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Abstract

Aortic dissection is a life threatening condition of the aorta, characterized by separation of its wall layers into a true and false
lumen. A subset of patients require immediate surgical or endovascular repair. All survivors of the acute phase need long-term
surveillance with imaging to monitor chronic degeneration and dilatation of the false lumen and prevent late adverse events
such as rupture, or malperfusion. We introduce four novel plots displaying features of aortic dissections known or presumed
to be associated with risk of future adverse events: Aortic diameter; the blood supply (outflow) to the aortic branches from the
true and false lumen, the previous treatment, and an estimate of adverse event-free probabilities in one, two and 5 years. Aortic
dissection maps, the composite visualization of these plots, provide a baseline for visual comparison of the complex features
and associated risk of aortic dissection. These maps may lead to more individualized monitoring and improved, patient-centric
treatment planning in the future.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Picture/Image Generation—Display
algorithms 1.4.6 [Image Processing and Computer Vision]: Segmentation—Edge and feature detection 1.4.7 [Image Processing
and Computer Vision]: Feature Measurement—Size and shape

1. Introduction

Aortic dissection (AD) is an uncommon [HBF*13] but life-
threatening condition of the aorta (cf. Figure 1a), the main blood
vessel in all vertebrates. The underlying pathology of AD is a dis-
eased medial layer of the aorta. The acute and clinically dramatic
event of an AD is characterized by the sudden development of a
so-called primary entry tear, a defect on the luminal side of the aorta.
This allows blood to enter the abnormal aortic wall and burrow (‘dis-
sect’) a new, ‘false’ channel within the aortic wall (cf. Figure 1b).
The dissected aortic wall is of lower mechanical strength, and may
rupture — typically a lethal event. When the intramural blood finds
its way back into the original ‘true’ blood flow channel of the aorta,
two separate flow channels are generated (cf. Figure 1c). Since the
interior of a blood vessel is called lumen, the two new channels are
referred to as the true lumen (TL) and the false lumen (FL).

The diagnosis of ADs is typically established with computed
tomography angiography (CTA), acquired in the emergency room.
CTA provides detailed anatomic information of therapeutically
relevant features such as TL and FL. The Stanford classifica-
tion [DTS*70] distinguishes between type A aortic dissection (AAD)
and type B aortic dissection (BAD). AADs are characterized by the
involvement of the ascending aorta (the most proximal portion of the
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aorta), whereas BADs do not involve the ascending aorta (cf. Fig-
ures 1d and le). AADs are more common than BADs [DTS*70].

The treatment of AADs requires urgent surgical repair, whereas
BADs are traditionally treated medically with blood-pressure con-
trol, unless complications occur [HBB*10]. Medical treatment is
less invasive and usually better tolerated by, especially, older patients.
In the case of complications (i.e., leaking, rupture or compromised
blood flow to organs [FMMO08]), surgical or endovascular repair is
indicated. The full anatomic spectrum of ADs is broad, however, and
the associations of anatomic features with early and late outcomes
are not fully understood. Several features of the aorta that may indi-
cate certain treatment strategies have been studied in isolation, but
not in aggregate. The problem is that so far, associations are not
apparent by only (qualitatively) assessing imaging data. Hence, a
systematic visualization of several features along the aorta can help
physicians to quantitatively assess the features, and derive necessary
therapeutic and prognostic implications.

All survivors of ADs — including patients who underwent suc-
cessful surgical or endovascular treatment, as well as those who
responded well to medical management alone — require life-long
surveillance with imaging to monitor the diameter of the dissected
aorta. Despite medical blood-pressure control, many patients, up
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Figure 1: Aortic Dissection. (a) displays the standard layout of the human aorta. (b) shows as typical configuration of an AD. Due to a
primary entry tear on the inner vessel wall, blood flows through an additional channel in the aortic wall, referred to as FL. The main channel,
where blood is still able to flow, is referred to as TL, as demonstrated in (c). The Stanford classification, as shown in (d), distinguishes between

type A or type B aortic dissections. (e) shows an exemplar BAD.

