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Abstract
We present a method based on spectral theory for the shape analysis of carpal bones of the human
wrist. We represent the cortical surface of the carpal bone in a coordinate system based on the
eigensystem of the two-dimensional Helmholtz equation. We employ a metric—global point
signature (GPS)—that exploits the scale and isometric invariance of eigenfunctions to quantify
overall bone shape. We use a fast finite-element-method to compute the GPS metric. We
capitalize upon the properties of GPS representation—such as stability, a standard Euclidean (ℓ2)
metric definition, and invariance to scaling, translation and rotation—to perform shape analysis of
the carpal bones of ten women and ten men from a publicly-available database. We demonstrate
the utility of the proposed GPS representation to provide a means for comparing shapes of the
carpal bones across populations.
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1. Introduction
The human wrist consists of eight carpal bones, each possessing a unique shape. The
morphometric features of carpal bones such as curvature and shape are intimately linked to
the resulting mechanics of the corresponding joint (Kauer 1980, Nakamura et al 2000,
Crisco et al 2005, Burgess 1990, van de Giessen et al 2012). Abnormal joint mechanics
related to bone shape may produce high levels of focal stress across the joint (Felson 2013,
van de Giessen et al 2012), and hence have been associated with the risk of wrist instability
(Taleisnik 1988) and osteoarthritis (Brandt et al 2008, Lane et al 2011). Detailed
quantitative shape analysis of carpal bones therefore presents the potential to allow for the
investigation of biomechanical properties of the wrist joints, and enables the detection of
abnormal wrist pathologies. Further, bone shape information may find utility in the
development of patient-specific prostheses (Modgil et al 2002), determining skeletal growth
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and maturity patterns (Gilsanz and Ratib 2005, Pietka et al 2001), in reconstructive surgery
(Craigen and Stanley 1995), and studying carpal bone shape across species (Tocheri et al
2007).

Quantitative analysis of bone shape may allow the identification of unique phenotypes
across populations (Crisco et al 1999). Such studies are possible with the availability of
databases of normal and abnormal pathologies. A digital database of the wrist bones of
healthy individuals was created by Moore et al (2007) and is publicly available from that
article's website. The database consists of cortical surfaces of the eight carpal bones, the
proximal cortical surfaces of the five metacarpal bones and the distal cortical surfaces of the
radius and ulna (figure 1) for both hands in the neutral position for healthy women and men.
The same group of researchers measured the size of the bounding box placed around the
individual carpal bones whose sides were parallel to the principal axes of inertia (Crisco et
al 2005). They found that although the size of the carpal bone, based on the bounding box
dimensions, in women was significantly smaller than those in men, individual carpal bone
size, again based on the bounding box dimensions, as a percentage of the entire carpus did
not differ based on sex indicating no systematic, sex-specific variations in bone size. A
limitation, also noted by the authors of that article, was that their analysis measured only the
linear dimension of the bones and did not incorporate the detailed analyses of shape
differences. In a separate cohort, van der Giessen et al (2010) used statistical shape
modeling (Cootes et al 1995) to show shape variation for the scaphoid and lunate in the
population. The same research group further employed the method for 4D motion modeling
of the carpal bones (van de Giessen et al 2012). The proposed method however required a
large (>50), robust, well-characterized training data set that governed method accuracy. The
bone shapes also needed to be co-registered before analysis and the study did not explicitly
compare across populations.

In this paper we use a representation that characterizes the shape of the cortical surface of a
carpal bone in terms of a coordinate system based on the eigensystem of the 2D Helmholtz
equation. The representation exploits the isometric invariance of the eigenfunctions and
introduces a metric, global point signature (GPS) (Rustamov 2007, Reuter 2010), that
quantifies overall bone shape. We present a fast finite-element-method (FEM) for
computing the GPS coordinates. We demonstrate the utility of this representation for two
applications using data from the publicly-available database (Moore et al 2007): (1) analysis
of the differences in carpal bone shapes between women and men, and (2) analysis of carpal
bone shape differences between the right and left hand across the population.

