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A comparison of 3-D CT and 2-D plain
radiograph measurements of the wrist
in extra-articular malunited fractures
of the distal radius

Camiel J. Smees1,2 , Eline M. van Es3, Gabri€elle J. M. Tuijthof2,
Joost W. Colaris3, Feike de Graaff1 and Anne J. H. Vochteloo1

Abstract
Two-dimensional (2-D) plain radiographs may be insufficient for the evaluation of distal radial malunion, as it
is a three-dimensional (3-D) deformity. This study introduced a 3-D measuring method that outputs radial
inclination, ulnar variance, palmar tilt and axial rotation. To this end, a standardized and clearly defined
coordinate system was constructed that allowed 3-D measurements closely resembling the conventional 2-D
method in 35 patients. Mean differences between 3-D and 2-D measurements in affected wrists were 1.8� for
radial inclination, 0.8mm for ulnar variance and 3.7� for palmar tilt. In addition, inter- and intra-observer
reproducibility of all 3-D and 2-D measurements were good or excellent (intraclass correlation coefficient
>0.75), with 3-D reproducibility always better than 2-D. Axial rotation was present in all patients with a mean
of 7.9� (SD 6.9). Although the differences between 2-D and 3-D measurements were small, 3-D evaluation
enables the assessment of axial rotation and brings us closer to a routine 3-D evaluation of malunion.
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Introduction

Patients with symptomatic distal radial malunions
can benefit from a corrective osteotomy. The evalu-
ation and planning of corrective osteotomies are tra-
ditionally performed on two-dimensional (2-D)
radiographs by measuring radial inclination (RI),
ulnar variance (UV) and palmar tilt (PT). However,
evidence would suggest that 2-D radiographic eval-
uation is incomplete, since the deformity also affects
axial rotation (AR) (Athlani et al., 2020; Cirpar et al.,
2011; de Muinck Keizer et al., 2017; Lee et al., 2010;
Shintani et al., 2018).

The relation between conventional 2-D measure-
ments (RI, UV and PT) and the corresponding three-
dimensional (3-D) measurements have previously
been studied (Athlani et al., 2020; Miyake et al.,
2013). Miyake et al. (2013) made a mirrored 3-D
model of the healthy side and separately

superimposed the proximal and distal parts of the
affected radius onto the healthy model.
Subsequently, the differences between both models
resulted in 3-D angles of RI, UV and PT, which were
compared to bilateral differences in 2-D measure-
ments. They concluded 3-D to be superior to 2-D

1Centre for Orthopaedic Surgery and Sports Medicine, OCON,
Hengelo, The Netherlands
2Biomedical Device Design and Production Technology, University
of Twente, Enschede, The Netherlands
3Department of Orthopaedics and Sports Medicine, Erasmus
University Medical Centre, Rotterdam, The Netherlands

Corresponding Author:
Camiel J. Smees, Centre for Orthopaedic Surgery and Sports
Medicine, OCON, Geerdinksweg 141, 7555DL Hengelo,
The Netherlands.
Email: c.smees@ocon.nl

Journal of Hand Surgery

(European Volume)

2024, Vol. 49(5) 546–553

! The Author(s) 2023

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/17531934231213790

journals.sagepub.com/home/jhs

https://orcid.org/0000-0002-5166-3803
mailto:c.smees@ocon.nl
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/17531934231213790
journals.sagepub.com/home/jhs


due to its almost perfect inter- and intra-observer
reproducibility. Athlani et al. (2020) performed meas-
urements in affected and healthy radiuses separately
by indicating landmarks on the 3-D models and com-
paring these to conventional 2-D measurements.
They found 2-D and 3-D both to be accurate in eval-
uating extra-articular distal radius malunion, with
3-D appearing more accurate in UV measurements
and having the benefit of measuring axial rotation.

However, Miyake et al. (2013) provided only differ-
ences between the affected and healthy wrists, thus
lacking 3-D reference values of healthy and affected
wrists individually; and Athlani et al. (2020) did not
provide a clear definition of the coordinate system,
which makes application of their method difficult.
The aim of the present study was to develop a clearly
defined 3-D measuring method to measure RI, UV
and PT in both wrists of patients with a one-sided
distal radial malunion and to determine differences
in the values between this 3-D technique and con-
ventional 2-D measurements. Furthermore, the
inter- and intra-observer reproducibility of the 2-D
and 3-D techniques was assessed. Finally, the 3-D
method was used to determine 3-D AR to further
understand the role of this variable.

