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ARTICLE INFO ABSTRACT

Keywords: The scaphoid bone has a unique anatomy that can lead to complicated injury healing including non-union with

ScaPhOi_d or without avascular necrosis and subsequent complex operative treatment. The use of imaging of contralateral

IS\IOH union bones for operative planning and implant creation such as bone grafting relies on the innate symmetry of the
ymmetry

human body. Previous studies of scaphoid anatomy have demonstrated symmetry in three-dimensional space and
volume in right-hand dominant individuals. There is a gap in the literature reporting on scaphoid symmetry in
left-hand dominant individuals. This study used the computed tomography (CT) scans of 30 healthy participants
to create three dimensional (3D) models of left and right scaphoids to assess their symmetry. These bilateral
models were quantified with respect to volume, surface area, length, and iterative-closest point (ICP). Paired-
sample t-tests found differences in the volumes of contralateral scaphoids in males however surface area,
length, and ICP of the scaphoids was observed to be not significantly different suggesting symmetry using these
measures. In females, there was a significant difference in length but not the other measures. These results
support further investigation using larger sample sizes and greater representation of left hand dominant par-
ticipants into the use of contralateral scaphoid CT scans in pre-operative planning for the manufacture of patient-
specific implants.

Computed Tomography

1. Introduction

The scaphoid bone is named for the Greek “skaphe” or ‘boat’ [1]. The
complex shape is concave in both ulnar and palmar axes and the long
axis lies in an oblique plane [2,3]. The scaphoid is covered by approx-
imately 75 % articular cartilage and it intersects with five bones; radius,
lunate, trapezoid, trapezium, and capitate [4]. The blood supply of the
scaphoid is by two branches of the radial artery, the superficial palmar
and the dorsal scaphoid arteries. The scaphoid is vulnerable to vascular
injury because the proximal pole is supplied solely by the retrograde
intraosseous flow of the dorsal branch, as shown in Fig. 1 [5,6].

Scaphoid fractures are a common injury, accounting for 2-7 % of all
fractures and 60 % of carpal bone fractures [7,8]. Fractures typically

occur in younger, active males [9]. Operative management is recom-
mended for all displaced scaphoid fractures and considered for non-
displaced fractures in younger, active patients with an aim of earlier
return to work [10]. Delay to diagnosis and fracture displacement
management are key risk factors in the development of non-union from
poor fracture site immobilisation and subsequent proximal fragment
necrosis [11]. Management of scaphoid non-union aims to restore
anatomical alignment with fixation methods including: volar plates, or
headless compression screws with or without the use of vascular and
non-vascularised grafts during fixation [12-14]. Planning for these
surgeries can involve using contralateral imaging to inform reduction
and guide fixation as well as for estimating the amount of graft bone
required [15].
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Recent anatomical studies have utilised commercial imaging soft-
ware to process Digital Imaging and Communications in Medicine
(DICOM) files into three dimensional (3D) geometric objects. These
DICOM files are produced from CT or magnetic resonance imaging
(MRI) scans and have been demonstrated in cadaveric studies to be
accurate to within 0.63 mm of the original bone [16,17]. This error is
acceptable in clinical practice when using CT as this modality does not
account for cartilage thickness, which has been shown to be approxi-
mately 0.84 mm [18]. Differences in bone morphology and geometry
can be analysed using a mesh resolution to create point-to-point refer-
ences. The sequential alignment of these reference points between two
objects is referred to as the iterative closest point (ICP) and can be used
as a measure of surface variation between objects. These measurements
can then be used to analyse the geometric variability between bones,
including their landmarks [19,20]. Given the ICP can be used in this
way, differences in ICP will detect differences in previously described
parameters of scaphoid symmetry such as tubercle height, waist
circumference, and width of the main sulcus [21].

