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Abstract: Congenital anomalies of the coronary ostia can lead to sudden death. A screening solution
would be useful to prevent adverse outcomes for the affected individuals. To be considered
for integration into clinical routine, such a procedure must meet strict constraints in terms of
invasiveness, time and user interaction. Imaging must be fast and seamlessly integrable into the
clinical process. Non-contrast enhanced coronary magnetic resonance angiography (MRA) is well
suited for this. Furthermore, planar reformations proved effective to reduce the acquired volumetric
datasets to 2D images. These usually require time consuming user interaction, though. To fulfill the
aforementioned challenges, we present a fully automated solution for imaging and reformatting of
the proximal coronary arteries which enables rapid screening of these. The proposed pipeline consists
of: (I) highly accelerated single breath-hold MRA data acquisition, (II) coronary ostia detection and
vessel centerline extraction, and (III) curved planar reformation of the proximal coronary arteries,
as well as multiplanar reformation of the coronary ostia. The procedure proved robust and effective
in ten volunteer data sets. Imaging of the proximal coronary arteries took 24± 5 s and was successful
within one breath-hold for all patients. The extracted centerlines achieve an overlap of 0.76± 0.18
compared to the reference standard and the average distance of the centerline points from the spherical
surface for reformation was 1.1± 0.51 mm. The promising results encourage further experiments on
patient data, particularly in coronary ostia anomaly screening.

Keywords: magnetic resonance angiography; coronary artery; computer-aided detection and diagnosis;
planar reformation

1. Introduction

Congenital coronary ostia anomalies are associated with multiple indications up to sudden
death [1–4]. Usually, the coronary arteries exit the ascending aorta at a position just above the aortic
valve. Branching of one of these arteries at a higher position on the aorta, however, can cause serious
problems [2,3] and is known as high take-off anomaly. These problems can also arise if the take-off
angle of the coronary artery w.r.t. the aortic wall is less than 45◦. This is referred to as acute angle
take-off [4]. Naturally, anatomical anomalies are not limited to these cases, but come in many different

J. Imaging 2018, 4, 124; doi:10.3390/jimaging4110124 www.mdpi.com/journal/jimaging

http://www.mdpi.com/journal/jimaging
http://www.mdpi.com
https://orcid.org/0000-0002-0573-9838
https://orcid.org/0000-0002-6484-2130
https://orcid.org/0000-0002-8165-0640
https://orcid.org/0000-0002-9550-5284
https://orcid.org/0000-0002-9550-5284
http://www.mdpi.com/2313-433X/4/11/124?type=check_update&version=1
http://dx.doi.org/10.3390/jimaging4110124
http://www.mdpi.com/journal/jimaging


J. Imaging 2018, 4, 124 2 of 17

manifestations. Due to the potentially lethal outcome, screening would be highly valuable for the
affected subjects.

Three major steps are needed for a fast and efficient screening workflow of the coronary arteries
and ostia: fast imaging, automated ostia detection, and providing a compact representation to allow for
fast assessment. The current gold standard for imaging of the coronary arteries is invasive angiography,
a 2D imaging technique. Yet, less invasive 3D imaging techniques such as computed tomography
angiography (CTA) exist [5]. Unfortunately, the typical downsides of X-ray applications, such as
ionizing radiation and the need for contrast agent, discourage its usage for screening in the absence of
a clinical indication. The excellent soft-tissue contrast without the aforementioned drawbacks makes
coronary magnetic resonance angiography (CMRA) a promising alternative for screening purposes [6].
Free-breathing 3D whole-heart acquisitions cause minimal discomfort to the patient and exhibit very
good image quality. However, such protocols require long acquisition times. Considering the low
prevalence of coronary artery anomalies [7], reducing the time spent for data acquisition is a key
factor. In addition to the imaging process, visual assessment of the acquired data by a radiologist
is essential. While the resulting volumetric representations contain large amounts of information,
thorough reading and interpretation can be time consuming. To minimize the time spent for this task,
it is important to present the image data in a suitable way. To compress the information, curved planar
(CPR) and multiplanar (MPR) reformations are commonly used to display all structures of interest
in 2D images [8–10]. Usually, these reformations are performed manually on a clinical workstation,
which is a time consuming procedure when done for a large number of examinations.

To meet the strict time constraints for a screening application, we present a highly accelerated,
non-contrast enhanced CMRA imaging protocol in order to acquire the proximal part of the coronary
arteries within the time frame of a single breath-hold. Furthermore, an automated approach for
detecting the coronary ostia and extraction of the proximal coronary arteries is proposed. In a last
step, CPR and MPR of the coronary ostia and arteries are computed based on these prior results.
In combination, this allows for a rapid and automated provision of data in an easy-to-assess format,
such that this can be appended to any routine examination with negligible additional time expenditure.