Methods

For this retrospective comparative study, approval
was obtained from the board of directors of the
OCON Centre for Orthopaedic Surgery, and based
on national criteria, medical ethics consent was
waived.

Data acquisition

In total, 35 patients who were treated conservatively
and developed a symptomatic extra-articular distal
radial malunion were identified and retrospectively
included. All patients were seen between September
2014 and June 2021. Patients were included if stan-
dard (posteroanterior [PA] and lateral) radiographs of
the affected wrist and a computed tomography (CT)
scan of both forearms were available and if they had
not undergone prior surgery of the radius or ulna.
Malunion of the affected wrist was verified using the
criteria of Ali et al. (2018): RI �15�; UV �3mm; and/or
PT ��10�. In addition, patients with a palmar dis-
placement (PT >20�) could also be included. While
not being an inclusion criterion, most patients also
had standard radiographs of the unaffected side. All
radiographs were taken with the forearm in neutral
rotation and the elbow in 90� flexion. For the lateral
image, the upper arm was alongside the body while
the forearm rested with the ulnar side on the

detector. For the PA image, the arm was abducted
90� at the shoulder (the wrist was at shoulder level)
and the forearm rested flat on the detector. The CT
scans were made with the patient in the prone posi-
tion with both arms overhead and with palms facing
each other, which prevents potential differences in the
measurements. Both the 2-D radiographs and CT
scan data were extracted in Digital Imaging and
Communications in Medicine (DICOM) format from
the digital medical records.

2-D radiological evaluation

The 2-D radiographs were loaded into JiveX DICOM
viewer (version 5.2, visus.com, Bochum, Germany,
2020). The measurements were based on the defini-
tions proposed by Kreder et al. (1996). RI was mea-
sured on the PA radiograph as the angle between
two lines: one line perpendicular to the long axis of
the radius and the other line from the radial styloid
process to the distal end of the distal radioulnar joint
(DRUJ) surface (Figure 1(a)). UV was measured on
the PA radiograph as the distance between two
lines perpendicular to the long axis of the radius:
one line through the distal end of the DRUJ surface
and one line crossing the distal end of the ulnar
dome (Figure 1(b)). PT was measured on the lateral
image as the angle between two lines: one line per-
pendicular to the long axis of the radius and the other
line through the palmar and dorsal ends of the artic-
ular surface of the distal radius (Figure 1(c)). All 2-D
measurements were first performed on the affected
wrists. Subsequently, the measurements were per-
formed for the unaffected wrists. Finally, differences
between both sides were calculated.

3-D evaluation

The CT scan data of each patient were loaded into
3-D medical imaging processing software Mimics
(version 24.0, Materialise NV, Leuven, Belgium).
3-D bone surface models of the radius and ulna
were created using a threshold value of 300 HU.
The models were loaded into 3-D modelling software
3-Matic (version 16.0, Materialise NV, Leuven,
Belgium), in which a coordinate system was defined,
and 3-D measurements were performed.

To obtain clinically interpretable measurements of
the malunion in 3-D, a reproducible and clinically
understandable coordinate system is important,
and the coordinate system should be based on an
unaffected distal radius (Coburn et al., 2007; de
Roo et al., 2020; Kobayashi et al., 1997; Wu et al.,
2005). There are different possibilities for obtaining
a reference radius, such as using the contralateral
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radius, a mean virtual radius (which is composed
from the mean shape of a dataset of healthy radius-
es) or a statistical shape model (a model that pre-
dicts normality of a bone based on the unaffected
part of the bone) (Mauler et al., 2017). In this study,
the contralateral radius was selected, because this is
currently still considered the best reference for the
affected radius. First, the unaffected radius was mir-
rored and superimposed over the affected radius.
Superimposing the unaffected radius was done
through global registration of the unaffected radius
over the part of the affected radius proximal to the
old fracture site. The registration was visually
verified.

Second, the coordinate system was generated in
accordance to the recommended definition of the
International Society of Biomechanics (ISB) (Wu
et al., 2005) via a series of steps:

1. The length from (proximal) the depression of the
radial head to (distal) the ridge between the radio-
scaphoid and the radiolunate fossae was
measured.

2. The radius was cut halfway, perpendicular to the
long axis (Figure 2(a)).

3. The proximal centre of the radius tangent to the
cut plane was found (Figure 2(b), green dot).

4. The line from this proximal centre to the middle of
the ridge between the radioscaphoid and the
radiolunate fossae was defined. This line repre-
sents the Y-axis (Figure 2, green line).

