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Objectives: We hypothesize that three-dimensional (3D) geometric analyses in weight bearing CT-images of the
foot and ankle are more reproducible compared to two-dimensional (2D) analyses. Therefore, we compared 2D
and 3D analyses on bones of weight-bearing and non weight-bearing cone-beam CT images of healthy volunteers.
Methods: Twenty healthy volunteers (10 male, 10 female, mean age 37.5 years) underwent weight-bearing and
non weight-bearing cone-beam CT imaging of both feet. Clinically relevant height and angle measurements were

performed in 2D and 3D (for example: cuboid height, calcaneal pitch, talo-calcaneal angle, Meary’s angle,
intermetatarsal angle). Three-dimensional measurements were obtained using automated software. Intra-
observer and inter-observer agreement were evaluated for all 2D measurements.

Results: Overall intraclass correlation coefficients (ICC’s) were higher than 0.750 for most 2D measurements,
ranging from 0.352 to 0.995. Calcaneal pitch, angle between the first metatarsal (MT1) and proximal phalange 1,
between the fifth metatarsal (MT5) and the calcaneus and heights of the sesamoid bones, navicular, cuboid and
talus decreased during weight-bearing in both 2D and 3D results (p < 0.01). Meary’s angle was not statistically
different in 2D (p=0.627) and 3D (p = 0.765). Higher coefficients of variation in 2D geometric analysis pa-
rameters (0.27 versus 0.16) indicate that 3D analyses are more precise compared to 2D (p < 0.01). Results of left
and right feet are comparable for 2D and 3D analyses.

Conclusion: Although 2D and 3D geometrical analyses are fundamentally different, automated 3D analyses are
more reproducible and precise compared to 2D analyses. In addition, 3D evaluation better demonstrates dif-
ferences in bone configurations between weight-bearing and non weight-bearing conditions, which may be of

value to demonstrate pathology.

1. Introduction

Conventional CT and radiography help clinicians recognize and
locate problems in the foot and ankle. To assess pathological foot
morphology, weight-bearing radiography is often used in standard care
in patients with Charcot foot, diabetic foot or neuropathic foot, where
severe deformities of the foot result in a change of anatomy and response
of inter-bone alignment as a result of loading [1-3]. However, the 2D
nature of radiography limits the evaluation of morphological changes
due to the complex three-dimensional (3D) structure of the foot and

ankle. Also, over-projection of bones in both anterior-posterior and
lateral views may affect the reliability of quantitative and qualitative
analyses [1]. Furthermore, disorders with accompanying deformities
may only be visible under natural loading, since the accompanying load
likely alters the configuration of the bones in the foot.

In a weight-bearing cone-beam CT (CBCT) scanner, 3D images of the
lower extremities can be acquired with natural loading and without load
in the upright position. This type of functional imaging may reveal
problems that would otherwise be non-discernible [4-8], such as the
displacement and rotation of bone fragments in patients with

Abbreviations: Ax, axial; C, calcaneus; CBCT, cone-beam computed tomography; CP, calcaneal pitch; CV, coefficient of variation; ICC, intraclass correlation
coefficient; IMA, intermetatarsal angle; MT1, first metatarsal; MT2, second metatarsal; MT5, fifth metatarsal; Non WB, non weight-bearing; P1, first phalange; P2,
second phalange; Sag, sagittal; SD, standard deviation; T, talus; TC, talocalcaneal angle; WB, weight-bearing.
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Fig. 1. Weight-bearing and non weight-bearing cone-beam CT images were acquired under natural load. For both feet the hindfoot is acquired in non weight-bearing
(a) and weight-bearing (b). Also the forefoot of both feet was acquired in non weight-bearing (c) and weight-bearing condition (d).

