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Abstract
Introduction The use of MRI scans for pre-operative surgical planning of forearm osteotomies provides additional informa-
tion of joint cartilage and soft tissue structures and reduces radiation exposure in comparison with the use of CT scans. In this
study, we investigated whether using 3D information obtained from MRI with and without cartilage information leads to a
different outcome of pre-operative planning.
Methods Bilateral CT and MRI scans of the forearms of 10 adolescent and young adult patients with a unilateral bone
deformation were acquired in a prospective study. The bones were segmented from CT and MRI, and cartilage only from
MRI. The deformed bones were virtually reconstructed, by registering the joint ends to the healthy contralateral side. An
optimal osteotomy plane was determined that minimized the distance between the resulting fragments. This process was
performed in threefold: using the CT and MRI bone segmentations, and the MRI cartilage segmentations.
Results Comparison of bone segmentation from MRI and CT scan resulted in a 0.95 ± 0.02 Dice Similarity Coefficient and
0.42± 0.07mmMeanAbsolute Surface Distance. All realignment parameters showed excellent reliability across the different
segmentations. However, the mean differences in translational realignment between CT and MRI bone segmentations (4.5 ±
2.1 mm) and between MRI bone and MRI bone and cartilage segmentations (2.8 ± 2.1 mm) were shown to be clinically and
statistically significant. A significant positive correlation was found between the translational realignment and the relative
amount of cartilage.
Conclusion This study indicates that although bone realignment remained largely similar when using MRI with and without
cartilage information compared to using CT, the small differences in segmentation could induce statistically and clinically
significant differences in the osteotomy planning. We also showed that endochondral cartilage might be a non-negligible
factor when planning osteotomies for young patients.
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Introduction

Radial and ulnar bone malunion after trauma can lead to
reduced range of motion, chronic pain, and loss of strength
[1]. Studies have shown that these complications can be
effectively treated with realignment of the bones by a
corrective osteotomy [2, 3]. Corrective osteotomies are con-
ventionally planned and assessed manually on (biplanar)
two-dimensional (2D) radiographs [4].However, recent stud-
ies have shown that computer-assisted pre-operative planning
based on three-dimensional (3D) computed tomography
(CT) scans significantly improved both functional and radio-
graphic outcomes [4–6].

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s11548-023-02929-8&domain=pdf
http://orcid.org/0000-0002-6511-3896


2308 International Journal of Computer Assisted Radiology and Surgery (2023) 18:2307–2318

Three-dimensional computer-assisted osteotomy plan-
ning is mostly performed using CT scans, as the unique
intensity range of bone structures on this modality makes
segmentation relatively straightforward and highly accurate
(< 1mm) [7, 8]. However, it is difficult to distinguish between
different soft tissue structures on CT, and CT scanning
involves harmful radiation. In contrast, osteotomy planning
using magnetic resonance imaging (MRI) does not involve
harmful radiation and soft tissue structures can be more
clearly distinguished. Including soft tissues structures like
joint cartilage might improve the outcome of pre-operative
planning. However, most MRI protocols do not result in a
unique intensity range for bone and can suffer from intensity
inhomogeneity, which causes segmentation to be less trivial
[9].

To be able to study differences in osteotomy planning
based on CT and MRI, a deterministic workflow is essential
to avoid the variation caused by human assessment. Various
authors have proposed automatic osteotomy planning meth-
ods [7, 10, 11]. Based on thesemethods, we aimed to develop
a similar deterministic, pre-operative, and osteotomy plan-
ning algorithm that simulates the cutting, repositioning, and
reconstruction of the deformed bone. By using an automatic,
computer-assisted approach, we attempted to determine the
effect of different segmentations from different modalities
on the outcome, by finding an answer to the following ques-
tions: (1) Does automated osteotomy planning based on bone
segmentations derived from CT scans yield significantly dif-
ferent resultswhenperformedonbone segmentations derived
from MRI scans? (2) Does automated osteotomy planning
based on bone segmentations derived from MRI scans yield
significantly different results when performed on combined
bone and cartilage segmentations derived from MRI scans?
and (3) Does the amount of cartilage in the joints have a

significant correlation to the differences observed between
planning on bone or combined bone and cartilage segmenta-
tions?

Materials andmethods

Automated osteotomy planning was performed in threefold
for each patient, to study the effect of different scanning
modalities and tissue inclusion on the outcome. The plan-
ning was performed once using bone segmentation derived
from CT, once using bone segmentations derived fromMRI,
and once using bone and cartilage segmentations fromMRI.
As cartilage was not discernible on the CT scans, cartilage
segmentation was not performed on CT scans.

