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Abstract: Degenerative aortic stenosis is highly prevalent in the aging populations of industrialized
countries and is associated with poor prognosis. Surgical valve replacement has been the only established
treatment with documented improvement of long-term outcome. However, many of the older patients
with aortic stenosis (AS) are high-risk or ineligible for surgery. For these patients, transcatheter aortic valve
replacement (TAVR) has emerged as a treatment alternative.

The TAVR procedure is characterized by a lack of visualization of the operative field. Therefore, pre-
and intra-procedural imaging is critical for patient selection, pre-procedural planning, and intra-operative
decision-making. Incremental to conventional angiography and 2-D echocardiography, multidetector
computed tomography (CT) has assumed an important role before TAVR. The analysis of 3-D CT data
requires extensive post-processing during direct interaction with the dataset, using advance analysis software.

Organization and storage of the data according to complex clinical workflows and sharing of image
information have become a critical part of these novel treatment approaches. Optimally, the data are
integrated into a comprehensive image data file accessible to multiple groups of practitioners across the
hospital. This creates new challenges for data management requiring a complex I'T infrastructure, spanning
across multiple locations, but is increasingly achieved with client-server solutions and private cloud
technology.

This article describes the challenges and opportunities created by the increased amount of patient-specific
imaging data in the context of TAVR.

Key Words: Cloud computing; aortic stenosis; transcatheter aortic valve implantation; imaging; computed

tomography

Submitted Jan 29, 2013. Accepted for publication Feb 25, 2013.
doi: 10.3978/j.issn.2223-3652.2013.02.08
Scan to your mobile device or view this article at: http://www.thecdt.org/article/view/1583/3023

TAVR and the need for imaging

Degenerative aortic stenosis (AS) is highly prevalent in
the aging populations of industrialized countries, and
advanced symptomatic stages are associated with poor
prognosis (1-3). Open surgical valve replacement has been
the only established treatment with documented significant
improvement of long-term outcome. However, many of the
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older patients with AS are considered high-risk or ineligible
for surgery because of often multiple co-morbidities (2).
For these patients, transcatheter aortic valve replacement
(TAVR) has emerged as a treatment alternative. Clinical
registries and randomized trials have demonstrated good
short and medium term results in high-risk and inoperable

patient populations (4-8). However, results from recent
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cost-analysis are incomplete (9-11).

By definition, the TAVR procedure is characterized
by a lack of exposure and visualization of the operative
field. Percutaneous vascular access is obtained from the
iliac or subclavian arteries, with large delivery catheters
required for insertion of the crimped valve (<18-F sheaths,
outer diameter of approximately 7 mm). Because of the
frequently advanced peripheral artery disease (PAD),
access is associated with significant risk of vascular
complications (12). If PAD precludes peripheral access,
alternative access routes including trans-aortic and
transapical access can be considered (13-16). The stent-
valve is advanced and deployed within the aortic annulus
either by balloon inflation or passive expansion and needs
to be firmly anchored within the aortic root, without
injuring the surrounding soft tissue. Matching the size
of the prosthesis to that of the aortic annulus, optimal
positioning of the stent/valve relative to the annulus, and
proper alignment with the vessel axis are critical in order
to avoid complications, including post-procedural aortic
insufficiency, device embolization, and coronary occlusion
(17,18). Pre- and intra-procedural imaging is therefore
critical for patient selection, pre-procedural planning, and
intra-operative decision-making, both regarding access site/
route and deployment zone. Key imaging modalities are
conventional angiography and echocardiography, which
are used prior and during the procedure. In addition,
multidetector computed tomography (CT) has assumed an
important incremental role before TAVR (19).

An important characteristic of CT is the rapid acquisition
of a 3-D data volume with the ability for subsequent 3-D
reconstruction of the acquired data (Figures 1,2,3,4,5).
A typical TAVR CT dataset consists of arterial phase
acquisition of the complete aorta, and images of the
aortic root reconstructed in 8 to 10 cardiac phases with a
limited field of view. This results in a large study of 3,500
to 4,500 single DICOM images, or about 2.5 Gigabytes
of image data. For tortuous vascular structure (e.g., iliac
arteries) and complex non-circular structures (e.g., the oval-
shaped annulus) 3-D reconstruction and derived diameter
measurements allow to identify precise minimal and
maximal diameter, circumference, and area (20,21). While
the differences between 2-D and 3-D derived measurements
are small, they may have impact on device selection and
deployment (22,23). Because of its tomographic nature
and superior soft tissue resolution, the CT dataset also
allows precise evaluation of the structures surrounding the
annulus including qualitative and quantitative assessment of
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calcification (24-26).