2. Methods
2.1. Global Point Signature (GPS)-based bone shape representation

Quantitative comparison of shapes is a fundamental problem in computer vision and medical
imaging. The conventional representation of surfaces is by embedding manifolds in R3. This
is not ideal for shape comparisons since identical shapes can have significantly different
representations in 3D space due to isometric transformations generated by Euclidean
motion. For our analysis we model the bone surface S as a homogeneous vibrating
membrane based on spectral theory (Rustamov 2007, Reuter 2010). Its harmonic behavior is
therefore governed by the 2D Helmholtz equation (Riley et al 2006, Rosenberg 1997). The
eigenspectrum of the Laplacian (or the Laplace–Beltrami operator) generates a
representation of the shape that is invariant to Euclidean motion and provides a new way to
quantitatively measure surface differences and perform detailed shape analysis. This
invariant spectral geometric representation of surfaces is termed the GPS. Under this
representation, since surfaces are modeled as vibrating membranes, the Laplace–Beltrami
eigenspectrum corresponds to the modes of vibrations of this membrane. Thus the GPS
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representation encodes information about the modes of vibration of membranes (surface
patches) as the basis for shape modeling. The Helmholtz equation for 2D surfaces with the
Neumann boundary condition, written to compute the spectral components of the Laplace–
Beltrami operator, is given by:

(1)

where Δ denotes the Laplacian operator defined over the geometry of S, Φ(s) represents an
eigenfunction with eigenvalue λ, ∂S is the boundary of the surface patch, and  is the
normal to the surface patch. The eigenfunctions Φ0, Φ1, Φ2, … are sorted according to the
ascending order of the eigenvalues λ0, λ1, λ2, …. We note that the zeroth eigenvalue is λ0 =
0 and the corresponding eigenvector is constant-valued over the whole surface. Since it does
not contain shape information, we ignore it for this analysis. We then use the remaining
eigenfunctions and eigenvalues to define the GPS embedding of the surface S in the spectral
domain by the map:

(2)

where Φ1, Φ2, … are eigenfunctions with corresponding eigenvalues λ1, λ2, … arranged in
an ascending order. The individual elements of the GPS embedding are called GPS
coordinates. Each surface point of the manifold is therefore embedded into an infinite-
dimensional space in the GPS representation. For practical purposes, we truncate the shape
signature using an order that is able to capture sufficient information regarding shape but is
not sensitive to segmentation or tessellation noise. Our focus in this paper is on providing an
overall shape difference measure between two surfaces rather than a point-wise measure.
Therefore, we only use the set of eigenvalues as a representation of shape:

(3)

It has been shown that this representation contains all the shape information for surfaces
with spherical topology (closed surfaces with no holes or handles) (Rosenberg 1997), as is
the case with the bone surfaces.

The GPS embedding presented in (3) has several favorable properties for shape analysis of
carpal bones.

• Its coordinates are isometrically invariant as they depend only on the derivative
operators that are computed with respect to the intrinsic geometry of the bone
surface, which in turn are dependent only on shape and not on position or rotation.
Thus, as opposed to methods such as statistical shape modeling (Cootes et al 1995,
van de Giessen et al 2010), the bone surfaces to be compared need not be co-
registered before performing the quantitative shape analysis—making the analysis
simpler and free from registration errors.

• Scaling the manifold by a factor α results in the scaling of the GPS coordinates by
1/α2. The same scaling transform also results in a change in surface area A to α2A.
Scale-invariance for the GPS coordinates can therefore be obtained by normalizing
the eigenvalues by surface area A. This property of the GPS embedding is desirable
in the comparison of bone shapes because the analysis can explicitly focus on
examination of shape as opposed to just size.
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• Continuous changes of the manifold's shape result in continuous changes in the
spectrum

• In the embedding space, the inner product is given by the Green's function due to

the identity: , s1, s2 ∈ S (Rosenberg 1997). As a
result, the GPS representation encodes diffusion distances (Lipman et al 2010) on
the surface. The GPS embedding therefore represents both local and global shape
information (Rosenberg 1997, Bronstein and Bronstein 2011). Local perturbations
in shape lead to local changes in curvature which are captured in higher-order GPS
coordinates. Global shape changes, on the other hand, lead to curvature changes
everywhere in the shape which are captured by lower-order GPS coordinates. Due
to this association between the GPS coordinates and the spatial extent of shape
changes, the GPS based comparisons provide a natural description of changes in
shape at different scales.