2. Related Work

2.1. Acquisition Protocol

In cardiac imaging, two distinct types of motion need to be compensated for: respiratory
and cardiac motion [11]. In free-breathing MRI, the problem of respiratory motion is addressed
by using navigators to partition the acquired data into different respiratory phases or gating for
one consistent respiratory phase. However, this comes at the expense of scanning times of several
minutes. In contrast, breath-hold acquisitions are an efficient way for fast CMRA data acquisition
by excluding the requirement for respiratory motion compensation [12]. To capture a sufficient
amount of data within the time frame of one breath-hold, fast data acquisition is mandatory. Parallel
Imaging [13,14] and Compressed Sensing [15] proved to allow for great acceleration of the data
acquisition. In the context of Compressed Sensing, numerous k-space subsampling strategies were
proposed, e.g., the non-cartesian Radial Phase Encoding [16] or incoherent cartesian sampling of the
phase encoding plane [17]. While Compressed Sensing enables higher acceleration than conventional
Parallel Imaging, acquiring sufficient data with the required level of image quality in one breath-hold is
a challenging task. In [18] a single breath-hold acquisition protocol for imaging of the coronary arteries
was presented. The average acquisition time in their approach was 37.7 ± 5.2 s which reveals potential
for improvement. Additionally, in [19] targeted 2D oblique acquisition of the coronary arteries was
performed in a breath-hold approach. While this renders CPR obsolete, MPR cannot be performed
based on this data. Furthermore, this comes with additional planning effort for correct slice selection.
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2.2. Curved and Multiplanar Reformation

The high-take-off anomaly is determined by the offset in superior-inferior direction between
both coronary ostia, whereas an acute angle take-off can be assessed by inspecting the angle of the
coronary arteries w.r.t. the aortic wall. Therefore, different reformations are needed for the assessment.
The height difference can be visualized by two cross-sections parallel to the aorta’s centerline that each
contain one ostium. In contrast, regarding an acute angle take-off, the coronary arteries cannot be
observed in a plane. Consequently, curved planar reformations are computed to effectively represent
the 3D vascular paths [9,10]. To enable CPR, coronary artery centerlines are needed. Extraction of these
and fitting of a deformable model was proposed by Etienne et al. [20]. However, their method requires
manual user input to perform the reformation. In contrast, a fully automated approach would be
desirable. For the automated extraction of the coronary centerlines, seed points are required. Since the
coronary arteries originate from the aorta, the coronary ostia are well suited for this.

2.3. Ostia Detection

Multiple methods for automated detection of the coronary ostia were previously proposed.
Highly constrained [21] or model based [22] methods are not optimal for the detection of anomalies.
On the other hand, Tek et al. [23] proposed an automated ostia detection method that considers each
aorta surface point as potential ostium and performs vessel centerline extraction for every candidate
point. Due to the high soft-tissue contrast in MRA, the amount of image points around the aorta that are
eligible for the extraction is extraordinary large. This renders their proposed approach computationally
expensive in this modality. Additionally, ostia detection can be performed based on an analysis of
the shape of the segmented aorta in CTA and free-breathing MRA [24,25]. Although none of the
aforementioned sub-problems is unknown in literature, most of the already existing methods are
tailored to the specific properties of computed tomography (CT) imaging.

3. Methods

The proposed pipeline is presented in Figure 1. It can be sub-divided into two main parts.
First, data is acquired in a single breath-hold approach and, subsequently, reconstructed (A). Second,
the resulting images are automatically processed to yield a compact representation for the assessment,
starting with data pre-processing (B). The procedure relies on the segmentation of the aorta (C) and
vessel-enhancing filtering (D) is needed to obtain estimates of the position of the arteries. Based on
the enhanced images, the coronary ostia are detected (E) and used as starting points for the extraction
of the coronary arteries (F). Afterwards, a curved planar reformation of the curved surface spanned
by the coronary arteries is computed (H). Additionally, a multiplanar reformation that comprises the
coronary ostia is generated (G).

3.1 Data 
Acquisition

3.4 
Enhancement 

Filters

3.3 Aorta 
Segmentation

3.2 Pre-
processing

3.5 Ostia 
Detection

3.7 
Multiplanar
reformation

3.6 
Centerline 
Extraction

3.8 Curved 
Planar 

Reformation

Figure 1. A schematic visualization of the processing pipeline. The numbers of the processing steps
correspond to the respective sections.
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3.1. Data Acquisition

To minimize discomfort to the patient as well as the time spent screening, we limit data acquisition
to the time frame of a single breath-hold. Thereby, accelerating the acquisition is subject to a trade-off
between speed and image quality. Compressed Sensing (CS) is used to keep the number of samples
low while maintaining high image quality [15]. Requirements for CS are: (1) incoherent sampling;
(2) a sparsifying transform; and (3) non-linear, iterative reconstruction. To satisfy (1), a cartesian spiral
phyllotaxis pattern with variable density is used for data acquisition [26]. The field of view (FOV)
is chosen in axial slice orientation such that it is approximately covering the proximal part of the
coronary arteries. Data acquisition is done using a volume-selective, T2-prepared, ECG-triggered,
fat-saturated, balanced steady-state free-precession (bSSFP) prototype imaging sequence [26] with the
following parameters: TR 4.0 ms, TE 2.0 ms, FOV 310 mm × 225 mm × (79–105) mm, acquired voxel
size 1.2 mm × 1.5 mm × 1.4 mm interpolated to 1.2 mm × 1.2 mm × 1.1 mm.

