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Automatic evaluation of the Valsalva sinuses from cine-MRI

Cédric Blanchard, Alain Lalande, Tadeusz Sliwa, Olivier Bouchot, Yvon Voisin

Abstract

Object Although, there is no global consensus on their mea-
surement, magnetic resonance imaging (MRI) appears to be
particularly attractive for the study of the sinuses of Valsalva
(SV). The purpose of this study was to automatically evaluate
the SV from cine-MRI using a standardized method.
Materials and methods An automatic method based on
mathematical morphology was elaborated to segment the aor-
tic root from cross-sectional cine-MRI, and to detect relevant
points, such as the commissures, the cusps and the centre of
the SV. The distances between these points allow a metric
evaluation of the SV. Our method was tested on synthesized
data and 41 patient data sets and radii calculations were com-
pared with manual processing.

Results On the patient data sets, there are excellent correla-
tion and concordance between manual and automatic mea-
surements for images at diastole (r = 0.97;y = 0.97x +
0.57; P < 1073; mean of differences=0.2mm; standard
deviation of differences=2.0 mm) and at systole (» = 0.96;
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y=096x+1.2; P < 1073; mean of differences < 0.1 mm;
standard deviation of differences = 2.4 mm).

Conclusion Our automatic method provides reliable mor-
phometric evaluation of the SV. Measures of distances
between relevant points allow a precise evaluation of each
cusp of the SV. This robust evaluation can be helpful in the
follow-up of patients with aortic root diseases.

Keywords Sinus of Valsalva - Image processing -
Computer-assisted - Automatic data processing -
Magnetic resonance imaging

Introduction

The aortic root comprises the annulus, the sinuses of Valsalva
(SV), the aortic valve cusps (or leaflets), the commissures,
the interleaflet triangles and the sino tubular junction (Fig. 1)
[1,2]. The sinuses are named as right coronary sinus, left
coronary sinus and the non coronary sinus respectively. Aor-
tic valves are morphologically classified by the number of
cusps as unicuspid, bicuspid or tricuspid aortic valves [3].
The bicuspid aortic valve is the most common congenital
cardiac abnormality [4,5].

Grande et al. [6] have shown that the stress and strain
due to physiologic pressure loading are highest in the non-
coronary cusp and lowest in the left one. These differential
results may explain the clinical incidence of isolated sinus
dilatation.

Different pathologies could affect the aortic root and the
most common one is the annulo ectasia disease. There is a
risk of evolution towards aortic dissection with a high level
of mortality. To avoid such an evolution, it is admitted that
for a maximum diameter of the aorta of 50-55 mm, an aortic
replacement is necessary [7].
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Fig. 1 Diastolic and systolic representations a of a tricuspid valve as visible on MR images, and b of a bicuspid valve with anterior-posterior
cusps. RC, right coronary cusp; LC, left coronary cusp; NC, noncoronary cusp; C, Centre of the SV; C1, C2 and C3, commissures

For the past decade, with recent advanced techniques, the
number of aortic valve surgical procedures has increased [8].
Recent data have shown that the prosthetic graft should incor-
porate the sinuses for proper valve closure. In order to share
the stress with the cusps, the graft design must more closely
resemble the original aorta [9]. Hence a global knowledge of
the shape of the SV is required for the complete diagnosis or
the design of a specific prosthesis.

However, there is no global consensus on the choice of
methods for measuring aortic root dimensions. Although the
transesophageal echocardiography of the aortic root is the
commonly used preoperative tool [10,11], magnetic reso-
nance imaging (MRI), and in particular cine-MRI, could be
awell-suited technique since it has been shown to be useful in
more precisely defining anatomy [12]. Indeed, the orientation
of the plane in echocardiography does not ensure the measure
of the maximal diameter, and for the SV, the measurement is
considerably more difficult than for the sino-tubular junction
or for the ascending aorta since the SV is not a cylindrical
structure but a trifolied one.