deformities and a diminished joint space in patients with osteoarthritis
[9,10]. Studies in forefoot and hindfoot alignment show that 3D
weight-bearing CT is more useful than 2D imaging, since 3D volume
data allows for a better multi-planar insight [3,11-13]. However, the
added value of utilizing geometrical parameters measured in 3D instead
of 2D equivalents is unclear. In daily surgical practice, the contralateral
side is often used as reference in corrective surgery [14-16], although
the symmetry is only confirmed from 2D radiographs [17] but not in 3D
space. In could be of practical value if geometrical 2D or 3D parameters
of the contralateral foot could serve as reference in diagnosis and
corrective surgery. However, the validity of using the contralateral side
as geometrical reference in correction surgery of the ankle and foot
disorders is unknown. Therefore we propose to evaluate geometrical
parameters extracted from 3D weight-bearing and non weight-bearing
images as well as 2D radiogram equivalents extracted from 3D volume
data, which enables a fair 2D versus 3D comparison [2,12].; The ob-
jectives of this study were to compare 2D with 3D geometrical param-
eters, compare these parameters in weightbearing and non
weight-bearing conditions, and between the left and right feet. In
addition, we evaluated the inter-and intra-observer variability in 2D and
3D geometric parameters. To this end, we evaluated 2D and 3D images
of healthy volunteers.;

2. Materials and methods
2.1. Subjects

In this pilot study 20 healthy volunteers with no history of foot and
ankle pathology were included. The group consisted of ten men and ten
women with a mean age of 37.5 years (ranging between 24-57 years,
SD = 9.9 years). Volunteers had a mean weight of 75.6 kg (ranging be-
tween 53 and 108 kg, SD=13.9kg). The average height was 177.2 cm
(ranging between 154—191 cm, SD = 9.5 cm). Medical ethical approval
was obtained (METC2019_038). Exclusion criteria were inability to
stand on one leg, aged under 18, pregnancy or no written informed
consent.

2.2. Acquisition

Non weight-bearing and single-leg-full-weight-bearing images were
acquired on a Planmed Verity cone-beam CT system (Planmed Oy)
(Fig. 1). This system uses cone beam CT (CBCT) technology to provide
3D images of the extremities at a particularly low dose similar to several
repeated plain radiographs [18]. Patients stand in the upright position in
the weight-bearing CT scanner, with a field-of-view of approximately
16 x 13 cm [19]. Scan parameters were: 96 kV and 6.3 mA and a pulse
length of 20 ms. Five hundred projection images were used to recon-
struct 3D images with a voxel size of 0.2 x 0.2 x 0.2mm. Due to
field-of-view limitations, hindfoot and forefoot images were acquired
separately. In each patient, weight-bearing and non weight-bearing
images of the left and right hindfoot and forefoot were acquired,
resulting in 8 acquisitions in total, resulting in a total CTDI of 48.64 mGy
and DLP of 634.16 mGy*cm. Consecutive images of the hindfoot and
forefoot were stitched together using stitching software (Planmed Oy).

2.3. Bone segmentation

Before 3D measurements could be obtained, different osseous
structures in the feet were segmented (by **) using Articulus software
[20]: distal tibia and fibula, talus, calcaneus, os naviculare, os cuboi-
deum, os cuneiforme medial/intermedius/lateral, 1% metatarsal (MT1),
2" metatarsal (MT2), 5% metatarsal (MT5), 1°t and 2™ proximal pha-
lange and the sesamoid bones. Segmentation of bones was performed in
non weight-bearing scans by region-growing with manual editing, and
was followed by level-set segmentation and extraction of a polygon
mesh representing the bone [20]. Repositioning of bones in
weight-bearing conditions was determined by registration. The bones
which were segmented in the non weight-bearing CT scan were manu-
ally positioned in the correct weight-bearing position and orientation.
The software optimizes the position and orientation of the bones in
weight-bearing conditions via translation and rotation based on local
intensities and bone-soft tissue transitions. The average time spend for
bone segmentation and registration was approximately 6 h per healthy



M. Broos et al.

European Journal of Radiology 138 (2021) 109674

Fig. 2. Digitally reconstructed radiographs of the foot in lateral view (left) and craniocaudal view (right), showing lines drawn by an investigator, which are used to
perform 2D measurements (see text). Angles are defined by two lines with the same number. Heights are defined by the length of lines indicated by a letter.

volunteer, including WB and non WB data of both feet.

