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INTRODUCTION 
 
The task of describing foot deformities presents a formidable 
challenge to orthopaedic surgeons and podiatrists.  Bony 
deformities in the foot and ankle are multi-planar and 
therefore difficult to quantify by standard radiographic 
measures.  Much research has focused on developing and 
validating multi-segment foot and ankle models using 
optoelectronic motion capture based on skin-mounted 
reflective markers.   
 
Advances in imaging technology (CT, MRI, dual fluoroscopy) 
and 3D image registration allow for measurement of 
individual pedal bones with sub-millimeter image resolution.  
However, many image-based methods produce bone 
orientation axes that lack anatomic relevance.  For example, 
inertial axes reflect only the bone’s shape. 
 
We have developed an anatomic landmark-based method to 
define three-dimensional bone orientation axes for the tarsal 
and metatarsal bones of the foot using segmented, volume-
rendered CT surface images.  The end goal of this method is to 
quantify adult-acquired fixed foot deformities in subjects with 
diabetes, peripheral neuropathy, and neuropathic (Charcot’s) 
arthropathy.  Here we report details of the landmarking 
procedure as well as the intra-tester precision for landmark 
location, individual bone orientation, and bone-to-bone 
orientations for selected bones in the hindfoot and midfoot 
(calcaneus, talus, cuboid, and navicular) that are common sites 
of fixed deformity in the diabetic foot. 
 
METHODS 
 
Ten healthy volunteers underwent bilateral foot-ankle CT 
scans.  Foot bones were segmented from reconstructed CT 
data with edge-detection filtering and semi-automated bone 
separation software [1]. Segmented 3D voxel arrays were 
imported into an in-house software tool (Figures 1-5) [2] 
which allows placement of user-defined anatomic landmarks 
on volume-rendered surface meshes.  These landmarks were 
chosen to produce anatomically-relevant 3D coordinate axes 
for each bone.   
 
A single expert conducted 3 trials for each of the 20 feet in 
random order, blinded to the subject identification number.  
Each trial consisted of placing 3-4 landmarks on each of the 4 
bones tested.  Each bone’s 3D orientation in space was defined 
based on the anatomic landmarks, with X directed medial-

laterally, Y directed axially (primarily anterior), and Z 
directed quasi-vertically.  Bone-to-bone orientations were 
computed using XY’Z”Cardan rotation sequences, including 
joint angles of talus relative to calcaneus, cuboid relative to 
calcaneus, and navicular relative to talus in the sagittal (α), 
frontal (β) and transverse (γ) rotations.   

 
Figure 1:  Segmented foot bones (phalanges omitted) 
 
 
 
 
 
 
 
 
Figure 2:  Calcaneus landmarks and coordinate axes 
 
 
 
 
 
 
 
 
Figure 3:  Talus landmarks and coordinate axes 
 
 
 
 
 
 
 
 

Figure 4:  Cuboid landmarks and coordinate axes 
 
 
 
 
 
 
 
Figure 5:  Navicular landmarks and coordinate axes 
 



RESULTS AND DISCUSSION 
For each landmark location, the scalar root-mean square 
standard deviation (RMS-SD) was computed.  Results are 
expressed in millimeters in Table 1.   All RMS-SD values 
were under 1mm except for the landmarks on the talus, which 
ranged from 0.98 – 1.98mm.   
 
Table 1: Landmark placement precision. 
 

Anatomic Landmark Mean RMS-SD ± Group SD  

Calcaneus 
   Inferior-posterior facet 
   Superior-posterior facet 
   Central posterior facet 
   Anterior facet 

 
0.92 ± 0.43 mm 
0.61 ± 0.36 mm 
0.83 ± 0.43 mm 
0.61 ± 0.33 mm 

Talus 
   Posterior 
   Anterior 
   Medial-superior ridge 
   Lateral-superior ridge 

  
1.98 ± 1.07 mm 
0.97 ± 0.55 mm 
1.26 ± 0.78 mm 
1.47 ± 0.71 mm 

Cuboid 
   Posterior 
   Anterior 
   Inferior 
   Superior 

   
0.63 ± 0.28 mm 
0.48 ± 0.22 mm 
0.70 ± 0.35 mm 
0.73 ± 0.36 mm 

Navicular 
   Medial 
   Lateral 
   Superior 

 
0.61 ± 0.34 mm 
0.97 ± 0.54 mm 
0.94 ± 0.53 mm 

Angular precision of each bone’s orientation was computed as 
the root-mean square standard deviation with respect to each 
bone’s coordinate axes (Table 2).  Note that the talus had 
comparable precision to the other bones in its angular 
orientation, despite higher RMS-SD values for landmark 
placement.  This likely reflects the larger size of talus 
compared to cuboid and navicular, and also possibly the 
tendency for pairs of landmarks to be “consistently 
inconsistent.”  For example, if the medial and lateral talus 
markers were both moved anteriorly by the same distance, 
then the vector connecting them would not affect the resulting 
Cartesian coordinate axes for the bone. 
 
Table 2: Precision of Cartesian coordinates axes.  Results are 
in degrees ± group SD. 
 

Bone X Y Z 

Calcaneus 2.2° ± 0.9° 1.1° ± 0.5° 2.0° ± 1.0° 

Talus 3.3° ± 1.8° 3.5° ± 1.6° 1.7° ± 0.7° 

Cuboid 2.6° ± 1.4° 2.3° ± 1.0° 2.6° ± 1.2° 

Navicular 3.1° ± 1.2° 2.5° ± 0.9° 2.6° ± 1.2° 

Data in Table 3 are the root-mean square standard deviations 
for each angular component of the bone-to-bone rotations.  
These precision values are much lower than group differences 
observed previously using this method in a comparison of 
subjects with neuropathic (Charcot’s) arthropathy versus 
subjects with diabetes and peripheral neuropathy but no foot 
deformity [3], suggesting adequate signal-to-noise to detect 
group differences and perhaps change within subjects. 
 
Table 3: Precision of bone-to-bone orientation for sagittal (α), 
coronal (β), and transverse (γ) angles.  Results are in degrees, 
± group SD. 
 

Joint (α) (β) (γ) 

Talus/Calcaneus 2.4° ± 1.2° 1.4° ± 0.7° 1.0° ± 0.5° 

Cuboid/Calcaneus 1.3° ± 0.8° 2.1° ± 1.1° 1.1° ± 0.7° 

Navicular/Talus 2.6° ± 1.3° 1.7° ± 0.8° 1.2° ± 0.6° 

 
CONCLUSIONS 
 
Here we report measurement precision for a single tester using 
a landmark-based method to determine individual bone 
orientations from CT scans of the foot.  We found landmark 
placement precision on the order of 1mm, individual bone 
orientation precision from 1.1-3.4°, and the precision of select 
hind foot bone-to-bone orientation angles from 1.1-2.6°.   
 
Future work will include the remainder of the midtarsal bones, 
metatarsals, and the hallux.  Additionally, as we developed 
these methods to describe adult-acquired fixed midfoot 
deformities in subjects with neuropathic (Charcot’s) 
arthropathy, it will likely be necessary to conduct a separate 
assessment of measurement precision in this subject 
population.  Further development and validation of automated, 
atlas-based methods to determine anatomically-relevant bone 
orientations will expand the relevance and applicability of this 
landmark-based method.  We believe that this methodology 
could readily apply to other clinical populations (rheumatoid 
arthritis, cerebral palsy, Charcot-Marie-Tooth disease, etc.) or 
to quantify joint motions using CT-derived bone orientations 
co-registered to multi-plane fluoroscopy.   
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