Data

The data were acquired prospectively at the Erasmus
MC (Erasmus University Medical Center, Rotterdam, The
Netherlands) under ethical approval of the Medical Eth-
ical Testing Committee, reference number 52987.078.15.
Detailed information on the inclusion criteria and scan
parameters can be found in the study by Roth et al. [12]
and in the Supplementary Material S.1.

Of the eighteen patients included in this study, eight
patients had to be excluded due to irregularities such asmove-
ment during scanning, incomplete coverage of the region of
interest or implant-induced artifacts. Additionally, the CT
scan of Patient 6 was incomplete and thus only the MRI of
this patient was used. The demographics of the patients are
shown in Table 1.

Table 1 Demographics of the
patients and age at time of
trauma, scan, and the interval
between the trauma and scan

Patient Sex Side trauma Age (years)

Trauma Scan Interval

1 F Right 7.1 20.1 13.0

2 M Left 7.6 13.9 6.3

3 M Left 9.2 11.9 2.7

4 F Left 9.7 10.7 1.0

5 M Left 17.6 18.3 0.7

6 M Left 14.0 22.9 8.9

7 F Left 10.7 20.1 9.4

8 M Left 13.7 14.6 0.9

9 M Left 7.4 12.3 4.9

10 M Right 14.8 16.6 1.8

Mean – – 11.2 16.1 5.0

Std. Dev. – – 3.4 3.9 4.1
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Fig. 1 Top row: example of the MRI (left) and CT (right) of lower right arm. Middle row: MRI and CT overlaid with radius (brown) and ulna
(yellow) bone segmentation. Bottom row: MRI overlaid with bone and cartilage (blue) segmentation

Segmentation

Before segmentation, both CT images andMRI images were
resampled to isotropic 0.5 × 0.5×0.5 mm3 voxels using
trilinear interpolation. The radius and ulna were manually
segmented from the CT and MRI scans to produce two sets
of 3D bone models for each patient. Additionally, articu-
lar cartilage was manually segmented from the MRI images
to produce 3D cartilage models. One experienced biomedi-
cal engineer (RK) performed all segmentations. A detailed
description of the segmentation process can be found in Sup-
plementary Material S.1. In the remainder of the text, the
segmentation of bone from the CT and MRI scans will be
referred to as CTb and MRb, and the segmentation of both
bone and cartilage from the MRI scan will be referred to as
MRbc. Examples of the CTb, MRb, and MRbc segmenta-
tion are shown overlaid on the CT and MRI scans in Fig. 1.
After segmentation, all bone models were transformed from
a voxel-wise representation into vertex-and-edge-based tri-
angulated surface mesh (Fig. 2—step 0).

Automatic planning

The automatic planning was performed using a novel in-
house produced software tool, whichwas inspired by existing
methods such as described by Caiti et al., Dobbe et al., and
Carrillo et al. [7, 10, 11]. It used the CTb, MRb, and MRbc

segmentations to perform the osteotomy planning in five
automatic steps, which are summarized in Fig. 2.

First (Fig. 2—step 1), the CTb, MRb, and MRbc mod-
els are all aligned. Second (Fig. 2—step 2), the proximal and
distal part of the deformed andmirrored healthy contralateral
bone were isolated. Third (Fig. 2—step 3), these deformed
fragments were each registered separately to their counter-
parts on the healthy contralateral bone, resulting in four 4× 4
homogenous transformation matrices for each bone, M radius

prox

and M radius
dist , for the distal and proximal radius, and Mulna

prox

and Mulna
dist , for the ulna. Fourth (Fig. 2—step 4), the original

deformed bone model was osteotomized into two parts using
the plane P1. This plane was defined by six parameters: a
center point P1p � (P1x, P1y, P1z) located in the center of
the bone in the axial plane, and rotation of the plane around
the principal axes, P1r� (P1rx, P1ry, P1rz). The saved trans-
formations M radius

prox , M radius
dist , Mulna

prox, and Mulna
dist were used to

reconstruct the proximal and distal fragment into the desired
positions, aligned with the mirrored healthy bone. Finally, in
the fifth step (Fig. 2—step 5), an exhaustive search method
was employed to find the optimal location and orientation of
the osteotomy.