The analysis of CT data involves extensive manual
reconstruction by the physician during direct interaction
with the dataset rather than simple review of saved images.
This requires experience with interactive 3-D interpretation,
advanced analysis software and extensive I'T support for
distribution and archiving of the original and modified data.
Automatic case preparation with post-processing of image
data, will likely increase efficacy in clinical routine. Steps
include segmentation of the aorta and presentation of the
resulting centerline or automatic measurements of aortic
valve plane and coronary ostia. These computations result
in further binary volumetric data, which may extend the
original image data by the factor of 2.5.

Clinical workflows and corresponding analysis
steps

The process of CT image acquisition and analysis in
the context of TAVR has evolved and is increasingly
standardized, similar to clinical end-point definition, which
are well defined (27-29). Details of image acquisition
techniques are beyond the focus of this manuscript, but
are described elsewhere (29-30). Briefly, acquisition
protocols include imaging of the entire aorta including
the iliac vessels. As part of this acquisition, imaging of
the aortic root requires ECG-synchronization in order to
avoid motion artifact. CT acquisition is associated with
injection of iodine-based contrast material and radiation
exposure (31-33). After initial general review including
non-cardiac structures, the cardiovascular analysis is
focused on the access site/route and aortic root deployment
zone. The peripheral access arteries (iliac and axillary
arteries) are evaluated for luminal size, calcified and non-
calcified atherosclerotic plaque of the vessel wall, and vessel
tortuosity (Figures 4,5). If the review identifies extensive
PAD with limited access, alternative access routes are
evaluated. This included the assessment of the ascending
aorta for potential direct trans-aortic access, and evaluation
of the LV apex for potential transapical approach (13-16).
Because TAVR stent/valve prostheses are available in
limited sizes, precise measurement of the aortic annulus
is critical. Specifically, the annulus is measured as the
plane at the lowest insertion point of the aortic valve
leaflets and minimal/maximal diameter, circumference,
and area are described (Figures 1,2). In addition, the spatial
relation of the coronary ostia to the annulus is assessed.
Lastly it is important to define an angiographic plane
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Figure 1 LVOT and aortic root: using an advanced 3-D analysis program (syngo VIA, Siemens Medical Solutions), multiplanar

reconstruction of the left ventricular outflow tract (LVOT) and aortic root is performed. The left sided panels show orthogonal MPR

reconstructions of the aortic root, with the image plane focused on the annulus. A volume rendered image (VRI) image of the aortic

root with the visible centerline is shown. The right sided panels show images reconstructed along and perpendicular to the centerline.

Measurements are captured and saved as findings (bottom of the screen)

orthogonal to the valve plane in order to ensure optimal
positioning/alignment of the prosthesis with the vessels
axis (34,35). While severity of stenosis (AVA), valvular and
left ventricular function (LVEF) are primarily evaluated
with echocardiography, multi-phase reconstruction (4-D)
of data acquired with retrospectively-gated protocols allow
limited functional analysis with CT (Figure 3). Cine-loop
reconstruction of image planes at the annulus and aortic
valve allow to identify phases with maximum annular
diameter and aortic valve opening area, respectively. These
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images are used for planimetry (36,37).

"The analysis process is best organized into a multi-step
workflow, which involves manual or semi-automated aortic
root segmentation, centerline reconstruction of the aorta
and iliac arteries, and additional 4-D functional analysis of
ventricular and valvular function. While manual analysis
with standard, basic 3-D software is possible, it is time-
intensive and operator-dependent. Increasingly, semi-
automated software systems pre-analyze the data, providing
the evaluating physician with a structured template for final
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Figure 2 Aortic annulus, close-up: this figure shows a close-up image of the aortic annulus (right panel). Annulus measurements are

performed at the lowest insertion point of the aortic valve leaflets. Measurements include the minimum and maximum diameter,

circumference, and area

analysis and documentation/reporting (Zable I).