In cine-MRI, the number of images usually acquired
renders manual processing excessively time-consuming in
clinical practice. A visual selection of the image with the
maximum aortic surface and a manual determination of the
maximum diameter could induce inter and intra-observer
variations. To our knowledge, there is no method to auto-
matically extract the contour of SV from MRI. In this
paper, we propose a new method which automatically
extracts and analyzes the SV shapes from cine-MRI with-
out contrast material. The choice of a specific imaging
plane that crosses the aortic root and the development
of a robust, accurate and fast automatic post-processing
method render our global protocol usable in clinical prac-
tice. This constitutes the first mandatory step towards a
3D representation of the aortic root from multiplane cine-
MRI.

After the description of the data sets and of the imag-
ing protocol, our automatic segmentation method based on
geodesic reconstruction is detailed. The geodesic reconstruc-
tion was preferred to a more commonly used active contours
approach, because the latter method is often slow, unpre-
dictable and difficult to parameterize [13]. Geodesic recon-

struction is a fast and simple method that can be controlled
and corrected by means of mathematical morphology tools
and statistical studies. The next step of our method con-
sists in automatically detecting characteristic points and to
then determine the different measures between the centre of
the SV, the cusps and the commissures. Evaluation of our
method was performed on synthesized data sets in order to
find the limit conditions for the SV extraction, and on 41
patient data sets to determine the robustness of our whole
method. The obtained values were compared with manual
processing.

Methods
Synthesized data sets

Firstly, series of synthesized data sets have been built, includ-
ing tricuspid SV, bicuspid SV and cylindrical SV prosthesis.
Blur and noise are applied on images while the visibility of
valve borders and the intensity of blood flow are also modi-
fied.

Each sequence is composed of 24 images. The isotropic
spatial resolution is set to 1.6 mm per pixel, corresponding
to the lowest resolution among our patient data base. The
images cover a square of 80 x 80 mm and SV maximum
diameter is set to 30 mm, whatever their morphology.

Fig. 2 Two images of a synthesized sequence. Three cubic splines
(in blue) and their control points (in red) represent the cusps. a Image
simulating the moment just after the diastole. b Image simulating the
moment of the systolic phase



The SV shape is composed of one, two or three partially
overlapping white disks. During a sequence, their positions
vary slightly, simulating the evolution of the SV shape during
a cardiac cycle. Some background shapes are added around
the SV. In the SV, the edges of cusps can be represented as
cubic valves starting and ending on commissures allowing
the simulation of the movement of valves between diastole
and systole (Fig. 2). For cylindrical SV prosthesis, the com-
missures are equidistant.

Simulation of flow intensity variations due to the blood
flow are introduced by adding, in areas of high signal inten-
sity, a random noise with low contrast C. Random inten-
sity values are drawn from a standard uniform distribution
on the open interval]1-C,1[. Moreover, when the signal-to-
noise ratio (SNR) is greater than 3, the Rician noise present
in MR images [14] tends towards a Gaussian distribution.
Hence Gaussian blur and Gaussian noise can also be applied
on each image.

To summarize, the intensity of valve shapes, blood flow
contrast, noise and blur parameters are all customizable for
each synthesized sequence. Some examples of synthesized
images are presented in Fig. 3.

Subjects

Data were obtained from 41 patients with aortic root pathol-
ogies. Twenty-two patients had a SV dilatation (5 women, 17
men, age : 58 £ 13 years). Three further patients had a con-
trol examination after surgical procedure (3 men, ages: 61,
69 and 77 years). The surgical procedure was a valve spar-
ing aortic root replacement for aortic insufficiency known as
the reimplantation procedure (Tirone David procedure [15]),
involving replacement of the aortic root without replacement
of the aortic valve. The 16 remaining patient examinations
concerned other pathologies associated with the aortic root
(3 women, 13 men, age: 55 & 18years). Evaluation of the
SV is included in a routine imaging protocol concerning the
follow-up of aortic root diseases. The study was conducted
in accordance with the recommendations of the local ethics
committee. Twenty eight patients presented a tricuspid valve
(25 with the native aortic root, and 3 with aortic root replace-

(a

ment with valve sparing (reimplantation procedure)). Four
patients had a purely bicuspid valve, with no raphe and nine
patients presented a bicuspid valve with one raphe (A raphe
being defined as a line of fusion of two leaflets).