The automatic planning was performed for each of the
three segmentations separately: CTb, MRb, and MRbc. A
more detailed description of each step of the automatic
osteotomy planning process can be found in Supplementary
Material S.2.
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Fig. 2 Step-by-step overview of
the automatic osteotomy
planning workflow. The
deformed radius and ulna (white)
were aligned to the mirrored
healthy contralateral radius and
ulna (green) by registering the
joints and subsequently
optimizing the osteotomy plane
to minimize the distance between
the proximal and distal bone
fragments. This example used a
bone segmentation derived from
MRI

Evaluation

The differences in segmentation between the CTb and MRb
were calculated from the 3D bone models, after the ini-
tial alignment (Fig. 2—step 2, Supplementary Material S.2).
They were quantified by four metrics, computed as described
by Taha and Hanbury [13]: the Dice Similarity Coefficient
(DSC), the Mean Absolute Surface Distance (MASD), the
Hausdorff Distance (HD), and the 95th percentile Hausdorff
Distance (HD95). The relative cartilage volume (RCV) was
calculated separately for the radius and ulna, and was defined

as the cartilage volume divided by the bone volume as seg-
mented from MR.

Bone realignment was defined as the rotational and trans-
lational difference between the distal bone fragment relative
to the proximal bone fragment. The differencewas calculated
by finding the difference between the two transformation
matrices that defined the bone reconstruction, using:

M radius� M radius
prox

−1 × M radius
dist and Mulna� Mulna

prox
−1 × Mulna

dist
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Differences in relative rotational and translational realign-
ment due to the use of differing segmentations could then be
calculated as follows:

M radius
CTb−MRb� M radius

CTb
−1 × M radius

MRb and M radius
MRb−MRbc� M radius

MRb
−1 × M radius

MRbc

Mulna
CTb−MRb� Mulna

CTb
−1 × Mulna

MRb and Mulna
MRb−MRbc� Mulna

MRb
−1 × Mulna

MRbc

A transformation matrix can be transcribed to transla-
tions (�xS, �yS, and �zS) and Euler angle rotations (�xS,
�yS, and�zS) along the three orthogonal axes, with S either
CTb, MRb, or MRbc. The total translation and rotation were
then defined as TS � √

(�xS2 + �yS2 + �zS2) and RS �√
(�xS2 + �yS2 + �zS2). The Shapiro–Wilks test was used

to checkwhether differences in T andR between themethods
were normally distributed, and if so, two-tailed paired t-tests
were performed to check for significant mean differences.
Differences between two methods were also calculated as
the Euclidean translational distance�T� √

((�xS1–�xS2)2

+ (�yS1–�yS1)2 + (�zS1–�zS2)2) and rotational distance
�R � √

((�xS1–�xS2)2 + (�yS1–�yS2)2 + (�zS1–�zS2)2),
which is suitable for rotations where: �x, �z ∈ [− π,π) and
�y ∈ [− π/2,π/2) radians [14].

To estimate whether the differences in planning with the
various segmentations were clinically relevant, we compared
these with the residual error after surgery, as found by Vla-
chopoulos et al. [15]. As the definition of the axes used in this
study did not directly correspond to ours, the total rotational
(5.6º± 4.2º) and translational (2.0± 1.4 mm) residual errors
were used.

Finally, we compared the osteotomy planning by location
and rotation of the cutting plane. The location was defined as
the distance from the proximal end of the bone to the center
of the osteotomy, along the axis of the bone, and denoted as
�Z. The osteotomy orientation was defined by the rotation
of the osteotomy plane around the two axes ψX and ψZ,
perpendicular to the longitudinal axis of the bone.

Results

Segmentation accuracy

An example of the CT and MRI segmentations is shown in
Fig. 1. The difference between MRI- and CT-derived bone
segmentation is summarized in Table 2. The RCV was plot-
ted against the age of the patients in Fig. 3. Exponential
regression lines have been fitted to the data to illustrate the
diminishing RCV with age.

Bone realignment

The bone realignment was performed in threefold, using the
CTb, MRb, and MRbc segmentations. In Table 3, the mean
difference in realignment when using the CTb, MRb, and
MRbc segmentations is shown. For all methods, the dif-
ferences between the total translational (T) and rotational
(R) realignment parameters were found to be normally dis-
tributed. Significant mean differences were found between
TCTb and TMRb (p � 0.026) but not between RCTb and RMRb

(p� 0.831). Significant differences were also found between
TMRb and TMRbc (p � 0.031) but not for RMRb and RMRbc (p
� 0.173). The intraclass correlation coefficient (ICC) was
calculated using the two-way random model for absolute
agreement of single measures, denoted as ICC(3,1). The
translation and rotation for all comparisons was larger than
0.949, corresponding to excellent reliability (ICC> 0.9) [16].

In Fig. 4, the differences in realignment when using dif-
ferent segmentations are shown, plotted against the RCV of
the patient. Moderate-to-strong correlations were only found
between the RCV and the difference in rotational (R � 0.68,
p � 0.043) and translational (R � 0.74, p � 0.024) realign-
ment of the ulna when using MRb versus MRbc. Only weak
correlations (|R|< 0.3) were found between the RCV and the
realignment differences between CTb versus MRb and CTb
and MRbc.