Symmetry has previously been demonstrated in the scaphoid using
CT with slice thickness of 0.62 mm or thicker [21-24] but has not been
investigated in CT with a slice thickness of 0.5 mm. Ten Berg et al.
assessed the symmetry of scaphoids from 19 healthy adults in a 3D
space, measuring translation and rotation from a central axis drawn
between the proximal and distal poles using a CT slice thickness of 0.67
mm [22]. The results showed no significant difference between the sides
when comparing translation and rotation of distal poles. Letta et al.
analysed 3D scaphoid models derived from CT scans with an axial res-
olution of 1.0 mm and processed to observe surface-to-surface deviation
in 26 healthy adults. The measurements in this study included volume,
surface area, and length. No significant difference in sides were observed
within these parameters however significant difference was observed in
surface-to-surface variation in circumference of the waist, base, and
height of the tubercle and width of the main sulcus [21]. There are no
more recent studies that have further evaluated symmetry of the
scaphoid using higher density CT scans, however researchers have
analysed symmetry elsewhere in the body, in particular the foot and
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ankle [17,25-27], the femur [28,29] and the bones of the face and jaw
[30-33]. These studies have shown variable symmetry throughout the
skeleton. For example, asymmetry is prominent in the facial bones and
jaw [31-33] with only one study demonstrating symmetry [30]. In the
case of the femur, however, research by Sparks et al. [28] and Zhang
et al. [29] confirmed symmetry using high resolution CT and suggested
that CT of contralateral femurs can be reliably used for surgical plan-
ning. There is variability in the results from previous analyses of the foot
and ankle with some studies demonstrating symmetry and others not.
Vuurberg et al. [26] demonstrated tibia asymmetry however acknowl-
edges that this requires further investigation as to whether the differ-
ences observed are clinically significant. In the upper extremities,
symmetry has more recently been studied in the lunate and radius. These
studies have demonstrated that these bones are not symmetrical with
high resolution CT however the differences between them may not be
clinically significant [20,27].

Surgical management of scaphoid fracture aims to achieve fracture
union and restore functional movement. Scaphoid non-union creates
greater difficulty in this process by the development of carpal instability,
humpback deformity, and Scaphoid Non-union Advanced Collapse
(SNAC) arthritic changes [34]. The accuracy of the surgical management
of scaphoid non-union varies with methodologies used. Traditional
scaphoid fixation relies on intra-operative imaging to correctly restore
the scaphoid length and angulation [35]. More recent surgical ap-
proaches include robotic assistance, intra-operative CT guidance, and
surgical guides modelled on uninjured contralateral scaphoids. The re-
sults of these approaches have demonstrated improved radiological
outcomes and equivalent clinical outcomes across all measures [14,35].
The degree to which the radiological outcome affects long term out-
comes for patients is not conclusive and requires further investigation
[14].

The aim of the current pilot study was to investigate the symmetry of
bilateral scaphoids in 30 healthy adults by measuring outcomes of vol-
ume and geometric variation using high-resolution CT scans (0.5 mm
slice thickness). Previous studies have used lower resolution CT scans
[21,22]. The secondary aims were to determine the effect of biological

capitate hiepezuid
trapezium
lunate scaphoid
—%— radius

radial artery

superficial palmar branch
dorsal scaphoid branch

scaphoid waist

Fig. 1. Relational anatomy and vascular supply of the scaphoid bone.
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sex and hand dominance on scaphoid symmetry. The effect of biological
sex on scaphoid symmetry has not been previously described. There is
limited current evidence evaluating the effect of hand dominance on
scaphoid symmetry, in particular on the symmetry of scaphoids of left-
handed individuals [21,22,36]. Our study aims to address these gaps in
current knowledge about scaphoid symmetry to provide further evi-
dence for the usefulness of contralateral high resolution CT measure-
ments for pre-operative surgical planning.

2. Materials and methods
2.1. Data acquisition

Ethics approval was granted by the Darling Downs Health Human
Research and Ethics Committee and informed consent was obtained
prior to participation. Thirty healthy volunteers participated in this
study (17 males and 13 females; 24 right-handed and 6 left-handed;
average age: 35 years; range 24-60 years; standard deviation 11.6
years). The participants had no history of wrist injury or other muscu-
loskeletal disorders.