2.4. Measurements - 2D

Two-dimensional simulated X-ray images were extracted from
weight-bearing and non weight-bearing images in fixed sagittal and
axial views (by **) using the Digitally Reconstructed Radiograph (DRR)
function in HOROS software (version 3.3.6). These simulated X-rays
were used for geometrical measurements on the foot anatomy. In liter-
ature, several well-known angle and height measurements are described
to determine the stability of the foot and ankle [4,21-26]. Angles be-
tween bones were defined by manually drawn anatomical axis lines
through the center of the body structures in 2D sagittal and/or axial
view of the foot (Fig. 2). The angles evaluated were: calcaneal pitch (1),
talo-calcaneal angle axial (2a) and sagittal (2b), angle between the talus
and MT1 axial (3a) and sagittal/Meary’s angle (3b), angle between MT1
and proximal phalange axial (4a) and sagittal (4b), angle between MT2
and proximal phalange 2 sagittal (5), intermetatarsal angle sagittal (6),

angle between MT5 and the ground sagittal (7), angle between MT5 and
the calcaneus sagittal (8). Heights are defined by the length of lines
indicated by a letter and were measured from the horizontal surface
until the most caudal or cranial part of the bone structure (Fig. 2). The
heights evaluated were those of the sesamoid bones of MT1 (A), navic-
ular (B), cuboid (C) and talus (D). HOROS was also used for these 2D
measurements. All measurements were performed by two blinded ob-
servers (** and **) to test the inter-observer variability, and were
repeated by one of the observers (**) to test the intra-observer
variability

2.5. Measurements - 3D

Articulus software was used to obtain all 3D measurements. By using
the bone structures in weight-bearing and non weight-bearing positions,
the software automatically composes anatomical long-axes of the bone
structures based on their inertial axes [27]. The following measurements
were obtained (by **) in 3D: calcaneal pitch (1), talo-calcaneal angle

Fig. 3. Segmented 3D osseous structures in Articulus with X, Y, Z-axes. The numbers and letters indicate angles and heights, which are specified in the text. Angles
are defined using the long-axis of bones with the same number. Heights were measured from the most caudal or cranial point of the mesh with respect to the

scanners axes.



Table 1
Overview of the mean, standard deviation (SD), median and 95 % confidence interval (CI) and the coefficient of variation (CV) of 2D weight-bearing (WB) and non weight-bearing (NWB) measurements. Differences
between WB and NWB results (NWB-WB) and p-values are provided.

Left feet Right feet
NWB WB NWB WB
2D measurements Mean Median Ccv Mean Median Ccv Mean P value Mean Median (9% Mean Median Ccv Mean P value
(95 % CI) (95 %CI) difference (95 % CI) (95 %CI) difference
NWB-WB NWB-WB

1 Calcaneal pitch 24.55  24.24 0.20 22.68 21.69 0.23 -1.88 <0.001*  25.17 24.21 0.20 23.61 23.41 021  -1.56 <0.001*
(sag) (°) (22.21-26.89) (20.24-25.11) (22.80-27.54) (21.32-25.91)

2a Talo-calcaneal angle 18.32 18.06 0.11 18.90 18.21 0.12 0.59 0.073 18.96 18.82 0.12 19.08 19.02 0.11 0.12 0.654
(ax) (°) (17.36—19.27) (17.83-19.98) (17.91-20.01) (14.09-20.06)

2b  Talo-calcanealangle  46.97  47.05 0.11  46.67 46.80 0.10 -0.30 0.97 47.27  48.74 0.11 46.66 47.26 0.10 -0.61 0.006*
(sag) (°) (44.57—-49.37) (44.49—-48.86) (44.94—49.60) (44.56—48.77)

3a Angle talus-MT1 5.82 5.29 0.57 5.51 4.44 0.71 —-0.30 0.627 5.27 4.56 0.72 4.46 3.75 0.64 -0.82 0.247
(ax) (°) (4.27-7.36) (3.69-7.34) (3.50-7.04) (3.12-5.76)

3b  Angle talus-MT1 5.31 5.92 0.47  4.93 4.79 0.45 -0.38 0.627 5.31 5.16 0.44 434 4.43 0.44 -0.97 0.03*
(sag) (*) (4.15-6.47) (3.89-5.98) (4.21-6.41) (3.44—5.24)