The graphs in Fig. 5 show that the rotational differences in
realignment were on average smaller than the residual errors
that were found after osteotomy surgery in a clinical study
by Vlachopoulos et al. [15], but the translational errors were
larger. Visual comparisons of the final bone reconstructions
are shown in Fig. 6.

Osteotomy plane optimization

Avisual comparison of the osteotomy plane location and ori-
entation on the CTb,MRb, andMRbc is shown in Fig. 7. The
mean differences that arise due to the planning on different
segmentations are summarized in Table 4, and the distribu-
tion of these metrics for both the ulna and radius is shown in
Fig. 8.

Discussion

The aim of this study was to evaluate differences in radio–ul-
nar osteotomy planning based on CT- and MRI-derived
segmentations of the bone and/or cartilage. Although the
realignment parameters showed excellent correlation, sta-
tistically and clinically significant mean differences were
found, both due to segmentation differences of the bone
between CT and MRI scans, as well as due to differences
between planning on bone and bone with cartilage.
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Table 2 Average segmentation
differences between CT and MRI
bone segmentation. DSC � Dice
Similarity Coefficient, MASD �
Mean Absolute Surface Distance,
HD � Hausdorff Distance, and
HD95 � 95th percentile
Hausdorff Distance

DSC MASD (mm) HD (mm) HD95 (mm)

Mean 0.95 0.41 4.36 0.86

Std. Dev 0.02 0.07 2.38 0.28

Ulna Radius Ulna Radius Ulna Radius Ulna Radius

Mean 0.95 0.95 0.41 0.42 4.32 4.40 0.86 0.85

Std. Dev. 0.02 0.02 0.06 0.08 2.32 2.44 0.20 0.33

Fig. 3 Relative cartilage volume
against the age of each patient at
the time of the MRI scan. Both
cartilage and bone segmentation
were acquired from the MRI
scan. An exponential regression
line is fitted to show the decrease
in relative cartilage volume by
age

Table 3 Mean difference and ICC for the relative translation and rotation between the different methods of planning; on CTb, MRb, and MRbc.
ICC(3,1): two-way random model for absolute agreement of single measures was used [16]

CTb and MRb MRb and MRbc

�T (mm) �R (º) �T (mm) �R (º)

Mean 4.5 4.0 2.8 2.7

Std. Dev 2.1 2.4 2.1 2.6

�x �y �z �z �y �x �x �y �z �z �y �x

Mean 1.1 0.7 − 0.3 0.2 − 0.3 0.2 1.3 − 0.1 0.2 1.0 − 0.3 − 0.1

Std. Dev. 2.6 3.9 0.7 4.3 0.7 1.5 2.5 1.9 0.6 3.5 0.7 0.7

ICC 0.99 0.99 0.99 0.95 0.97 0.96 0.99 0.99 0.99 0.99 0.99 0.99

A prerequisite for this study was an accurate method for
the segmentation of bone and cartilage. The segmentation of
CT scans was relatively straightforward, as bone is generally
the only tissue with intensity values over 200 HU. However,
issues such as partial volume effects, small joint spaces, and
artifacts due to foreign objects necessitated at least some
manual correction in all CT segmentations.

Segmentation of bone fromMRI scans was more compli-
cated, as there was no unique intensity range for bone that

separated it from the other tissues. Additionally, the resolu-
tion of the MRI scans was lower than the CT scans. Still,
the results showed that the MASD between MRI and CT
bone segmentationwas approximately equal to the resampled
voxel size of the segmentations, at 0.41mm. For comparison,
the most relevant reference in the literature for comparable
segmentations was Marin et al. [9], who reported an average
MASD of 1 mm between forearm bones that were manually
segmented from CT and MRI.

123



International Journal of Computer Assisted Radiology and Surgery (2023) 18:2307–2318 2313

Fig. 4 Translational and rotational realignment differences when planning the osteotomy using CTb, MRb, and MRbc, plotted against the relative
cartilage volumes of the patients. Linear trendlines have been fitted

Segmentation of the cartilage fromMRI scanswas entirely
manual,which caused it to be a time-consumingprocess. This
increases the risk of low intra- and interobserver agreement
between segmentations, as noted by Brui et al. [17], who
observed this when segmenting wrist cartilage from MRI
(DSC � 0.9 intra-observer and DSC � 0.78–0.88 interob-
server). For an efficient, deterministic clinical workflow, the
issues with manual segmentation from MRI would need to
be addressed, for example, by employing cartilage-specific
MRI acquisition sequences as proposed by Dalili et al. [18],
Heckelman et al.[19], and Zink et al.[20].