A high-resolution CT scan (Canon Aquilion ONE, Otawara, Japan) of
both wrists was obtained using a standardised method to immobilise the
wrists 2 cm apart, with a slice thickness of 0.5 mm. The voltage was
80kVp, field of view set to 80.2 and rotation time 0.25 sec. The raw
DICOM files were used for measurements and subsequent 3D image
analysis.

2.2. Assessment of volume

DICOM files were processed using Vitrea Advanced Visualization
(Canon Medical Systems, Otawara, Japan). Manual isolation of the
scaphoid was performed using the bone segment function with removal
of surrounding carpal bones. The remove fragment function was used to
automate removal of remaining smaller fragments separate to the
scaphoid bone. The Vitrea volume function was used to measure volume
in millimetres cubed (mm?). The stereolithography (STL) file created for
each scaphoid was used for further assessment.

2.3. Assessment of geometry

STL files were imported into MeshLab 2022 (CNR-ISTI, Rome, Italy).
Scaphoids were imported and encased in polygonal mesh which was
processed with quadratic edge collapse decimation with the quality
threshold set to 1 and boundary preserving weight of 1. The model was
cleaned by removing duplicate vertices and faces with automated
functions in MeshLab. The “Compute geometric measures” function was
used to automate calculation of the scaphoid surface areas. Right
scaphoids were imported first. Left scaphoids were then imported and
had faces inverted using the “Invert faces orientation” function. The left
scaphoid was coarsely aligned with the contralateral bone using the
align function, using four manually selected points on the scaphoid.
These were the tubercle, apex of the proximal pole, apex of the capitate
ridge, and apex of the dorsal ridge. Alignment of the pair of scaphoids
was refined and automated with the ICP function in MeshLab, which was
also used to calculate the ICP.

2.4. Statistical analysis

Statistical analysis of the data was conducted using Statistical
Package for the Social Sciences (SPSS, IBM, Chicago, USA). The
Kolmogorov-Smirnov and Shapiro-Wilk tests were applied to the age of
participants, which demonstrated that participants were not normally
distributed with regards to age (p < 0.001). Skewness was 0.98 and
kurtosis was —0.57. Descriptive statistics and the Kolmogorov-Smirnov
test for normality demonstrated normality and equal variance across all
dependent variables. Paired-sample t-tests were used to investigate
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differences in the means for volume, surface area, and length between
left and right scaphoids. The ICP was used to detect variability between
contralateral scaphoid surface geometry. Contralateral differences were
measured by subtracting left hand measurements from the right hand
measurements across all measures and obtaining absolute values of
these differences.

3. Results

There were no significant differences in volume, surface area, length,
or ICP between right hand dominant, and left hand dominant in-
dividuals (two sample t-tests p > 0.05), as summarised in Table 1.

As is shown in Table 2, the mean volume, surface area and length of
left scaphoids was significantly larger in left hand dominant males
compared with right hand dominant males. This was not reciprocated in
right hand dominant males. The small sample size of two left hand
dominant males is a major limitation here, where an outlier with a larger
scaphoid may have skewed these results.

There was no statistical difference between parameters in right and
left handed females as shown in Table 3.

Comparisons between male and female scaphoids demonstrated
significantly greater volume, surface area, and length in males (two-
sample t-test p < 0.01). Male scaphoid dimensions were greater than
female counterparts as shown in Table 4. There was no significant dif-
ference in the ICP between the two groups (two-sample t-test p = 0.40).

Across the sampled population there was a significant difference
between the volume of right and left scaphoids. The mean difference
between these volumes was 165.63 mm?® (standard deviation 115.00
mm®). There was no significant difference between the surface area or
length of left and right scaphoids. This is shown in Table 5.