4a  MT1 prox phal 1 15.43 13.85 0.35 14.40 13.90 0.40 -1.03 0.046* 1398 13.39 0.26 13.19 12.80 0.28 -0.78 0.108
(ax) (°) (12.88-17.99) (11.68-17.12) (12.26—-15.69) (11.46—-14.92)

4b MT1 - prox phal 1 13.60 13.66 0.43 11.24 11.33 0.47 —2.36 <0.001* 12.64 11.97 0.42 10.72 10.29 0.43 -1.91 0.001*
(sag) (°) (10.85-16.36) (8.75-13.73) (10.16—-15.11) (8.57-12.87)

5 MT2 prox phal 2 5.65 6.68 0.48  4.43 4.68 0.57 -1.22 0.019* 4.56 3.99 0.67 3.81 3.18 0.61 -0.75 0.079
(ax) (°) (4.39-6.91) (3.25-5.61) (3.12-6.00) (2.73-4.89)

6 Intermetatarsal 9.72 9.59 0.22 10.28 10.31 0.21  0.56 0.065 10.16  10.31 0.12 11.01 10.75 0.18 0.85 0.021%
angle (ax) (°) (8.71-10.74) (9.26—-11.30) (9.60-10.71) (10.10-11.91)

7 MTS5 - ground (sag) 10.53  10.08 0.19 9.18 8.74 021 -1.34 <0.001* 11.08 10.88 0.22  9.54 9.29 0.22 -1.54 <0.001*
©) (9.59-11.46) (8.27-10.10) (9.94-12.22) (8.58-10.51)

8 MTS5 - calcaneus 29.70  29.99 0.16 27.27 27.47 0.17 -2.43 <0.001*  30.05 29.8 0.17 27.75 28.04 0.17 -2.30 <0.001*
(sag) (°) (27.51-31.90) (25.05-29.50) (27.70-32.39) (25.58-29.91)

A Fat pad caput MT1 7.95 7.02 0.37  6.04 5.45 0.33  -0.19 0.001* 7.60 7.6 0.33  6.47 6.41 0.37 -0.11 0.001*
(sag) (mm) (6.57-9.34) (5.10-6.98) (6.43-8.77) (5.35-7.58)

B Navicular height 7.21 7.33 0.09 6.81 6.87 0.09 -0.40 <0.001*  7.24 7.33 0.08 6.91 7.12 0.10 -0.33 <0.001*
(sag) (cm) (6.89-7.53) (6.51-7.11) (6.96—7.52) (6.60—7.22)

C Cuboid height (sag) 2.37 2.39 0.15  2.24 2.19 0.25  -0.13 0.002* 2.34 2.32 0.14 212 2.09 017 -0.22 <0.001*
(cm) (2.20-2.54) (1.98-2.51) (2.19-2.49) (1.96-2.29)

D Talar height (sag) 8.85 8.99 0.08 8.54 8.54 0.08 -0.32 <0.001*  8.94 9 0.08 8.60 8.65 0.08 —0.34 <0.001*
(cm) (8.51-9.20) (8.21-8.87) (8.62—9.25) (8.26—8.93)

NWB: non weight-bearing.

WB: weight-bearing.

CV: coefficient of variation.

CIL: confidence interval.

* Statistically significant difference.
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(2), angle between the talus and MT1 / Meary’s angle (3), angle between
MT1 and proximal phalange (4), angle between MT2 and proximal
phalange 2 (5), intermetatarsal angle (6), angle between MT5 and the
ground (7), the angle between MT5 and the calcaneus (8), caudal height
of the sesamoid bones (E), cranial height of the navicular bone (F),
caudal height of the cuboid bone (G) and cranial height of the talus (H).
The caudal and cranial height of the sesamoid bones, navicular, cuboid
and talus were not measured with respect to the surface, on which the
volunteers were standing on, but were measured from the most caudal
or cranial point of the mesh with respect to the scanners reference plane.
In case of the calcaneal pitch and the angle of MT5 with respect to the
ground, a reference Y-axis was created equal to the ground (Fig. 3).