Upon completion of the data acquisition, image formation is performed using a compressed
sensing reconstruction as described in [27]. Regarding (2), a spatio-temporal wavelet method
was adopted for regularization. The CS reconstruction (3) combines the regularization term with
a SENSE [14] model in an iterative, non-linear fashion. The reconstruction uses a FISTA optimization
scheme [28] with 20 iterations as well as a spatial regularization factor of 0.0008. The resulting
acceleration factor is 10.6. By this, the proposed data acquisition and reconstruction approach is able
to drastically speed up the imaging process.

3.2. Preprocessing

Prior to the actual computations, the acquired data sets are preprocessed to assure similar image
properties among all input data sets, particularly regarding their intensity ranges. This is required to
promote robustness of the fully automated approach. To ensure that a good differentiation between
the objects of interest is given, contrast enhancement is performed. This is done via histogram
equalization as described in [29]. In addition to an adequate intensity distribution for the whole
image, edge-preserving noise filtering is applied to the data sets using a bilateral filter [30]. Finally,
intensity-based thresholding is applied according to prior knowledge about the intensity range of
the structures of interest. This further reduces noise that is present around the structures of the heart.
The whole preprocessing pipeline including exemplary images is visualized in Figure 2.

(a) (b) (c) (d)

Figure 2. Visualization of the preprocessing pipeline. (a) Original image, (b) contrast-enhanced image,
(c) bilateral-filtered image, (d) and thresholded image.

3.3. Aorta Segmentation

The first step towards coronary artery centerline extraction besides preprocessing considers
the segmentation of the aorta. Since both coronary ostia are, essentially, part of the aorta’s surface,
the outline of the aorta serves as an orientation structure for the whole process. To this end, an active
contour driven by a level set method is applied to segment the aorta [31]. At the region the coronary
ostia are lying in, the ascending aorta is well distinguishable from the surrounding structures.
In contrast, especially at the origin of the aorta, i.e., the aortic valve, the intensity values of both
the aortic and left ventricular blood pool are similar. The same problem is observed at the upper end
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of the right atrium. Therefore, to facilitate the aorta segmentation, the process is started at the center of
the ascending aorta. The seed point is determined based on the localizer scan, and prior knowledge
about the pathway of the aorta such that its position in superior-inferior direction approximately
coincides with the coronary ostia. After segmenting the aorta boundary in the initial slice, the active
contour is propagated slice-wise in caudal and in cranial directions simultaneously to be used as
new initialization. If the change in aorta perimeter between two consecutive slices exceeds a certain
threshold, e.g., when the contour grows into surrounding structures, the segmentation propagation in
the respective direction is discontinued at this slice.

3.4. Vessel Enhancing Filtering

The differentiation between the coronary arteries and the surrounding structures is non-trivial
in most cases. To get a better discrimination of vessel and non-vessel objects, the scans have to be
preprocessed with vessel-enhancing filters. Here, a combination of two measures that target the
vesselness of a structure is used to maximize the sensitivity and specificity of the resulting measure.
In addition to the gradient-based medialness measure [32,33], the well-known tubeness measure
proposed by Sato et al. [34] is taken into account, which relies on properties of the Hessian matrix.

3.4.1. Entropy-Supported Medialness Measure

The medialness enhances vessel structures by detecting circular shapes in cross-sectional views.
To the end of detecting vessels independently of their orientation, the data set is re-sliced in multiple
directions at every image point. The medialness is then computed as described in [32]. In order to
increase specificity as much as possible, the computation is extended by an entropy weighting [33].
By computing the entropy of the distribution of circularly sampled edge responses, an assumption
about the currently observed edge can be made. For uniform distributions, the probability that the
image point is located in a circular structure is high and vice versa. Incorporating this as a weighting
term attenuates response from structures that exhibit no circular or tube-like shape. The benefit of
entropy support in high-resolution imaging is questionable due to potential stenoses. Since these are
not reliably captured by the underlying acquisition protocol, we favor improved artifact suppression
and incorporate the entropy.

3.4.2. Tubeness Measure

To further increase the quality of the vessel-enhanced images, we propose a combination of the
medialness with the tubeness measure [34].

The tubeness measure relies on a 3D line enhancement filter that is computed at a certain scale σ

with the goal of detecting tubes with an approximate diameter corresponding to this scale. The input
image at this scale is Iσ = I ∗ Gσ, where Gσ is a Gaussian kernel with standard deviation σ and ∗
denotes convolution. For details on the computation of the tubeness measure please refer to [34].