to one third, with BADs experience severe complications later in
life [GGB* 14, TvKJ*13]. In a significant proportion of patients (up
to 50% in 5 years) the chronic FL continues to degenerate and grow
in diameter over time, which increases the risk of fatal aortic rup-
ture. The need for better risk stratification of patients with chronic
AD has emerged in the last decade following the observation that
early thoracic endovascular aortic repair (TEVAR) may potentially
prevent late complications (after 5 years). Early identification of
patients at high risk is thus highly desirable, because only high-risk
patients would benefit from timely TEVAR. Patients at low risk for
developing late complications would not benefit from TEVAR while
being exposed to the small but significant procedural risk. Identify-
ing specific morphologic features which might predict the risk of
future adverse events has gained substantial research interest, since
preemptive stent grafting might improve the long-term outcome
of patients with BAD [NRE*09]. Several studies discovered that a
large aortic diameter [GGB* 14, TIvB* 14,vBTR* 14] and patient age
of 66 years or more [GGB™14] seem to be associated with a higher
risk for complications. Other studies have evaluated the growth rate
of the diameter of the TL and FL as well [TvKJ*13].

In this work we aim to provide a framework for capturing and
visualizing morphologic features of AD which can subsequently be
used for assessing the risk of ADs in general, and BADs specifically.
The contributions of this paper are:

o A visual baseline for assessing and comparing the risk of ADs by
quantifying several features of the aorta.

o A visual level-of-detail (LoD) approach, offering physicians the
possibility to analyze the influence of a specific feature at different
granularities.

e Four different types of plots that are linked together and dis-
play various features: The diameter plot, the branching plot, the
intervention plot and the event plot. Each of these shows the ar-
rangement of a single feature, but can be combined together to
assess the risk on a higher level.

e A novel composite visualization, referred to as aortic dissection
map (ADM), the first visualization — to the best of our knowledge —
that allows physicians to perform visual risk assessment of ADs
based on several features simultaneously within a single view.

The paper is organized as follows: Section 2 reviews related
work concerning visualization of risk predictions and glyph-based
visualizations. Our contributions are described in Section 3. Details
regarding the implementation are given in Section 4, and results are
presented in Section 5. The paper is concluded in Section 6.

2. Related Work

As this paper utilizes techniques from various fields of visualization,
we subsequently provide an overview of the most relevant work.
Additionally, we describe how we utilize or adapt the presented
methods in order to achieve our target objectives.

Diagnosis of Aortic Dissections. In clinical practice radiolo-
gists use CTA imaging for diagnosis and treatment planning of
ADs [BNB* 14]. Existing well-established approaches employ com-
mon medical visualization techniques to identify the spatial loca-
tion and extent of possible ADs, and to judge on further treatment.
New developments in the area of four-dimensional phase contrast
magnetic resonance imaging will further improve the diagnostic pro-
cess [CWG™12]. Our proposed ADMs provide means to visualize
the diagnostic features identified by using imaging techniques.

Visualization of Risk. Risk in medicine can either mean the risk
for developing diseases, or the risk for adverse events for diseased
patients. The visual analysis of risk factors guides experts as well as
patients to understand the effect of individual factors on the overall
risk. In many cases visualizations make use of simple illustrations
(e.g., bar or pie charts) to communicate information to a broad au-
dience [LH99]. Zhang et al. [ZMN15] used color to depict the risk
for cancer in human organs and other tissue. Born et al. [BSR*14]
developed Stent Maps to visually convey predictions for adverse
events in case of aortic implantations. Van Belle and Van Calster
proposed visual cues for the visualization of risk prediction models
in medicine [VBVC15]. Bogl et al. [BAF* 14] implemented TiMoVA-
Predict, a system for the analysis of temporal prediction models. For
the visual representation of risk factors, Zolfaghar et al. [ZAS™13]
proposed Risk-O-Meter, a system to calculate and visualize clinical
risk factors. Our approach for visualizing the risk of adverse events
follows the idea of Risk-O-Meter. In addition, we also include infor-
mation about the spatial distribution of the features along the aorta,
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and use more elaborate glyph-based techniques to communicate
these information.