The first hypothesis of this study was that auto-
mated osteotomy planning would yield comparable results
when performed using CT and MRI. Excellent correlation
(ICC(3,1) > 0.9) was found for each of the translational
and rotational realignment components. However, the differ-
ences in realignment showed a significant mean difference of
the total translational component T, but no significant mean
difference in the total rotational component R. Larger dif-
ferences were also seen for the osteotomy plane localization
(�Z � 6.7 ± 6.9 mm) and orientation (ψY � 5.5 ± 6.7º and

ψZ � 8.4 ± 11.1º). This indicated that the impact of using
the CTb and MRb had a relatively small effect on the rota-
tional realignment of the bone, but had a greater impact on
the translational realignment and the position and orientation
of the osteotomy plane.

The second hypothesis of this study was that the same
method of osteotomy planning would yield significantly
different results when cartilage was included. Again, the
translational and rotational components of the realignment
showed excellent correlation. Significant mean differences
were found for the translational, but not for the rotational
realignment. The results in Table 4 and Fig. 8 showed that
the differences between MRb and MRbc in osteotomy plane
localization (�Z � 6.5± 7.0mm) and orientation (ψY � 5.9
± 6.6º andψZ � 10.8± 8.4º) were similar to the differences
between CTb and MRb. The mean difference in realignment
between planning on CTb and MRb was slightly larger than
the difference in planning between MRb and MRbc. This
means that the impact of segmentation differences between
modalities was on average larger than the impact of including
cartilage.
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Fig. 5 The rotational (top) and translational (bottom) differences
between the CTb and MRb (left) and MRb and MRbc (right) in relative
bone realignment after osteotomy are shown. The mean and standard

deviation of the differences is compared to residual error after osteotomy
surgery as reported by Vlachopoulos et al. [24].

Comparison with the residual errors found after surgery
showed that the differences in planned translational realign-
ment were larger than the accuracy with which osteotomy
surgery is performed. During surgery, the pre-operative plan-
ning is assumed to be the optimal reconstruction. Variations
in planning due to the use of different planning methods
would induce larger uncertainty in surgery outcome and
should, therefore, ideally have a significantly smaller vari-
ation than the surgery itself. The large differences between
CTb, MRb, and MRbc planning observed here would, there-
fore, have an undesirable, clinically significant impact on the
outcome, and should, thus, not be ignored.

The third hypothesis stated that the relative amount of
articular cartilage would be correlated with the effect car-
tilage inclusion has on the osteotomy planning. Firstly, we
found that the RCV was higher in younger adolescents and

decreasedwith age,which corresponds to the establishedpro-
cess of endochondral ossification [21]. A positive correlation
was also found between the RCV and ulnar translational dif-
ferences between MRb and MRbc. This indicated a larger
effect of cartilage inclusion in younger patients, who gener-
ally have a higher RCV, than in older patients. This effect
was only present in the ulna, possibly due to the differences
in the endochondral ossification process of each bone [21]. It
is important to note that this does not show that inclusion of
cartilage information would improve the outcome of surgical
intervention. It only shows that there is significant difference,
ofwhich the effect of clinical outcome is uncertain and should
be further studied in clinical trials.

Using these three hypotheses, we found that small dif-
ferences in segmentation and the inclusion of endochondral
cartilage in the segmentation could have a significant impact
when planning osteotomies for young patients. Roth et al.
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Fig. 6 Illustration of the difference in simulated bone reconstruction
in the radius and ulna between CTb, MRb, and MRbc segmentations
for all patients. The proximal (blue) and distal (green) fragment of
the deformed bone after the planned reconstruction are overlayed on
the mirrored healthy contralateral side (white). The CT scan of Patient

6 was incomplete and thus not included. Red rectangle: patient with
largest relative rotational difference in ulna between MRb and MRbc.
Green rectangle: patient with largest relative translational difference in
ulna between MRb and MRbc

[22] found that performing osteotomy at a young age (<
13 years) was one of the prime predictors for better func-
tional outcome. However, planning using CT carries an
increased risk of radiation-induced diseases, especially in
young patients [23]. Further research into the applicability
and impact of using MRI for the planning of osteotomies
could, therefore, be of great interest.

Limitations

A limitation of this study was that the tool might not have
incorporated all the criteria that an orthopedic surgeon con-
siders during the planning of an osteotomy. It found the
optimal solution to the objective function that it was pre-
sented with, which included only two optimization targets:
increase the amount of volume overlap with the healthy con-
tralateral example and minimize the distance between the

osteotomy surfaces. Other constraints that might be con-
sidered include the proximity of important tissues such as
tendons, muscle, and blood vessels, the presence of ear-
lier implants or incision scars, and the relation between the
osteotomy locations on the radius and ulna.