Image acquisition

Magnetic resonance imaging was performed on a 1.5 T
magnetic resonance whole body imager (Siemens Magne-
tom Avanto, Siemens Medical Solution, Germany) using
a phased array thoracic coil. The cine-MR images were
acquired using a breath-hold ECG-gated steady-state free-
precession sequence (TrueFISP sequence) with the following
acquisition parameters: repetition time (TR) 1.54 ms, echo
time (TE) 1.49ms, 17 lines per segment, pulse flip angle (a)
65 degrees and a slice thickness of 5 mm. The temporal res-
olution was 27 ms per image. The in-plane isotropic spatial
resolution varied from 0.7 mm per pixel to 1.6 mm per pixel,
according to the patient examination (mean= 1.1 mm, stan-
dard deviation =0.4 mm). From scout images orientated in
the left ventricular long and short axes, acquisition according
to the left ventricular outflow tract was performed (Fig. 4a).
A second acquisition in the left ventricular outflow tract was
performed, perpendicular to the first (Fig. 4b). The aortic
valve cross-section was defined as the plane perpendicular to
the two left ventricular outflow tract planes (Fig. 4c). Then,
a series of cine MR images covering the whole cardiac cycle
was acquired in this orientation.

Image processing

The automatic process involved three steps: the localization
of the SV (Fig. 5) in each image, the detection of SV contours
(Fig. 6) and the extraction of characteristic points (Fig. 7).

These points allow the metric evaluation of the SV. Aftera
quick review of the useful tools of mathematical morphology,
the different steps of our method are detailed in the following
paragraphs.

Fig. 3 For images from four synthesized sequences. a A tricuspid valve without noise or blur. b A blurred and noisy tricuspid valve. ¢ A blurred

and noisy bicuspid valve. d A blurred and noisy cylindrical SV prosthesis



Fig. 4 Localization of the aortic valve cross-section plane. a Left
ventricular outflow tract plane obtained from scout images. b Left
ventricular outflow tract plane obtained perpendicularly from the

Mathematical morphology for image segmentation

The efficiency of mathematical morphology for image seg-
mentation has already been demonstrated [ 16—18]. Some use-
ful simple tools of greyscale morphology with flat structuring
elements are presented here.

Let B; be a disk of radius r, centred at the origin. B; is an
isotropic structuring element. The greyscale dilation (noted
@) of a function f by B; is given by g ® B (x) = Sup{g(x —
y),y € B}. Conversely, the greyscale erosion (noted &)
of f by B; is given by g © Br(x) = Inf{g(x — y),y €
B. }. The composition of the erosion with the dilation (called
opening) removes unwanted small components whereas the
composition of the dilation with the erosion (called clos-
ing) erases the holes which are smaller than the structuring
element.

The greyscale geodesic reconstruction [19] allows recov-
ering an area from a marker. The reconstruction h of function
f from g is the supremum of the geodesic dilations of g inside

f (Fig. 8):
h = Sup{Inf(g & B;, f),r > 0}

Using this tool, one can fill holes in binary images, regardless
of their sizes, by considering the geodesic reconstruction of
the image border inside the set of pixels equal to zero.

An advantage of using mathematical morphology for
image segmentation is that results are not very sensitive to
small variations of parameters in a pipeline of morphologi-
cal operations [17]. Hence these parameters can be coarsely
chosen.

precedent. ¢ Aortic valve cross-section plane. This plane is perpen-
dicular to the two left ventricular outflow tract planes

Localization of the SV

Let I (k) be the frame number k. Firstly, a mask representing
bright regions inside the body is extracted:

e We suppose that the whole body does not move during
image acquisition. By means of a morphological closing
and an erosion, the study area is restricted to within the
body on /(1) (Fig. 5b). The closing is performed using a
big structuring element according to the common mean
body size whereas the radius of the disk for the erosion
relies on a visual estimation of the thickness of the fat
around the body;

e Inside the body, a threshold equal to 30% of the maximum
intensity is applied in order to keep visually bright pixels
in each frame I (k) (Fig. 5¢). The set of bright pixels is
called A(k);

e Theregularity of shapes is guaranteed by several morpho-
logical operations: holes are filled (by geodesic recon-
struction), elements which are close to each other are
merged by closing, small isolated elements are erased by
opening (Fig. 5d);

e Finally, areas which are not in all frames are deleted by
applying a constraint of temporal coherence (Fig. 5e).