Traditionally, the tubeness response is selected as the maximum over multiple scales. However,
in the underlying imaging protocol, only a small variation of the observed vessel size is expected,
due to the large pixel size. To exploit this, at first the response Tσ at a scale σ corresponding to the
vessel size is computed. Subsequently, the filter response T3σ computed at a scale three times this
size, in which the coronary arteries no longer yield a response, is subtracted from the prior result.
This substantially attenuates the problem that high responses Tσ are generated by the larger structures
surrounding the aorta, such as the walls of the ventricles.

Because the medialness filter yields good peak responses in the center of vessel structures but
is unspecific outside these regions, we use a combination of both measures for the following steps.
To increase specificity, the tubeness images are thresholded with the computed medialness responses.
If an image point exhibits high responses from both measures its value is kept, otherwise it is discarded.
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3.5. Ostia Detection

Finding a good starting point for the coronary centerline extraction is a challenging task.
The coronary ostia are obviously well suited but their detection is not necessarily straightforward.
When trying to detect the coronary ostia, the previously segmented aorta boundary is a good initial
estimate. Although the ostia are not visible in all scans, the arteries always end at least close to the
aorta boundary. This reduces the search space for the ostia to the surface of the aorta and a certain
margin around it.

The detection is performed based on the vessel-enhanced images presented in Section 3.4 and the
slice-wise segmented aorta boundary. A ray tracing is performed on each individual slice of the aorta.
For each boundary point of the segmented aorta a ray is cast pointing outwards in normal direction of
the boundary contour. As soon as this ray intersects with an image point exhibiting sufficiently high
vesselness response, the tracing procedure is started. The aim of the tracing is to follow the course of
the highest responses, i.e., the course of the supposed vessel, and to sum up the responses along the
traced path. For this purpose, all 27-connected neighbors of the starting point are considered and the
one with the highest vesselness response is selected as successor. The responses of the two points are
summed up and the procedure is repeated by the successor, with the restriction that points already
visited cannot be visited again.

After completion, a plot of the accumulated vessel response over the aorta boundary is generated.
It is anticipated that the ostia and the coronary arteries carry high response values. This property
should also be observable in the plotted response. The individual plots for each slice can, therefore,
be searched for peaks in terms of vessel response. Since we seek to detect two ostia, the two highest
peaks are assumed to represent the target structure and are selected by the algorithm. Because one
coronary artery is detected from multiple neighboring rays if the sampling is dense, the peaks are
required to be at least 5◦ apart. An example of these plots can be seen in Figure 3.
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Figure 3. An example of the response plots created by the ostia detection method. The vessel response
plots for the two slices on the left hand side are displayed at the right in the respective colors. X and Y
denote the detected peaks.

3.6. Coronary Centerline Extraction

The extraction is based on a shortest-path computation. To this end, the whole data set is treated
as a graph in which each node is determined by one image point x(x, y, z)> and multiple edges e to its
neighbors. As we seek to extract vessel paths, the costs are computed such that structures with a high
probability of being a vessel are assigned low cost values and vice versa.

3.6.1. Cost Map Computation

Unfortunately, the vessel-enhancing filter responses are not sufficiently specific. Especially at the
boundaries of objects surrounding the aorta and the coronary centerlines, many false positives can be
observed. To counteract this and avoid interference of the extracted centerlines with other structures,
two additional steps are performed.
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A trinarization is computed as shown in Equation (1). Because the filter response values exhibit
smooth behavior, the path extraction is prone to drift-offs, when closely passing surrounding structures.
In contrast, the trinarized volume applies step-like behavior of the response gradient.

The trinarized image G(x) is computed by

G(x) =


1 if V(x) ≥ 0.4,

0.5 if 0.4 > V(x) > 0.3,

0 else,

(1)

where V(x) is the vessel-enhanced image as described in Section 3.4. The thresholds are selected such
that only image points that clearly belong to a vessel structure exhibit higher vesselness response than
the upper bound, points that are likely to correspond to a vessel fall in between, and unlikely points
are discarded.

Additionally, a mask image is created. In Section 3.4, the tubeness measure and the effects of
filtering at different scales were introduced. The previously generated images T3σ are reused in this
step. At first, a morphological dilation is performed with a circular structuring element with a radius
of unity [35]. This ensures that all non-vessel structures and especially their borders are completely
covered. Subsequently, each image point covered by this mask Vm(x) is penalized by assigning
appropriate cost.

An edge exi , xj is determined by an image point xi and it’s neighbor xj, xj ∈ Ni, where Ni is the
26-connected neighborhood of xi, i.e., including diagonal connections. The related cost ε(exi , xj) for
traversing between these two points is computed by

ε(exi , xj) = 1−
[
wvV(xi) + wgG(xi) + wmVm(xi)

]
, (2)

with the predefined weights wv + wg + wn = 1.

3.6.2. Centerline Extraction

We extract centerlines as minimal cost paths from potential end nodes to the start nodes, in this
case the coronary ostia that are extracted according to Section 3.5 [36]. As the end nodes for the
cheapest path computation are not known beforehand, we first perform a front propagation step [32]
in the Dijkstra sense [37] that has similarities to fast marching algorithms as described in [38].

