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Abstract: Surgical procedures on various artery aneurysms are difficult to perform and require careful
preparation. We have developed and now present in this paper a software platform, CardioCTNav,
that can help in planning such procedures. The planning consists of a 3D rendering of the area of
interest, virtual angiography, automated measurements, and virtual stent simulation.
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1. Introduction

A mesenteric artery aneurysm is an aneurysm that occurs in either the inferior or
superior mesenteric arteries that irrigate visceral organs like the stomach. Mesenteric
artery aneurysms are rare, with a prevalence of 5-8% of all aneurysms, and have an annual
incidence of between 0.01% and 0.2% [1]. Superior mesenteric artery aneurysms are the
third most common true visceral aneurysms, often affecting the proximal 5 cm of the
artery [2] and accounting for 14% of all visceral aneurysms [3]. They occur predominantly
in men who are in the 5th decade of life. Aneurysmal degeneration of the superior
mesenteric artery does not occur frequently, but when it does, it may result in mesenteric
ischemia or rupture [4], which can initiate a potentially life-threatening condition [3].
In about 25% of cases, visceral aneurysms present as surgical emergencies [1], although
the disease is often asymptomatic. They are an incidental finding in almost half of the
patients [5]. Around 22% of patients with visceral aneurysms are diagnosed after rupture.
Variable clinical manifestations pose the risk of misdiagnosis with a high mortality of
8.5-25% [6,7].

There is no known cause for aneurysm, but there are several risk factors that are
known of that include: family history, male gender, an age > 65, history of smoking, high
blood pressure, high cholesterol, atherosclerosis, or having a connective tissue disorder
like Marfans or Ehlers-Danlos syndrome.
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The diagnosis of a superior mesenteric artery aneurysm is made by computed tomo-
graphic angiography (CTA) or magnetic resonance (MR) and sometimes via an abdominal
ultrasound examination. The suspicion of an aneurysm can be raised by a calcified wall on
X-rays. In addition, the changes in the surrounding tissues and organs, like the signs of
chronic pancreatitis or other events, might reveal the cause of the condition. By evaluating
laboratory findings, imaging, and clinical symptoms, the factors influencing condition
management should be determined and additional vascular changes might be discovered.

Imaging has a very important role not only in diagnosis but also in treatment planning
because on these images is possible to determine multiple parameters for surgery like
aneurysmal size, neck, access vessels, etc. Image processing software and virtual planning
methods are already of great importance in medical practice. A long list could be made
of either free-of-charge medical imaging software platforms, e.g., [8,9], semi-commercial,
e.g., [10], or commercial ones. Characteristics used for the evaluation of such platforms
could be the functionalities it offers (3D rendering, segmentation, measurements, virtual
simulations, etc.), the price (from free-of-charge to very expensive), the training curve,
hardware requirements, etc.

In the following paper, we propose a preoperative planning protocol, which consists
of four steps, namely, high-quality 3D rendering, virtual navigation (angiography) through
the arteries, automatic and semi-automatic (point and click) measurements, and 3D stent
simulations. These steps are exemplified and implemented via our own (in-house) soft-
ware application, CardioCTNav. The main advantages of our solutions are the quality of
implementation (it is a fast, stable, and bug-free application), the price (a binary package
can be provided free of charge on request), ease of use (no sophisticated and difficult
segmentations are required to perform the suggested planning protocol), the brief time
necessary to perform the planning (it can be completed in less than 10 min, and it has
virtually no training curve), and an intuitive user interface and simple gestures that can be
learned in only a few minutes.

There are other methods currently being investigated that may be useful in preopera-
tive planning. One such method is 3D printing. In a study by [11], the authors emphasize
the importance of preoperative planning as being critical for success in the surgical suite
because two-dimensional (2D) presentations of anatomical structures do not accurately
portray their three-dimensional (3D) complexity, often leaving physicians ill-equipped for
the procedure. In the authors’ opinion, medical 3D printing could provide an innovative
solution to the current constraints of preoperative planning; it is important for clinicians to
develop an understanding of 3D printing technologies, as well as their uses. In their paper,
the many applications of 3D printing for preoperative planning are discussed.

Another potential method for preoperative planning, and from the perspective of
personalized medicine, is virtual reality (VR). In a paper published by [12], the authors
investigate the potential utility of a VR simulation system in both preoperative planning
and intraoperative assistance, including support during thoracoscopic sublobar resection.
In their paper, they described an in-house developed virtual reality (VR) surgical navigation
system using head-mounted displays (HMD).

2. Materials and Methods

First, the radiologist must identify and characterize the SMA aneurysms, to allow the
vascular interventional radiologist or vascular surgeon to choose the appropriate treatment.