Even if each region is not separately identified, the centre of
each region can still be detected and the temporal movement
of these centres are identified:

e For each image, the contours are detected inside the con-
sidered area by binarization of the norm of the gradient
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Fig. 5 Flow diagram summarizing the different steps of the localiza-
tion of the SV. See text for complete explanation

with a threshold of 30% of the maximum norm. This
constitutes the set G: G (k) = {gradient(/ (k))/max(gra-
dient(I (k))) > 0.3};

In order to erase isolated significant gradients induced
by noise and blood flow, we then make an erosion by a
unit disk (in discrete space, a single pixel and its 4-con-
nectivity neighbourhood) and a geodesic reconstruction
inside G itself: G’ = Sup{Inf((G&B|)® B, G),r > 0}
(Fig. 56);

A distance map is computed using the Euclidean dis-
tance transform (i.e. the shortest distance is considered)
(Fig. 5g) and local maxima are found inside bright regions
(Fig. 5h);

From these maxima, trajectory for each region is built by
considering all the images of the sequence. A trajectory
for a region is defined as a set of points, each point is
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Fig. 6 Flow diagram summarizing the different steps of the extraction
of the SV contours. Two examples from the same patient examina-
tion, the left one in diastole and the right one in systole, illustrate these
different steps. See text for complete explanation

(a)| Distance transform

v

Determination of

(b) the centre of SV
v
(©) Final result

Fig. 7 Flow diagram summarizing the different steps of the extraction
of relevant points. Two examples from the same patient examination, the
left one in diastole and the right one in systole, illustrate these different
steps. See text for complete explanation

located inside the region and there is one and only one

point per frame;

o Finally, the user selects the trajectory of the SV on the

first image of the sequence.



This trajectory allows the definition of a Region Of Interest
(ROI) which includes the SV in each frame of the sequence
(Fig. 6a). The size of the ROI is automatically set to 80 mm
(the number of considered pixels varies according to the pixel
spacing) since it empirically fits with all SV sizes of the
patient data sets.

Estimation of the SV area

During a cardiac cycle, the variation of the sinus surface will
not exceed certain limits. Indeed, an area variation of about
20% is a maximum physiologically acceptable variation of
the SV area during a cardiac cycle [20] and SV area is often
almost constant. Hence the mean area value is determined
by the following step in order to control the extraction of SV
contours:

e Since the centre of the extracted ROI is always inside
the SV, a geodesic reconstruction is performed on the
ROI (Fig. 6b) from the 8-connectivity neighbourhood of
the ROI centre in order to recover the SV shape from
this marker. As a consequence, high grey scale intensi-
ties outside the centred region disappear (Fig. 8b).

e Then, each image is binarized by Minimum Variance
Quantization (MVQ) [21] and holes are filled (Fig. 6¢)
because SV shapes are theoretically simply connected.
However, although MVQ often provides good thresholds
automatically, this method sometimes fails when the geo-
desic reconstruction does not provide a significant inten-
sity difference between the SV area and other areas. This
is mainly due to a partial volume effect produced by the
relative thinness of the SV edge.

e On each binarized image, the area is computed by simply
summing white pixels. Let Api, be the minimum of area
values. Anin constitutes the minimal acceptable area and
is a reliable first estimation of SV area even if there may
be an underestimation. Conversely the maximum of area
values is not a pertinent supremum because huge over-
estimations due to ambiguous junctions could be pres-
ent. So, a maximal acceptable area (Apx) is defined as
1.5 X Amin and only areas under Ay« are kept. Thus the
greatest values from images are not retained when the
MVQ binarization fails due to ambiguous junctions.

e Subsequently, the mean (m) and the standard deviation
(o) of remaining values are calculated. The most inco-
herent cases are eliminated providing a robust mean value
of the SV area. Indeed, the set of area values can be seen
as an independent random variable for which the proba-
bility of being in the interval [m — 30, m + 307] is almost
99.7%. Only the values that are in this interval are kept,
the mean and the standard deviation of the new set are
computed and the selection is repeated three times (in our

case, four iterations or more gave no significant improve-
ments). The final mean (m) provides the reference area
corresponding to sinuses.