It should also be noted that the reconstruction was con-
strained to optimal realignment of the deformed joints to
the mirrored contralateral side. Therefore, only a closing
and opening wedge osteotomy were considered. Other tech-
niques, such as the oblique single- or double-cut rotational
osteotomy [24], might have resulted in a different planning.

Due to the difficulty of obtaining a large dataset that
adheres to the narrow inclusion criteria that were used, and
to obtain both CT and MRI scans of both the deformed and
healthy forearms, the datasetwas relatively small and scanner
settings were inhomogeneous. For a perfect comparison, the
voxel sizes of all CT andMRscans should have been the same
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Fig. 7 Illustration of the difference in optimal computed osteotomy
location and orientation in the radius and ulna between CTb, MRb,
and MRbc segmentations for all patients. The blue line indicates the
primary osteotomy cut. Where necessary, the secondary osteotomy cut
is visible. The secondary cut is shown in green if it does not intersect

the primary cut, or in red if it does overlap the primary cut. The CT scan
of Patient 6 was incomplete and thus not included. Red box: patient
with largest difference in (radius) osteotomy location between MRb
and Mbc. Green box: patient with highest RCV

Table 4 Mean difference in rotation and location of the osteotomy plane between the different methods of planning; on CTb, MRb, and MRbc

CTb and MRb CTb and MRbc MRb and MRbc

�Z (mm) ψY(º) ψZ (º) �Z (mm) ψY(º) ψZ (º) �Z (mm) ψY(º) ψZ (º)

Mean − 2.5 0.5 − 1.0 3.8 0.4 0.6 1.3 0.9 − 0.5

Std. Dev. 9.3 8.6 13.9 6.6 4.4 16.4 9.5 8.8 13.6

to avoid differences in planning due to differences in scan-
ner precision. Additionally, a study based on a larger dataset
would have more power and could, thus, more accurately
prove or disprove the hypotheses. Finally, intra- and interob-
server segmentation differences of bone and cartilage from
CT and MRI were not included in this study. As discussed
previously, especially MRI segmentation could be subject to
significant intra- and interobserver segmentation differences.
The impact of this would be an important subject of further
study.

Conclusion

In this study, we performed automatic radius and ulna
osteotomy planning based on bone and/or cartilage segmen-
tations from CT andMRI. Excellent correlations were found
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Fig. 8 Differences in location (�Z) and orientation (ψX and ψZ) of the osteotomy plane between the different methods of planning; on CTb, MRb,
and MRbc

between the realignment parameters when comparing CT
and MRI segmentations, and when comparing MRI bone
and bone and cartilage segmentations. However, statistically
significant mean differences were found in the translational
component of the bone realignment for both methods, which
were larger than the differences reported in the literature
between planned and realized osteotomy surgery. This indi-
cated that small differences in segmentation might have a
clinically significant impact on the osteotomy planning.

When we compared planning on bone and bone with
cartilage, we found a positive correlation between the rel-
ative cartilage volume of the patient and the difference in
realignment of the ulna. This indicated that endochondral
cartilage might also be a non-negligible factor when plan-
ning osteotomies for young patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11548-023-02929-8.

Funding This work was partially funded by the Netherlands Organi-
zation for Scientific Research (NWO) and is part of the Applied and
Engineering Sciences research program, Project Number 15479. Peter
Seevinck is minority shareholder and CSO at MRIguidance B.V. Har-
rie Weinans is minority shareholder at UPlanner B.V. Ralph Sakkers
is minority shareholder at UPlanner B.V. and independent reviewer at
MRIGuidance B.V.MaxViergever is BoardMember,MICCAI Society.
The other authors have no relevant interests to disclose.

Data availability Data acquisition for this study was performed Eras-
mus University Medical Center (Rotterdam, The Netherlands) under
ethical approval of the Medical Ethical Testing Committee, reference
number 52987.078.15. Data processing, evaluation, and writing of the
manuscript were performed at the UMCU (Utrecht, The Netherlands).
It is available on the WHO Platform under reference NL8059 and can
be found at: https://trialsearch.who.int/Trial2.aspx?TrialID=NL8059

Declarations

Conflict of interest This work was partially funded by the Netherlands
Organization for Scientific Research (NWO) and is part of the Applied

and Engineering Sciences research program, Project Number 15479.
Peter Seevinck is minority shareholder and CSO at MRIguidance B.V.
HarrieWeinans is minority shareholder at UPlanner B.V. Ralph Sakkers
is minority shareholder at UPlanner B.V. and independent reviewer at
MRIGuidance B.V.MaxViergever is BoardMember,MICCAI Society.
The other authors have no relevant interests to disclose.