5. A line perpendicular to the Y-axis that crosses
through the radial styloid and the middle of the
DRUJ was defined (Figure 2(c), blue line), which
represents the Z-axis.

6. A line perpendicular to the Y- and Z-axis is defined,
which represents the X-axis (Figure 2, red line).

In reference to the planes in a CT scan, the X-Y plane
represents a coronal slice, the X-Z plane an axial slice
and the Y-Z plane a sagittal slice. This coordinate system
was used for both the affected and unaffected side.

3-D measurements

Five relevant surface points were identified on the
3-D bone surface models of the affected radius and
ulna: the radial styloid; the most palmar point of the
DRUJ surface; the most dorsal point of the DRUJ
surface; the point halfway between the palmar and

Figure 1. 2-D and 3-D measurements of the distal radius: (a) 2-D radial inclination. (b) 2-D ulnar variance. (c) 2-D palmar
tilt. (d) 3-D radial inclination. (e) 3-D ulnar variance. (f) 3-D palmar tilt and (g) 3-D axial rotation.
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dorsal DRUJ points; and the top of the ulnar dome
(Figure 3). By connecting these surface points, two
lines were drawn that were used to perform all 3-D
measurements. The first line was drawn between the
radial styloid and the middle DRUJ point, which rep-
resents the radial slope. The second line connected
the palmar and dorsal DRUJ points and is called the
palmar slope (Figure 3). Per side, 3-D RI was mea-
sured on the Y-Z plane as the angle between the
radial slope and the Z-axis (Figure 1(d)). 3-D UV
was measured as the distance in the Y-direction
between the ulnar dome and the middle DRUJ
point (Figure 1(e)). 3-D PT was measured on the
X-Y plane as the angle between the palmar slope
and the X-axis (Figure 1(f)).

AR was calculated bilaterally as the angle on the
X-Z plane between the radial slope lines of both
the unaffected and affected bone surface models
(Figure 1(g)).

The 3-D measurements of RI, UV and PT were
repeated on the unaffected side using the same pro-
tocol as described above, and the differences between
the affected and unaffected wrists were calculated.

Raters

All measurements on both the affected and unaffect-
ed side were performed by three raters: two techni-
cal physicians (CS and SvdH) and one 3-D specialized
research scientist (EvE). The 2-D and 3-D measure-
ments were performed separately, and raters were
blinded from earlier measurements. One rater (CS)
performed all measurements three times. Before the
measurements, raters had a plenary session in which
all measurements were performed on the data of one
patient to reach consensus on measurement defini-
tions. This patient was not included in the study.

For each patient, raters were given PA and lateral
radiographs of the unaffected and affected sides and
a 3-Matic file with the bone surface models. In 2-D,
they performed RI, UV and PT measurements sepa-
rately for both sides and stored images of the per-
formed measurements. In 3-D, they constructed the
coordinate system. Then, they identified the five rel-
evant surface points per side. For each side sepa-
rately, using these points, they constructed the
lines, after which they performed the angle and

Figure 2. The 3-D coordinate system of the distal radius. The red line represents the X-axis, the green line the Y-axis and
the blue line the Z-axis. The Y-axis is defined from the centre of the radius halfway to distally the middle of the central
ridge. The Z-axis is defined perpendicular to the Y-axis from the radial styloid to the middle of the distal radioulnar joint.
The X-axis is defined perpendicular to the Y- and Z-axis.
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distance measurements. The 3-Matic files with
measurements were saved.

Statistical analysis

The normality of the data was verified using the
Shapiro–Wilk test and visually inspected using Q-Q
plots. The mean and standard deviation for each
parameter (2-D and 3-D: RI, UV, PT) were obtained.
In inter-observer measurements, all raters had
equal weights, meaning all intra-observer measure-
ments together weighted equal to the measurements
of other raters. The mean absolute differences
between corresponding 2-D and 3-D measurements
were calculated. In addition, the significance of dif-
ferences between 2-D and 3-D RI, PT and UV were
tested using paired samples t-tests (p< 0.05).