As shown in Table 6, the differences between the volume of left and

Table 1
Summary and analysis of measurements by hand dominance.
Right hand Left hand Both Significance
dominant (n dominant (n Groups between
=24) =6) (n= groups
30) (two-tailed p
< 0.05)
Mean Volume 2879 + 832 2658 + 1223 2767 + 0.60
Right -+/- 866
standard
deviation
(mm®)
Mean Volume Left 2718 + 809 2728 + 1222 2720 £ 0.98
+/- standard 881
deviation
(mm®)
Mean Surface Area 1198 + 256 1106 + 348 1179 + 0.47
Right +/- 273
standard
deviation (mm?)
Mean Surface Area 1173 + 214 1122 + 339 1163 + 0.65
Left +/- 238
standard
deviation
(mm?)
Mean Length 26.09 + 3.29 25.65 + 3.73 26.00 0.79
Right +/- +3.32
standard
deviation
(mm)
Mean Length Left 26.39 + 2.62 25.90 + 3.49 26.29 0.79
+/- standard + 275
deviation
(mm)
Mean iterative 0.25 + 0.00 0.27 + 0.07 0.26 + 0.45
closest point 0.07
(ICP) +/-
standard

deviation (mm)
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Table 2 Table 3
Summary and analysis of measurements by hand dominance in males. Summary and analysis of measurements by hand dominance in females.
Right hand Left hand Both Significance Right hand Left hand Both Significance
dominant (n dominant (n Groups between dominant (n dominant (n Groups between
=15) =2) n=17) groups =9) =4) (n=13) groups
(two-tailed p (two-tailed p
< 0.05) < 0.05)
Mean Volume 3380 + 4100+ 3464.71 0.13 Mean Volume 2043.22 + 1937.50 £ 2010.69 0.66
Right +/- 587.42 777.82 + 630.01 Right +/- 363.62 460.03 + 378.99
standard standard
deviation deviation
(mm?) (mm?)
Mean Volume 3205.33 4170 + 3318.82 0.047 Mean Volume 1904.44 + 2007.50 + 1936.15 0.65
Left +/- +579.59 749.53 + 657.03 Left +/- 323.31 471.05 + 357.22
standard standard
deviation deviation
(mm®) (mm®)
Mean Surface 1354.11 + 1513.20 £ 1372.82 0.21 Mean Surface 936.49 + 901.81 + 925.82 + 0.70
Area Right +/- 164.20 158.24 + 167.18 Area Right +/- 137.71 164.90 140.42
standard standard
deviation deviation
(mm?) (mm?)
Mean Surface 1314 + 1517.33 &+ 1337 = 0.049 Mean Surface 938.60 &+ 924.75 + 932.34 &+ 0.83
Area Left +/- 121.02 184.07 139.62 Area Left +/- 84.20 157.13 104.61
standard standard
deviation deviation
(mm?) (mm?)
Mean Length 27.93 + 2.15 30.16 + 28.19 + 0.18 Mean Length 23.01 + 23.39 + 23.12 + 0.78
Right +/- 0.66 2.15 Right +/- 2.44 1.64 2.16
standard standard
deviation deviation
(mm) (mm)
Mean Length Left 27.71 £1.74 30.51 + 28.04 £ 0.043 Mean Length Left 24.07 £ 23.86 + 24.01 £ 0.86
+/- standard 0.14 1.88 +/- standard 2.03 1.87 1.90
deviation deviation
(mm) (mm)
Mean iterative 0.27 + 0.06 0.25 + 0.04 0.26 + 0.76 Mean iterative 0.22 + 0.08 0.29 + 0.08 0.24 + 0.22
closest point 0.06 closest point 0.08
(ICP) +/- (ICP) +/-
standard standard

deviation (mm)

deviation (mm)

right scaphoids in individual males was statistically significant with a
magnitude of 125.31 mm? (standard deviation 98.10 mms). The surface
area and lengths within an individual male did not significantly differ.
This is consistent with the results from the total population of scaphoids
examined in this study.

