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ABSTRACT 
 

   Identification and localization of bone surfaces in 
ultrasound (US) images is an essential step in US-based 
image guided orthopedic procedures. However, US 
images often depict bones poorly compared to other 
medical imaging modalities, such as computed 
tomography (CT) or magnetic resonance (MR), because 
of speckle, reverberation, shadowing and other artifacts. 
As a result, accurate, robust and automatic localization of 
bone in US images remains a challenge. In this paper, we 
propose the use of phase congruency, a feature invariant 
to changes in image brightness or contrast, to enhance 
bone surface localization and visualization in 3D US 
images. The potential of the method is demonstrated 
through experiments in vitro and in vivo, with the results 
compared to conventional gradient- and edge-based bone 
localization approaches. These preliminary results show 
good performance of the proposed technique, suggesting 
it has promise in a clinical setting. 
 

1. INTRODUCTION 
 
Computer Assisted Orthopaedic Surgery (CAOS) 
systems typically use projection x-rays (ie, fluoroscopy) 
as their main intra-operative imaging modality. This 
means that surgical teams (and, to a lesser extent, 
patients) are exposed to potentially harmful ionizing 
radiation. More importantly, the 2D nature of 
fluoroscopic images makes it difficult to obtain accurate 
measurements of the shape and relative position of 3D 
anatomical structures. Therefore, there is considerable 
interest in trying to replace the radiation-based intra-
operative imaging modalities with safer non-ionizing 
real-time imaging modalities and ultrasound (US) is the 
leading alternative [1, 2, and 8]. 
         One of the most important tasks in analyzing US 
images is segmentation of the relevant anatomical 
structures. The segmentation algorithm must be tuned to 
the specific appearance of bone in ultrasound. For 
example, the clarity of the bone boundaries is strongly 
influenced by beam direction. The regions representing 

boundaries are not sharp, and show a width of several 
pixels ranging from 2-4 mm [2, 4, 7]. All of these 
drawbacks render automated localization and 
identification of bone boundaries from US images quite 
difficult and inaccurate [7].  Because of these problems, 
we propose that feature measures based on phase 
information rather than intensity derivatives would be 
more suitable for bone surface visualization in US. 
         A number of researchers have over the past few 
years been successful in incorporating US into their 
CAOS systems as a tool for intra-operative navigation. 
However, bone segmentation was either manually 
obtained or based on directional edge detectors or some 
morphological algorithms [3, 9]  Gradient-based methods 
are sensitive to variations in overall image intensity, 
blurring and magnification [5]. Changing of the 
ultrasound machine settings such as time gain 
compensation, focus, contrast, and gain will change the 
depiction of the anatomy and this, in turn, will affect the 
response of any gradient-based detection algorithms.  
         In this paper, we propose using local phase 
information to enhance the visualization of bone surfaces 
in 3D US images. In particular, we conducted 
experiments to detect the bone surface in artificial 
models of malaligned fractured distal radius bones 
(wrist) and in in vivo bones, namely the distal radius and 
the metacarpal joints (fingers). Results show that phase 
congruency successfully extracts bone surfaces without 
manual intervention. We also investigated the ability of 
local phase information to detect small gaps between 
bone fragments.  
 

2. METHODS: PHASE CONGRUENCY 
 
Phase congruency is a very attractive concept for general 
feature detection because it permits feature detection 
independent of actual feature type. The underlying 
principle is that phase is constant and congruent over all 
scales at the location of what the human visual system 
would perceive as a locally one dimensional feature such 
as an edge. It has been demonstrated [10] that phase 
information can provide more significant information 
within an image than amplitude information, therefore 
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the human brain can perceive features better in the phase 
space. Phase congruency (PC) [5] permits feature 
detection independent of the actual feature type. It is 
directly related to local energy which in the one 
dimensional (1D) case is defined as [5]: 

22 HILE += where I is the input signal and H its 
Hilbert transform. In practice, PC is obtained by 
computing local energy at a number of scales and 
integrating the resulting coefficients appropriately. It can 
be extended to two dimensions (2D) by simply applying 
a Gaussian spreading function across the filter 
perpendicular to its orientation. The phase congruency at 
a location x is expressed as the summation over 
orientation o and scale n: 
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Here    is a floor function expressing the fact that the 

enclosed quantity is not permitted to be negative. nA  
represents the amplitude at scale n of the Fourier series 
expansion whereas oW is a weighting function. A very 
small positive constant ε  is added to the denominator in 
case of small Fourier amplitudes. oT  compensates for 

noise and is estimated empirically, n∆Φ  is defined as: 
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The term )(xE is the local energy function. 
e
nn MxIxe ∗= )()(  and o

nn MxIxo ∗= )()( , 
consists of the basic components to calculate phase 
congruency. e

nM and o
nM  are the even and odd 

symmetric wavelet filters at scale n respectively. More 
detailed information can be found in [5, 6].  
 