Informed consent Informed consent was obtained from all individual
participants and/or from the legal guardians of the participants included
in the study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, youwill need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Richard MJ, Ruch DS, Aldridge JM (2007) Malunions and
nonunions of the forearm. Hand Clin 23:235–243. https://doi.org/
10.1016/j.hcl.2007.02.005

2. Mulders MAM, D’Ailly PN, Cleffken BI, Schep NWL (2017)
Corrective osteotomy is an effective method of treating distal
radius malunions with good long-term functional results. Injury
48:731–737. https://doi.org/10.1016/j.injury.2017.01.045

3. Saravi B, Lang G, Steger R, Vollmer A, Zwingmann J (2021)
Corrective osteotomy of upper extremity malunions using three-
dimensional planning and patient-specific surgical guides: Recent
advances and perspectives. Front Surg 8:1–7. https://doi.org/10.
3389/fsurg.2021.615026

4. Bauer DE, Zimmermann S, Aichmair A, Hingsammer A,
Schweizer A, Nagy L, Fürnstahl P (2017) Conventional versus

123

https://doi.org/10.1007/s11548-023-02929-8
https://trialsearch.who.int/Trial2.aspx?TrialID=NL8059
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.hcl.2007.02.005
https://doi.org/10.1016/j.injury.2017.01.045
https://doi.org/10.3389/fsurg.2021.615026


2318 International Journal of Computer Assisted Radiology and Surgery (2023) 18:2307–2318

computer-assisted corrective osteotomyof the forearm: a retrospec-
tive analysis of 56 consecutive cases. J Hand Surg Am 42:447–455.
https://doi.org/10.1016/j.jhsa.2017.03.024

5. de Muinck Keizer RJO, Lechner KM, Mulders MAM, Schep
NWL,EygendaalD,Goslings JC (2017) Three-dimensional virtual
planningof corrective osteotomies of distal radiusmalunions: a sys-
tematic review and meta-analysis. Strateg Trauma Limb Reconstr
12:77–89. https://doi.org/10.1007/s11751-017-0284-8

6. Hoch A, Roth T, Marcon M, Fürnstahl P, Fucentese SF, Sutter R
(2021) Tibial torsion analysis in computed tomography: develop-
ment and validation of a real 3D measurement technique. Insights
Imaging 12:1–7. https://doi.org/10.1186/s13244-020-00960-w

7. Caiti G, Dobbe JGG, Strackee SD, Strijkers GJ, Streekstra GJ
(2019) Computer-assisted techniques in corrective distal radius
osteotomy procedures. IEEERevBiomedEng 13:233–247. https://
doi.org/10.1109/RBME.2019.2928424

8. Oka K, Murase T, Moritomo H, Goto A, Sugamoto K, Yoshikawa
H (2009) Accuracy analysis of three-dimensional bone surface
models of the forearm constructed from multidetector computed
tomography data. Int J Med Robot Comput Assist Surg Int J Med
Robot Comput Assist Surg 5:452–457. https://doi.org/10.1002/
rcs.277

9. Marin F, Devos P, Hansen C, Charleux F, Robert L, Ben MK
(2019) Subject specific hand and forearm musculoskeletal 3D
geometries using high-resolution MR images. Comput Methods
Biomech Biomed Eng Imaging Vis 7:88–95. https://doi.org/10.
1080/21681163.2018.1434422

10. Dobbe JGG, Strackee SD, Streekstra GJ (2017) Minimizing the
translation error in the application of an oblique single-cut rotation
osteotomy:Where to cut? IEEETrans Biomed Eng. https://doi.org/
10.1109/TBME.2017.2721498

11. Carrillo F, Roner S, von Atzigen M, Schweizer A, Nagy L,
Vlachopoulos L, Snedeker JG, Fürnstahl P (2020) An auto-
matic genetic algorithm framework for the optimization of three-
dimensional surgical plans of forearm corrective osteotomies.
Med ImageAnal 60:101598. https://doi.org/10.1016/j.media.2019.
101598

12. Roth KC, van Es EM, Kraan GA, Verhaar JAN, Stockmans F,
Colaris JW (2021) Outcomes of 3-D corrective osteotomies for
paediatric malunited both-bone forearm fractures. J Hand Surg Eur
47:164–171. https://doi.org/10.1177/17531934211029511

13. Taha AA, Hanbury A (2015) Metrics for evaluating 3D medi-
cal image segmentation: Analysis, selection, and tool. BMC Med
Imaging 15:1–28. https://doi.org/10.1186/s12880-015-0068-x