2.6. Statistical analyses

Analysis of inter- and intra-observer reliability was done by deter-
mining the intra-class correlation coefficient (ICC) between the different
observers. An ICC value higher than 0.750 was considered a good reli-
ability, where an ICC value higher than 0.900 was considered an
excellent reliability [28]. Shapiro-Wilk test was used to determine if
results were normally distributed. All 2D measurements of both ob-
servers and 3D measurements were averaged per measurement param-
eter. Mean, standard deviation (SD), median and 95 % confidence
interval (CI) of 2D and 3D weight-bearing (WB) and non weight-bearing
(non WB) geometrical analyses were calculated. Coefficient of variation
was calculated to determine the precision of 2D and 3D measurements.
Weight-bearing results were subtracted from non weight-bearing results
(non WB-WB) in order to calculate mean differences between WB and

i'.l
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Fig. 4. Mean 2D angles (a) and 3D angles (b)
with standard deviations measured in non
weight-bearing (non WB) and weight-bearing
(WB) conditions.

Ax: axial.

Sag: sagittal.

Non WB: non weight-bearing.

WB: weight-bearing.

CP: calcaneal pitch.

TC: talocalcaneal angle.

T: talus.

MT1: first metatarsal.

MT2: second metatarsal.

P1: first phalange.

P2: second phalange.

IMA: intermetatarsal angle.

MTS5: fifth metatarsal.

C: calcaneus.

IMA (ax) MTS ground (sag) ~ MTS C (sag)

MTS ground MT5 C

non WB results. A negative result represents a decrease in angle or
height during weight-bearing. @~ Mean differences between
weight-bearing and non weight-bearing, between 2D and 3D measure-
ments and between left and right comparisons were evaluated using the
Wilcoxon-signed rank test. Wilcoxon-signed rank test was used since not
all data was normally distributed and a relatively small sample size of
>25 was used. SPSS software (version 25, IBM) was used, a significance
level of 5% was used for all tests and tests were two-tailed.

3. Results
3.1. 2D measurements

The agreement of 2D measurements between and within observers
was good to excellent in most cases. The average ICC for all measure-
ments was 0.861 and ranged from 0.352 to 0.995. Low ICC exceptions
were mainly found in angle measurements involving the talus, calcaneus
and MT1. For example the ICC of Meary’s angle was 0.360 for the right
foot without load and 0.579 for the talo-calcaneal angle (sagittal) of the
left and right feet without load and 0.352 for the talo-calcaneal angle
(axial) of the right feet with load. All other measurements showed an ICC
value of at least 0.750 or higher.

Geometrical parameters in weight-bearing images were significantly
different compared to non weight-bearing analysis in the vast majority
of the measurements, with mainly smaller angles and decreased heights
during weight-bearing (Table 1, Figs. 4a, 5 a). For example, mean
calcaneal pitch decreased from 24.6° to 22.7° (p < 0.001) and 25.2° to
23.6° (p<0.001) and cuboid height decreased from 2.37 to 2.24 cm
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Fig. 5. Mean 2D heights (a) and 3D heights (b) with standard deviations
measured in non weight-bearing (non WB) and weight-bearing WB) conditions.
Non WB: non weight-bearing.

WB: weight-bearing.

MT1: first metatarsal.

(p=0.002) and 2.34 to 2.12cm (p < 0.001) for the left and right feet
respectively. Also, angles between MT1 and the proximal phalange 1 in
the sagittal view, between MT5 and the ground and between MT5 and
the calcaneus decreased (p < 0.005). All bone heights decreased during
weight-bearing (p < 0.005) (Fig. 5a). No statistical difference was seen
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in the talo-calcaneal angle (axial) and angle between the talus and MT1
(axial) for both left and right feet results. In some cases, such there was a
statistical difference in only the left or right feet measurements. Mean
intermetatarsal angle (axial) and talo-calcaneal angle (axial) did not
increase or decrease during weight-bearing.

3.2. 3D measurements

During weight-bearing a decrease was observed in calcaneal pitch,
angle between MT1 and the proximal phalange 1, angle between MT2
and the proximal phalange 2, angle between MT5 and the calcaneus and
heights of the sesamoid, navicular, cuboid and talus (Table 2, Figs. 4b, 5
b). The talo-calcaneal angle and intermetatarsal angle increased during
weight-bearing (p < 0.005). The angle between MT5 and the ground
decreased for the left feet (p =0.003) and increased for the right feet
(p =0.007). Meary’s angle was not statistically different between non
weight-bearing and weight-bearing results.