Supporting software and network structure
Analysis software

In most clinical centers, selection of patients suitable for
the TAVR procedure involves an interdisciplinary team
of physicians, including Cardiologists, Cardiothoracic
surgeons, and Imaging specialists/Radiologists. After an
initial clinical appointment, subsequent testing including
imaging is performed. The imaging specialist analyzes the
data, prepares a report including saved key images and
presentation states. The interventional cardiologist and
surgeon reviews the accumulation data, which is used for
decision making and planning of the procedure. All these
single steps do not necessarily happen at the same place and
time, they may be performed independently at different
places in the hospital at different time points. Therefore,
organization of the huge amount of accumulation data
in a centralized archive and customized reading software
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models optimized for the workflow of individual groups of
clinicians supports the clinical pathway.

As described above, the 3-dimensional CT datasets
require complex, interactive reconstruction/reformation
during analysis (19). Several reconstruction techniques
are used. A basic technique for cardiovascular analysis is
reconstruction along and perpendicular to the center-axis/
center-line of ventricular or vascular structures. These
‘double-oblique’ reconstructions of thin slice cuts through
the dataset allow precise diameter measurements. In
particular in non-circular structures, e.g., the oval-shaped
aortic annulus, such 3-D derived diameter measurements
allow to identify minimal and maximal diameter,
circumference, and area. These cross-sectional images can
be obtained manually by adjusting the plane at selected
points along the vessel axis. An advanced approach, now
standard on dedicated workstations, is semi-automated
identification of the vessels axis or centerline, which
subsequently allows to slide a double-oblique perpendicular
plane along the vessel and display the cross-section at any
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Figure 3 LV function: using advanced analysis software, segmentation of the LV cavity and myocardium can be performed. If performed

in multiple phases of the cardiac cycle, this allows calculation of left ventricular ejection fraction (LVED). The left handed quadrants show

images reconstructed into 4-chamber, 2-chamber, and short axis views. The calculated EF is displayed. The right handed quadrants show a

visual summary of wall motion in a ‘bulls-eye’ view

point along the vessel. Another frequently used technique is
segmentation of the cavity of a vascular structure, e.g., the
left ventricle (LV) or aortic root. This allows description of
the enclosed volume. Additional analysis involves ‘4-D data’,
i.e. data reconstructed at multiple phases of the cardiac
cycle. Integration and display of multiple phases into cine-
loops allows review of valvular and ventricular function.
If segmentation of e.g., the LV is performed in multiple
phases, analysis including automated calculation of LVEF
becomes possible. With each of these techniques, the images
can be displayed along thin cut-planes placed in the 3-D
volume (similar to planes defined with echocardiography or
angiography). Alternatively, use of several types of volume
rendering techniques allows a shaded display of the entire
3-D dataset with focus on individual structures. These
images allow easy 3-D orientation and are very useful for
display and presentation of results.

Advanced software programs typically initiate semi-
automated analysis in the background/at the server level
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once the data is sent from the CT scanner. Based on
mathematical models, this analysis creates preliminary
presentation states, e.g., identification of the vessel
centerline or segmentation of the aortic root and cardiac
chambers. On the basis of these initial data and additional
automated post-processing algorithms at each step, the
systems support a stepwise, structured review and analysis of
the data and generation of secondary images, presentation
states, and reports at the time of review by the imaging
specialist/clinician. As described above, in the case of
TAVR, this approach includes measurements of the root,
entire aorta, and iliac arteries. More advanced systems are
increasingly automated and provide more pre-processing as
well as structured documentation and reporting of the data.

IT architecture

The evolving large imaging data files play a central role
in pre-procedural planning and peri-procedural guidance.
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Figure 4 Using an advanced 3-D analysis program, multiplanar reconstruction of the iliac arteries is performed. The image shows 3-D MPR

multi-planar reconstruction at the iliac arteries. Panels 1-3 show orthogonal MPR reconstructions of the right iliac artery, with the cross-

hair focused on the right external iliac segment. Panel 4 shows a VRI image of the aorta. Panel 5 and 6 show images reconstructed along and

perpendicular to the centerline. The results are saved as ‘bookmarks’ in the Findings Navigator (panel 7)

Organization of data from these multi-step workflows is
complex. Optimally, the individual parts are integrated
into a comprehensive image data file. Storage should
maintain not only the originally acquired images, but also
saved images, and presentation states allowing to recreate
the presentation and e.g., measurements for different
interpreters. While this is possible with advance 3-D
workstations, these systems have traditionally allowed
only limited sharing of data. Initial systems basically were
independent workstations with a full copy of the software
and direct connection to the CT scanner. The images

© Cardiovascular Diagnosis and Therapy. All rights reserved.

would be transferred to this local workstation, where data
manipulation, analysis, and initial storage would take place.
Saved individual images could be sent to other equivalent
workstations and/or the central archival (PACS), where
they would be added to the archived data. Because of the
high cost of these dedicated 3-D workstations, the number
in each hospital was typically relatively low (necessitating the
majority of clinicians to review images in the ‘reading room’).