3. IMAGING and EXPERIMENTS 
 
       To compare gradient-based feature detection 
methods with the proposed phase congruency-based 
approach for detecting bone surfaces in US images, we 
acquired ultrasound scans of a number of phantoms 
including a plastic femoral model (Sawbone), a fractured 
bone model, misaligned metal blocks, and a live human 
wrist and hand. Acquisition was performed on a GE 
Voluson 730 Expert ultrasound machine (GE Healthcare, 

Waukesha, WI) with a 3D RSP5-12 probe. The femoral 
phantom and the fractured bone specimen were 
immersed in a water tank and 3D images were captured 
with the probe.  The wrist (distal radius) and hand 
(metacarpal) images were acquired in vivo using standard 
ultrasound gel.   
       An important capability in the target surgical 
application is identifying bone fragments; hence we are 
particularly interested in the ability of the local phase 
technique to detect small gaps between fragments.  We 
therefore scanned two neighboring metal blocks after 
introducing different levels of vertical and horizontal 
misalignments to determine if the local phase technique 
could accurately detect the gap size. 
       Each image volume consisted of 19193199 ××  
( lelevationaaxiallateral ×× ) slices. The local phase 
extraction algorithm was executed on an Intel Pentium 4  
PC (3.64 GHz, 2GB of RAM) and took an average of 
0.77 seconds per slice and 146.3 seconds per volume to 
compute. 

  
(a) (b) 

Figure 1:  Distal radius in vivo  (a) 3D ultrasound (b) 3D 
surface extracted from the phase congruency map. 

 
       Qualitatively, the local phase algorithm produced 
clear images in all cases studied with the detected 
features systematically corresponding to the principal 
model or bone surface rather than other tissue boundaries 
(Fig 2-6).  In contrast, gradient-images and the Canny 
gradient based edge detection method, produced a 
number of false bone boundaries, both above and below 
the true bone surface. In Fig. 2 the fractured parts were 
aligned side by side and imaged with US; the gradient 
and Canny images show the fracture with one part over 
the other part whereas phase image shows correct results. 
The advantages were most apparent in the in vivo wrist 
and hand scans. Overlaying the results found from wrist 
images shows qualitatively the difference between the 
algorithms. Phase congruency detects the surface with no 
visible errors whereas the Canny edge detector shows 
some localization errors and gradient is affected by 
speckle (Fig. 6). We did not measure the spatial location 
of the bone surfaces so no accuracy calculations were 
done; these preliminary results are meant to guide future 
development of the technique.  
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 Perhaps the most illustrative result is the distal 
radius imaged in vivo (Fig. 1). Here you can see the 3D 
ultrasound image of the distal radius where the phase 
information appears unaffected by speckle and shows a 
clear transition at the bone surface.  
       In the separation study, the local phase algorithm 
was able to detect the smallest horizontal gap of 0.5 mm 
with an error of 0.0635mm and the smallest vertical gap 
of 0.53mm with an error of 0.1544mm (Tables 1 and 2).  
The greatest difference between the actual gap size and 
the size estimated from the local phase image was 0.3026 
mm (approximately 1/2 pixel) in the horizontal direction 
and 0.2038mm in vertical direction.  
 

Table1. Horizontal separation experimental results 
Actual 
separation  

Horizontal separation 
measured using the 
proposed scheme * 

Error 

mm pixels mm mm 
0.50 3 0.5635 0.0635 
0.81 4 0.7515 -0.2400 
1.20 8 1.5026 0.3026 
1.70 10 1.8782 0.1782 
2.01 10 1.8782 -0.1318 
2.50 14 2.6295 0.1295 
3.00 15 2.8173 -0.1827 
3.50 19 3.5686 0.0686 

* One pixel corresponds to 0.188¥0.188mm. 
 

Table2. Vertical separation experimental results 
Actual 
Separation  

Vertical separation 
measured using the 
proposed scheme * 

Error 

mm pixels mm mm 
0.53 2 0.3756 -0.1544 
1.27 7 1.3147 0.0447 
2.05 12 2.2538 0.2038 
2.33 12 2.2538 -0.0762 
3.15 16 3.0050 -0.1449 
3.25 18 3.3800 0.1300 
5.10 28 5.2590 0.1590 

* One pixel corresponds to 0.188¥0.188mm . 
 

4. CONCLUSIONS AND FUTURE WORK  
 

In this paper we presented the use of phase congruency 
to extract and visualize bone surfaces in 3D ultrasound 
images. To the best of our knowledge, the presented 
local phase-based bone localization algorithm has not 
been used before to estimate the location of the bone 
surface in US.   

       Our results suggest that the proposed local phase 
algorithm is a promising approach for identifying and 
localizing bone surface regions and accurately 
quantifying small gaps between surface fragments.  Our 
experiments confirmed that identifying the bone surface 
with in vivo settings is considerably more challenging 
than in phantoms due to the complex set of reflections 
from soft tissues.   
Future work will include testing the algorithm in actual 
patients who are scheduled to undergo a distal radius 
fracture surgery. We will obtain ultrasound scans and test 
the algorithm for fracture reduction assessment.  
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(a) (b) (c) (d) 

Figure 2: Fractured bone phantom (a) US image (b) Gradient image (c) Phase image (d) Canny image 
 

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

Figure 3: Metal block 3.5mm misalignment (a) US image (b) Gradient image (c) Phase image  (d) Canny image. 
 

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

Figure 4: Distal radius in vivo  (a) US image (b) Gradient image (c) Phase image  (d) Canny image. 
 

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

Figure 5: Metacarpal in ivo (a) US image (b) Gradient image (c) Phase image  (d) Canny image 
 

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

Figure 6: Fractured distal radius (sawbone) imaged with soft tissue (beef) overlaid on top  (a) US image (b) Gradient image (c) Phase 
image  (d) Canny image. 
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