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Abstract
Confidence-weighted structured phase symmetry (CSPS) is a state-of-the-art bone segmentation technique for ultrasound (US), which has been recently proposed for automatic
diagnosis for developmental dysplasia of the hip (DDH). However, CSPS relies on complex
image phase feature analysis which is computationally expensive, and in our preliminary
tests we have found it to be sometimes inaccurate. We evaluate a simpler alternative
segmentation technique which we previously published, called Shadow Peak (SP), which
uses intensity analysis to perform fast and accurate US bone segmentation. On average,
SP segmentation ran 15 times faster for 2D US images, when tested on 15 hip images of
pediatric patients. Furthermore, SP improves the segmentation F-score to 94%, compared
to 72% when using CSPS segmentation.
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Introduction

Ultrasound (US) has been shown to be a reliable, inexpensive and safe imaging modality for
orthopaedic applications, with real-time imaging capabilities. In particular, US was used and
automatically processed to diagnose developmental dysplasia of the hip (DDH), a pediatric
hip disorder, by extracting key 2D and 3D DDH image metrics [7, 3]. US bone segmentation
is a key component in this automated diagnosis. Many US bone segmentation techniques
exist, including optimized phase symmetry (OPS) and confidence-weighted structured phase
symmetry (CSPS) which have been used in DDH image analysis [5, 6]. However, in preliminary
experiments we found both OPS and CSPS sometimes inaccurately segmented bone surfaces in
US.
We therefore present an alternative bone segmentation technique, Shadow Peak (SP), which
uses primarily intensity-based vectorized operations (e.g. scanline integration, array multiplication) to achieve real-time segmentation in US images. Previously, we demonstrated the efficacy
of SP segmentation on spatially reconstructed 3D US volumes for computer-assisted orthopaedic
surgery applications [4], and here we demonstrate its performance for bone segmentation in 2D
in vivo images of pediatric patients.
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Methods

Shadow Peak (SP) calculates a shadow confidence map based on vectorized normalized scanline
integration, which is used to enhance the original US image through element-wise multiplication.
Peak detection and connected-component analysis are then used to produce the final bone
segmentation. We implemented the method as described in [4], but changed the Gaussian
filter’s standard deviation from 1 to 4 pixels, given that bone surfaces in DDH images have
a larger pixel thickness, compared to our previous study. We implemented CSPS and OPS
segmentation using the original authors’ respective code, and implemented ray-casting to select
the final segmentations as recommended by the authors [7, 2]. We used the same connectedcomponent analysis parameters across all segmentation methods to enable a fair comparison.
We used fifteen US hip volumes, which were made accessible from a previously completed
study. The volumes were collected from 11 infant patients at British Columbia Children’s
Hospital, using a SonixTouch Q+ ultrasound machine (BK Ultrasound, Peabody, MA, USA).
No two scans contained the same hip from a patient. The bone in the centre slice from each
volume was manually segmented (which we used as the gold standard) by a pediatric orthopaedic
surgeon with expertise in infant hip US images. Each US image was resized to an isotropic pixel
size of 0.158mm, represented approximately by 250 × 250 pixels. 2D automatic segmentations
using SP, CSPS and OPS were performed on the centre slice of each volume.
To assess the accuracy of the segmentation methods, we measured the recall and precision of
each segmentation after 1 or 2 mm contour dilation, consistent with the method proposed by [1].
We also calculated the F-score for each segmentation, defined as the harmonic mean of the recall
and precision. In addition, we measured the root-mean-square (RMS) Euclidean distance error
between the automatic and manual segmentations. We computed two Euclidean distances: one
going from each point on the automatic segmentation to the nearest manual segmentation point,
and the second going from each point on the manual segmentation to the nearest automatic
segmentation point. Reporting both distances is more sensitive to discrepancies in the surface
extents between automatic and manual segmentations. Lastly, we recorded runtime for each
segmentation method.
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Results

Figure 1 shows qualitative results on the DDH images, comparing fair and poor segmentation
results for each of the segmentation techniques. In our test, CSPS tended to under-segment the
ilium, while OPS sometimes segmented non-bone structures (see Figure 1).
Overall on the 15 DDH images, we found that SP achieved both the highest mean precision
and recall: 90.2% (standard deviation (SD): 11.2%) precision and 98.3% (SD: 5.2%) recall,
giving an overall F-score of 93.7% (SD: 7.8%). CSPS achieved 85.1% (SD: 28.3%) precision and
66.3% (SD: 31.7%) recall, while OPS achieved 72.9% (SD: 40.3%) precision and 69.7% (SD:
41.8%) recall. We tested the significance of these results using a one-tailed Wilcoxon signedrank test and found that Shadow Peak had a mean F-score greater than CSPS (p < 0.01) and
OPS (p < 0.05). The F-scores are plotted in Figure 2. For CSPS segmentation, the mean RMS
distance to and from the manual segmentation was 2.06mm (SD: 4.24mm) and 2.16mm (SD:
4.27mm) respectively. For OPS, the mean RMS distance to and from the manual segmentation
was 4.84mm (SD: 8.17mm) and 3.94mm (SD: 7.46mm). SP achieved the lowest mean RMS
distance errors both to and from the manual segmentation: the mean RMS distance from the
SP segmentation to and from the manual segmentation was 1.14mm (SD: 0.85mm) and 0.28mm
(SD: 0.17mm) respectively.
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Figure 1: Four example DDH images, with corresponding manual and automatic segmentations. The blue arrows highlight typical bone under-segmentation by CSPS, and the red arrows
highlight how incorrect structures are sometimes segmented by OPS.
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Figure 2: F-scores of each segmentation method evaluated against manual expert segmentation.
The dashed line represents the mean and the solid line represents the median in each box plot.

SP took an average of 6ms (SD: 2ms) to process a single US image. In contrast, OPS took
an average of 450ms (SD: 22ms) and CSPS segmentation took an average of 94ms (SD: 7ms) to
compute. The difference in mean runtimes across the three methods are statistically significant
using a student’s t-test (p < 0.0001). All segmentations were performed in MATLAB on an
Intel i7-6700HQ CPU with 32GB RAM.
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Discussion and Conclusion

We found that SP segmentation was both more accurate and faster than CSPS and OPS for
bone in 2D in vivo images of the pediatric hip. We found comparable performance in terms
of the absolute F-score when compared to other state-of-the-art methods - in particular the
deep learning based methods presented in [1] and [8] achieved mean F-scores of 0.90 and 0.64
respectively, whereas SP achieved 0.94. However, it is challenging to compare results directly
given the different anatomies imaged in each study. One limitation of our study is that bone
segmentation accuracy was assessed on a small set of patient images, and a more representative
assessment could be made on images collected from more patients and using different US imaging
systems.
Given the higher F-score and lower RMS errors, we believe that SP segmentation has the
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potential to make automated DDH diagnoses more efficient and accurate. Furthermore, we
plan to study the effect of SP segmentation on the reliability of automated DDH diagnoses,
when used directly on 3D US volumes.
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