Glyph-based Visualization. Specific data attributes can be visu-
ally conveyed by glyphs. Borgo et al. [BKC*13] provided a com-
prehensive overview of glyph-based visualization in general. By
considering aspects of semiotics, glyphs can exhibit different com-
prehension time. Guidelines for applying glyphs in medical visu-
alizations are presented by Ropinski et al. [ROP11]. They use su-
perquadric glyphs mapped to surfaces such as the skull or heart.
Mlejnek et al. [MEVB*05] present profile flag, a composite glyph
for analyzing the cartilage of the knee within T,-weighted mag-
netic resonance imaging (MRI) data sets and its extension for as-
sessing the temporal development of breast-cancer lesions in dy-
namic contrast-enhanced MRI (DCE-MRI) data sets [MEVB*06].
Straka et al. [SCC*04] present VesselGlyph, an approach to combine
a specialized visualization of a vessel lumen (focus) with a visual-
ization of the vessel’s surroundings (context). We use composite
glyphs to provide a concise overview of different aspects of ADs.

3. Methodology

We postulate that the future risk of a patient can be quantitatively
assessed by combining different features of the diseased aorta. First,
we inspect the largest aortic diameter, because it is a known risk
factor and expected to increase over time in ADs (cf. Section 3.1).
The second feature we capture is the outflow of blood from the aortic
TL and FL through the respective branch vessels (cf. Section 3.2).
The more patent branch vessels arise off and thus drain the FL, the
lower the risk of aneurysmal dilatation over time — presumably due
to lowering the diastolic pressure. The third feature is the number
and type of interventions performed in a patient, as the type and
extent of intervention likely modifies the future risk (cf. Section 3.3).
The last assessed feature is the aggregate probability of adverse
event-free survival for one, two and five years after the initial hospi-
talization (cf. Section 3.4).

The current clinical workflow and our proposed extended solution
are illustrated in Figure 2. At most institutions the current standard
of care in reporting aortic dimensions in clinical practice is typically
a narrative description of imaging findings, which includes the max-
imum diameter measured at time of interpretation by the radiologist.
At our institution, which is an academic aortic center, aortic diame-
ters are routinely measured manually by dedicated 3D-technologists,
following a standardized protocol for every patient with AD. The
measurements are obtained at baseline, and at every follow-up, typi-
cally obtained at 3, 6, and 12 months (and annually thereafter). The
diameter measurements supplement the radiology report as a simple
table pasted into the radiology report from the database containing
the measurements. Currently, no commercial tool is available sup-
porting the visual analysis of key anatomic features, and allowing
to compare and combine them between patients and within patients
over time. Additional features, such as branch vessel outflow, and
other possible candidate features for predicting adverse events are
currently captured for investigational purposes only. We therefore
explicitly decided to create a flexible visualization technique, that al-
lows radiologists to capture and analyze a broad variety of different
features. With our proposed ADMs it is very easy to use the features
for further analysis (e.g., new risk calculations) or to include find-
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Figure 2: Treatment procedure of ADs. After imaging data are ac-
quired, aortic features (diameter, flow) are measured by 3D technol-
ogists at specific landmarks along the aorta. In the current workflow
(left side) these features are subsequently inspected using spread-
sheets (Excel) to derive a proper treatment strategy. Our proposed
workflow (right side) imports the measurement data and automat-
ically generates a report that consists of specialized plots. These
plots can complement the current workflow or enable a thorough
risk analysis to make an optimized treatment decision.

ings (e.g., new interesting features) in the visualization. Our solution
complements the current workflow, but could ultimately be included
in the routine workflow. The feature visualization can be translated
easily. Once the results of the risk models, which are based on the
captured data, are sufficiently validated, those can be translated for
routine use as a treatment decision aid in the future as well.