3.3. Differences between 2D and 3D measurements

Calcaneal pitch, angle between MT1 and proximal phalange 1, be-
tween MT5 and the calcaneus and heights of the sesamoid bones,
navicular, cuboid and talus decreased in both 2D and 3D results. Dif-
ferences in angles and heights between non weight-bearing and weight-
bearing were small and ranged between several degrees or millimeters
in 2D and 3D results. In many parameters the range of values is funda-
mentally different in 3D compared to 2D.

The coefficient of variation (CV) was calculated to determine the
precision of 2D and 3D measurements (Tables 1 and 2). Mean CV of 2D
measurements was 0.27 and was significantly higher compared to the
mean CV of 3D measurements, which was only 0.16 (p < 0.01). There is
no significant difference in CV between WB — non WB results and left —
right results.

3.4. Differences between geometric parameters of left and right feet

In general, results of left and right feet were comparable for both non
weight-bearing and weight-bearing 2D and 3D results. Most of the mean
differences between left and right feet were not statistically different for
2D measurements (28/30) and 3D measurements (20/24), except the
non weight-bearing results of the talo-calcaneal angle (axial) (p < 0.05)
and angle between MT2 and the proximal phalange 2 (p < 0.05) in 2D
and the calcaneal pitch (p <0.05) and angle between MT5 and the
ground (p < 0.001) in 3D.

4. Discussion

In this study we compared 2D and 3D geometric parameters of the
foot and ankle by analyzing weight-bearing and non weight-bearing
cone-beam CT images of the left and right feet of twenty healthy vol-
unteers. We demonstrated that the coefficient of variation in 3D pa-
rameters was generally lower than in 2D parameters, which indicates
that 3D parameters are a more precise representation of the geometric
parameters. We found a significant difference between many 2D geo-
metric parameters between non WB and WB. However, as a result of the
lower variability of 3D parameters, we found that all 3D geometric pa-
rameters, except Meary’s angle, were significantly different between
non WB and WB parameters. In addition, geometrical results of left and
right feet are generally similar for both 2D and 3D analyses.

The 3D geometric parameters in this study, although inspired by the
2D counterparts, are different in nature. The 2D equivalent is often a
projection into a single plane in 3D space. The 2D and 3D parameters
values are therefore related but not the same. Due to the automatic
nature of our 3D assessment, the inter- and intra-observer variabilities
were zero. The use of registration furthermore reduced segmentation
inaccuracies. For 2D measurements on the other hand the ICC’s ranged



Table 2
Overview of the mean, standard deviation (SD), median and 95 % confidence interval (CI) and the coefficient of variation (CV) of 3D weight-bearing (WB) and non weight-bearing (NWB) measurements. Differences
between WB and NWB results (NWB-WB) and p-values are provided.

