fenestration, which is de-
signed to be approximately 1 mm larger than the native vessel 
diameter to aid cannulation while maintaining a proper seal. 
Fig. 4 shows typical measurements of the diameters of the tar-
get vessels. Simultaneously, the landing length of each target 
vessel is evaluated to determine the required length for safe 
deployment and sealing of the bridging stent grafts.

Finally, the longitudinal distances between the visceral ves-
sel ostia were meticulously measured. The primary measure-
ments were obtained between the midpoint of the CT ostium 
and the midpoint of the SMA ostium (mid-CT to mid-SMA), as 
well as between the midpoint of the CT ostium and the mid-
points of the right and left RA ostia (mid-CT to mid-RRA and 
mid-CT to mid-LRA). To enhance accuracy and provide internal 
verification, confirmatory measurements were taken from the 
lower margin of the CT ostium to the upper margin of each 
target vessel ostium, including the SMA, RRA, and LRA (lower 
CT to upper SMA, lower CT to upper RRA, and lower CT to 
upper LRA). These measurements were used to confirm longi-
tudinal alignment and minimize cumulative errors during the 
positioning of the fenestrations (Fig. 5A-B).

Figure 2A-C. Preoperative CTA centerline and multiplanar reconstructions demonstrating aortic diameter measurements at the 
proximal supraceliac sealing zone, throughout the visceral segment, and down to the distal sealing zone, along with longitudinal 
length measurements.

Figure 3. Axial CTA image demonstrating the measurement of 
the θ (theta) angle for the celiac trunk ostium. The 12:00 posi-
tion was defined as 0°, and the angular deviation of the vessel 
ostium from this reference was measured in degrees.
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Figure 4. CTA images showing ostial and distal diameter measurements of the visceral target vessels.

Figure 5A-B. Longitudinal distance measurements between the midpoints of the CT and SMA ostium (mid CT to mid SMA) and 
measurements of distances between the lower margin of the CT origin and the upper margin of the SMA origin (lower CT to 
upper SMA).
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Graft Template Creation and Fenestration Mapping
To convert preoperative CTA measurements into a consistent 
modification plan, the selected TREO graft was first recreat-
ed on millimeter paper using the development of a cylinder, 
which converted the three-dimensional graft shape into a 
two-dimensional template. The perimeter of the graft was 
calculated using its diameter using the formula P = 2πr, where 
r represents the graft radius. This perimeter represents the 
transverse width of the graft when it is unfolded. For example, 
for a graft with a 30-mm diameter (r= 15 mm), the calculated 
development is 94.2 mm (Fig. 6).

The circumferential position of each target vessel was de-
termined based on the previously calculated θ angles, refer-
enced from the 12 o’clock (0°) position. 

Each angular measurement was converted into a linear dis-
tance along the graft circumference, defined as the arc length 
(L), using the formula L = 2πrθ / 360. This conversion enables 
the precise placement of the clock positions derived from the 
CTA onto the two-dimensional graft template (Fig. 7A-B).

For instance, when the CT originates at an angle of 13°, 
the arc length for a 30 mm diameter graft is L(CT)=3.4 mm. 
This measurement represents the straight-line distance from 
the 12 o’clock reference line to the center of the CT fenestra-
tion on the unfolded graft template. To accurately place the 
CT fenestration, the 12 o’clock reference line is initially drawn 
on millimeter paper, followed by the calculated arc length and 
intended fenestration diameter. This process was repeated for 
the superior mesenteric, right, and left renal arteries.

Based on the longitudinal distance measurements ob-
tained from the CTA, the remaining visceral fenestrations 
were designed relative to the CT. The distances between the 

midpoint of the CT ostium and the midpoints of the superior 
mesenteric and renal arteries were mapped onto the template 
along the longitudinal axis, creating a complete patient-specif-
ic layout with four fenestrations. Fig. 8 displays the final ver-
sion of the stent graft representation on millimeter paper.

Figure 6. Development of a cylinder into a two-dimensional 
template.

 

A 
 

B 
Figure 7A-B. Angular origin of each target vessel (A) and arc length (L) is used to calculate the linear distance of each target 
vessel from the 12 o’clock position, based on their θ angle (B).
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Figure 8. A stent graft template on a millimeter paper, showing the estimated locations of the fenestrations.