• Since the space of the representation has a Euclidean metric, the shape space is the
ℓ2 space of square summable series at each point s ∈ S. A full description of shape
difference at different scales can be conducted by analyzing coordinate-wise GPS
differences, as was done in this paper. Shape differences between the GPS
coordinates of cortical surface S1 and S2 may also be defined by the standard ℓ2

norm: d(S1, S2) = ∥GPS(S1)–GPS(S2)∥2. The GPS representation provided here
assumes that the eigenfunctions computed for the two surfaces are in exactly the
same order. For bone surfaces, this is true because the surfaces lack symmetry
(Rosenberg 1997). If however the surfaces have symmetries, there could be
repeated eigenvalues and the eigenfunctions may not correspond. This ambiguity
can be resolved using a sorting technique (Jain and Zhang 2006). Although not an
issue for bone shape comparison because we do not employ eigenfunctions as part
of the metric, there may be a sign ambiguity in the eigenfunctions that must be
resolved using techniques listed in (Jain and Zhang 2006).

2.2. Numerical implementation of the GPS solver
In order to solve (1), we used a FEM to discretize the Helmholtz equation. We discretize the
derivative operators using FEM directly in the geometry of the triangulated surface mesh,
and therefore we did not need to explicitly compute the Riemannian metric coefficients as is
often done if the surfaces are mapped to a plane or sphere (Thompson et al 2000). We chose
linear FEMs for functions and Galerkin's formulation (Smith 1985) for robustness to
tessellation errors. Let Φ(s) = Σi ϕiei(s) be an eigenfunction and N(s) = Σi ηiei(s) be a test
function, each represented as weighted sums of linear elements ei(s). The eigenvalue
problem from (1) then becomes:

(4)

(5)

(6)

where the latter follows using integration by parts and the Neumann boundary condition
specified in (1). Substituting the FEM into this equation, we obtain:
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(7)

where Φ is a column vector with the ith entry given by ϕi. For a triangulated surface mesh
with linear elements, the element-wise matrix is given by

(8)

and the element-wise stiffness matrix is given by Sel = DxDx + DyDy where Dx and Dy are
discretizations of derivatives in the x and y directions respectively, and Ael denotes the area
of the element. The mass and stiffness matrices M and S are obtained from the
corresponding element-wise matrices Mel and Sel respectively by using finite-element matrix
assembly procedures as described in (Smith 1985).

The matrix equation (7) is a generalized eigenvalue problem. This equation was solved
using an implementation of the QZ factorization algorithm for generalized eigenvalues in
MATLAB® (the eigs function)(Moler and Stewart 1973). The first 30 coordinates of the
otherwise infinite-dimensional GPS were used for analysis based on the spread of the
eigenvalue spectrum. The MATLAB implementation took 13 s for the computation of the 30
GPS coordinates for a typical surface mesh (~33 000 faces, ~15 000 vertices), on a computer
with an AMD FX®-8150 eight-core processor with 32 GB of RAM. The computed
eigenvalues were multiplied by the square of the surface area to make the resulting GPS
representation scale-invariant.

2.3. Carpal bone surfaces used for analysis
The bone surfaces used for analysis were obtained for the right and left wrist for healthy
women (n = 10, average age: 24.4 years, range: 21–28 years) and healthy men (n = 10,
average age: 25 years, range: 22–28 years) from the publicly-available database (Moore et al
2007)(figure 1). The surfaces of the eight carpal bones, namely, capitate, hamate, lunate,
pisiform, scaphoid, trapezium, trapezoid, and triquetrum, and the first metacarpal for both
wrists were used for analysis. We added the first metacarpal bone to this analysis since the
trapeziometacarpal joint of the thumb is a common site of osteoarthritis, with
disproportional prevalence in women (Zhang et al 2002). The data for each bone was in the
form of the mesh connectivity list and vertex locations for the surface tessellation elements,
with triangles as prototiles. The surfaces of the bones of the left wrist have already been
mirrored in the database to allow for an easier comparison with those of the right wrist
(Moore et al 2007).

2.4. Bone shape comparisons using GPS
We illustrate the potential of the proposed GPS representation for shape analysis and
comparison using carpal bones from the database described in subsection 2.3. We conducted
the following analyzes.

2.4.1. GPS representation and invariance with respect to bone size and orientation
The trapezium and hamate bones of the right wrist of two randomly chosen women and two
randomly chosen men were used for this analysis. The X, Y, and Z coordinates of the surface
nodes were scaled by factors of 0.1, 1 and 100. The GPS coordinates corresponding to the
first 30 eigenvalues/eigenfunctions were computed for the original and the scaled surfaces.
Each surface was also rotated in the range 0°–180° in steps of 30°, and translated by −50,
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−20, 20 and 50 mm. The normalized mean-squared-error (NMSE) between the GPS
coordinates of the original bone surface, denoted by So, and the scaled/rotated/translated

surfaces, denoted by Sw, was computed using .