A true aneurysm is formed when all three layers are weakened and dilatation of at
least 1.5 times the normal diameter is observed. At the same time, a pseudoaneurysm is
usually caused by vessel injury; this is the collection of blood between one or two layers
and the adjacent parenchyma.

It is easy to detect large SMA aneurysms on axial section images. However, in the case
of small aneurysms, MPR, maximum intensity projection, and 3D-rendered images are the
best choice for visualization. In the CT angiographic report, the SMA aneurysms would be
described as saccular or fusiform. In this case, the artery should be inspected carefully to
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identify a concomitant dissection. Peripheral low attenuation within the aneurysmal sac is
seen with a mural thrombus. It was observed that true aneurysms have continuous wall
calcifications and are often incidental. As for the pseudoaneurysms, they usually manifest
symptomatically and can be caused by tumor erosion, trauma, or inflammation. Findings
on CT images include extensive mural thrombus, adjacent hemorrhage, and discontinuous
wall calcification. Inflammatory fat stranding can be seen near a pseudoaneurysm in
patients with pancreatitis. Important information about the aneurysm’s location, size,
branch vessel involvement, the presence of rupture, and collateral vessel circulation is
provided via multidetector CT scans.

Vascular surgeons and/or interventional radiologists and /or GI surgeons are involved
in mesenteric artery aneurysm cases.

Sometimes, for patients with acute abdominal pain, a single venous phase scan is
performed as SMA abnormalities may not be suspected. However, this does not mean that
it is not possible to evaluate the SMA because the spatial resolution of current-generation
multidetector CT scanners enables the identification of SMA abnormalities in the venous
phase if the artery is inspected carefully in all imaging planes [13].

When an acute SMA abnormality is suspected, narrow detector sections (<1 mm), thin
reconstruction sections (3 mm for axial images and 0.75 mm for two- or three-dimensional
(2D or 3D) rendering), rapid infusion of intravenous contrast material (5 mL/s), and
imaging in the arterial and venous phases are necessary to identify lesions in the SMA
and to characterize the extent of vascular, gastrointestinal, and mesenteric complications.
Post-processed sagittal and coronal two-dimensional multiplanar reformations (MPRs)
should be rendered routinely, and 3D rendering at an independent workstation facilitates
identification and characterization of SMA abnormalities that are missed on axial images,
particularly in the more distal branches. The celiac and SMA origins should be inspected
on sagittal MPR images, and the distal branches of the SMA should be examined on coronal
MPR images [13].

The first major branch of the SMA is the inferior pancreaticoduodenal artery. Within
the mesenteric root, the SMA branches into approximately four to six jejunal and nine to
13 ileal arteries arising on the left side. The right-sided branches include the middle colic,
right colic, and ileocolic arteries. The branching pattern of the colonic arteries often varies.
All these blood vessels should be investigated carefully on CT angiographic images.

We used an in-house custom-made platform named CardioCTNav in order to investi-
gate all these anatomical details and to perform surgery planning.

CardioCTNav is a cross-platform (Linux, macOS, Windows) in-house medical imaging
software application based on open-source technologies—C++ programming language,
Qt [14], VIK [15], DICOM for VIK [16], CTK [17]. It is a fast and stable solution, easy
to learn and to use, developed by authors and offering them complete control over the
implementation of the protocol described in the following sections.

Using CardioCTNav and starting from CT data, the surgery planning procedure
consists of the following steps:

3D reconstruction and visualization of arteries (see Figures 1 and 5)
Virtual angiography—virtual 3D navigation through the mesenteric artery and aneurysm
zone (see Figures 2 and 6-9)

e Automatic measurements of the artery diameter in “healthy” zones and aneurysm
zone (see Figure 3 and Table 1)

e  Stent simulation—diameter and length, 3D visualization (see Figure 4)
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Figure 2. Virtual angiography—"normal” zone of the mesenteric artery, before the aneurysm (direc-
tion is opposite to the blood flow).
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Figure 3. Measurements in the virtual 3D scene along the mesenteric artery aneurysm.

Figure 4. Stent placement—5 mm diameter, 123 mm length.

Table 1. Automated measurements along the aneurysm, opposite the direction of the blood flow,
starting and ending with “healthy” zones.

Entry Point—Healthy Zone Aneurysm Zone Exit Point—Healthy Zone
4.9 12.613.522.319.215.411.0 6.5
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Figure 6. Virtual angiography—inside the mesenteric artery aneurysm (direction is opposite to the
blood flow).
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Figure 7. Virtual angiography—"normal” zone of the mesenteric artery, after the aneurysm (direction
is opposite to the blood flow).

Figure 8. Virtual angiography—exit from the mesenteric artery into the aorta (direction is opposite
to the blood flow).
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Figure 9. Virtual angiography trajectory—"procedure” started opposite to the blood flow, bottom-up,
with the final point into the aorta (direction is opposite to the blood flow).

