Quantification of vocal fold motion using echography: application to
recurrent nerve paralysis detection
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ABSTRACT

Recurrent nerve paralysis (RP) is one of the most frequent complications of thyroid surgery. It reduces vocal fold
mobility. Nasal endoscopy, a mini-invasive procedure, is the conventional way to detect RP. We suggest a new approach
based on laryngeal ultrasound and a specific data analysis was designed to help with the automated detection of RP.

Ten subjects were enrolled for this feasibility study: four controls, three patients with RP and three patients without RP
according to nasal endoscopy. The ultrasound protocol was based on a ten seconds B-mode acquisition in a coronal plane
during normal breathing. Image processing included three steps: 1) automated detection of two consecutive closing and
opening images, corresponding to extreme positions of vocal folds in the sequence of B-mode images, using principal
component analysis of the image sequence; 2) positioning of three landmarks and robust tracking of these points using a
multi-pyramidal refined optical flow approach; 3) estimation of quantitative parameters indicating left and right fractions
of mobility, and motion symmetry.

Results provided by automated image processing were compared to those obtained by an expert. Detection of extreme
images was accurate; tracking of landmarks was reliable in 80% of cases. Motion symmetry indices showed similar
values for controls and patients without RP. Fraction of mobility was reduced in cases of RP. Thus, our CAD system
helped in the detection of RP.

Laryngeal ultrasound combined with appropriate image processing helped in the diagnosis of recurrent nerve paralysis
and could be proposed as a first-line method.
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1. INTRODUCTION

Thyroid surgery concerns several tens of thousands of people every year in France (http://stats.atih.sante.fr), and is
performed in similar proportion in developed countries. One of the major complications of this surgery is recurrent nerve
paralysis (RP), which can occur in up to 10% of patients [1]. Clinical markers are voice dysphonia or swallowing
disorders. In most cases, the troubles are temporary and disappear within the days following the procedure. However this
paralysis, especially in case of bilateral paralysis, can be serious and generate higher morbidity [2]. Therefore, an early
detection of these troubles is crucial to propose a customized and fast care to the patients. Indeed, an early reeducation
including speech therapy favors the recovery.

The nasal endoscopy, a minimally invasive procedure, is presently the gold standard method to establish RP. This
technique can require some local anesthesia and may be hard to bear for patients just after surgery. Thus this procedure is
not systematically used but proposed to patients presenting some symptoms of RP after surgery.
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Ultrasound has already been proposed to study laryngeal anatomy. Furthermore, the dynamics was studied using cine
loops [3,4]. Therefore, to detect recurrent nerve paralysis, we decided to use dynamic B-mode ultrasound imaging, which
is a fast, widely available, cheap and non-invasive tool. As it is currently done for the nasal endoscopy and as it was
proposed by previous studies in ultrasound, the analysis of dynamic acquisitions was first based on the visual assessment
of the vocal folds mobility. On ultrasound acquisitions, the vocal folds appear as isoechoic or hypoechoic structures,
while the thyroid cartilage and arytenoids, on which vocal folds are attached, are hyperechoic structures, better defined
on ultrasound images. Thus it was proposed to choose the thyroid cartilage and the arytenoids as surrogate markers to
study the vocal fold motion. Dedicated software was first developed to study the above-mentioned landmarks on the
dynamic acquisition. In its first version, the expert selected two images in the sequence corresponding to abduction and
adduction of vocal folds, thus showing their extreme positions during motion. Then he/she positioned three landmarks
(thyroid cartilage and left and right arytenoids) on each image and several geometrical indices were finally computed and
tested to detect RP.

The present study proposes to develop a second CAD system to assist the operator in the selection of the abduction and
adduction images and of the landmarks. An automated detection of images corresponding to abduction and adduction of
vocal folds was proposed. Furthermore a frame-by-frame tracking of the landmarks using multi-pyramidal refined
optical flow approaches was defined. These steps were evaluated by comparing results obtained by the automated
methods with the selection performed by an expert on preliminary database including four control subjects, three patients
(after thyroid surgery) with RP and three patients (after thyroid surgery) without RP. Different geometrical indices
indicating fractions of mobility, and motion symmetry were compared.