2.4.2. Comparison of the shapes of the carpal bones in women versus men
The GPS coordinates corresponding to the first 30 eigenvalues/eigenfunctions for each
carpal bone (eight total) and the first metacarpal bone were generated for each subject for
both the right and left wrists. For comparison of bone shape based on sex, we compared the
GPS coordinates for each bone of the right and left wrist separately for the two groups (ten
women versus ten men) using one-way multivariate analysis of variance (MANOVA).
Given the small sample size we used non-parametric permutation tests as the resampling
procedure to further confirm our findings. We chose differences of multivariate means as the
test statistic. In conventional MANOVA where the samples represent a multivariate
Gaussian distribution this statistic has a χ2 distribution. For permutation testing, we
randomly shuffled the male/female labels of the samples for 1000 times, and computed the
test statistics to generate the null distribution. We then generated the same statistic without
shuffling and computed the percentile of that score, which is the p-value of the non-
parametric permutation test. We report both the p-values obtained from MANOVA and
those after permutation testing. We also report on the minimum number of GPS coordinates
that were required for achieving a statistically significant difference between the two groups
based on a p < 0.05, based on the outcomes of the permutation tests.

2.4.3. Comparison of the carpal bones of the left and right wrist for each subject
We computed the GPS coordinates corresponding to the first 30 eigenvalues/eigenfunctions
for each bone in the right and left wrist in women and men. We used the non-parametric
Wilcoxon rank-sum test to compare the GPS coordinates for each bone of the right versus
left wrist for each subject.

3. Results
3.1. Eigenfunctions and implications to shape analysis

We demonstrate the ability of the eigenfunctions of the Laplace–Beltrami operator to
represent shape-based features using the hamate bone of a healthy female (figure 2). We
chose the hamate for illustration because it has a hook-like process projecting from its
palmar surface that could be visualized for the different eigenfunctions. The lower-order
eigenfunctions appear to capture global shape, while with increasing order, more details of
the curvature of the bone are captured. Figure 2 also shows the spatial distribution of the
first four eigenfunctions of the Laplace–Beltrami operator rendered on the surface of the
hamate. Figure 3 shows the NMSE between the original bone surface and that reconstructed
from an increasing number of eigenfunctions of the Laplace–Beltrami operator. Although
the space of the Laplace–Beltrami eigenfunctions is infinite-dimensional, our analysis in the
subsequent sections shows that a small number (<20) of eigenfunctions captured adequate
features on the bone surface to analyze shape differences in the population studied. A lower-
dimensional representation of the surface has the advantage of not being susceptible to
image segmentation or tessellation noise.

3.2. Validation of scaling and isometric invariance
In the study of scaling, rotating and translating the trapezium and hamate bones, the NMSE
was calculated between the GPS coordinates computed from the first 30 eigenfunctions. The
NMSE was found to be an average of 5 × 10−5 across all experiments. These results imply
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that the GPS coordinates are indeed insensitive to scaling, rotation, and translation, hence
providing a validation of the representation's scaling and isometric invariance property.

3.3. Comparison of shapes of the carpal bones of between women and men
We compared the shapes of each of the eight carpal bones and that of the first metacarpal
bone of the left and right wrists separately between women and men based on the GPS
representation and permutation tests. Results employing the first 17 GPS coordinates are
shown in table 1. Figure 4 indicates the minimum number of consecutive eigenfunctions
starting from λ1 that were required to obtain a statistically significant difference between the
sexes for the carpal bone shapes based on a p < 0.05. This analysis showed that <20 GPS
coordinates were sufficient for showing statistically significant differences in the shapes of
the carpal bones of both right and left wrists between the sexes. These results indicate that
the shape differences between the sexes are contained in the relatively smooth curvatures of
the bone surface (see figure 2(c) constructed with only 20 eigenfunctions for comparison
and figure 3). We also evaluated the minimum number of eigenfunctions that were required
to obtain a statistically significant difference in carpal bone shape in the same population
based on sex when the size-invariance constraint in the GPS formulation is dropped. In this
case, just the first one or two GPS coordinates were enough to separate the populations. This
latter analysis demonstrated that the GPS representation is indeed capable of also capturing
size changes in addition to shape differences, and that the scale (size) difference is a
dominant contributor to the differences of carpal bone shape between women and men, in
agreement with previous work (Crisco et al 2005). The GPS representation without the size-
invariance constraint may therefore provide a metric associated with overall carpal bone size
and may allow for bone size comparisons across populations.