The 3D reconstruction and the visualization of arteries are based on the concept of
a transfer function, which translates Hounsfield units from the CT data into colors and
levels of opacity for the 3D-rendering scene. CardioCTNav implements a “freehand”
drawing mode of the transfer function shapes; in this way, it allows fine-tuning in the
selection of the tissues that are visualized (this fine-tuning is necessary for virtual naviga-
tion/angiography).

The CardioCTNav software platform was able to distinguish between the zones that
were both inside and outside the arteries and to detect the artery walls. Target points can
be chosen by the user interacting with the 2D sections; they are colored according to the
zone where they are placed (outside or inside the artery). The platform is also able to detect
an “inside” zone closest to a point that is initially placed in an “outside” zone.

Virtual angiography means that the user is able to navigate inside the artery using only
the computer mouse device. The navigation starts from a point chosen by the user and the
virtual camera is forced to remain inside the artery walls. The algorithm that implements
this restriction on the virtual camera is based on collision detection and resolution directly
on voxels (no segmentation is required). The path of the virtual angiography can be saved
and used later, in other planning sessions.

The automatic measurements are in fact the values of the artery diameter computed
automatically in points either chosen by the user or along the virtual angiography path.

The stent is generated automatically along a virtual angiography path and its diameter
is decided by the user.

3. Results
3.1. The Characterization of the Aneurysm and of the Anatomy on Real Patient CT Data

We applied the suggested pre-operatory planning procedure on CT data from a male
patient aged 74. The scans were performed using a Siemens Somatom go. Top 128 slice
machine [18], with contrast substance (ULTRAVIST 370 L.V.). The series used for plan-
ning took 647 slices at a distance of 0.99 mm each. The reconstructed 3D image had
655 x 512 x 647 voxels.

The results can be seen in Figures 1-9 and Table 1:

e 3D reconstruction—various tissues, Figure 1; arteries and mesenteric artery aneurysm,
Figure 5
e  Virtual angiography—Figures 2 and 6-9
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e  Measurements—Figure 3 and Table 1
e  Stent simulation (diameter, length)—Figure 4.

As you can determine from those figures, this particular aneurysm included the whole
main part of the superior mesenteric artery, was fusiform in shape and involved all small
intestinal branches, which makes the cases difficult to repair.

In addition, the stent graft required to cover the whole dilated area was 5 mm in
diameter and 123 mm in length. We used as an example those stents available for re-
nal artery stenting (for example, the Herculink Elite® stent made by Abbott Vascular,
Santa Clara, CA, USA, with dimensions of 7.0 x 15 mm, 135 mm).

3.2. Planning Follow-Up for Surgery Procedures

Our vascular surgeon considered two main methods to repair a mesenteric aneurysm:
open surgery or endovascular repair [19]. In the following paragraphs, we will briefly
explain both methods. When considering a course of action, the vascular surgeon will
decide the best method for a particular patient based on multiple factors, like the presence
of collaterals, patient frailty, etc. However, both methods require a tubular prosthetic
material to be introduced inside the aneurysm that has to be specially tailored to the
patient’s physiology.

3.2.1. Open Surgery with Aneurysmectomy and Bypass or Interposition Graft

This method of revascularization is recommended as the first choice if bowel ischemia
is present in patients undergoing an operation for rupture, or if preoperative symptoms or
evaluation suggested mesenteric ischemia. More recent reports have shown good long-term
results with an aneurysmectomy and bypass, or with an interposition graft [20,21].

The surgery consists of the interposition of two covered polyester stent grafts (two
7.0 x 57 mm Jostent peripheral stent grafts made by Jomed, Helsingborg, Sweden) with
reimplantation of multiple side branches into the polyester interposition graft (see Figure 10).
The polyester graft must have a good size to match the dilated proximal and distal native
SMA at the area of the anastomosis; this also makes reimplantation of the side branches
easier than using an autologous vein graft [22,23].

= STENT
7

SMA ANEURYSM

Figure 10. Endovascular repair illustration.

A clear 3D reconstruction and precise preoperative planning help the surgeon to deter-
mine exactly whether this procedure is adequate, to evaluate the type of stent technology
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needed for repair, and, most importantly, to reduce the time necessary when performing
the procedure.

3.2.2. Endovascular Aneurysm Repair (EVAR) of Superior Mesenteric Artery Aneurysm

Endovascular treatment is safer than open surgery in patients with multiple comor-
bidities, such as severe cardiac or pulmonary disease. However, it should not be used
when the cause of the aneurysm is suspected to be infectious. Alternative options include
covered stent placement, coil embolization, liquid embolic agents, and thrombin injec-
tions [6]. Surgical options include an aneurysmectomy with grafting and/or transposition,
aneurysmorrhaphy, and ligation [24].