Left feet Right feet
NWB WB NWB WB
3D measurements Mean  Median cv Mean Median cv Mean difference P value Mean  Median cv Mean Median cv Mean difference P value
(95 % CI) (95 %CI) NWB-WB (95 % CI) (95 %CI) NWB-WB
1 Calcaneal Pitch (°) 20.77 20.74 0.24 19.44 20.03 0.28 —-1.32 <0.001* 22.81 22.57 0.18 20.92 21.27 0.21 —-1.89 <0.001*
(18.47-23.06) (16.93-21.96) (20.89-24.74) (18.88—-22.96)
2 Talo-calcaneal 36.87 37.28 0.09 40.69  40.36 0.09 3.82 <0.001*  37.23 3851 0.09 40.36  41.06 0.10 3.13 <0.001*
angle (°) (35.29—-38.45) (38.99—-42.38) (35.58—38.88) (38.48—42.25)
3 Angle talus-MT1 1426  13.92 0.37 14.83 14.92 0.25  0.57 0.765 13.64 14.39 0.39 14.78 15.05 0.24 1.14 0.55
©) (11.81-16.71) (13.12-16.53) (11.12-16.15) (13.12-16.45)
4 MT1 - prox phal 1 21.97 23.32 0.34 20.21 20.85 0.35 -1.76 0.002* 20.77 19.03 0.28 18.77 17.63 0.29 —2.00 0.005*
©) (18.49-25.46) (16.89-23.53) (18.10-23.45) (16.24—-21.30)
5  MT2 - prox phal 2 29.28  29.28 0.17 27.34 27.16 021  -1.94 0.021% 29.32  28.61 0.18 26.35 25.98 021 -2.97 <0.001*
©) (26.97-31.59) (24.68—30.00) (26.86—31.79) (23.77-28.94)
6 Intermetatarsal 12.37 12.79 0.18 12.87 12.55 0.14 0.5 0.004* 12.12 12.01 0.15 12.69 12.21 0.14 0.57 0.001*
angle (°) (11.32-13.42) (12.01-13.74) (11.27-12.97) (11.85-13.53)
7  MTS5 - ground (°) 14.57  14.03 0.19 1359 13.31 0.21  -1.05 0.003* 19.57  19.47 0.17 20.25 19.24 0.17  0.68 0.007*
(13.30—-15.84) (12.24-14.94) (18.06—21.08) (18.60—21.91)
8  MT5-calcaneus(°) 29.96  30.88 0.18 28.61 29.31 019 -1.35 <0.001*  30.48 30.53 0.17 29.49 29.74 0.17  -1.00 0.003*
(27.38—-32.55) (26.00—31.22) (28.03—-32.94) (27.14-31.83)
A Fatpad caput MT1  9.18 9.11 0.08 8.86 8.88 0.09 -0.32 <0.001*  9.14 9.20 0.08 8.93 8.91 0.09 -0.22 0.001*
(cm) (8.82-9.55) (8.50-9.23) (8.81-9.47) (8.56-9.29)
B Navicular height 1570  15.63 0.08 15.14 15.05 0.08 -0.56 <0.001* 15.72  16.00 0.07 15.27 15.53 0.08 —0.45 <0.001*
(cm) (15.14-16.26) (14.61-15.68) (15.20—-16.24) (14.72—-15.81)
C  Cuboid height(cm)  10.67  10.60 0.09 10.26 10.34 0.08 -0.41 <0.001* 10.60  10.54 0.08 10.27  10.30 0.09 -0.33 0.001*
(10.24-11.09) (9.86—-10.66) (10.21-10.99) (9.84-10.69)
D  Talar height (cm) 17.40 17.49 0.08 1691 16.88 0.08 -0.49 <0.001* 17.38 17.57 0.07 17.00 17.00 0.07 -0.38 <0.001*
(16.77—-18.03) (16.31-17.51) (16.81-17.94) (16.41-17.59)

NWB: non weight-bearing.

WB: weight-bearing.

CV: coefficient of variation.

CIL confidence interval.

* Statistically significant difference.
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from 0.352 to 0.992, which is similar to results of Shelton et al. [26].
Low ICC’s were most likely caused by over-projection in case of the first
metatarsal bone (MT1) and difficulties determining the anatomical
long-axis of bones, such as the talus and calcaneus. Our 2D geometric
parameters were in agreement with those of other studies reporting
parameters of healthy individuals [17,21,23,24,29,30]. Regarding the
comparison of geometric parameters for left and right feet our results are
in agreement with Tomas et al. who found no significant difference
between left and right in AP and LL weight-bearing radiographs [17].
The similarity of the 2D and 3D parameters between the left and right
foot suggest that the contralateral side could serve as a reference in
corrective surgery. Future research is need to investigate whether the
contralateral side is indeed a good reference from a clinical point of
view.

Regarding 2D angles, the calcaneal pitch, angle between MT1 and
the proximal phalange 1 in the sagittal view, angle between MT5 and the
ground and between MT5 and the calcaneus decreased during weight-
bearing. In 3D, all weight-bearing results, except from Meary’s angle,
were statistically different compared to non weight-bearing results. All
3D angles decreased, except from the talo-calcaneal angle, which
increased during weight-bearing since the foot moves to valgus position.
The bone heights of the sesamoid bones, navicular, cuboid and talus
decreased during weight-bearing in both 2D and 3D results due to in-
crease loading of the foot and ankle, thereby decreasing the arches of the
foot. We found a higher mean cuboid height (22 mm) compared to Cesar
de Netto and Gwani, which can be explained by the fact that both studies
included flatfoot patients [11,31]. Since in 3D measurement the soft-
ware does not correct for the height of the weight-bearing CT platform, a
one-on-one comparison with 2D height measurements could not be
made. The trends seen in the height differences between weight bearing
and non weight bearing conditions were equal in 3D and 2D.

