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BACKGROUND
• Foot collapse is commonly encountered in the UK, most often as
a result of Charcot arthropathy. It has a close association with
ulceration, reduced mobility and amputation (1, 2, 4-6).
• Early diagnosis and monitoring is vital to guide management and
slow the progression (3).
• Foot collapse is primarily diagnosed and monitored using lateral
weight bearing foot x-ray images (1, 3, 7).
• There are several well validated measurements which aid
assessment (3,8-15), however in the experience of the authors,
these measurements are underutilised in clinical practice due to
the time-consuming nature of acquiring the measurements
manually and the lack of robust inter- and intra-user reliability.

BoneFinder website : www.bone-finder.com

MANUAL MEASUREMENTS

• Cuboid height (CH): The vertical distance from the cuboid to the
floor.
• Meary's angle (MA): The angle between the long axis of the talus
and the long axis of the 1st metatarsal. The cases were graded by
severity depending on the mean Meary’s angle;
(≤ 4° normal, 4° < 15° mild, 15° ≤ 30° moderate, and 30° <
severe)

• (73/127 females/males) from a total of 79 subjects (30/49
females/males). The mean age at image acquisition was 56.4
years ±12.9 SD. For every subject we had between 1 and 13
images (median: 2, interquartile range: 1-3).
• The majority of cases are of diabetic patients with an acute,
atraumatic, hot foot with suspected Charcot neuroarthropahy. A
small number of cases were post-traumatic cases with suspicion
of foot collapse.
• The collected images represent a wide variety of progression of
foot collapse; see Figure 1 for some examples.
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Figure 2. Visualisation of the measurements used in this study:
calcaneal tilt (blue), cuboid height (yellow) and Meary’s angle
(red).

4.

MANUAL MEASUREMENTS
• The results show good inter-observer agreement among the experts for all
three measurements with the intraclass correlation estimates for calcaneal
tilt, cuboid height and Meary’s angle being between 0.85, 0.78 and 0.86
respectively.

POINT-FINDER RESULTS

• We trained our point-finder to locate 61 points as shown in Figure 3. The points
were chosen such that they outline the bones of interest in studying foot collapse
and to include the minimal set of points required to calculate the measurements.
To provide the ground truth for training the system, all 200 images were manually
annotated with the 61 points by one of the clinical experts.
• Based on the manual ground truth annotations, we ran 10-fold cross-validation
(CV) experiments to generate fully automatic point-finder results for each of the
images. The cross-validation folds were defined randomly, taking into account
that (i) multiple images of the same subject were included in the very same fold,
and (ii) each fold included a balanced number of images (n=20) and subjects (n=7
or n=8). We included all 200 images for the development of the point-finder.

• For calcaneal tilt and cuboid height, there was a strong correlation between the
manual and the automatically derived measurements (PCC=0.71 and PCC=0.84,
respectively) and both measurements achieved a high percentage within range
(78.2% and 79.8%, respectively). For Meary's angle, however, the automatically
derived measurements only had moderate correlation with the manual
measurements (PCC=0.53) and fewer derived measurements (56.4%) were
within the range of manual measurements.
Measurement

LLM
bias

LLM
PCC (bootstrap
% within
95% CI)
observer range
p-value
Calculations based on automatically obtained point positions

Calcaneal tilt

0.85

0.29

0.71 [0.66--0.76]

78.2

Cuboid
1.19
0.23
0.84 [0.80--0.88]
79.8
height
Meary’s
1.49
0.32
0.53 [0.36--0.68]
56.4
angle
Calculations based on manual ground truth point positions
Calcaneal tilt
0.59
0.45
0.73 [0.68--0.77]
84.6
Cuboid
height
Meary’s
angle

1.38

0.18

0.87 [0.84--0.90]

80.9

2.37

0.12

0.65 [0.48--0.78]

63.3

Table 1. Manual measurements vs automatically derived measurements (LLM =
linear mixed-effects model; PCC = Pearson correlation coefficient; CI =
confidence interval).

• The point-finder is based on Random Forest regression-voting Constrained Local
Models (RFRV-CLM) (16), a very established method to accurately and robustly
outline skeletal structures in radiographic images. It can easily be run on any
computer without specific technical requirements, which is beneficial when
aiming for the clinical integration of such a system. Full details on how to train the
fully automatic point-finder are given in (16, 17).

DISCUSSION

Figure 4. Fully automatic point-finder performance for locating the 61 points
as in Figure 3. The severity grouping was applied retrospectively to the pointfinder results based on the manual Meary’s angle measurements; the point
positions of all groups were obtained using the same 10-fold CV point-finder
systems.
This shows that the performance of the system strongly depends on the
severity of disease; it drops significantly for severe cases, as would be
expected.