The features which are analyzed in our plots are measured at
certain positions along the aorta. Eleven landmarks, L;, have been
defined according to their positions along the aorta (cf. Figure 1a).
The positions of the landmarks in our plots correspond to the av-
erages of the respective landmark positions in a typical dissection
population. We use the landmarks as spatial reference points in
our plots. The landmarks are the following, with their distances
from the beginning of the aorta given in brackets: /) Ann (0 cm),
2) SOV (1.414 cm), 3) STJ (2.722 cm), 4) MidAsc (6.154 cm),
5) Parc (9.586 cm), 6) Darc (13.76 cm), 7) Pdes (19.88 cm), §) Ddes
(29.94 cm), 9) Celiac (40.72 cm), 10) Renal (45.54 cm), and /1) Bif
(55.74 cm). The aorta is further divided into the following five seg-
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ments, each spanning over specific landmarks: /) the aortic root (L;
to L3), 2) the ascending aorta (L4), 3) the aortic arch (Ls and Lg),
4) the descending thoracic aorta (L7 and Lg), and 5) the abdominal
aorta (Lg to L11). This subdivision of the aorta is used throughout
this work for measurements of several features.

The measured features are visualized in our proposed glyph-based
visualization, called aortic dissection map (ADM), which consists
of several specialized plots. In order to visually convey the risk of
a specific feature, we chose a diverging color map from green over
yellow to red, with red being severe. The same color map is used
throughout all our proposed plots and has been chosen according to
the suggestions for diverging color maps for scientific visualization
by Morelend [Mor(09]. All the plots presenting various features are
combined to form a concise overview of the current state of the aorta.
In this combination, the information can be accessed at different
LoDs, which are described in Section 3.5 in detail. As an important
part, we provide an aggregated risk value for every plot.

3.1. Diameter Plot

ADs result in an enlargement of the aorta. The aortic diameters
are currently measured manually by 3D technologists at specific
landmarks along the aorta (cf. Figure 1a). The major and minor
aortic diameters are determined by aligning an oblique slice plane
at the landmarks’ positions on the aortic centerline and gathering
them by placing a ruler. Despite measuring the minor diameter,
only the major is of clinical interest at the moment. An example
diameter plot is presented in Figure 3, showing the average landmark
positions along the aorta on the left, the aortic segments on the right
in blue and the measured major diameters in centimeter. The x-axis
shows the major diameter in centimeters, and the y-axis acts as the
symmetry axis of the aorta. We specifically developed this design
with our domain experts to reflect the shape of the aorta.

The major aortic diameter typically grows over time, likely a
result of a mismatch of tensile strength of the dilating aortic wall
and luminal pressure. A large diameter indicates an advanced state
of AD and once the risk of rupture exceeds the risk of surgical mor-
bidity and mortality, surgical repair is indicated. A healthy diameter,
dnealthy- defaults to three centimeters. The soft limit, dyof, is usually
around 5 cm and the hard limit, dpaq, around 6 cm. Exceeding dgof
acts as a warning and should alert radiologists to prepare for up-
coming interventions, or to schedule an examination immediately
or in the near future. Having a major diameter larger than dh,q is
considered critical and requires immediate care.

Other influential factors are genetic disorders, such as a con-
nective tissue disease (e.g., Marfan syndrome). In those cases, both
diameter limits are reduced by one centimeter and adverse events are
more likely to appear. Motivated by the work of Kim et al. [KCH10]
and Waser et al. [WFR*10] we visualize dissections as lines branch-
ing off the centerline of the aorta. ADs have a begin and an end
together with the location of the primary entry tear along the path.
The tear does not necessarily coincide with the beginning of the AD,
since blood may also flow retrograde when entering the media layer
of the aortic wall.
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Figure 3: Diameter Plot. The y-axis displays the aorta in a straight-
ened fashion with the ticks representing the eleven aortic landmarks.
Since these landmarks are not evenly spaced, we show their average
distances on the left side in black. The x-axis is symmetric around
the y-axis showing the aortic diameter. The aortic segments are
shown on the right in blue. Two ADs are shown, one in red and
another one in gray. The former one, a FL, contains a begin, entry
tear and an end of the dissection. The gray dissection is thrombosed
and has a begin, an entry tear, but no end within the aorta. The
aggregated risk is shown on top of the diameter plot.