The reproducibility, through inter- and intra-
observer variability, was investigated per measure-
ment using an intraclass correlation coefficient (ICC).
ICC values and their 95% confidence intervals were
calculated based on a mean-rating (k¼ 3), absolute-
agreement, two-way random-effects model. Inter-
observer ICC values were calculated based on all
three raters, and intra-observer ICC values were cal-
culated on all three measurements of one rater. For
the interpretation of the ICC values, the definition of
Koo and Li (2016) was used, who define <0.5 as poor,

0.5 to <0.75 as moderate, 0.75 to <0.9 as good and
0.9 to 1.0 as excellent. The mean and standard devi-
ation and inter- and intra-observer variability were
likewise obtained for AR only in 3-D.

Results

The mean age of the 35 included patients was 42
years (SD 18) and 28 were women. In total, 30
patients were right-handed, and 18 patients had a
malunion of the dominant side. In 32 patients, stan-
dard radiographs of the unaffected side were avail-
able. In one patient, the lateral image was later
deemed unusable. This patient was only included
for RI and UV measurements.

3-D and 2-D values of affected and
unaffected wrists

The 3-D and 2-D values of RI, UV and PT for affected
and unaffected wrists and AR are presented in Table 1.
The largest AR observed was 32.3�. For the affected
side, we found mean differences between 3-D and
2-D of 1.8� (SD 1.5), 0.8mm (SD 0.7) and 3.7� (SD
2.7) for RI, UV and PT, respectively. For the unaffect-
ed side, we found 1� (SD 1), 0.5mm (SD 0.4) and 3.3�

(SD 2.4), respectively (Table 1). The differences
between 3-D and 2-D were found to differ

Figure 3. Relevant location identification on a 3-D model of the distal radius in the (a) axial and (b) medial view. The
palmar and dorsal DRUJ points make up the palmar slope. The middle DRUJ point is determined as the halfway point
between the palmar and dorsal DRUJ points. The middle DRUJ point and the radial styloid make up the radial slope line.
The ulnar dome and the plane through the middle DRUJ point make up the ulnar variance.
DRUJ: distal radioulnar joint.
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significantly (p� 0.01), except for PT in unaffected
wrists (p¼ 0.63). All bilateral differences can be
found in Appendix S1 as supplementary material
online.

Reproducibility

We found good to excellent inter-observer agree-
ment (ICC 0.75–1) and excellent intra-observer
agreement (ICC 0.9–1) for all but one measurement
done in 2-D and all measurements done in 3-D. Only
the 2-D PT measurements in the unaffected wrists
showed a moderate inter- and intra-observer agree-
ment (ICC 0.5–0.75). For all measurements, the ICC
values were higher in 3-D compared to 2-D (Table 2).
Statistically significant differences of inter-observer
ICC were found for RI in affected wrists and for UV in
unaffected wrists, and for intra-observer ICC in RI
and PT in unaffected wrists. In addition, the repro-
ducibility of AR measurements was excellent, with
ICC values of >0.9 for both inter- and intra-
observer measurements. ICC values of bilateral
measurements can be found in Appendix S2 as
supplementary material online.

Discussion

In the present study, 3-D values were smaller than
the corresponding 2-D values for all measurements,
except for the UV measurement in affected wrists.
Athlani et al. (2020) found comparable differences
between 3-D and 2-D in affected dorsally tilted
wrists, namely 3� for RI, 1.3mm for UV and 2� for
PT. Miyake et al. (2013) performed bilateral meas-
urements and reported difference of 6� for RI,
1.8mm for UV and 3� for PT between 3-D and 2-D.
These are comparable to our bilateral measure-
ments (Appendix S1).

We found that the inter- and intra-observer repro-
ducibility was good or excellent for all measure-
ments, and the ICC of 3-D measurements was
higher than in 2-D. The reproducibility of measure-
ments per side could not be compared with previous
studies, since Athlani et al. (2020) did not report their
reproducibility. However, Miyake et al. (2013) did
report inter- and intra-observer reproducibility of
their bilateral measurements. They found good or

Table 1. Radial inclination, ulnar variance, palmar tilt and
axial rotation measured in 35 patients with malunion of a
distal radius fracture on 2-D wrist radiographs and 3-D CT.

n Mean (SD) MAD (SD) p

Affected
RI (�)

2-D 35 19.0 (5.4) 1.8 (1.5) 0.009
3-D 35 17.9 (6.2)

UV (mm)
2-D 35 2.3 (2.5) 0.8 (0.7) 0.005
3-D 35 2.8 (2.8)

PT (�)
2-D 34 �5.5 (14.1) 3.7 (2.7) 0.011
3-D 35 �7.4 (15.8)