Extraction of the SV contours

In order to extract the SV edges, the result of geodesic recon-
struction is binarized a second time using the mean area (m)
to automatically choose the correct threshold for each image.

To be more precise, a cumulative histogram from high-
est to lowest intensities (Fig. 6d) is computed on the ROI of
each image. Indeed it gives information about the number
of points with intensity greater than a certain value. When
the threshold decreases from 1 to 0, this number increases
from O to the total number of points. The required threshold
is obtained directly from each curve by determining the level
for which the number of points is the nearest to the mean area
(m).

Examples in Fig. 6e represent the resultant image after the
application of a threshold, followed by filling holes as previ-
ously and a morphological closing to regularize the contours.
The ambiguous junction shown in Fig. 5d is corrected.

Furthermore, if the absolute difference between the mean
area of the whole sequence (m) and the SV estimated area on
one frame exceeds 20% of the mean (m), the corresponding
frame is classified as a recalcitrant case and is removed from
the sequence.

Determination of characteristic points

The last part of our process aims to detect relevant points
such as SV centre, commissures and cusps and to give mea-
surements between these points:

e The centre of the SV region is defined as the centre of the
maximum disk surrounding the lumen whatever its shape
(tricuspid or bicuspid valves). This definition avoids the
problems associated with the barycentre location of com-
plex shapes. Moreover, this disk matches perfectly the
geometric centre in the case of a cylindrical prosthesis.
The position of the SV was estimated in the first step of our
process, but to more precisely determine this centre, the
Euclidean distance transform is now applied on the com-
plimentary of the SV region (Fig. 7a). Candidate points
are pixels having the greatest distance. If more than one
candidate point is found, the barycentre of these points is
taken. On the examples in the Figs. 7b and 9a, this centre
falls within the movement area of valve cusps.

e For each cusp, radii are defined as the Euclidian distance
between the centre of the SV region and the border pix-
els of the SV. To estimate the geometrical properties of
the SV, the local maxima and minima of radii are then
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Fig. 8 a Geodesic reconstruction (in white) of t (in gray) from g (in black). b Example of geodesic reconstruction of a diastolic image. The

hypersignal shown by the white arrow is eliminated

Fig. 9 Example on diastolic and systolic images of automatic process-
ing for a tricuspid valve and graphic representation of the measures.
SV contours are in yellow, distances between each cusp to the cen-
tre in green, distances between two commissures in blue and distances
between two cusps in red. The distances between each cusp to the oppo-
site commissure are not displayed

located in each frame. As each cusp must have only one
maximum, indifferently for tricuspid (three local max-
ima) and bicuspid valves (two local maxima), maxima
positions cannot be close to each other. So, a constraint
concerning the minimal distance of separation between
these maxima is added. The radius (R) of a disk of same
area as the SV region is an usable threshold for this con-
dition whatever the size and the shape of the SV. From all
local maxima, only those having the highest value in a dis-
tance of R are kept. Moreover if there are n different local
maxima Py, .., P, with the same radius and |P;, Pj| < R
forall (i, j) € [1, n], the median position along the edge
is kept as the location of the local maximum.

e Similarly, the commissures are obtained from minimum
distances from centre to border (Fig. 7c). An example of
final results is shown in Fig. 9b.

Measurement of the relevant distances

A reliable estimation of radii is obtained using the same pro-
cessing as for the area estimation (three consecutive selec-
tions in the interval [m — 30, m + 30]). The mean number

of radii (m;) per image in the sequence determines the clas-
sification of sinus as bicuspid or tricuspid (in our automatic
classification, a tricuspid valve with a raphe is classified as
tricuspid).

With knowledge of the spatial resolution, the different dis-
tances can then be calculated. In the case of tricuspid valves
(and by extension in the case of bicuspid valve with a raphe),
the considered points are detailed in the Fig. 1a. The con-
sidered points for a bicuspid valve case are detailed in the
Fig. 1b. The calculated distances from these marks are to the
distances between each cusp to the centre of the SV, the dis-
tances between each cusp to the opposite commissure, the
distances between two commissures and finally to the dis-
tances between two cusps.