In our divergent color map, the major diameter is mapped with
dpealthy to green, over yellow, to dyyg being red. This allows physi-
cians to quickly identify critical regions along the aorta. The aggre-
gated risk of the diameter plot, Rpp, is estimated as the largest of
the major diameters of all landmarks:

R — min(max(d(1), dhealhy ), dhard) — Ahealthy
DpP = max

, (D
VIEL dhard — dhealthy )

where d(I) is the major diameter at landmark /. The risk is normal-
ized between zero (dheaithy) and one (dpyrq), Where a higher value
indicates higher risk, as the largest diameter tends to approach or
even exceed dp,rg. In such a case, other features might be useful to
consider, since, especially for BADs, surgical treatment might not
be immediately recommended.
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3.2. Branching Plot

The branching plot (cf. Figure 4) presents the blood outflow volume
of all 21 arteries connected to the aorta. The first branches are
the coronary arteries left and right (CAL and CAR) of the aortic
root segment, followed by the ascending aorta without branches,
visually conveyed by the empty region in the plot. The aortic arch has
three outgoing arteries (AA1-3), the brachiocephalic trunk, the left
common carotid artery and the left subclavian artery. The descending
thoracic aortic segment consists of 16 outbound intercostal arteries
(IA1-16). The last segment, the abdominal aorta, branches to the
celiac artery (CEA), the superior mesenteric artery (SMA), the renal
arteries left (RAL) and right (RAR), the inferior mesenteric artery
(IMA) and the iliac arteries left ILAL) and right (ILAR).

Drainage of the FL outflow is estimated as the sum of blood
supplied to each branch artery arising off the FL. The flow rates
for the left subclavian artery (275mL/min), the celiac (550mL/min),
superior (550mL/min) and inferior (190mL/min) mesenteric arteries,
the renal arteries (500ml/min each) and the iliac arteries (400mL/min
each) are based on reference data for resting blood flow in humans
with a cardiac output of 7 liters per minute [WL89]. If a vessel
originates from both channels, the flow is equally split between
the TL and FL, respectively. The higher the FL outflow, the better,
presumably because better drainage of the FL reduces the diastolic
pressure, and thus the FL wall tension. If an outbound artery is
connected to the TL or FL, it is shown by the letters T or F within
the respective artery box. As obtained by experiments of our domain
experts, only the number of present intercostal arteries is relevant,
regardless their connected lumen [FMMO8].

The blood outflow is color-coded in red for high risk (zero out-
flow), over yellow, to green for low risk (high outflow). Since
blocked arteries are displayed with empty boxes in the plot and
their outflow would not be visible, we show them by coloring their
names according to their outgoing flow percentage. The aggregated
risk of the branching plot is assumed to increase with decreasing
overall outbound blood volume. Therefore, we estimate the aggre-
gated risk for the branching plot as one minus the average outflow:

LB
Rep=1— ") vol(B;) 2)
Bl &

with vol(B;) being the blood outflow volume of outbound artery
branch B;. Again, the risk is normalized between zero and one.
Risky regions are initially treated medically, but with advancing risk
they have to undergo surgical revascularization.

3.3. Intervention Plot

The intervention plot (cf. Figure 5) displays all surgical interven-
tions during the course of the AD disease of a single patient. It is
vital to track the intervention history of patients to plan upcoming
therapeutic treatment options or, combined with the diameter plot,
examine the major diameter decrease after an intervention. Two
different types of revascularization are currently employed to restore
the blood flow channel.