Unaffected
RI (�)

2-D 32 25.2 (2.8) 1.0 (1.0) 0.012
3-D 35 24.6 (2.3)

UV (mm)
2-D 32 0.3 (1.3) 0.5 (0.4) 0.002
3-D 35 0.0 (1.3)

PT (�)
2-D 31 13.3 (3.8) 3.3 (2.4) 0.633
3-D 35 12.9 (3.3)

Bilateral
AR (�)

3-D 35 7.9 (6.9)

Significant values (p< 0.05) are shown in bold.
AR: axial rotation; MAD: mean absolute difference; PT: palmar tilt;
RI: radial inclination; UV: ulnar variance.

Table 2. Inter- and intra-observer agreement values (with
95% CI) of RI, UV, PT and AR, measured on 2-D wrist
radiographs and 3-D CT of 35 patients with malunion of a
distal radius fracture.

Inter-observer Intra-observer
ICC (95% CI) ICC (95% CI)

Affected
RI

2-D 0.94 (0.53 to 0.98) 0.99 (0.98 to 1.00)
3-D 0.99 (0.99 to 1.00) 1.00 (0.99 to 1.00)

UV
2-D 0.98 (0.94 to 0.99) 0.99 (0.97 to 1.00)
3-D 0.99 (0.99 to 1.00) 0.99 (0.98 to 1.00)

PT
2-D 0.99 (0.98 to 0.99) 0.99 (0.98 to 1.00)
3-D 0.99 (0.98 to 0.99) 0.99 (0.99 to 1.00)

Unaffected
RI

2-D 0.82 (0.23 to 0.94) 0.95 (0.87 to 0.98)
3-D 0.94 (0.89 to 0.97) 0.99 (0.99 to 1.00)

UV
2-D 0.84 (0.64 to 0.93) 0.93 (0.86 to 0.97)
3-D 0.96 (0.93 to 0.98) 0.97 (0.94 to 0.98)

PT
2-D 0.60 (0.27 to 0.79) 0.68 (0.38 to 0.84)
3-D 0.80 (0.63 to 0.90) 0.91 (0.84 to 0.95)

Bilateral
AR

3-D 0.96 (0.92 to 0.98) 0.97 (0.95 to 0.99)

Significant different values between 2-D and 3-D (p< 0.05) are
shown in bold.
AR: axial rotation; CI: confidence interval; PT: palmar tilt; RI: radial
inclination; UV: ulnar variance.
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excellent ICC values for all measurements, in which
reproducibility in 3-D was higher for UV and PT com-
pared to 2-D but not for RI (see Appendix S2).
Contrarily, we found that all 3-D measurements
were more reproducible than in 2-D when perform-
ing bilateral measurements. Though reproducibility
values of Miyake et al. (2013) are within the same
range as found in our study, we found higher ICC
values in all measurements compared to theirs,
with the largest difference being 0.81 compared to
0.97 found in our study for inter-observer UV. We
think this difference might be caused by the different
measuring strategy that we used.

Furthermore, the 3-D measurements showed that
AR was present in all patients, with a mean value of
7.9� (SD 6.9�) and with an excellent reproducibility.
This is comparable to the mean AR reported by
Athlani et al. (2020) of 9� (range 2�–21�) and smaller
than the AR of Miyake et al. (2013), which was 13�

(SD 11). The reproducibility of AR measurements was
not reported in these studies.

The reproducibility of measurements (e.g. ICC) in
the affected side was always higher than in the unaf-
fected side. We believe this is caused by the way ICC
values are calculated, because they are calculated as
the ratio between the variance within raters and the
total range of values within a variable (Bartko, 1966).
Malunions cause a larger spread of the dataset in the
affected side; hence, a similar variance within raters
will result in higher ICC values. Due to differences in
variances between measurements on the affected
and unaffected sides, a comparison between the cor-
responding ICC values is invalid. Conversely, since
corresponding 3-D and 2-D measurements have
similar variances, comparisons between these
measurements are valid.

In the present study, the ICC values of 2-D meas-
urements were always lower than in 3-D, which
could be the result of overlap of bony landmarks in
2-D radiographs, which complicates measurements.
In 3-D, raters could view the anatomy in any direc-
tion, thereby decreasing the risk of misinterpretation
of the anatomy. The larger inter-observer compared
to intra-observer ICC between 3-D and 2-D measure-
ments further strengthens this proposed explana-
tion, as through a learning effect, because we
expect that repeated measurements of one observer
are less prone to this error.