The image with the maximal sum (respectively minimal
sum) of the distances of each cusp to the centre of the SV
is considered as the systolic (respectively diastolic) image
(Fig. 7c¢).

Evaluation of the method

The SV extraction was initially tested on the synthesized data
sets. Then, for each patient, the automatic measurements on
all the images were compared with manual measurements
performed on diastolic and systolic images that had been
visually selected. The results obtained with manual tracing
were considered as the reference measures. For the inter-
observer variation study, manual measurements were per-
formed independently by two experienced observers on ten
specific cases (seven patients with tricuspid valves, one with
a bicuspid valve, one with a biscuspid valve with a raphe and
one with prosthesis on tricuspid valve). An intra-observer
variation study was performed on the same patient data set.
For the intra-observer variation study the results obtained
with the first manual tracing were considered as the refer-
ence measures. The comparisons were performed with a lin-
ear regression analysis. In addition, the agreement between
methods was verified using the Bland—Altman method [22].
The Bland—Altman plot was generated by considering the



Table 1 Limit conditions for a correct extraction of SV edges from
synthetic data

MRI Gaussian MRI Gaussian blur Blood noise ~ Valve

noise SD m contrast (%) intensity (%)
No No No No <95

No No No 60 <40

No 9 1.5 60 <50

No 9 <2.2 60 No

No 5 <2.6 60 40

0.01 5 <2.2 60 40

In the first three cases, valve intensities (in % of the maximum inten-
sity value) vary while other parameters were constant during the tests.
In the other three cases, the standard deviation of the Gaussian blur
varies while other parameters remain constant. Blood noise contrast is
expressed in % of the maximum intensity value

measurements obtained with the manual tracing as the inde-
pendent variable and the corresponding values obtained with
automatic processing as the dependant variable. Statistical
differences between groups were compared with the paired
t-test. P < 0.05 was considered to indicate a statistically
significant difference.

Firstly, all the measures in diastole (respectively in
systole) were considered together. Secondly, four specific
groups with homogeneous data were considered: the dis-
tances between each cusp to the centre of the SV, the distances
between each cusp to the opposite commissure, the distances
between two commissures and the distances between two
cusps. Bland-Altman evaluations were performed on each
of these groups. Hence the accuracy of cusp or commissure
detections can be assessed.

Results
Synthesized data sets

Tricuspid SV are correctly extracted and there is at most
one rejected image under the various conditions presented
in Table 1. The intensity of the valve edge must not be too
important, otherwise the geodesic reconstruction is too heav-
ily influenced by its presence. Fortunately, the reconstruction
is more flexible if the image is blurred. Gaussian noise can
also influence the success of our extraction as shown in the
two last cases in Table 1. Under these conditions, we are
visually close to poor conditions.

Results are almost the same for bicuspid SV and cylin-
drical SV prosthesis. Figure 3 shows some examples of
synthesized data sets where SV are correctly extracted. All
these tests show that our automatic extraction works correctly
under various conditions and specific MR resolution but can

fail or reject some frames if the image quality is too close or
lower than the empirically found limit conditions. Moreover,
the cylindrical SV prosthesis is the hardest shape to evaluate
since its cusps and its commissures have the same radii. In
this case, the valve edges must be visible enough to produce
a small notch in the cylindrical boundaries of SV. Inversely,
valve edges must not be too visible since it can influence too
heavily the geodesic reconstruction and its binarization.

Patient data sets

On the 41 patient examinations, 30 sequences have no recal-
citrant image and only 5.0% of the whole set of images are
classified as recalcitrant cases and are rejected due to failure
of the segmentation.