2. METHODS
2.1 Patients and Data acquisition

Four control subjects (without any symptoms) and six patients (after thyroid surgery) were considered for this
preliminary task. All selected patients had post-surgery voice disorders and were examined by nasal endoscopy. A
paralysis of the recurrent nerve was established for three of these six patients.

All subjects underwent an ultrasound acquisition in our institution, using portable SonixTouch® from UltraSonix™
(Richmond, Canada) with a 7-14 MHz linear probe. The probe was placed over the middle portion of the thyroid
cartilage, providing an axial view. The acquisition protocol was based on the acquisition of a 10 seconds B-mode image
sequence (with a frame rate of 30 images per second), asking the subject to breath freely. The operator was asked to keep
the probe still, in order to neglect this possible source of motion. During breathing, vocal folds and arytenoids showed
successive phases of opening and closing.

2.2 Detection of abduction Ip and adduction I images

The first selection was visual: an expert was asked to select a couple of extreme images, by reviewing the ten seconds
image sequence, using a dedicated cine loop viewer. This was done off-line and produced two images per acquisition, Ic
and Io.

A second method, more automated, was proposed in order to assist the operator in this tedious task. This second
approach was based on a Singular Value Decomposition (SVD), which was applied to the set of P time-intensity curves
I(p); these time-intensity curves corresponded to the grey-level variations associated to each pixel p (1<p<P) according
to the 10 seconds acquisition (z being the number of images of the ultrasound sequence, 1</<T7). If I is the (P,T) matrix
associated with these P curves, the SVD factorization of / was given by UZV", U being an orthogonal (P,P) matrix, V an
orthogonal (7,7) matrix and X a diagonal (P,7) matrix of non negative values, in descending order, called singular
values. Considering the two orthogonal vectors Vi(¢) and V,(f) associated with the two largest singular values, two
normalized curves K;(#) and K,(#) with non negative values were then estimated as linear combinations of V(¢) and V,(¢)
such as K;(f) was the most constant curve and its area under the curve was equal to 1, and K,(¢) was a curve with 0 as
minimal value and its area under the curve was equal to 1. Such conditions could be fulfilled without ubiquity and
provided a unique solution. This procedure was inspired from previous approaches developed to detect wall motion
abnormalities in echocardiography [5, 6] and breathing motion in contrast ultrasound [7, 8]. The second curve K,(¢) was
associated with main variations of intensity observed in the series. Assuming that global motion was negligible and the
mean grey levels in the different structures did not vary with time, the curve could be associated with breathing motion,

Proc. of SPIE Vol. 9414 94142M-2



as it had been associated with cardiac motion in echocardiography [5,6] or breathing motion in contrast ultrasound
studies [7,8]. Finally the time-intensity curve related to breathing motion was stretched [7] in order to find its local
extreme values and possible couples of extreme images (Figure 1) were then defined. For this feasibility study, the
couple of images, which was the closest to the selection made by the operator, were selected.

Ik
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Figure 1 Automated selection of adduction and abduction images. From left to right: time signal-intensity curves K,(¢)
and K,(¢) estimating one nearly constant curve and one curve related to motion, colored parts of the curves show the
different possible intervals between two successive extreme positions, vertical lines show the two extreme images that
were selected by the expert; associated adduction (Ic) and abduction (Ip) images.

2.3 Definition and tracking of landmarks

As mentioned in the introduction, we assumed that arytenoid cartilages and their apparent motion in the plane could be
surrogate markers for studying vocal folds motion. Furthermore, the top of the thyroid cartilage was also considered
since it was a motionless point during the examination and it enabled to define the symmetric plane and to consider the
two halves of the larynx. To evaluate motion quantitatively, we had to define the amplitude of motion. Furthermore we
consider indices related to the symmetry of motion. Indeed they could be good predictors of abnormalities since the
paralysis affects one side generally (in rare cases both sides are affected).

In a first study, an expert defined three landmarks corresponding to the top of the thyroid cartilage (T), and to the centers
of the left (L) and right (R) arytenoid cartilages on the two images I and Io, as shown by Figure 2.

I image I, image

Figure 2: the three landmarks (T: thyroid cartilage, R: right arytenoid cartilage, L: left arytenoid cartilage) defined by the
expert are shown in red color on both I¢ and Iy images. The points in green color are the results of the tracking of these
three points first defined on I image, using the optical flow approach from I till Io.