Although the statistically significant differences
between 2-D and 3-D are probably too small to be
clinically relevant, we think that 3-D evaluation of
malunion will become the standard. In our opinion,
axial rotation might be an important factor in mal-
union evaluation, which is overlooked in 2-D meas-
urements. Our expectation is that, once the clinical

importance of axial rotation is proven, the shift
towards routine 3-D evaluation of malunion may
take place.

The strengths of our study are that by combining
the knowledge from previous studies (Athlani et al.,
2020; Miyake et al., 2013), we described a method
that is well defined and easily performed provided
similar software access. Using this method, 3-D
measurements of malunion per side are obtained,
which is usable in bilaterally affected patients as
well. In addition, the construction of the 3-D coordi-
nate system was in line with the ISB guidelines (Wu
et al., 2005) and described explicitly, which encour-
ages standardization in future research.

The present study has some limitations. First, all
patients in this study had neutral or dorsally tilted
extra-articular malunions. Therefore, it is uncertain
whether our results apply to intra-articular or pal-
marly tilted malunions. Second, the unaffected side
is currently used to obtain the coordinate system,
which implies that taking a CT scan from the affected
side only is not sufficient. Therefore, patients with
bilateral affected wrists cannot be analysed this
way. For these patients, a statistical shape model
can be used (Mauler et al., 2017). Third, the intra-
observer reproducibility was determined for only one
observer. This could explain the higher ICC values,
compared to the inter-observer measurements.
Furthermore, a rater is more inclined to act upon
non-normal measurements in unaffected wrists,
compared to affected wrists, as they know normal
values. This inherently causes mean differences
between 3-D and 2-D values to be smaller in unaf-
fected wrists. Finally, a general limitation of the use
of a CT scan as opposed to plain radiograph images
is the increased radiation dose. However, the mean
effective radiation dose of a wrist CT scan is as low
as 0.15 mSv (Iordache et al., 2017), due to constant
improvements of CT scanning. In our opinion, the
potential added benefit of 3-D analysis of the mal-
union using a CT scan outweighs the disadvantage of
this small increase in radiation dose.

In conclusion, our study paves the way for routine
3-D analysis, planning and postoperative evaluation
of extra-articular radius malunion parameters in
affected and unaffected wrists.

Acknowledgements The authors would like to thank
Stein van der Heide for his help by being one of the
researchers that performed the experiments and Judith
olde Heuvel for her help in reviewing the manuscript.

Declaration of conflicts of interest The authors
declare no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

552 Journal of Hand Surgery (Eur) 49(5)



Funding The authors received no financial support for the
research, authorship, and/or publication of this article.

Informed consent Informed consent was waived for this
retrospective study.

ORCID iD Camiel J. Smees https://orcid.org/0000-
0002-5166-3803

Supplementary material Supplemental material for
this article is available online.

References

Ali M, Brogren E, Wagner P, Atroshi I. Association between distal
radial fracture malunion and patient-reported activity limita-
tions: A long-term follow-up. J Bone Joint Surg Am. 2018,
100: 633–9.

Athlani L, Chenel A, Berton P, Detammaecker R, Dautel G. Three-
dimensional versus radiographic measurements for analyzing
extra-articular distal radius malunion. J Hand Surg Am. 2020,
45: 984.e1–e7.

Bartko JJ. The intraclass correlation coefficient as a measure of
reliability. Psychol Rep. 1966, 19: 3–11.

Bentohami A, Bosma J, Akkersdijk GJ, van Dijkman B, Goslings JC,
Schep NW. Incidence and characteristics of distal radial frac-
tures in an urban population in The Netherlands. Eur J Trauma
Emerg Surg. 2014, 40: 357–61.

Brogren E, Petranek M, Atroshi I. Incidence and characteristics of
distal radius fractures in a southern Swedish region. BMC
Musculoskelet Disord. 2007, 8: 48.

Buijze GA, Leong NL, Stockmans F et al. Three-dimensional com-
pared with two-dimensional preoperative planning of corrective
osteotomy for extra-articular distal radial malunion: A multi-
center randomized controlled trial. J Bone Joint Surg Am.
2018, 100: 1191–202.

Bushnell BD, Bynum DK. Malunion of the distal radius. J Am Acad
Orthop Surg. 2007, 15: 27–40.