The minimum accumulative cost at an image point is computed according to [32].
On the one side, this strategy establishes minimal paths to all nodes in the graph and, on the other

side, it extracts end node candidates as nodes that only exhibit a single edge below the cost threshold.
Finally, backtracking is used to extract the cheapest paths connecting the end node candidates and the
source node, which we retrieved from the ostia detection.

3.7. Multiplanar Reformation

While volumetric information certainly is beneficial for many diagnostic tasks, the amount of
information can be overwhelming. To ease assessment, planar reformations were proposed that allow
to display the structures of interest in a single 2D image [8]. Because the high-take-off and acute angle
anomalies address different properties, two reformations are needed.

The height difference of the coronary ostia is visualized by a multiplanar reformation. Therefore,
two planes are sampled that are aligned in axial direction. Both planes show one cross-section
of a coronary ostia and are fused subsequently. As an orientation point, the principal axis of the
aorta is computed via principal component analysis on the aorta boundary points [39]. Subsequently,
the previously detected coronary ostia positions plo and pro for the left and right ostium, respectively,
are projected on the aorta axis [40]. The basis for the two sampling planes are then determined by the
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vector pointing from the projections to the respective ostia points and the principal axis of the aorta.
With the known basis, two slices are sampled and combined in one 2D image.

To improve the re-sampling in case that the coronary ostia are not lying exactly in the determined
planes, a maximum intensity projection (MIP) is used. For each sampling point, the highest intensity
value on a short ray orthogonal to the plane is selected.

3.8. Curved Planar Reformation

The coronary arteries can not be sampled by a plane due to their complex anatomy. To compute
an image that comprises the 3D vascular paths, a curved surface that includes all the image points
belonging to the coronary arteries as well as the ostia has to be found.

3.8.1. Surface Fitting

Similar to [20], we use a spherical basis shape that is parametric and can be deformed to better
account for the non-spherical shape of the myocardial surface. Deformation is integrated in the
spherical parametric model by making the radius of the sphere position-dependent. The mapping
can be described as S (r(φ, θ), φ, θ, m), S : R×R×R×R3 7→ R3, with the radius r(φ, θ), dependent
on the angles φ ∈ [0, π) and θ ∈ [0, 2π), and the sphere’s center m = (mx, my, mz)>.

The fitting of the sphere is performed by a least-squares optimization. Computing the sum of
squared distances of all centerline points to their closest point on the surface of the sphere yields an
estimate of the current quality of the fit. To ease computation, all points p′i = (p′x, p′y, p′z)>, p′i ∈ C,
with C being a coronary centerline, are transformed to the coordinate system of the sphere by
subtracting the center m of the sphere. Hence, the corresponding points in the coordinate system of
the sphere are denoted as pi = (p′x −mx, p′y −my, p′z −mz)>. Subsequently, the closest surface point
is computed by first transforming to spherical coordinates and determining the angles φ and θ [40].
With the known angles, the radius r(φp, θp) can be interpolated and the respective surface point of the
sphere s = (sx, sy, sz)> is evaluated using the spherical coordinate transform [40].

The fitting process is divided into two steps. At first, a rigid optimization is performed, in which
only the center of the sphere m and a uniform radius r are computed. This ensures an approximate
but robust fit to the coronary centerlines that yields a good initialization for the following step. In the
second step, the position of the sphere is kept fixed, but a variable radius r(φ, θ) is introduced and
optimized for as described in Equation (3). To ensure smoothness of the fitted sphere, large changes
between adjacent radii are penalized by a regularization term rreg in the optimization process.

Given a target centerline C consisting of points pi, we seek to find the solution to a regularized
least-squares optimization problem between the centerline points pi and the points on the spherical
surface si. This optimization can be computed by

argmin
r(φp ,θp),m

(
∑

i

∥∥si − pi
∥∥2

2 + λ · rreg

)
, (3)

with si = S
(
r(φpi

, θpi
), φpi

, θpi
, m
)
, pi ∈ C, and λ denotes the Lagrange multiplier that serves as

a weighting for the penalty term.

3.8.2. Reformation

After the sphere fitting, the re-sampling of the original volume can be performed. To do so,
all surface points of the sphere are evaluated for φ ∈ [0, π) and θ ∈ [0, 2π). For each surface point,
the intensity value of the corresponding image point in the original data set is read out and mapped to
the curved planar reformation image Icpr(φ, θ).

As previously proposed in Section 3.7, a maximum intensity projection is performed to increase
the probability of mapping an actual coronary artery point to the reformatted image. Assuming that
the coronary arteries are the brightest objects in their local neighborhood, we sample the line m, si in an
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interval close to the surface of the sphere and retrieve the highest intensity to increase the probability of
reprojecting an artery point in case the surface fit was imperfect. Subsequently, this value is projected
onto the surface point. The lookup is performed by incorporating a radius modifier and evaluating
the surface points at multiple positions along the ray connecting the sphere’s center and the currently
considered point for all angles φ and θ.