 

A 

B 
Figure 9A-B. The plastic punch card duplicated from the millimeter template.
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2. Graft Deployment and Modification
Before modifying the graft, a dedicated sterile back table 
was set up in the operating room. The setup consisted of a 
sterilized clear plastic punch card, 5-0 and 6-0 monofilament 
polypropylene sutures (Prolene), nylon tapes, vessel loops, 
a rubber tube, a surgical cautery, a radiopaque marker, and 
0.018-inch hydrophilic guidewires. All materials are organized 
to allow an uninterrupted workflow while maintaining strict, 
sterile conditions (Fig. 11).

Before graft deployment, the stent graft was positioned 
under C-arm fluoroscopy to confirm the correct orientation 
of the device. Once the correct orientation was confirmed, 
the graft was partially deployed on the back table, with the 
deployment limited to the initial four stents, while ensuring 
that the contralateral limb remained undeployed. Partial de-
ployment ensures that the graft fabric is adequately exposed 
for necessary modifications while preserving the ability to re-
sheath the device (Fig. 12).

A tube was constructed from the punch card, and fenes-
trations were initially created in the clear plastic punch card 
at predetermined locations using surgical cautery. The punch 
card was then carefully placed over the partially deployed 

Once the graft design is finalized, the template is trans-
ferred onto a clear, flexible plastic sheet, creating an exact du-
plicate of the millimeter-scale paper layout. All fenestration 
positions and dimensions are marked on this plastic sheet, 
which is later used as a patient-specific punch card during 
graft modification. The plastic punch card and the original mil-

limeter paper template undergo plasma sterilization to ensure 
safe introduction into the sterile environment (Fig. 9A-B).

Based on all the above measurements and calculations, a 
schematic design of the stent graft was developed, showing 
the expected locations of the fenestrations, as illustrated in 
Fig. 10A-B.

Figure 10A-B. A design of the stent graft with the anticipated positions of the fenestrations.

Figure 11. A sterile back table equipped with all the necessary 
materials for the preparation of the stent graft.
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stent graft and precise alignment was verified. The 12 o’clock 
reference point and fenestration outlines were marked onto 
the graft fabric using a sterile marking pen (Fig. 13A-C). 

The punch card was subsequently removed, and the fenes-
trations were created directly on the graft fabric using the 
ophthalmic cautery, following the marked outlines as shown 
in Fig. 14A-C.

Each fenestration was then reinforced using the floppy tip 
of a 0.018-inch hydrophilic guidewire, which was shaped to fit 
the circumference of the fenestration. The guidewire was se-
cured to the graft fabric with a continuous 5-0 monofilament 
polypropylene suture (Fig. 15A-C).

To achieve accurate graft alignment during implantation, 
two radiopaque markers were positioned at the 12 o’clock lo-
cation. A J-shaped marker formed from the same guidewire 
used for fenestration reinforcement was placed proximally to 
the celiac trunk fenestration. In addition, a straight longitudi-
nal marker provided by Terumo was placed immediately distal 
to the superior mesenteric artery fenestration.

Finally, circular diameter-reducing ties are wrapped around 
the stent graft using a 6-0 monofilament polypropylene su-
ture, achieving a reduction of approximately 40% in the graft 
diameter. This diameter-reduction ties aids in the controlled 
deployment and cannulation of the target vessels (Fig. 16A-C).

Following fenestration reinforcement, marker placement, 
and application of diameter-reducing ties, the graft was pre-
pared for re-sheathing. Control of the deployed endograft was 
achieved using five nylon tapes passed through a rubber tube, 
which were wrapped around the deployed stent rings, and 
an additional tape was placed between the first and second 
stents, encircling the graft fabric. This configuration allowed 
control of the radial force of the stent rings, thereby prevent-
ing them from expanding during re-sheathing.

To further reduce excess graft fabric and ensure smooth 
reinsertion into the delivery sheath, vessel loops are applied 
longitudinally. One vessel loop was placed starting from the 

Figure 12. Partial deployment of the stent graft.

A B C
Figure 13A-C. The punch card used over the deployed stent graft to help mark the fenestrations positions.



How I Did It: Technique for four-fenestrated Physician-modified Endograft 
to Treat Complex Abdominal Aortic Aneurysms using the Bolton Treo	 133

proximal end of the graft, while another was applied from the 
distal part, gradually reducing any excess fabric.