3.4. Comparison of shapes of the carpal bones of the right versus left wrist
Shape comparisons were conducted for each of the eight carpal bones of the right and left
wrist for all 20 subjects. We found statistically insignificant shape differences for all eight
carpal bones of the right versus the left wrist in women (p > 0.11) and men (p > 0.1). These
findings agree with those reported by Crisco et al (2005) for the carpal bones of the right
and left hand for healthy men and women. There are also reports of insignificant shape
differences of the left and right bones of other joints such as those of the knee (Murshed et
al 2005, Young et al 2013).

4. Discussion
We demonstrated the utility of the GPS representation for the comparison of carpal bones in
healthy women and men. Our analysis, albeit in a small population, was able to show
statistically significant shape differences for carpal bones between the sexes, but not
between the carpal bones of the right versus the left wrist in individuals of both sexes. Our
results indicate that there is value in the analysis of shape in addition to size for improving
our understanding of bone morphology across populations. The sample size used in this
work was small and further studies are planned in larger sample sizes. The database used for
the study consisted of subjects who were young, healthy individuals and who lacked
significant pathological findings. It is therefore unknown if the shape differences of the
carpal bones may predispose one group to specific pathologies such as wrist instability or
osteoarthritis. Further, the database did not contain information regarding the dominant hand
of the subjects and therefore its probable association with shape differences could not be
established. The two groups (women and men) were in the same age range therefore age-
related factors were not accounted for in our analysis. Other factors that may influence bone
shape such as body size, or metabolic, genetic and environmental factors were not controlled
for in our analysis as these data were not available in the database.
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We note that the GPS representation encodes knowledge about the intrinsic geometry of the
bones. This representation therefore carries information about the Gaussian curvature but
not the mean curvature. We know that for surfaces with spherical topology, the GPS
representation encodes all the shape information (Rosenberg 1997). We have therefore
chosen to use the usual Laplace–Beltrami operator for this work. We however also note that
in order to have full information about the surface in the GPS representation, we need to
have infinitely many eigenvalues and eigenfunctions. It would be interesting to use mean
curvature as an anisotropy term in the GPS representation (Joshi et al 2012) to see if it
reduces the number eigenfunctions required or improves performance for this application.
Based on these results, we plan to explore this aspect in the future. Our current study
provided a metric for overall shape differences, but did not localize these differences to
specific anatomical locations of interest on the bone surface, such as articulating surfaces.
Our future work will focus on addressing this aspect.

The proposed GPS representation induces a Euclidean metric on the shape space, therefore it
is possible to perform shape averaging in shape space. From a population of bones, an
average bone shape could be computed by performing shape averaging and be used as an
atlas for shape comparisons. Shape variability of a certain bone can then be found by
estimating the population variance of the GPS coordinates by:

(9)

Such an atlas of carpal bones can be used for computation of the shape variance across
populations but also for detecting abnormalities in the bone shapes in a quantitative manner.

Detailed information related to bone shape derived from the proposed method may be useful
for the development of subject-specific prostheses or implants (Crisco et al 2005) and in
reconstructive surgical training (Craigen and Stanley 1995). Sex-based differences in growth
and development (Stinson 1985) can be investigated to better guide intervention. Further,
there are reported differences in populations based on age-related, genetic, nutritional,
lifestyle related, demographic, racial and other environmental factors and how these factors
may interact with the skeletal development and maturity, and hence the shape of carpal
bones (Gilsanz et al 1998, Zhang et al 2009). A detailed study using the proposed method is
planned to better understand the corresponding morphological diversity in populations and
eventually enable the incorporation of the knowledge gained in the reconstructive surgery
algorithm. With the current advances in re-materialization studies and rapid prototyping,
replicas of the bones based on shape analysis may be produced by 3D printers and may
provide a powerful tool for surgical training (Potamianos et al 1998), for a more adequate
selection and placement of surgical implants and eventually for actual production of
replacement bone implants.

The proposed method also has the potential for providing an objective way of analyzing the
evolutionary basis of carpal bone shape or phylogeny across species. The carpus is
considered a morphologically diversified region of the vertebrate body (Lewis 1985, Tocheri
et al 2007), and has been studied as a developmental system in the past (Oster et al 1988,
Greulich and Pyle 1959, Lewis 1970, Michejda 1987). There is also a rich fossil record
documenting the evolution of the carpus (Hinchliffe 1991) that could be analyzed using the
proposed method.