4. Experiments

The imaging protocol proposed in Section 3.1 is composed of the data acquisition suggested
in [26] and reconstruction as described in [27] with the goal to capture the proximal coronary arteries in
a single breath-hold scan. For detailed experiments and corresponding evaluation of the acceleration
strategies please refer to the original manuscripts. The effects of the acceleration on the image quality
in the underlying approach will be discussed in the sections of the respective processing steps.

Evaluation of the proposed approach is done on 10 healthy volunteer data sets (six female,
four male, 42± 13 years). Data sets were acquired and reconstructed on a 1.5 T clinical MR scanner
(MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany). The proximal part of the coronary
arteries could be acquired within the period of one breath-hold for all patients. The average scan time
was 24± 5 s.

To the end of evaluating the performance of the proposed approach, at first ground truth was
generated by manual segmentation of the aorta and the coronary arteries. Because only the centerlines
are extracted in the automated procedure, the ground truth segmentations of the coronary arteries
were skeletonized for the evaluation using morphological thinning [41].

4.1. Ostia Detection

The coronary ostia denote the transition between the aorta and the coronary arteries. Determining
this point is not always straightforward, particularly when the ostium is not visible due to
partial-volume effects. Therefore, five medical imaging experts were asked to annotate the ostia
positions in each data set, in order to retrieve reference standard for the evaluation. According to the
medical indications described in Section 1, the position in longitudinal direction, as well as the relative
angle between the ostia are the parameters of interest for the assessment [3,4]. The automated ostia
detection is, therefore, evaluated regarding the longitudinal and angular displacement between the
detected and annotated ostia.

4.2. Coronary Centerline Extraction

To evaluate the automatic coronary centerline extraction and provide a standardized comparison,
the overlap measure proposed by Schaap et al. [42] is computed.

According to [42], the radius is determined by the annotation of the ground truth centerlines.
However, in the underlying data sets a determination of the radius by manual segmentation is not
meaningful due to the low resolution. Consequently, we evaluate the overlap measure at a fixed radius
corresponding to two times the pixel size and, therefore, a maximum diameter of 4.8 mm which is in
agreement with the average lumen diameter of the main coronary artery branch [43].

For the curved planar reformation, the coronary ostia and the main branches of the coronary
arteries are of special interest. To verify the necessary accuracy of the extracted centerlines in these
regions, a second evaluation is performed. This time, only the centerlines up to a distance of 20 mm to
the detected coronary ostia were taken into account for computing the overlap score. In addition to the
overlap, also the average Euclidean distance was computed for all points marked as true positives.

4.3. Curved Planar Reformation

The evaluation of the curved planar reformation is performed quantitatively as well as
qualitatively. On the one hand, the fitness of the computed sphere can be evaluated by computing
the average Euclidean distance of the centerline points to their corresponding closest sphere point,
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similar to the evaluation of the centerlines. Thereby, the sphere has been fitted to the automatically
extracted centerlines. Subsequently, the distances to both the automatically extracted and the reference
centerlines is computed. On the other hand, the results of the curved planar reformations are evaluated
by visual examination, in accordance with their intended application in the clinical work flow.

5. Results

5.1. Ostia Detection

Evaluation of the ostia detection results was done with respect to the manual annotations of
five experts.

The average angular deviation between the automatically detected and manually annotated ostia
positions was 6.6± 5.7◦ for the left and 8.7± 5.2◦ for the right coronary ostia. The displacement in
superior-inferior direction was 2.5± 1.6 mm and 0.6± 0.3 mm, respectively. The standard deviation
among readers was 3.6± 1.1◦ in angular and 1.2± 0.58 mm in superior-inferior direction.

5.2. Coronary Centerline Extraction

The average overlap between the reference and the automatically extracted coronary artery
centerlines was 0.58± 0.14, with a mean absolute error of 0.91± 0.26 mm. Itemized results of all
scans are presented in Figure 4a, from which it becomes apparent that the proposed methods show
inconsistent performance which will be discussed in Section 6. The evaluation results of the cropped
centerlines can also be found in Figure 4a. Close to the ostia, the overlap is increased to 0.76± 0.18,
while the mean absolute error decreases to 0.86± 1.8 mm.
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Figure 4. Evaluation results of the centerline extraction and curved planar reformation. (a) Overlap of
the automated coronary centerline extraction. (b) Mean absolute error of the curved planar reformation.

5.3. Multiplanar Reformation

The multiplanar reformation was successful for all data sets. Representative examples are shown
in Figure 6. By incorporating a maximum intensity projection in the MPR, the probability of mapping
coronary ostia values could be increased significantly (see Figure 5).

5.4. Curved Planar Reformation

Curved planar reformations could be automatically generated for all underlying data sets.
In Figure 4b, the average Euclidean distance between the coronary centerline points and the surface
are presented for the automatically as well as the manually extracted centerlines. The average
Euclidean distance was 1.1± 0.51 mm for the automatically extracted and 0.85± 0.20 mm for the
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reference centerlines. Additionally, reformatted images of representative data sets are shown in
Figure 6.