Cirpar M, Gudemez E, Cetik O, Turker M, Eksioglu F. Rotational
deformity affects radiographic measurements in distal radius
malunion. Eur J Orthop Surg Traumatol. 2011, 21: 13–20.

Coburn JC, Upal MA, Crisco JJ. Coordinate systems for the carpal
bones of the wrist. J Biomech. 2007, 40: 203–9.

de Muinck Keizer RJO, Lechner KM, Mulders MAM, Schep NWL,
Eygendaal D, Goslings JC. Three-dimensional virtual planning
of corrective osteotomies of distal radius malunions: A system-
atic review and meta-analysis. Strategies Trauma Limb
Reconstr. 2017, 12: 77–89.

de Roo MGA, Dobbe JGG, Peymani A, van der Made AD, Strackee
SD, Streekstra GJ. Accuracy of manual and automatic

placement of an anatomical coordinate system for the full or
partial radius in 3D space. Sci Rep. 2020, 10: 8114.

Iordache SD, Goldberg N, Paz L, Peylan J, Hur RB, Steinmetz A.

Radiation exposure from computed tomography of the upper
limbs. Acta Orthop Belg. 2017, 83: 581–8.

Kobayashi M, Berger RA, Nagy L et al. Normal kinematics of carpal
bones: A three-dimensional analysis of carpal bone motion rel-

ative to the radius. J Biomech. 1997, 30: 787–93.
Koo TK, Li MY. A guideline of selecting and reporting intraclass

correlation coefficients for reliability research. J Chiropr Med.

2016, 15: 155–63.
Kreder HJ, Hanel DP, McKee M, Jupiter J, McGillivary G,

Swiontkowski MF. X-ray film measurements for healed distal
radius fractures. J Hand Surg Am. 1996, 21: 31–9.

Lalone EA, Grewal R, King GJ, MacDermid JC. A structured review

addressing the use of radiographic measures of alignment and
the definition of acceptability in patients with distal radius frac-

tures. Hand (N Y). 2015, 10: 621–38.
Lee SK, Shin R, Zingman A, Loona J, Posner MA. Correlation of

malrotation deformity in distal radius fractures with radio-

graphic analysis: Cadaveric study. J Hand Surg Am. 2010, 35:
228–32.

Mauler F, Langguth C, Schweizer A et al. Prediction of normal
bone anatomy for the planning of corrective osteotomies of

malunited forearm bones using a three-dimensional statistical

shape model. J Orthop Res. 2017, 35: 2630–6.
McQueen M, Caspers J. Colles fracture: Does the anatomical

result affect the final function? J Bone Joint Surg Br. 1988,
70: 649–51.

Miyake J, Murase T, Yamanaka Y, Moritomo H, Sugamoto K,

Yoshikawa H. Comparison of three dimensional and radio-
graphic measurements in the analysis of distal radius mal-

union. J Hand Surg Eur Vol. 2013, 38: 133–43.
Prommersberger KJ, Van Schoonhoven J, Lanz UB. Outcome after

corrective osteotomy for malunited fractures of the distal end

of the radius. J Hand Surg Br. 2002, 27: 55–60.
Sharpe F, Stevanovic M. Extra-articular distal radial fracture mal-

union. Hand Clin. 2005, 21: 469–87.
Shintani K, Kazuki K, Yoneda M et al. Computer-assisted three-

dimensional corrective osteotomy for malunited fractures of
the distal radius using prefabricated bone graft substitute.

J Hand Surg Asian Pac Vol. 2018, 23: 479–86.
Villar RN, Marsh D, Rushton N, Greatorex RA. Three years after

Colles’ fracture. A prospective review. J Bone Joint Surg Br.

1987, 69: 635–8.
Weiss KE, Rodner CM. Osteoarthritis of the wrist. J Hand Surg Am.

2007, 32: 725–46.
Wu G, van der Helm FC, Veeger HE et al. ISB recommendation on

definitions of joint coordinate systems of various joints for the

reporting of human joint motion–Part II: shoulder, elbow, wrist
and hand. J Biomech. 2005, 38: 981–92.

Smees et al. 553

https://orcid.org/0000-0002-5166-3803
https://orcid.org/0000-0002-5166-3803
https://orcid.org/0000-0002-5166-3803

	table-fn1-17531934231213790
	table-fn2-17531934231213790
	table-fn3-17531934231213790
	table-fn4-17531934231213790