5. Armstrong DG, Lavery LA. Elevated peak plantar pressures in patients who have Charcot arthropathy, The Journal of Bone & Joint Surgery 1998;80(3):365-369.
6. Sohn MW, Stuck RM, Pinzur M, Lee TA, Budiman-Mak E. Lower-extremity amputation risk after Charcot arthropathy and diabetic foot ulcer. Diabetes Care 2010;33(1):98-100.
7. Schlossbauer T, Mioc T, Sommerey S, Kessler SB, Reiser MF, Pfeifer KJ. Magnetic resonance imaging in early stage charcot arthropathy: correlation of imaging findings and clinical symptoms.
European Journal of Medical Research 2008;13(9):409-414.
8. Hastings MK, Johnson JE, Strube MJ, Hildebolt CF, Bohnert KL, Prior FW, Sinacore DR. Progression of foot deformity in Charcot neuropathic osteoarthropathy. The Journal of Bone and Joint
Schmidt BM, Holmes CM. Updates on diabetic foot, charcot osteopathic arthropathy. Current Diabetes Reports 2018;18(10):74.
Surgery 2013;95(13):1206-1213.
Sella EJ, Barrette C. Staging of Charcot neuroarthropathy along the medial column of the foot in the diabetic patient. The Journal of Foot and Ankle Surgery 1999;38(1):34-40.
9. Wukich DK, Raspovic KM, Hobizal KB, Rosario B. Radiographic analysis of diabetic midfoot Charcot neuroarthropathy with and without midfoot ulceration. Foot & Ankle International
Hastings MK, Sinacore DR, Mercer-Bolton N, McCormick JJ, Hildebolt CF, Prior FW, Johnson JE. Precision of foot alignment measures in Charcot arthropathy. Foot & Ankle International
2014;35(11):1108-1115.
2011;32(9):867-872.
10. Bevan WP, Tomlinson MP. Radiographic measures as a predictor of ulcer formation in diabetic Charcot midfoot. Foot & Ankle International 2008;29(6):568-573.
Lavery LA, Armstrong DG, Wunderlich RP, Tredwell J, Boulton AJ. Predictive value of foot pressure assessment as part of a population-based diabetes disease management program. Diabetes 11. Pinzur MS, Schiff AP. Deformity and clinical outcomes following operative correction of Charcot foot: a new classification with implications for treatment. Foot & Ankle International
Care 2003;26(4):1069-1073.
2018;39(3):265-270.

References:
1.
2.
3.

2. GEOMETRY-CALCULATOR

RESULTS

1. POINT-FINDER

• We collected 200 radiographs from a total of 79 patients
recruited through the podiatry x-ray MDT at Salford Royal
Foundation Trust from April 2018-19.

Figure 3. Annotation example with 61 points.

• We developed code in Matlab R2017a to automatically calculate calcaneal tilt,
cuboid height and Meary's angle from the point locations identified by the
point-finder. (The lines and angles correspond to those in Figure 2, using the
relevant points from in Figure 3).

FULLY AUTOMATED MEASUREMENT
SYSTEM – COMPRISED OF TWO STAGES

Fig 1. Examples of varying degrees of foot collapse (MMA
= mean Meary's angle over all five clinical experts). All
radiographs have been cropped for better visualisation.

• Table 2 shows the results of the manual measurements vs the derived
measurements (i.e. calculated from point positions). For all three
measurements, there was no significant difference between the manual
measurements and the derived measurements calculated using the pointfinder results (p=0.29, p=0.23, p=0.32). This suggests that the fully automatic
system provides an unbiased estimate for these measurements and is in
agreement with the observers.

• Calcaneal tilt (CT): The angle between the inferior margin of the
calcaneum and a line from the inferior weight bearing point of
the calcaneum and the base of the 5th metatarsal.

• It is hoped that an automated system may increase the
application of these measurements and provide consistent
results for the purposes for diagnosing and/or monitoring
progression of foot collapse.

METHOD

GEOMETRY-CALCULATOR RESULTS

• Five clinical experts (three musculoskeletal consultants and two post-FRCR
registrar radiologists) reviewed each image, manually measuring calcaneal tilt,
cuboid height and Meary’s angle.

• We have developed a fully automatic software system to assess foot collapse
on lateral weight-bearing foot radiographs, automatically calculating calcaneal
tilt, cuboid height and Meary's angle.
• Our results show that the system provides an unbiased estimate for these
measurements and is in agreement with clinical experts.
• Although calcaneal tilt and cuboid height achieved an overall high percentage
within observer range, this was only moderate for Meary's angle, perhaps due
to poor automatic definition of the metatarsal axis. However, for mild and
moderate cases Meary's angle also achieved a high percentage within
observer range.
• This is promising for application of the system in clinical practice where early
diagnosing mild CF cases and monitoring the progression of moderate CF
cases would be a priority.
• Future work will include the refinement of the points-based calculation of
Meary's angle.
• We consider this study to be a pilot study and, as such, a very important first
step in exploring the feasibility and potential effectiveness of the proposed
system.

12. Persky JD, Langan T, Smith CN, Burns PR. Plantar Approach for Midfoot Wedge Resection to Reconstruct the Rocker Bottom Foot. The Journal of Foot and Ankle Surgery 2019;58(5):1030-1035.
13. Eschler A, Gradl G, Wussow A, Mittlmeier T. Late corrective arthrodesis in nonplantigrade diabetic Charcot midfoot disease is associated with high complication and reoperation rates. Journal
of Diabetes Research 2015; 246792. DOI: 10.1155/2015/246792.246792.
14. Molines-Barroso RJ, Lázaro-Martínez JL, Beneit-Montesinos JV, Álvaro-Afonso FJ, García-Morales E, García-Álvarez Y. Early foot structural changes after lateral column exostectomy in patients
with Charcot foot. The International Journal of Lower Extremity Wounds 2019;18(2):129-134.
15. Schon LC, Weinfeld SB, Horton GA, Resch S. Radiographic and clinical classification of acquired midtarsus deformities. Foot & Ankle International 1998;19(6):394-404.
16. Lindner C, Bromiley P, Ionita M, Cootes T. Robust and Accurate Shape Model Matching using Random Forest Regression-Voting. IEEE Transactions on Pattern Analysis and Machine Intelligence
2015;37(9):1862-1874.
17. Lindner C, Thiagarajah S, Wilkinson M, The arcOGEN Consortium, Wallis G, Cootes T. Fully Automatic Segmentation of the Proximal Femur Using Random Forest Regression Voting. IEEE
Transactions on Medical Imaging 2013;32(8):1462-1472.