(a) (b)

(c) (d)

Figure 5. Generated curved (top row) and multiplanar (bottom row) reformatted images without (a),
(c) and with (b), (d), maximum intensity projection applied. Red and green arrows denote points were
the application of MIPs improved vessel visualization.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 6. Representative examples of the generated curved (a–e) and multiplanar (f–j) reformatted images.
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6. Discussion

6.1. Data Acquisition

The presented acquisition protocol is capable of acquiring the proximal part of the coronary
arteries in a single breath-hold. Due to the highly accelerated acquisition, it is possible to append the
imaging protocol to standard operating procedures with only minimal additional time expenditure.
The rapid acquisition entails impaired image quality and a lower resolution compared to its
free-breathing MRA and CTA equivalents. These downsides manifest in terms of partial-volume
effects, occlusions, and reduced contrast. While the effects are particularly noticeable in the course of
the ostia detection and coronary centerline extraction, the respective procedures are robust enough to
cope with these challenges.

A group of patients who have not yet been considered for this screening protocol are children.
Imaging of children imposes special demands on spatial and temporal resolution as well as on scanning
time. In future work we will investigate whether the proposed scanning protocol is appropriate for
children or whether free breathing protocols must be considered.

6.2. Ostia Detection

Ostia detection was successful in all datasets. Where inaccuracies occurred, these were in most
cases induced by properties of the ray-tracing method and the evaluation methodology. Due to
the varying visibility of the ostia in the available data sets, the search range for the detection of the
coronary arteries was not limited to the aorta boundary, but some margin around it. Consequently,
originating arteries are detected in multiple slices if good visibility is granted. In such cases, the highest
accumulated response by the ray-tracing method is not necessarily lying directly at the aorta boundary,
but further into the artery. In contrast, human observers are able to “interpolate” missing parts of
the artery, and, therefore, provide accurate annotations even if the ostia are not or only hardly visible.
An example of this observation is shown in Figure 7a. Because the focus of the ostia detection in this
context was to provide starting points for the centerline extraction, the achieved accuracy proved
to be sufficient for initializing the next step in the processing pipeline. The angles of the ostia that
are computed in this step may only be used with caution. Clinical assessment of the angular and
axial displacement between both ostia is always to be performed by a physician based on the final
reformatted images.

(a)

RV

LAA

AORA

(b)

Figure 7. Problems that are occurring in the course of the centerline extraction. (a) Early detection of
the coronary ostia. The slice shows the closest visible cross section of the LCA to the aorta. The detected
ostium is marked in blue and the expert annotated ostia are marked by red crosses. (b) An example
of the interference of the left coronary artery with the left atrial appendage. The LCA’s branches are
marked in red.
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6.3. Centerline Extraction

Multi-scale approaches are, in general, very useful as shown in many applications [44,45].
However, in order for these approaches to show their full potential, the structures of interest must
occur at multiple scales. In our highly accelerated imaging protocol the originally acquired voxel size
was 1.2 mm × 1.5 mm × 1.4 mm. In relation, the diameter of the coronary artery lumen measures
4.5± 0.5 mm for the left and between 3.9± 0.6 mm and 2.8± 0.5 mm for the right main artery [43].
Resulting from this, the proximal coronary artery lumen is represented by approximately four voxel
in the images in the best case, with two to three voxel being the average. Applying multi-scale
transformations to these images renders the coronary arteries invisible when using meaningful
differences in scale. Due to the fact that in the available data sets only the main branches of the
coronary arteries are visible, the proposed single-scale method does not remove any information from
branches with smaller vessel sizes, as such information is not accessible using the discussed imaging
protocol in the first place. Accordingly, determining the radius at a certain point with the required
accuracy to provide a benefit for the assessment is a challenging task. Because the coronary centerlines
are only intermediate results that are required for curved planar reformation, no radius is extracted. If a
narrowing of the coronary arteries is present in the acquired volume, this can most likely be recognized
by the physician in the final reformatted image that will be presented for assessment. However,
the proposed acquisition protocol is neither designed nor optimized for diagnostic assessment of
stenosis and a high resolution CMRA scan should be acquired if stenoses are suspected.

The results of the centerline extraction show a substantially higher overlap at the early parts
of the coronary arteries (see Figure 4a). This is in accordance with the observation that drift-offs of
the extracted centerlines occur mostly at the more distal stages. Especially the left coronary artery is
affected by these problems. Its pathway is often close to the left atrial appendage (LAA) in the images
(see Figure 7b). Due to its smaller size, when compared to the atria and ventricles, the LAA is often
not entirely covered by the higher-scale filtering mask and, therefore, generates a vessel responses in
the enhanced images. Besides this interference, more noise and artifacts are present around the left
coronary ostium and the bifurcation point, at which the LCA divides into the left anterior descending
artery and the left circumflex artery. Nevertheless, the segmentation close to the ostia and the proximal
coronary artery centerlines yielded an average overlap of 0.76± 0.18, suggesting that the accuracy
necessary for curved planar reformation is achieved. This assumption is supported by the CPR images
shown in Figure 6.