The differences between the length of left and right scaphoids in
individual females was statistically significant with a magnitude of 1.05
mm (standard deviation 1.06 mm). The volume and lengths within an
individual female did not significantly differ. This is demonstrated in
Table 7. The mean differences observed for each parameter did not differ
between male and female groups (p > 0.05 for all parameters).

As is shown in Table 8, in right hand dominant individuals, the right
scaphoid was significantly larger in volume than the left. The magnitude
of this difference was 185.38 mm?> (standard deviation 116.30 mm?’).
There were no significant differences in length or surface area. This is
consistent with the results from the total population of scaphoids
examined in this study and with the results of the male population.

In left handed individuals, there was no statistically significant dif-
ference between any of the parameters assessed. This is shown in
Table 9. The mean differences observed for each parameter did not differ
between right and left hand dominant groups (p > 0.05 for all
parameters).

In males, the average difference between right and left scaphoid
volumes was 196.47 mrn3, between surface areas 74.91 mm? and be-
tween lengths 1.74 mm. In females, the average difference between right
and left scaphoid volumes was 125.31 mm?, between surface areas
42.41 mm? and between lengths 1.06 mm. None of these differences
were significantly different between males and females (independent
sample t-test p > 0.05).

There was no significant difference between the differences of the
means of male and female groups across volume (p = 0.09), surface area
(p = 0.06), or length (p = 0.19) measurements.

Fig. 2 plots the ICP between left and right scaphoids in the four
groups examined. It shows that there is no statistically significant dif-
ferences in the ICP between groups. The maximum ICP in the population
examined was 0.42 mm. The mean ICP across the sampled group was
0.26 mm.

Fig. 3 demonstrates the greatest area of surface variation between
the scaphoid pair measured as ICP.

4. Discussion

The aim of this pilot study was to investigate the symmetry of
bilateral scaphoids in healthy adults by measuring outcomes of volume,
length, surface area and geometric variation using high-resolution CT
scans (0.5 mm slice thickness). The secondary aims were to determine
the effect of biological sex and hand dominance on scaphoid symmetry.

Our results have suggested that scaphoids in healthy adults are
largely symmetrical. They differed statistically in their volume in our
overall group, as well as in the male population and in right handed
individuals. In females, they statistically differed in their length, but not
in volume or surface areas. Though there were statistically significant
differences in these parameters, the clinical significance of this is not
known. The volume of bone defects in scaphoid fractures has not been
well examined, therefore the implications of this difference of 165 mm®
on the management of scaphoid fracture non-union are unknown. 165
mm?, is less than 6 % of the volume of the average scaphoid observed in
our study. When considering the practical implications of this difference
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Table 4
Summary of 3D scaphoid measurements by biological sex.
Females Males Relative size Significance
(n=13) (n= of male to (two-tailed p)
17) female (%)
Mean Volume Right 2010 + 3346 + 139.9 <0.01
scaphoid +/- 379 654
standard deviation
(mm?)
Mean Volume Left 1936 + 3319 + 141.7 <0.01
scaphoid +/- 257 657
standard deviation
(mm?®)
Mean Surface Area 926 + 1373 + 132.6 <0.01
Right scaphoid 140 167
+/- standard
deviation (mm?)
Mean Surface Area 934 + 1338 + 130.2 <0.01
Left scaphoid +/- 105 140
standard deviation
(mm?)
Mean Length Right 23.13 £ 28.19 117.9 <0.01
scaphoid +/- 2.16 +2.15
standard deviation
(mm)
Mean Length Left 24.00 + 28.04 114.4 <0.01
scaphoid +/- 1.90 +1.87
standard deviation
(mm)
Mean iterative 0.24 + 0.26 + 108.3 0.40
closest point (ICP) 0.08 0.06
+/- standard
deviation
(mm)
Table 5

Summary of 3D scaphoid measurements, comparing left and right sides.

