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Abstract
In CAOS, ultrasound imaging has been proposed as a solution for obtaining the specific bone
morphology of the patient, avoiding limitations of existing technologies. However, this imaging
modality presents different drawbacks that make difficult the automatic bone segmentation. A new
algorithm, based on Fully Convolutional Networks (FCN), is proposed. The aim of this paper is to
compare and validate this method with (1) a manual segmentation that was performed by three
independent experts, and (2) a state of the art method called Confidence in Phase Symmetry (CPS). The
FCN based approach outperforms the CPS algorithm and the RMSE is close to the manual segmentation
variability.

1 Introduction
In orthopedic surgery, the intraoperative determination of the patient specific bone morphology is
crucial to accurately perform a surgery. Fluoroscopy is often used for this purpose. However, this
modality exposes the patient to additional x-rays. In addition, this kind of images are only 2D
projections of the internal bony structures which can lead to misinterpretations.
During the last decades, some studies tried to integrate the radiation-free, real-time ultrasound (US)
modality in order to acquire the bone morphology without additional incisions or x-ray radiographs [1].
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The three dimensional (3D) position and orientation of the US image is determined thanks to (1) a
marker localized by the CAOS system and attached to the US probe, and (2) an accurate image to probe
calibration [2]. The main difficulty to make this technology usable in the operating room is to achieve
an automatic bone segmentation of the US images. The high level of noise, imaging artefacts [3],
limited field of view, reverberations and shadowing [1] could affect the quality of the images.
Deep-Learning based methods should be investigated for the segmentation of bone in US images
since these approaches have achieved very successful results in biomedical image segmentation [1, 4–
6]. A few studies have recently used Deep-Learning algorithms for the bone segmentation in US images.
[7, 8] . These recent Deep-Learning based methods seem to outperform others previous approaches.
All these algorithms were however assessed and compared to a manual segmentation performed by
only one expert. Since the interpretation of the bone interface in US images could be different following
experts, the manual segmentation cannot be considered as an absolute gold standard without having
first evaluated it.
In this paper, we propose a new algorithm inspired by the concept of the hybrid CPS method
introduced by Quader et al. [9]. As this CPS approach, our algorithm uses a combination of the local
Phase Symmetry (PS)[10] and the confidence map [11]. However, the classification of the bone surface
is performed using FCN [12].
The aim of this paper is to compare the developed method with (1) a manual segmentation that has
been previously evaluated by three independent experts, and (2) the CPS algorithm.

2 Materials and Methods
The proposed approach is based on the FCN algorithm described in [12] which is well suited for
segmentation purpose thanks to the classification of each pixel in the image. The input of the algorithm
is an image composed by three colors (Red, Green , and Blue ) in which each one contains respectively
the ultrasound image, the phase Symmetry image and the Confidence Map (figure 1).

Figure 1: US image in the red channel (a), phase-symmetry in the green channel (b), confidence map in the
blue channel (c) and combination of the three RGB channels (d)

The dataset used for this study is composed of 3692 US images collected from three volunteers on
six different anatomical structures. Three experts manually delineated the bone interface on these US
images. The inter- and intra- observer variabilities of this manual delineation was assessed. Both FCN
based and CPS approaches were studied and compared to the inter-observer average segmentation
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according to six criteria: recall, precision, F1-Score, accuracy, specificity and Root Mean Square Error
(RMSE).

3 Results
3.1 Manual segmentation analysis
The intra- and inter-observer variabilities were inferior to 0.8 mm for 90% of manual annotations..
The mean ± Standard Deviation (STD) are 0.33 ± 1.02 mm and 0.21 ± 0.43 mm for respectively the
inter- and the intra-observer variabilities. The maximum values are 38.10 mm and 20.59 mm for
respectively the inter- and intra-observer variabilities.

3.2 FCN based approach results
For 75% of predictions, the RMSE of the FCN based approach is inferior to 0.48 mm The mean ±
Std of the RMSE was 0.99 ± 2.62 mm and 6.43 ± 7.66 mm for respectively the FCN based approach
and the CPS algorithm. The mean recall, precision, f1-Score, accuracy and specificity were respectively
66%, 65%, 62%, 81% and 84% for the FCN based approach, and 64%, 36%, 41%, 50% and 41% for
the CPS algorithm.

4 Discussion and Conclusion
We performed a first study to evaluate the inter- and intra-observer variabilities of the manual
annotation of bone interfaces in the US images. Most of the annotations have an inter and intra-observer
variability between an acceptable range. However, maximum values of inter and intra-observer
variability, that are widely far from a correct value, are due to misinterpretations during the annotation
[1].
Regarding the algorithm study, the FCN based approach shows better classification scores than the
CPS method. As also observed by Ozdemir [3], the mean RMSE for the CPS algorithm reaches more
than 5 mm. This is much higher than the RMSE of the FCN based approach, which is 0.99 ± 2.62 mm.
The accuracy of the algorithm is therefore close to the manual segmentation uncertainty.
In conclusion, we have shown in the paper that (1) the FCN based approach outperforms the CPS
method and (2) the accuracy of the FCN based approach is close to the manual segmentation variability.
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