In future work, alternative centerline extraction methods may be investigated to further improve
the presented method. Especially vessel modeling approaches as presented by [46] pose great potential
by increasing the robustness of the path extraction against interference from surrounding structures.

The proposed centerline extraction could further be utilized as an extension of the coronary vessel
reconstruction evaluation tool proposed in [47]. The manual segmentation can, therefore, be replaced
by an automated approach to allow for automated evaluation of vessel length and sharpness in
coronary imaging.

6.4. Curved Planar Reformation

The surface fitting is performed in a two-step approach. Repeating both steps in terms of an
iterative procedure showed no or only negligible improvements.

The lower average distance from the surface to the reference centerlines might at first be
conspicuous, considering that the sphere was fitted to the automatically extracted centerlines. While the
manually segmented centerlines are smooth, the automatically extracted centerline candidates may
still contain outliers and drift-offs, which are, as intended by the regularization of the sphere fitting,
not taken into account. When evaluating the average Euclidean distances to the surface, this results
in larger errors when compared to the reference centerlines. In contrast, by examining the generated
curved planar reformation images, it can be observed that a larger average distance does not necessarily
result in worse image quality. Comparing CPR images of the data sets exhibiting the worst and the best
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Euclidean distance shown in Figure 6a,c, respectively, it is clearly visible that although the computed
average distances are lower for the data set shown in Figure 6c, the length of the visible longitudinal
cross section of the coronary arteries are larger for the scan presented in Figure 6a.

Another reason for this effect are different lengths and pathways of the centerlines. The drift-offs
of the centerline extraction occur especially at the distal parts of the coronary arteries. While shorter
branches may lead to better quantitative results, the fit of the sphere to more distant parts of the
coronary arteries that have not been extracted previously can be worse. This is also in agreement with
the evaluation results of the cropped centerlines presented in Figure 4a.

The lower and upper border for the MIP margin have to be selected carefully. In case of a too
small range, the radii are not varying enough to find other image points assigned with high intensities.
If exceeding the neighborhood, the MIP may select different image points and, therefore, decrease the
quality of the outcome. As seen in Figure 5, the resulting effect is especially prominent in the distant
sections of the coronary arteries. Additionally, also small gaps in the pathways closer to the ostia can
be filled this way. Nevertheless, this effect is of course not limited to the coronary arteries. Because the
focus of this approach lies on the visualization of the coronary arteries, improved results regarding
these are favored over slightly worse visibility of the aorta.

In general, the results of the vessel-enhancing filtering can be determined as the principal bottle
neck of the proposed approach. Vessel segmentation affects both ostia detection and centerline
extraction and, consequently, may negatively affect curved planar reformation performance. Clusters
of high vessel responses from non-vessel structures, that are generated due to inaccuracies in the
filtering process, may lead to wrong ostia detections if these are located close to the aorta. In case of
the centerline extraction, incorrect responses are especially critical if they cross the pathway of the
coronary arteries. Counteracting the drift-offs of the extracted centerlines as described in Section 3.6
greatly improves the robustness of the procedure. Nevertheless, not all excess responses can be
mitigated. Additionally, cautious selection of the cost threshold yields early terminations of the
centerline extraction in some of the data sets. Therefore, increased quality of the vessel-enhancing
filtered images would be beneficial not only for the accuracy of the extracted centerlines, but especially
for the general robustness of the proposed approach. Regarding these challenges it is important to
be aware that the proposed data acquisition method is a prototype imaging protocol and that only
a limited number of such datasets are available up to now. With increasing amount of data also
machine learning approaches to single steps of the proposed pipeline become possible. The proposed
methods for ostia detection and centerline extraction will help to weakly label large amounts of data
automatically once the studied imaging protocol translates to clinical practice.

In case of missing localizer points for the aorta segmentation, a 2-click solution can be
implemented. The physician then has to select one point in the aorta and another at the apex of
the heart. For image data of varying quality and, therefore, unreliable ostia detection results, also an
extension to a 4-click approach with manual selection of the ostia is possible.

Despite all aforementioned challenges that impair centerline quality, automated curved and
multiplanar reformation was successful in all tested cases. Both, height difference as well as take-off
angle of both ostia, can be visualized for assessment with just two 2D images.

7. Conclusions

We have presented a fully automated imaging and processing pipeline that allows for fast
screening of the proximal coronary arteries. The approach consists of highly accelerated 3D CMRA
and consecutive curved and multiplanar reformation which provides an easy-to-assess representation
of the information. The procedure proved successful in ten volunteer scans without any additional
user interaction and is, therefore, well suited to be appended to routine examinations. Currently,
the method is limited by the performance of vessel-enhancing filters that are used for ostia detection
and centerline extraction. Future research could, therefore, investigate possibilities to increase the
specificity of these methods. Moreover, the current image protocol allows for the assessment of drastic
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changes in anatomy, such as high take-off and acute angle take-off anomalies. With improvements in
image resolution, the use case of the method could be extended even further to allow analysis of the
vessel lumen in screening-type imaging, which may be of clinical interest.
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