Right Left
scaphoid (n scaphoid (n

Significance between
sides (2-tailed, paired T

= 30) =30) test, p < 0.05)

Mean volume + 2834.63 + 2719.67 + p = 0.0007

standard 903.03 887.85

deviation (mm®)
Mean surface area 1182.46 + 1159.70 + p = 0.102

+ standard 269.96 240.79

deviation (mm?)
Mean length + 26.05 + 3.27 26.30 £+ 2.82 p = 0.401

standard
deviation (mm)

Table 6
Summary of 3D scaphoid measurements in males, comparing left and right sides.

Right Left
scaphoid (n scaphoid (n

Significance between
sides (2-tailed, paired T

=17) =17) test, p < 0.05)

Mean volume + 3464.71 + 3318.82 + p = 0.004

standard 630.01 657.03

deviation (mm?®)
Mean surface area 1372.82 &+ 1337.92 + p=0.11

+ standard 167.18 139.62

deviation (mm?)
Mean length + 28.19 £ 2.15 28.04+1.88 p=0.80

standard
deviation (mm)

in clinical practice when surgically reconstructing a scaphoid non-union
with bone loss, this small volume may be within the range of expected
human error in volume restoration. The ICP analysis revealed that the
surface anatomy of scaphoids was symmetrical. The average difference
in surface anatomy was 0.255 mm and the maximum difference was
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Table 7
Summary of 3D scaphoid measurements in females, comparing left and right
sides.

Right Left
scaphoid (n scaphoid (n

Significance between
sides (2-tailed, paired T

=13) =13) test, p < 0.05)

Mean volume + 2010.69 + 1936.15 + p = 0.09

standard 378.99 357.22

deviation (mm®)
Mean surface area 925.82 + 934.34 + p=0.57

+ standard 140.42 104.61

deviation (mm?)
Mean length + 23.13 £ 2.16 24.01+190 p=0.02

standard
deviation (mm)

Table 8
Summary of 3D scaphoid measurements in right hand dominant individuals,
comparing left and right sides.

Right Left Significance between
scaphoid (n scaphoid (n sides (2-tailed, paired T
=24) =24) test, p < 0.05)
Mean volume + 2878.71 + 2717.50 + p = 0.00002
standard 832.50 809.14
deviation (mm3)
Mean surface area 1197.50 + 1173.22 + p=0.16
+ standard 256.24 214.12
deviation (mmz)
Mean length + 26.09 + 3.29 26.39+262 p=0.28

standard
deviation (mm)

Table 9
Summary of 3D scaphoid measurements in left hand dominant individuals,
comparing left and right sides.

Right Left
scaphoid (n scaphoid (n

Significance between
sides (2-tailed, paired T

=6) =6) test, p < 0.05)
Mean volume + 2658.33 + 2728.33 £ p=0.11
standard 1222.71 1221.69
deviation (mms)
Mean surface area 1105.61 + 1122.28 + p=0.35
+ standard 347.85 339.45
deviation (mm?)
Mean length + 25.65 +3.73  25.90 + p=0.44
standard 3.49

deviation (mm)

0.402 mm. As previously discussed, this small difference is not clinically
significant when the average scaphoid cartilage thickness is 0.84 mm
[18], which can cause variability in the surface anatomy greater than
what was observed in our study using CT scans. The ICP analysis sup-
ports the hypothesis of contralateral scaphoid symmetry.

The results of this study were consistent with the findings from
previous research that has used lower resolution CT [21,22,24] and
magnetic resonance imaging (MRI) [37] to report on scaphoid symmetry
(restricted to right-hand dominant participants) with respect to total
surface area. This study’s findings support the utilisation of CT scans of
uninjured contralateral scaphoids in pre-operative surgical planning for
the correction of acute scaphoid fractures and non-union.

One of the secondary aims of this study was to evaluate the effect of
hand dominance on scaphoid measurements. Right handed individuals
had a significant difference in scaphoid volume. In left handed in-
dividuals there was no statistically significant difference in recorded
parameters, however we acknowledge that the sample size of left
handed individuals is small and may mask a significant result. Exam-
ining the magnitude of the differences in recorded volume, surface area,
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Fig. 2. Iterative closest point between right and left scaphoids.