Figures 9 and 10 illustrate two examples of post-process-
ing on tricuspid valve cases. In Fig. 10a, some images have
poor segmentation at the MVQ step. They are corrected
by ensuing steps, providing appropriate results (Fig. 10b).
Figure 11 illustrates an example of correct classification of
a bicuspid aortic valve. In Fig. 11a, many images with poor
segmentation are corrected by the following steps. The sec-
ond image is even eliminated. The last statistical estimation
step is necessary to correct some imperfect point detections
as shown in Fig. 11b. For example, the third image has an
ill-positioned red point. With the recursive statistical esti-
mation, these cases are not taken into account for the final
measures and classification. Figure 12 illustrates the case of
post-processing on a bicuspid aortic valve with a false raphe.
This case is classified as tricuspid. This result is considered as
correct because a bicuspid valve with a false raphe includes
three cusps. The example shown in Fig. 13 is the case of a
tricuspid prosthesis valve, with a number of difficulties due
to the shape of the prosthesis. Although the shape of the valve
is awkward to manage, because it is close to a circular shape,
the algorithm provides good results and classifies the sinuses
as tricuspid. This classification is correct, because surgery
with Tirone David procedure preserved the initial tricuspid
valve.

Numerical results

Concerning the intra-observer variation study, there is an
excellent correlation (r = 0.99;y = x +0.24; P < 10’5)
and an excellent agreement between the two manual pro-
cessing procedures (mean value of the differences = 0.4 mm,;
standard deviation of the differences=1.4mm). Moreover,
concerning the inter-observer variation study, there is an
excellent correlation (r = 0.98;y = 0.94x + 1.21;
P < 107°) and an excellent agreement between the two
manual processing procedures (mean value of the differ-
ences = 0.7mm; standard deviation of the differences =
1.9 mm).



Fig. 10 Four examples extracted from a sequence containing a tricuspid valve. a First binarization of the geodesic reconstruction. b Automatically

extracted SV contour and relevant points

(a)

Fig. 11 Four examples extracted from a sequence containing a bicus-
pid valve. a First binarization of the geodesic reconstruction. b Auto-
matically extracted SV contour and relevant points. The second image

Considering the entire set of measurements, there is an
excellent correlation between manual and automatic mea-
surements for both the diastole (r = 0.97; y = 0.97x 4+ 0.57;
P < 1073; Fig. 14a) and the systole (r = 0.96; y = 0.96x +
1.2; P < 1077; Fig. 15a) phases. The corresponding Bland—

has been eliminated by the method and the third one contains a false
cusp point which will not be take into account for measurements

Altman plots are presented in Figs. 14b and 15b. For the dias-
tole, the mean value of the differences is equal to —0.2 mm
and the standard deviation is equal to 2.0 mm. For the systole,
the mean value of the differences is less than 0.1 mm and the
standard deviation is equal to 2.4 mm. These values show that



Fig. 12 Example of automatic processing for a bicuspid valve with a
raphe. See legend of Fig. 9 for more explanations

Fig. 13 Example of automatic processing for a patient with a
prosthesis. See legend of Fig. 9 for more explanations

there is no bias between the automatic method versus man-
ual tracing. By comparing these values with the image pixel
size, we can conclude that these results are excellent. The
Table 2 provides the Bland—Altman estimations according
to homogeneous clusters. Whatever the distances, the mean
of differences is smaller than the image pixel size, in both
diastole and systole.

Discussion

The long-term survival of patients who have undergone aortic
root surgery depends on different factors such as the surgical
technique. The development of new techniques requires more
precise information on the anatomy of the aortic valve struc-
ture. Today, there is no consensus on the method allowing
geometric modelling of functional aortic valves for individ-
ual patient. A first step would be to define a reliable imag-
ing modality, in order to perform an accurate morphometric
study.

Using cross-sectional cine-MRI, Burman et al. [23] have
manually measured the cusp-cusp and cusp-commissure
dimensions at maximum systolic distension and at end-dias-
tole. In our opinion, a choice must be made between these
two distances and the distance between cusps and the centre.
Indeed, the detection of the centre of the aortic valve enables
the measure of each cusp separately, and hence allows a study
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Fig. 14 Comparison between manual and automatic measurements
for the diastolic images of the 41 patient examinations. a Correla-
tion between the measurements of the different distances obtained with
a manual tracing and the automatic processing. b The corresponding
Bland—Altman plot

of aortic root asymmetry as well as the detection of isolated
dilatation of one cusp.