Proc. of SPIE Vol. 9414 94142M-3



To make the procedure more robust, we proposed to define landmarks on images Ic and an iterative optical flow
approach based on a robust pyramidal implementation [9] of the Lucas-Kanade-Tomasi algorithm was defined for each
pair of consecutive images going from I¢ to Icsy, Icy to Ica, ... till Io,; to Io. An additional constraint was to define a
priori the parameters of the algorithm in order to avoid the user to set them. We chose to have the same values for all the
images and for all the acquisitions: two pyramid levels, a neighborhood of 20x20 pixels (assuming that inside the
neighborhood, the pixels have a constant displacement) and a number of iterations equal to 15.

2.4 Definition of motion based features

Using the three landmarks, the areas of the left and right triangles were defined on both I¢ and I images yielding LA,
RAc, LAo, RAO (Figure 3)
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Figure 3: Definition of triangles of interest on I¢ and Iy images and estimation of associated areas: LA, RA¢, LAy,
and RA,.

A first parameter was defined by considering the laryngeal symmetry (SYM). It was computed on images Io (SYMp) or
Ic (SYMc), SYMg being equal to [LAg-RAo)/(LAo+tRA(), and SYM¢ being equal to [LAc-RA|/(LAc+RA¢). SYMg was
expected to be close to 0 (positive or negative) in case of symmetrical motion. Its absolute value was expected to be
higher in case of dissymmetry, indicating a suspicion of recurrent nerve paralysis.

Then to quantify the motion amplitude, left and right fractions of mobility LFM and RFM were defined between images
Io and I¢ as following: LFM=(LAo-LAc)/ LAo and RFM=(RAo-RAc)/ RAq. These fractions were expected to be high
for normal cases and to be reduced (low positive values and possibly negative values) in case of recurrent nerve
paralysis.

3. RESULTS

Table 1 shows the parameters SYMo, SYM¢, LFM, and RFM for three settings S1, S2, and S3: S1) the expert selected
the images Ic and I and the three points of interest on both images Ic and Ip; S2) the expert selected the images I and I
and the three points of interest on images Ic (respectively Ip, depending on the position of these two images in the
sequence), the three points on Iy (respectively Ic) were defined by the tracking approach based on the optical flow
algorithm; S3) the images I and Iy were defined according to the procedure defined in section 2.2, and the three points
of interest were defined as described in the previous setting S2.

From these results, a first analysis was done using the values that were obtained by the expert (first setting). It appears
that SYMo could isolate two out of three PR cases which had much larger values (>0.30) than values obtained for control
and NPR subjects (< 0.15). The SYMc did not appear to be discriminant even if smaller values were generally obtained
for control than for patients. For all cases, the LFM was high (values between 0.20 and 0.60,) while RFM showed low
values (less than 0.1) for the three patients having PR. The diagnosis of right recurrent nerve paralysis was confirmed for
these three subjects. However one NPR subject showed also a low value of RFM.
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Considering the expert as the reference, results obtained by the optical flow tracking task (second setting) were quite
encouraging showing similar results (similar being defined as providing the same classification) in 9 out of 10 cases.
However a visual inspection of T, L, and R points revealed that the tracking could be improved. Results obtained by the
third setting combining automated selection of adduction and abduction images and the automated tracking task were
less concordant with the expert (two different cases for SYM and three different cases for LFM and RFM)

Subjects SYM-S1 SYMy-S2  SYMy-S3  SYMc-S1 SYM-S2  SYM-S3 | LFM-SI LFM-S2 LFM-S3 RFM-S1 RFM-S2 RFM-S3
C#l1 0.01 0.04 0.06 0.05 0.05 0.01 0.41 0.36 0.37 0.47 0.46 0.45
C#2 0.08 0.03 0.07 0.06 0.06 0.03 0.21 0.24 0.07 0.40 0.37 0.15
C#3 0.03 0.01 0.0 0.07 0.07 0.11 0.48 0.38 0.20 0.37 0.27 0.36
C#4 0.06 0.06 0.44 0.10 0.07 0.07 0.44 0.28 0.01 0.39 0.44 0.55