The need to share complex data including presentation
states, findings and reports creates new challenges for
data storage, post-processing and sharing. It requires a

www.thecdt.org Cardiovasc Diagn Ther 2013;3(2):80-92
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Figure 5 This figure shows reconstructions of the iliac arteries using volume rendered imaging (VRI). The right panel shows an

angiographic view with focus on the calcification

Table 1 TAVR CT analysis steps

(I) Evaluation of the aortic annulus and root (Figures 1,2)

- measurement of aortic annular minimal and maximal diameter, circumference, and area

- measurement of distance between annular plan and origin of coronary ostia
- measurement of the diameter at the level of the aortic root, sino-tubular junction (STJ), and proximal ascending aorta

- description of root plane using angiographic coordinates
(Il) Valvular and ventricular function analysis (Figure 3)
- planimetry of the AVA (at leaflet tips in systolic window)
- leaflet opening
- assessment of ejection fraction
(Il Analysis of the aorta and iliac arteries (Figures 4,5)

- diameter measurements at the level of the thoracic and abdominal aorta
- Semi-quantitative description of wall calcification and tortuosity
- measurement of minimal luminal diameter at the level of the common iliac artery (CIA), external iliac artery (EIA), and

common femoral artery (CFA)

- semi-quantitative description of wall calcification and tortuosity

complex infrastructure/network spanning across multiple
locations in large hospital systems. This has been
achieved by client-server solutions, where a single dataset
is localized and modified on a powerful central server,
while the local workstation used only the access point and
command structure. These systems allow access to the
data from several, less expensive, clinical workstations.
An important aspect is the feature of saving and sharing
result data between different participants in the clinical
pathway, including basic or advanced images, presentation
states, or post-processed data objects (segmentation masks
representing anatomical structures, registration matrices

© Cardiovascular Diagnosis and Therapy. All rights reserved.

between studies of different time points or different
modalities).

This I'T network structure allows interactive sharing of
results, with each analysis step leaving a trace on the central
server and adding data to the original data set. This is
important for complex scenarios including TAVR, because
the analysis process is typically performed by more than one
investigator, separated by time and location. For example,
an initial review by an imaging specialist/radiologist is
followed by additional analysis by the interventionalist/
surgeon. The evolving central dataset, including data
added during analysis, is available for review and use at

www.thecdt.org Cardiovasc Diagn Ther 2013;3(2):80-92
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Figure 6 The images reconstructed with an advance analysis software can be saved and displayed together with axial imaes in the PACS.

This figure shows a sceenshow of a 3-monitor PACS station with images of the annulus and and the centerline of the right iliac artery
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Figure 7 If PACS and EHR are integrated, display of reports and ‘Key Images’ is also possible in the EHR. This figure shows the report

page (left) and images of the iliac artery (right)
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Figure 8 This figure shows a table with automatically populated measurements, transfered and displayed into the EHR record

multiple locations. In addition to review, segmentation
masks may be fused with those of other modalities and used
during the procedure for orientation or navigation (e.g.,
root angulations and CT images for C-arm orientation).
However, storage and sharing with 3-D analysis client-
server solutions is still limited to a small number of users
with access and knowledge of the advance software.
Institution-wide storage and sharing are established
features of PACS systems, which are designed to provide
easy access to all images, but rely on relatively basic axial
review and simple additional 3D- and 4D-analysis tools.
Providing an integrated solution combining features of
advanced client-server analysis systems and PACS requires a
complex I'T architecture with bi-directional communication
between a central archiving system, PACS systems,
integrated client-server networks with different complex
software applications, and multiple individual workstations
used across the hospital system (38,39) (Figures 6,7,8,9,10).
The system needs to be integrated into work-lists/work-
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flows of different practitioners. Such integration will allow
sharing of advanced visualization, but the requirements
for data storage and computing power for rendering and
post-processing of multi-dimensional image data reach
a complete new level. Data is distributed to larger image
archiving systems, which allows long-term archiving
for DICOM and non-DICOM images, as well as for
non-imaging data into a patient specific file. The core
storage provides access to all data generated in the
healthcare system, which can be visualized in a patient-
centric fashion on the electronic medical record (EMR)
or more advanced dedicated systems. An emerging
solution of this complex task is the use of multi-server
systems (‘server-farms’), with connection of large number
of servers integrated into existing work-flows. These
systems are a form of cloud computing, with the totality
of the integrated systems being consistent with a “private
medical-grade cloud”