14. Huynh DQ (2009) Metrics for 3D Rotations: comparison and
Analysis. JMath ImagingVis 35:155–164. https://doi.org/10.1007/
s10851-009-0161-2

15. Vlachopoulos L, Schweizer A, Graf M, Nagy L, Fürnstahl P
(2015)Three-dimensional postoperative accuracyof extra-articular
forearm osteotomies using CT-scan based patient-specific surgical
guides Orthopedics and biomechanics. BMC Musculoskelet Dis-
ord. https://doi.org/10.1186/s12891-015-0793-x

16. Koo TK, Li MY (2016) A guideline of selecting and reporting
intraclass correlation coefficients for reliability research. J Chiropr
Med 15:155–163. https://doi.org/10.1016/j.jcm.2016.02.012

17. Brui E, Efimtcev AY, Fokin VA, Fernandez R, Levchuk AG, Ogier
AC, Samsonov AA, Mattei JP, Melchakova I V., Bendahan D,
Andreychenko A (2020) Deep learning-based fully automatic seg-
mentation of wrist cartilage in MR images. NMR Biomed. 33

18. Dalili D, Fritz J, Isaac A (2021) 3D MRI of the hand and wrist:
technical considerations and clinical applications. Semin Mus-
culoskelet Radiol 25:501–513. https://doi.org/10.1055/s-0041-
1731652

19. Heckelman LN, Soher BJ, Spritzer CE, Lewis BD, DeFrate LE
(2022) Design and validation of a semi-automatic bone segmenta-
tion algorithm from MRI to improve research efficiency. Sci Rep
12:1–10. https://doi.org/10.1038/s41598-022-11785-6

20. Zink JV, Souteyrand P, Guis S, Chagnaud C, Le FY, Militianu D,
Mattei JP, RozenbaumM,Rosner I, GuyeM,BernardM,Bendahan
D (2015)Standardizedquantitativemeasurements ofwrist cartilage
in healthy humans using 3T magnetic resonance imaging. World J
Orthop 6:641–648. https://doi.org/10.5312/wjo.v6.i8.641

21. Rolian C (2020) Endochondral ossification and the evolution of
limb proportions. Wiley Interdiscip Rev Dev Biol. https://doi.org/
10.1002/WDEV.373

22. Roth KC, Walenkamp MMJJ, van Geenen RCII, Reijman M, Ver-
haar JANN, Colaris JW (2017) Factors determining outcome of
corrective osteotomy for malunited paediatric forearm fractures: a
systematic review andmeta-analysis. J Hand Surg Eur 42:810–816.
https://doi.org/10.1177/1753193417711684

23. Abalo KD, Rage E, Leuraud K, Richardson DB, Le Pointe HD,
Laurier D, Bernier MO (2021) Early life ionizing radiation expo-
sure and cancer risks: systematic review andmeta-analysis. Pediatr
Radiol 51:157–158. https://doi.org/10.1007/s00247-020-04883-y

24. Dobbe JGG, Kloen P, Strackee SD, Streekstra GJ (2021) Compar-
ison of an oblique single cut rotation osteotomy with a novel 3D
computer-assisted oblique double cut alignment approach. Sci Rep
11:1–14. https://doi.org/10.1038/s41598-021-94141-4

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

123

https://doi.org/10.1016/j.jhsa.2017.03.024
https://doi.org/10.1007/s11751-017-0284-8
https://doi.org/10.1186/s13244-020-00960-w
https://doi.org/10.1109/RBME.2019.2928424
https://doi.org/10.1002/rcs.277
https://doi.org/10.1080/21681163.2018.1434422
https://doi.org/10.1109/TBME.2017.2721498
https://doi.org/10.1016/j.media.2019.101598
https://doi.org/10.1177/17531934211029511
https://doi.org/10.1186/s12880-015-0068-x
https://doi.org/10.1007/s10851-009-0161-2
https://doi.org/10.1186/s12891-015-0793-x
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1055/s-0041-1731652
https://doi.org/10.1038/s41598-022-11785-6
https://doi.org/10.5312/wjo.v6.i8.641
https://doi.org/10.1002/WDEV.373
https://doi.org/10.1177/1753193417711684
https://doi.org/10.1007/s00247-020-04883-y
https://doi.org/10.1038/s41598-021-94141-4

	Impact of bone and cartilage segmentation from CT and MRI on both bone forearm osteotomy planning
	Abstract
	Introduction
	Materials and methods
	Data
	Segmentation
	Automatic planning
	Evaluation

	Results
	Segmentation accuracy
	Bone realignment
	Osteotomy plane optimization

	Discussion
	Limitations
	Conclusion
	References