The vascular interventional radiologist must consider several vascular factors, in addi-
tion to bowel viability, when reviewing a CT scan before the treatment of an SMA aneurysm.
A femoral arterial approach is the most common, although a radial approach may be more
direct when the aortic-mesenteric angle established in CT angiography is acute. Determin-
ing the number of aneurysms is important because individuals may have more than one
aneurysm. The presence or absence of aneurysmal wall calcification can help to determine
the patient’s risk of rupture. Stone et al. [25] found that all ruptures in their study occurred
in noncalcified aneurysms. An aneurysm with a small neck, distal to the SMA origin,
can be treated safely with coil embolization. The aneurysm must be packed tightly with
coils to promote thrombosis. With a wide-necked aneurysm, stent-assisted coil placement,
in which a bare-metal stent is deployed in the parent vessel and coils are delivered into the
aneurysm sac via a microcatheter passed through the interstices of the stent, is an option.

The location of the aneurysm in the SMA must be considered, because it may be
difficult to place a stent in an aneurysm near the point of origin owing to the lack of an
adequate landing zone [6]. The stent should extend at least 1 cm proximally and distally
to the aneurysm [6]. Large aneurysms may not be conducive to the use of a covered stent
owing to instability in a large lumen and/or inadequate landing zones. The diameter
and length of the stent can usually be determined accurately from the preoperative CT
angiogram and may be compared with the diagnostic angiogram obtained before endovas-
cular intervention. Self-expanding stents are available in various sizes of 5-16 mm and
may require different sizes of sheaths, ranging from 5 F to 10 F [6].

For vessels with a smaller diameter, lower-profile stents are available and can be
placed over a 0.018-inch wire. Covered stents are preferred, to completely exclude the
aneurysm and prevent an endoleak, but bare metal stents can also be used successfully [26].
The stent should extend past the aneurysm neck without covering too many jejunal or ileal
branches [24]. Branches arising from the aneurysm itself also must be considered. The
tortuosity of the vessel at pre-procedure CT angiography should also be noted because
self-expanding covered stents are effective in tortuous vessels but balloon-expandable
stents may be used in proximal straight segments [6]. CT angiography with MPR and
3D rendering helps to delineate the proximity of branch vessels to the aneurysm. Studies
by [24] have reported covering up to three jejunoileal branches without bowel ischemia.
Careful consideration of clinical presentation, gastrointestinal and/or vascular multide-
tector CT findings, and patient comorbidities is crucial for proper patient selection and
treatment.

Another option for the side branches is to use fenestrated endovascular aortic aneurysm
repair (f-EVAR), which gives more options for the endovascular treatment of pararenal aor-
tic aneurysms. The devices are individually customized to the patient’s vascular anatomy,
especially to the morphology of the visceral vessels. In a typical fenestrated endovascular
device design, the superior mesenteric artery (SMA) is involved, either having a large
non-strut fenestration or a single wide scallop (10 mm in diameter).

4. Conclusions

By using our custom-made imaging and planning platform, CardioCTNav, we were
able to provide our vascular surgeon with a clear 3D reconstruction and precise preopera-
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tive planning tool that helped him to determine exactly what procedure was most suitable,
to evaluate the type of stent technology needed for repair, and, most importantly, to reduce
the time necessary to perform the procedure.

Our particular case presented an SMA with an aneurysm in its entire length and
multiple branches coming off of the aneurysmal segment, which made the repair more
difficult. Excision and interposition grafting could have resulted in segmental bowel
ischemia because of multiple patent side branches. Therefore, the vascular surgeon con-
sidered two possibilities to repair this aneurysm. The first method was similar to the
reimplantation techniques of thoracoabdominal aneurysms, and involved the simulated
reimplantation of multiple side branches into two polyester interposition grafts, with
known good and durable results for 2 years after the operation. The polyester grafts that
were selected theoretically (two 7.0 x 58 mm Jostent peripheral stent grafts made by Jomed,
Helsingborg, Sweden) had a 7-mm size that matched the dilated proximal and distal native
SMA at the area of the anastomosis and made reimplantation of the side branches also
easier than using an autologous vein graft. The second simulated option was to use bare-
metal renal stent grafts (for example, Herculink Elite® stents made by Abbott Vascular,
Santa Clara, CA, USA, with dimensions of 7.0 x 15 mm, 135 mm).

In the future, we plan to further extend our planning module with new options like
multiple stent simulations offering different sizes, blood flow calculations, etc.
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Abbreviations

SMA superior mesenteric artery
MPR multiplanar reconstruction
CT computer tomography

GI gastrointestinal

CTA computed tomographic angiography
EVAR  endovascular aneurysm repair
f-EVAR fenestrated endovascular aortic aneurysm repair
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