These systems put large requirements in terms
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Cardiovascular Diagnosis and Therapy, Vol 3, No 2 June 2013

89

- == = — =
Pool of Authorized Practitioners &) &3
(not bound to a fixed location) ) 7\ b
_ J
use |
o —S
/
Pool of Trusted Devices
(not bound to a fixed location)
o

C-Cloud

x . 9 — ' Network |
(clinical private cloud C-Cloud Application Services “Wired /
- (i.e. Clinical AppStore / SaaS) ‘il / Wireless |
- =Image Analysis L= *Internal |
=Segmentation andstable - managed clithod |
gl EEER — Dk |
i C-Cloud Data Pool ‘ — Sl ————— ™ private
laaS - Storage) | ; <& b
_‘ o 0% IZF C-Cloud Infrastructure = - | l
L <EHR Data o ~ | (laaS - Compute Resources) ( :
v =Ontology Databases scalable i - =Servers Shared * " Ng enduser 3
% =Health Information — =Virtualization and 5

% maintenance

Figure 9 This cartoon summarized the complex structure of a ‘private cloud’

of integration and usability on the imaging software
architecture. The hospital controls the images and can
implement own strategies for data security. Large hospital
systems may be able to maintain a ‘private cloud’. However,
because of the rapid increase in imaging data volume, it may
be beneficial to reduce the amount of storage in existing
on-site data centers if technically possible. In the context
of faster innovation cycles, use of third party data service
could be an alternative, which would enable hospitals to
eliminate the need for hardware and software updates, but
on the other hand create new dependencies and questions
of data security. Vendor lock-in could be a problem, which
could cause high follow-up costs when a vendor/system
needs to be exchanged and data needs to be migrated. At
the current time, several vendors provide such cloud based
imaging services, but basic challenges, including data safety
and compatibility, are not yet fully solved. Therefore the
private clinical image cloud seems to be a valid approach
until vendors provide a better standardization of their cloud

© Cardiovascular Diagnosis and Therapy. All rights reserved.

imaging products.

While technically complex, the clinical advantages of
these systems are obvious. These systems allow to maintain
a central data file which can be shared between several
groups of practitioners (Imaging Specialist/Radiologist,
Clinician/Cardiologist/Cardiothoracic Surgeon), accessed
and modified at multiple locations (reading room,
physician office, operating room). As long as integration is
established, different practitioners involved in the diagnosis
and treatment could contribute and access the data from
department-specific information and image management
systems. For example, the Radiologist may work from
a PACS study list, with integrated additional advanced
software programs. Specialized interventionalists typically
make use of the data with advanced software programs,
bypassing the PACS system. The majority of clinicians
generally rely on more limited access to the imaging data,
optimally through the electronic health record (EHR).
The network could include a single or multiple hospitals.
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Figure 10 This complex network structure is summarized in this
simplified sketch. The data center and the integrated anlysis and
storage systems allow bi-directional communication, essentially

establishing a ‘private cloud’ of data

Additional servers may allow access to the data for clinical
research, maintaining a data structure compliant with
respective regulations.

Conclusions

TAVR exemplifies the increased amount of patient-
specific imaging data generated with modern imaging.
Sharing of this image information has become a critical
part of novel treatment approaches, but has also created
huge demands on advanced data network solutions.
The creation of a mobile, comprehensive longitudinal
imaging file, as part of the EMR, which follows the
patient and can be updated along the course of diagnosis
and treatment is a critical development, with cloud
technologies providing a possible solution. However, data
demonstrating that such data has impact on decision-
making or outcome is still lacking.
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