The focus of our study was on analysis of overall bone shape, however, a potential area of
investigation is the combination of the shape information initially with the static spatial
orientation of the carpal bones (Kauer 1980, Tagare et al 1993, Canovas et al 2004), and
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eventually with carpal bone motion (Crisco et al 1999, van de Giessen et al 2012). This type
of analysis will require the definition of a robust and elegant coordinate system such as that
developed by Coburn et al (Coburn et al 2007) and the ability to perform dynamic imaging
of the hand during active motion (Crisco et al 1999, Shores et al 2013, Boutin et al 2013).

5. Conclusion
We have demonstrated a method for analyzing the shapes of the carpal bones of the wrist.
This method is independent of position, rotation and scaling and these attributes may
improve the assessment of carpal bone shape. Additional studies are now required in a larger
population to better characterize the performance of the method for delineating the influence
of sex on carpal bone shape from potential confounding factors including age, body size,
and metabolic, genetic and environmental factors.
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Figure 1.
The digital carpal bone database and morphometric diversity. (a) A 3D rendering of the
bones of the right wrist in a healthy female. The scaphoid (Sp), lunate (Ln), and triquetrum
(Tq) are located proximal to the body and articulate with the radius (Rd). The trapezium
(Tm), trapezoid (Td), capitate (Cp), and hamate (Hm) adjoin the five metacarpals (Mc1–5)
of the wrist. The pisiform (Pf) is generally considered an accessory ossicle and articulates
only with the triquetrum (Belsole et al 1988, Kauer 1980). The styloid process of the ulna
(Un) projects from the medial and back part of the bone, while the hook of the hamate
protrudes on the palmar aspect. 3D renderings of the surfaces of the trapezium for three
women ((b), (c), and (d)) and three men ((e), (f), and (g)) from the database.
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Figure 2.
Eigenfunctions of the Laplace–Beltrami operator and their contribution to shape. (a) A 3D
rendering of the hamate bone in a healthy woman, and contribution of first (b) five, (c)
twenty, and (d) fifty eigenfunctions to the shape of the bone. These renderings were
obtained by truncating the eigen spectrum to keep only the aforementioned number of
eigenfunctions and re-projection. The lines, also present on the surface tessellation of the
original bone, are a by-product of the segmentation method used in the creation of the digital
database. A 3D surface rendering of the same hamate bone showing the distribution of the
(e) first, (f) second, (g) third, and (h) fourth eigenfunction of the Laplace–Beltrami operator
mapped to the bone surface. The eigenfunctions have been normalized to the [−1,1] scale for
better visualization and comparison.
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Figure 3.
The NMSE between the original bone surface and the bone surface reconstructed using the
first 100 eigenfunctions of the Laplace–Beltrami operator. Data are shown for all nine
bones. The knobbly, pea-shaped, pisiform bone requires the least number of eigenfunctions
to capture its shape.
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Figure 4.
Minimum number of GPS coordinates (eigenfunctions) required to evaluate sex-based
differences in bone shape. The plot shows the minimum number of GPS coordinates
required to obtain a statistically significant difference (p < 0.05) in the shape of the eight
carpal and first metacarpal bones of women and men. The solid bars indicate results for the
right wrist while the unfilled bars indicate results of the left wrist.
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Table 1

p-values from MANOVA and those obtained from permutation tests comparing the eight carpal and the first
metacarpal bones in men versus women employing the first 17 GPS coordinates. For the lunate and
triquetrum, where the corresponding p-values exceeded 0.05, more than 17 GPS coordinates were required to
attain a p < 0.05, as further indicated in figure 4.

Right wrist Left wrist

Bone MANOVA Permutation test MANOVA Permutation test

Capitate 0.0226 0.0493 0.0148 0.0416

Hamate 0.0065 0.0097 0.0048 0.0089

Lunate 0.0379 0.0210 0.0532 0.0766

Pisiform 0.0428 0.0365 0.0102 0.0201

Scaphoid 0.0135 0.0255 0.0012 0.0120

Trapezoid 0.0004 0.0087 0.0022 0.0136

Trapezium 0.0007 0.0101 0.0023 0.0140

Triquetrum 0.0015 0.0124 0.0449 0.0836

Metacarpal 1 0.0137 0.0245 0.0015 0.0129
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