In this study we used simulated radiographs extracted from non WB
and WB cone-beam CT scans, with a lower image quality and resolution
compared to conventional radiographs, which may be considered a
limitation. However, the geometric comparison between 2D and 3D was
inherently more reliable than by comparing separately acquired 2D and
3D images, since both 2D and 3D images were obtained from the same
acquisition. Another limitation could have been caused by bending of
the platform that supports the foot in the weight-bearing condition. This
effect might have slightly influenced our findings, although bending of
the platform was quantified to be up to only 2—3 mm. Segmentation
inaccuracies were not evaluated in this study. However, we investigated
this earlier as reported by Eijnatten et al. who found geometric accu-
racies of, on average, 0.6 mm in case of global thresholding [32]. The
segmentation process will improve in our case since we used thin
0.4 mm slices. Moreover, our threshold-connected region growing al-
gorithm is followed by an automatic level-set segmentation growth al-
gorithm, which grows the segmented region to the boundary of the bone
[20], which further reduces the observer variability. It is furthermore
unlikely that small variations in the shape of the bone models will affect
height measurements and axes of gravitation thus angle measurements.
Due to the limited field-of-view of 16 x 13 cm, an entire foot was ac-
quired in two separate acquisitions, which were stitched afterwards to a
single image. Stitching may have introduced translation errors up to
3mm and angulation error up to 3° [33]. Also, the extensive
post-processing time, which is mainly caused by the manual segmenta-
tion of bones, needs to be decreased, e.g. by using machine-learning
algorithms, in order to make functional 3D analysis widely applicable
in clinical practice. Finally, weight-bearing images were acquired by
placing the scanned foot into the weight-bearing CT scanner with full
weight on that foot, meanwhile the contralateral foot was lifted from the
ground. We are aware that this is not a normal posture, since standing on
one foot instead of both feet decreases bone heights and may affect for
example Meary’s angle and the talo-calcaneal angle due to pronation of
the foot. During the last years CBCT gained popularity in extremity
imaging, however CBCT is not a standard imaging modality in all

European Journal of Radiology 138 (2021) 109674

hospitals. The systems are relatively cheap, mobile and enable the
acquisition of high-resolution images at reduced dose compare to con-
ventional CT. CBCT has proven its added value in patients with
musculoskeletal disorders of the foot, ankle, lower leg and knee, espe-
cially when the evaluation of images under natural load may provide
additional clinical information.

In most studies, specific measurements are obtained using 2D
anterior-posterior and lateral-lateral radiographs, where data of 3D
angle and height measurements is usually lacking. Three-dimensional
weight-bearing imaging and analyses may be of value in diagnosing
the severity of flatfoot or hindfoot deformity [3,11,12], tibio-fibular
syndesmosis [34-36], and possibly many more patient groups with
musculoskeletal disorders. Three-dimensional evaluation furthermore
enables the evaluation of translations and rotations in 6 degrees of
freedom. In our opinion, evaluating absolute values and differences
between geometrical parameters in WB and non WB conditions may be
of added valuable to detect pathology and to determine its severity. For
future research we recommend investigating possible differences be-
tween males and females and investigating the value of comparing
geometric parameters between non WB and WB images, and comparing
these with the healthy contralateral side in a group of patients with
unilateral disorders. Results of this study may provide baseline values,
which can be used in future research in various patient groups.

5. Conclusion

In this study we showed that 3D geometric parameter values are
fundamentally different, but more reproducible and precise compared to
their 2D equivalent. We furthermore demonstrated that results of left
and right feet are similar for both 2D and 3D measurements. In addition,
3D evaluation better demonstrates differences in bone configurations
between weight-bearing and non weight-bearing conditions, which may
be of value to demonstrate pathology.
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