' ' |.5 |
0.0 mm

1.0 mm

Fig. 3. Greatest scaphoid pair surface variation between contralateral sides measured as iterative closest point. The areas of maximal difference are highlighted in

red and less difference in green.

and length in left handed individuals, they are all less than their coun-
terparts in the right handed group. From our review of the literature, this
is one of only a few studies to report on the effect of ‘handedness’ on
scaphoid symmetry. Ten Berg et al confirmed scaphoid symmetry in
right-handed individuals only as left-handed participants were not
included [22]. Other studies have not included hand dominance in their
analyses [21,24,36,37]. Smith et al. utilised MRI imaging to examine 30
healthy individuals without reporting handedness and Letta et al. uti-
lised CT imaging to examine 26 healthy right-handed individuals
[21,37]. The measurement of symmetry shared between the two studies
was scaphoid length. Other studies have reported a right to left

difference of 0.00 + 0.53 mm [37] and 0.2 &+ 0.4 mm [21] respectively.

Further comparison of geometric measurements of symmetry have
only been reported by Letta et al. with measurements of volume and
surface deviation measured by ICP [21]. Volumetric measurements re-
ported in this study are similar to Letta et al. with an average volume of
95.3 + 66.2 compared to this study’s 115.0 + 167.1 mm? [21]. In
particular, the results when reported by handedness did not significantly
differ with the right-handed individuals recording larger right scaphoid
volumes and left-handed individuals’ results demonstrating marginally
larger left scaphoids.

The findings of this study may have implications for current and
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future practice. New methods of scaphoid fixation have utilised ad-
vances in CT technology that enable a reduction in the size of isotropic
voxels and slice thickness to a size appropriate for surgical planning of
0.4-0.6 mm [38]. This technique has been used in the development of
surgical guides to aide correction of the humpback deformity developed
as a sequalae of scaphoid non-union [39-42]. This technique has further
been applied to the limited development of scaphoid implants used for
the management of carpal conditions including scaphoid non-union and
pan-carpal osteoarthritis [41,42]. This study improves confidence in the
use of contralateral imaging in surgical planning for both right and left
hand dominant patients. It demonstrates that CT imaging of the
contralateral scaphoid can be used as a surface model for the pre-injury
state of the injured side. An injured scaphoid that has progressed to non-
union can have variable amounts of bone loss and deformity, making the
task of planning for the reconstruction of these bones to their pre-injury
state challenging [43]. In these cases, surgical planning may be able to
be improved by using the un-injured scaphoid as a reference for pre-
operative templating for reconstruction of the injured side [44].

A limitation of this study is that the use of CT images restricts the
ability to image articular cartilage therefore the estimates would deviate
from the true size of the scaphoid. A further limitation is the small
sample size, reducing the power of statistical conclusion. We performed
a post hoc power analysis that demonstrated a required sample popu-
lation of 962. This was a pilot study and a sample of convenience was
used. Future studies may be able to expand on our findings with an
increased sample size to minimise type 2 error. However, in the setting
of other results investigating bilateral symmetry, we would expect there
to be no greater difference in left-handed individuals. Data collected
from participants did not include racial or regional information which
may have impacted results. This impact is not able to be assessed and is a
limitation of our study.

In conclusion, using high-resolution 0.5 mm thickness CT scans
demonstrated non-significant differences in symmetry in the geometry
of bilateral scaphoids, across the biological sexes and handedness. There
were statistically significant differences in scaphoid volume for males
and length for females however the clinical significance of this differ-
ence in the application of contralateral CT imaging for surgical planning
is not known. The shape of contralateral scaphoids was found to be
symmetrical by ICP analysis. The findings of this study support further
investigation into the use of contralateral scaphoid imaging using high-
resolution 0.5 mm thickness CT in planning scaphoid non-union oper-
ative correction.
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