NPR#1 | 0.0 0.41 0.25 0.38 0.38 0.43 0.57 0.21 0.62 0.03 0.26 0.42

NPR#2 | 0.11 0.14 0.09 0.22 0.22 0.06 0.38 0.40 0.61 0.50 0.49 0.58

NPR#3 | 0.04 0.01 0.06 0.13 0.13 0.07 0.29 0.37 0.02 0.13 0.15 0.04

PR#1 0.34 0.37 0.26 0.47 0.47 0.38 0.31 0.31 0.29 0.06 0.10 0.07
PR#2 0.0 0.04 0.03 0.09 0.09 0.04 0.21 0.15 0.17 0.03 0.07 0.06
PR#3 0.37 0.13 0.24 0.15 0.15 0.06 0.54 0.37 0.29 -0.34 -0.12 -0.32

Table 1: Quantitative parameters according to the three configurations S1, S2 and S3. Considering S1 as the reference,
numbers in red color indicate large deviations of the results obtained by automated methods compared with the
reference, suggesting a different diagnosis.

4. DISCUSSION

Dynamic ultrasound acquisitions of laryngeal tract have been proposed to detect recurrent nerve paralysis. From the
dynamic cine-loop, including about 300 images, a three-steps procedure was defined including: 1) an appropriate
selection of two images corresponding to abduction and adduction phases; 2) a selection of three landmarks, the top of
thyroid cartilage and the left and right arytenoids, on each selected image; 3) the computation of geometrical indices in
order to suggest the diagnosis of recurrent nerve paralysis or to discard it. To reduce the tediousness of these steps, we
proposed to test some automatic methods in order to define a computer-aided diagnosis system.

Three settings were tested on a preliminary database including 10 subjects: a first setting including a fully manual
processing, a second setting using an automatic tracking of the three landmarks, a third setting using an automatic
tracking of the three landmarks and an automated selection of adduction and abduction images.

The visual analysis of the tracking done with the multi-pyramidal optical flow algorithm showed better results for the top
of the thyroid cartilage than for the arytenoids. These results seem to be related with the amplitude of vocal fold motion,
which is larger for the arytenoids than for the thyroid cartilage. Indeed, despite the pyramidal approach, the Lukas-
Kanade algorithm is known to be less robust for large amplitude motion. As only forward tracking was tested, it could be
useful to test the backward direction too. Furthermore the iterative procedure of tracking led inevitably to an
accumulation of errors in estimations, but they could be different in the forward and backward directions. Thus future
work should investigate the automated combination of both approaches. Errors can be very important in case of motion
with large amplitude due to swallowing or large respiratory motion. To avoid such a phenomenon, it should be helpful to
exclude images with high amplitude motion. Another source of errors in the tracking of landmarks could come from the
low quality of some B-mode images sequences, which are unavoidable when dealing with clinical data, for which no a
priori selection was done. However, despite these imperfections, the values that were obtained for the SYMq, LFM and
RFM parameters were quite similar to the values that were obtained by the expert.

The last setting combining both the automated selection of adduction and abduction images and the tracking of the
landmarks shows to be less efficient. However in 7 cases out of 10 cases, it provides quite similar results. Being aware
that a fully automatic procedure for landmarks positioning, tracking and image selection cannot be fully effective, a
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dedicated software component for making the diagnosis easier was developed. It proposes an automatic image selection
while keeping for the operator the possibility to modify the selection of images. Then the operator is invited to position
the three landmarks on the I image. The automatic tracking is then executed, offering the operator the possibility to
modify the estimated position of the landmarks after tracking in case of large errors. Finally quantitative parameters are
calculated in order to suggest the diagnosis: recurrent nerve paralysis or absence of paralysis.

The small number of cases enrolled in this study makes the identification of relevant parameters complex. Our next goal
is to increase the number of studies on our clinical database in order to better define criteria to detect recurrent nerve
paralysis. Thereafter a multi-parametric approach combining both fractions of mobility and symmetry indices could be
tested to improve the overall classification rate.

5. CONCLUSIONS

A new procedure based on laryngeal ultrasound imaging and specific image processing steps is presented to detect
recurrent nerve paralysis. Image processing steps provide encouraging results when compared to those obtained by an
expert. The results obtained on a preliminary database of ten subjects show the potential of symmetry and fraction of
mobility indices to help in the automated diagnosis of recurrent nerve paralysis. An approach combining expert decision
and image processing algorithms could provide a powerful procedure and help in the automated diagnosis of this
pathology.
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