The first option is placing an endograft to cover the primary
entry tear and restore aortic blood flow to the TL. Endografts are
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Figure 4: Branching Plot. All arteries (in black on the left side)
connected to the aorta are shown, subdivided according to the aortic
segments (in blue on the right side). For each artery, the outgoing
blood flow volume is displayed and if measured, the connected
lumen is also shown (either TL or FL) within the artery. Since a
high outbound blood flow is considered healthy, the risk increases
with less volume. The aggregated risk is shown on top of the plot.

used to treat BADs and typically placed from the aortic arch into the
descending aorta. The procedure is performed by inserting a catheter
(endovascular intervention) through a groin artery with a wired stent
(cf. Figure 5, illustrated with a cross-hatched pattern) fixated on a
balloon. When the balloon reaches the desired target location in the
aorta, it is inflated to widen the flow channel and place the stent that
ensures perfusion after removal of the catheter. Since no surgery is
required, this procedure is considered less invasive.

The second and more invasive procedure is open surgical repair
with a synthetic graft to replace a portion of the aorta. Surgical repair
is the treatment of choice for patients with AADs. A graft (cf. Fig-
ure 5, illustrated with a horizontal line pattern) is typically placed
from just above the aortic root to the distal ascending aorta, but
may extend further if required. Surgical grafts are made of woven
or knitted Dacron or Gore-Tex.

Every intervention is associated with a certain risk. Hence, the
aggregated risk of this plot is simply defined as the sum of all
interventions, with a higher number representing higher risk:

Rip = |1, 3)
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Figure 5: Intervention Plot. The landmarks are shown on the left
side and the aortic segments on the right in blue. Endografts are
displayed with a cross-hatched pattern representing a wired stent
and grafts are shown with a horizontal line pattern. The aggregated
risk is shown on top of the intervention plot. The images on the right
show a AD on top and the result of an endograft below. It is clearly
visible that blood does not flow through the FL anymore.

with 7 being the set of interventions. The effect of different surgical
or endovascular procedures on late adverse events is not yet estab-
lished. The purpose of this plot is to allow that this information is
being captured to determine the respective effect on outcomes in
single- and multivariate risk models in the future.

3.4. Event Plot

The event plot (cf. Figure 6) shows the probability to remain free of
an adverse event for a time-frame of one year, two and five years.
An adverse event is considered to be a surgical intervention such as
endografting or stentgrafting, as reflected in the intervention plot.
Motivated by the work of Grommes et al. [GGB* 14], we designed
a visualization that is based on five features as input parameters,
and shows the adverse event-free probabilities below. The first and
the most discriminative parameter is whether the patient suffers
from a connective tissue disease, i.e., a genetic disorder such as the
Marfan syndrome. This parameter can only be true (100%) or false
(0%), and in the former case reduces the soft and hard limits of the
diameter plot by 1 cm each. The second parameter is currently set to
the maximum of the major aortic diameters. Its upper limit is eight

EVENT PLOT
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Max. major diameter 0 50.6% 1 (46.2%)
Size of intimal tear 1 (65%) Parameters
FL thrombosis O 66.7% 1 (69.2%)
Length of dissection 0 ‘ 43.3% 1 (18.8%) y
.......... i
ba?el.me 00%
prediction
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73.7%
Féditifon
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Predictions
.......... \j
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Figure 6: Event Plot. The five parameters on top are the input of the
prediction model. The adverse event-free probabilities are shown on
the bottom with the three vertical bars representing the first, second
and fifth year. The aggregated risk is shown on top of the plot.

centimeters, which is mapped to 100% risk. Since the influence of
other features are currently unknown, but subject to investigations,
we assigned the following three other parameters between zero and
one: the size of the intimal tear, the FL thrombosis, and the length
of the dissection. These parameters were selected according to the
suggestions of our collaborators. We then empirically chose baseline
probabilities for the upcoming years as 90%, 80% and 60%. This
offers a comparison to a larger patient cohort. The adverse event-free
probabilities are estimated as follows:

y(i)=2—max(025,P)"'"O  vie{1,2,5} @

with W(1) =5, W(2) = 3 and W(5) = 2, weighting the first year
most, the second less and the fifth least. P defines the average value
of all five input parameters, with a value below 0.25 considered
as severe, since it prognoses an adverse event with 100% in the
upcoming five years. This prediction model was chosen to show the
possibility of a visual representation of risk in our proposed plot.
The risk values shown in this work are a best educated guess, based
on current literature and our own clinical and research findings. We
currently calculate risk for uncomplicated BADs, and provide it to
the surgeons who have been involved in the research to establish
that score, but it is not used for decision making.
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Figure 7: Aortic Dissection Map. The map consists, from left to right, of a diameter plot, a branching plot, an intervention plot and an event
plot. The aortic segments are linked within the first three plots, since they are not reflected in the event plot. The ADM exhibits three different
risk LoDs. Starting with the coarsest level, the overall aggregated risk is shown in the box at the top-center. The next finer risk level are
the aggregated risk values per plot, displayed in circles above each plot. The last and finest level are the plots themselves, because one can
accurately identify which feature contributes to the current risk value.

The aim of this plot is to show the adverse event-free probability
in the upcoming years. This helps to decide upon the treatment
strategies, e.g., the time of follow-up examinations, or the type of
possible interventions (medically or surgically). The aggregated risk
of the event plot is estimated as:

1
Rep =1 3
with y(-) being the adverse event-free probability of years in the
future. As further predictions tend to be less accurate, the weighting
decreases accordingly. There is no generally accepted risk model
to prevent aortic aneurysm formation after AD. Before the advent
of TEVAR, only the risk of rupture associated with aortic dilatation
and aneurysm formation was clinically important. Once the risk of
rupture, based on aneurysm diameter, exceeded the surgical risk,
the indication for surgical repair was established. Under the current
paradigm, the goal is to predict future risk and prevent aneurysm
development by preemptive endografting.

-(5y(1)) +2y(2) + 1¥(5)) ©)

3.5. Aortic Dissection Map (ADM)

The basic set of plots as described in the previous Sections, are
combined into the aortic dissection map (ADM). With this com-

(© 2016 The Author(s)
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posite visualization we propose the first visual tool to analyze and
quantify ADs. The most important aspect is that the x-axis of an
ADM can be seen as a timeline, since whenever new measurements
are acquired, a corresponding plot can be added to the right of the
existing ones. Plots can be added and removed, depending on their
importance and need. This offers a very flexible design of inspecting
a patient’s history. New findings can be very easily integrated into
the ADM. Figure 7 shows an exemplar ADM comprising one of
the described plots each. All landmarks and segments are visually
linked to preserve the context between the separate plots, motivated
by the work of Steinberger et al. [SWS*11].

Since we compute an aggregated risk value for each plot sepa-
rately, we add another LoD and estimate the overall aggregated risk
of the ADM, the large box in the top-center of Figure 7, as follows:

Rpp + Rep + Rep

3 (©)

Rapm = (logjg(max(Rip, 1) +1) -
We assume that risk increases logarithmically with the number of
interventions, modeled with the first factor. The second factor is
the average of the risk factors of the other plots. Despite estimating
the risk factors, the primary goal are the visual means to convey
them. This visual representation of different risk LoDs allows the
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physician to quickly identify possible sources of high risk following
a top-down approach. At the top of the ADM, the most discrimi-
nating features can be identified. The individual plots can then be
analyzed to get more information about the spatial location of the
risky regions, or to analyze certain features in more detail.

4. Implementation

We explicitly chose IATEX and Asymptote [BHOS] to ensure proper
integration into the clinical workflow (cf. Figure 2). All plots have
been implemented in Asymptote and are embedded in IATEX code.
Whenever a report has to be generated, the required measurement
data is exported to CSV files and passed to the generation script
that forwards the respective parameters to the IATEX code of the
report. The measurements are then read in the Asymptote code of
the corresponding plots. This process facilitates flexible input of
the data without any adjustments and it extends the current clinical
workflow with a minimum of necessary user interaction.