Once the radial force and fabric volume are adequate-
ly controlled, the graft is carefully re-sheathed, ensuring the 

preservation of fenestration alignment, reinforcement integ-
rity, and marker orientation. During this phase, it is crucial to 
keep the 12 o’clock reference point stable and prevent any 
twisting or warping of the modified segment (Fig. 17A-F).

A B C
​Figure 14A-C. The holes for the fenestrations were created using an ophthalmic cautery.

A B C
Figure 15A-C. Reinforcement of the fenestrations.
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A B C
Figure 16A-C. The two radiopaque markers in the 12 o’clock position of the stent graft (A), (B) and the two diameter-reducing ties (C).

CA B

FD E
Figure 17A-F. The placement of the nylon tapes through a rubber tube and around the deployed stents (A, B), the sheath slides 
over the vessel loops while removing them (C, D, E), the stent graft fully re-sheathed (F).
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3. PMEG Implantation
After bilateral surgical preparation of the common femoral 
arteries and systemic heparinization with 5.000 IU, the pre-
pared device TREO (30-120) was introduced through a 20-F 
(33-cm) transfemoral sheath (DrySeal; Gore Medical, Flagstaff, 
AZ). After angiography and identification of the target vessels, 
orientation of the fenestrations followed and the device was 
gradually deployed up to the level of the contralateral gate. 
The contralateral limb was subsequently cannulated, and a 
22-F (33-cm) transfemoral sheath (DrySeal; Gore Medical) 
was inserted. Target vessel cannulation was performed via a 
retrograde (CA, SMA and left renal from below) and anter-
grade (right renal from axillary artery) approach using a 7-Fr 
sheath. A steerable introducer (Fustar; Lifetech Scientific; tip 
deflection 0°-160°) was utilized to facilitate selective cathe-
terization of the target vessels. A 260-cm Rosen wire (Cook 
Medical Inc., Bloomington, IN) was advanced and positioned 
within each target artery, after which the main body of the 

endograft was fully deployed. The diameter-reducing ties 
were subsequently released using a 46-mm compliant balloon 
(Coda; Cook Medical Inc.). Subsequently, balloon-expandable 
covered stents were sequentially deployed and flared within 
the target vessels: the celiac artery (BeFlared Bentley, 8/10-27 
mm), the superior mesenteric artery (Advanta V12, Getinge 
9-32 mm), the left renal artery (Advanta V12 7-22 mm), and 
the right renal artery (Advanta V12, 7-32 mm). This was fol-
lowed by deployment of the bilateral iliac limbs [left 20-140 
mm, right 24-140 mm, (Figure18A-C)]. Final anteroposterior 
and lateral completion angiography confirmed the absence of 
endoleak. The patient was extubated, a neurological exami-
nation was performed, and the patient was transferred to the 
vascular surgery ward. A predischarge computed tomography 
angiography was obtained and confirmed appropriate device 
configuration and the absence of endoleak (Figure19A-C). The 
patient was discharged with dual antiplatelet therapy and fol-
low-up was scheduled according to the standard FEVAR sur-
veillance protocol.

Figure18A-D: Catheterization of target vessels (A). The diameter-reducing ties were released using a 46-mm compliant balloon 
(B). Subsequently, balloon-expandable covered stents were sequentially deployed and flared within the target vessels.

A B C
Figure19A-C. A predischarge computed tomography angiography was obtained and confirmed appropriate device configura-
tion and the absence of endoleak.
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CONCLUSION
Physician-modified endografts provide a valuable and versa-
tile solution for treating complex abdominal aortic aneurysms 
in settings where custom-made devices are unavailable or 
when time limitations prevent their use. The technique de-
scribed outlines a systematic, reproducible method for creat-
ing a four-fenestrated physician-modified endograft using the 
Bolton TREO platform, with emphasis on meticulous preoper-
ative planning, precise fenestration mapping, controlled graft 
modification, and secure re-sheathing.

This method seeks to improve the precision, consistency, 
and orientation during surgery by converting 3D imaging data 
into a uniform 2D graft template and applying a punch card 
technique. When conducted at specialized centers and applied 
to appropriately selected patients, this technique enables the 
safe execution of complex aneurysm repair using established 
FEVAR implantation principles. Continued experience, careful 
management, and long-term follow-up are crucial to further 
establish durability and optimize outcomes.
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