In this article, an automatic segmentation method was used
to measure the SV. MR imaging techniques appear to be par-
ticularly attractive for the study of the aortic root, allowing
direct and non-invasive measurement of SV. The use of a
SSFP-type sequence provides high spatial and temporal res-
olution images, as well as an excellent contrast between the
blood and the tissues. Acquisition during breathhold allows
one to deal with the artefacts due to diaphragmatic motion.
The chosen plane allows the distance measurements between
cusps, commissures and the centre of the aorta without partial
volume effects. Contrary to echocardiography, the aortic root
asymmetry can be studied.

The estimation of SV area on the whole sequence
improves the robustness of the segmentation, in particular,
due to the Apax threshold that removes incorrect cases. More-
over, the definition of the centre of the SV is based on a
transformation distance map, which is more efficient than
a classical barycentre location. Finally, the method of loca-
tion of the different relevant points includes a module for
the elimination of the non-realistic cases. The present study
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Fig. 15 Comparison between manual and automatic measurements
for the systolic images of the 41 patient examinations. a Correlation
between the measurements of the different distances obtained with
a manual tracing and the automatic processing. b The corresponding
Bland—Altman plot

Table 2 Comparison between manual and automatic processing on the
41 patient examinations

Diastole Systole
Mean SD Mean SD
Cusp—cusp distances —-0.6 2.2 —-0.5 3.0
Cusp—centre distances 0.7 1.5 0.9 1.9
Commissure—commissure 0.0 33 0.2 3.6
distances
Cusp—commissure distances —1.1 3.1 —-0.4 4.4

Mean and standard deviation (SD) of differences between manual and
automatic processing (in mm) using Bland—Altmann method by group-
ing the measures in homogeneous clusters

shows that our shape evaluation can be an efficient alternative
to manual measurement or the use of active contours algo-
rithms. Compared with these classical tools, our method is
quick and uses simple parameterization. Even if the param-
eters of morphological operations can be coarsely chosen,
the quality of results obviously depends on the MR-imag-
ing sequence, the acquisition parameters, the success of each
step of the method and the choice of thresholds.
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The method was tested on 41 patient examinations by
considering the distance measures between relevant points
obtained for the diastolic and systolic phases. Globally, the
measures obtained automatically are close to the manual ones
and there is no bias between the automatic method and the
manual tracing. In general, the differences are due to the
definition of the boundaries in the geodesic reconstruction
and the small size of SV in terms of pixels. The relative dif-
ferences are greater for the distances with the commissure
points than for the distances calculated with the cusp points.
Indeed, as the commissure points are singular points (con-
trary to cusp points that are located on an area without an
important variation of radius), a small difference in the loca-
tion of these points causes a larger difference in the involved
measures of distance (contrary to cusp points that neighbour
pixels and produce the same distances).

The use of MR data acquired from one specific plane also
has its limits. Indeed, the aortic root changes position during
the heart contraction and the through-plane motion could be
important [24]. Our work is the first essential step towards a
3D representation of the aortic root from several acquisitions
covering the whole aortic root, from the annulus to the sino-
tubular junction. Moreover, even when considering only one
plane, acquiring the whole cardiac cycle allows us to get the
SV maximum diameter, in spite of the through-plane motion.

Conclusions

In conclusion, the reliable morphometric evaluation of the
SV is crucial in the follow up of patients with aortic root
pathologies, and by extension to the surgery indication. Cine-
MRI in a cross-sectional orientation seems to be an attractive
modality, but currently, there is no consensus on the measured
distance in this orientation. We propose an original automatic
method providing several reference measures, based on the
automatic location of the centre of the SV, and on the commis-
sure and the cusp positions. This method uses mathematical
morphology combining numerical geodesic reconstruction
with area estimation and distance transform function. Appli-
cation of this method on typical patient examination cases
provides results close to those obtained with a manual evalu-
ation. Future works are the segmentation and analyse of the
SV from multiplane sequences and then the building of a 3D
representation of them. Then, the automatic evaluation of the
SV will be applied on more patient examinations, in particu-
lar on a healthy population or on a patient population having
the same pathology, in order to discuss the current reference
values of measurement in terms of pertinence or accuracy.
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