5. Results and Discussion

Several ADMs of different data sets are presented in this section.
First, we present a phantom data set to illustrate the capabilities
of our plots and the ADM. With the second and third data set, we
present two current patient cases in order to highlight the contribu-
tions of our visualization techniques.

The ADM created with the exemplary phantom data set can be
seen in Figure 7. The diameter plot is an exception in this data set,
since it reflects real data. The patient had a severely enlarged aorta
(gray area) in the descending thoracic segment and underwent revas-
cularization by applying an endograft (green overlay). Although the
adverse event-free probabilities are quite high, the outflow volume is
generally very low and two interventions have taken place, leading
to an aggregated risk of 47.2%. The ADM offers a LoD possibility
by first checking the overall aggregated risk, then the individual
ones of each plot and finally, every feature in detail. This allows
physician to perform a thorough AD assessment.

Figure 8 demonstrates a stable patient with an AD. The aorta is
quite dilated as shown by the yellow major diameters in the first
three aortic segments. The dissection begins in the arch and ends
in the abdominal aorta, and the branching plot indicates reduced
outflow at the beginning of the dissection (cf. Figure 8a). As the
adverse event-free predication is high, this patient is considered
stable with an aggregated risk of 31%. The primary entry tear is
highlighted with an orange arrow in the left image of Figure 8b,
and the entire span of the dissection is visible in the right image.
Figure 8c presents two sagittal views of the dissection onset. The
ADM allows a comprehensive overview while retaining details of
every inspected feature.

A patient with a fast progressive AD is shown in Figure 9. The
diameter plot (cf. Figure 9a) presents the measurements of two
investigations that have been 221 days apart. At the first one, the
major diameter in the descending thoracic region exceeded the soft
limit and therefore, an endograft was applied, as illustrated in the
interventions plot, spanning the descending thoracic segment to the
abdominal aorta. The endograft can be seen in the coronal view

(cf. Figure 9b), together with the eliminated perfusion of the FL,
as highlighted in the axial images (cf. Figure 9c) with the orange
arrows. Reading the ADM, one can clearly follow the patient’s
history and understand why certain decisions have been made — one
of the primary goals of our contribution.

Our proposed plots build on the basic principle to condense the
represented information into a schematic form while preserving con-
textual anatomic information. The strength of the features predicting
the risk of late adverse events is currently the subject of intense inves-
tigations. For patients with uncomplicated BADs, our collaborators
have recently shown and quantified the association with diameter,
circumferential extent of FL wall detachment, number of intercostal
arteries arising off the dissected aorta, and FL outflow in a single
aggregate risk score. For chronic AADs, the predictive power of
these or other features have not been established. The present work
will enable such investigations, because it provides the necessary
framework to capture the plausible features in a systematic fashion,
display them, and subject them to subsequent visual analysis.

The ADM has been informally presented to a panel of cardiotho-
racic surgeons and interventional radiologists at several occasions
during interdisciplinary meetings. While it has not been presented
to patients yet, similarly designed simple plots of diameters only are
used on a regular basis at follow-up clinic visits at our institution.
Our collaborators are convinced that with the ADM patients fully
understand and see ADs for the first time. Several iterations through
clinical studies will be required to determine a set of discriminative
anatomic features, but for this purpose our ADMs act as a baseline.

6. Conclusions and Future Work

We presented a combination of glyph-based plots for describing dif-
ferent features of aortic dissections. These plots can either be used
on their own to analyze the diameter, the blood outflow volume,
interventions and the risk for adverse events separately, or in combi-
nation to get a concise overview of the current state of a patient’s
aorta. A LoD approach allows physicians to immediately recog-
nize critical features. Our proposed visualization forms a baseline
comparison for the analysis of risk parameters in case of ADs.

One interesting future aspect is comparing several different risk
models with more parameters in the ADM. Although we are already
working on a risk calculator which interactively updates the risk esti-
mate when changing the input parameters for a hypothetical patient,
we felt this is too premature to include in the present manuscript.
Hence, current reports are static, but will be extended with interac-
tion capabilities in the future together with the possibility to analyze
temporal changes of a single patient.
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