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Abstract

Corrective osteotomy for upper limb deformities caused by fractures, trauma,

or degeneration necessitates detailed preoperative planning to ensure accurate
anatomical alignment, restore limb length, and correct angular deformities. This review
evaluates the effectiveness of a three-dimensional (3D) preoperative planning program
and an image fusion system designed for intraoperative guidance during corrective
osteotomy procedures. The application processes and clinical outcomes observed

with these technologies in various surgical scenarios involving the upper extremities
were summarized. The systems proved beneficial in allowing surgeons to visualize
surgical steps and optimize implant placement. However, despite these technological
advancements, we found no significant impact on clinical outcomes compared to con-
ventional methods. This indicates a need for further enhancements in system efficiency
and user-friendliness to significantly improve patient results. Future developments
should focus on addressing these limitations to enhance the practical utility of such
advanced systems.

Keywords: Corrective osteotomy, Malunion, Preoperative planning, Surgical
simulation, Image fusion system, 3D visualization, Surgical navigation

Background

The upper extremity is an organ responsible for functions essential for human social
activities. The upper extremity function plays a central role in the ability to grasp/
manipulate objects and fine movements that are important for activities, such as eat-
ing, changing clothes, and writing. When a deformity of the upper limb occurs due
to fracture, trauma, or degeneration, functional recovery through accurate anatomi-
cal reconstruction is required. The deformities of the upper limb significantly impair
functional capabilities. Corrective osteotomy poses a challenging issue in upper
extremity surgical interventions aimed at addressing these deformities. Reconstruc-
tion of an alignment along three-dimensional axes, normal-length recovery, and cor-
rection of angular deformation are complex issues for orthopedic surgeons. A close

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, 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 indicate if you
modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of
it. 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, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-025-01332-5&domain=pdf

Yuichi et al. BioMedical Engineering OnLine (2025) 24:2 Page 2 of 20

preoperative plan and measures to conduct corrective osteotomy in the operating
room are necessary.

This review aimed to assess the clinical significance of 3D preoperative planning
and the image fusion system and provide an overview of recent literature on com-
puter-assisted techniques for corrective osteotomy of upper extremities over the
past decade. In the first part in each section of this article, we introduce the applica-
tion and clinical significance of a three-dimensional (3D) preoperative planning pro-
gram for corrective osteotomy of the upper extremities and usefulness of the image
fusion system which we developed for intraoperative assistance to precisely conduct
the preoperative planning during the surgery. In the second part of each section, we
reviewed the current computer-assisted technologies that orthopedic surgeons can

use for the corrective osteotomy of the upper limb.

Literature search methods and overall structure

We have done a PubMed search in April 2024 using the keywords “orthopedics’, “cor-
rective osteotomy” and “computer assist’, as well as “orthopedics”, “corrective oste-
otomy” and “patient specific instrument” from 2014 to 2024. Each search yielded
162 and 116 results. According to the PRISMA flow diagram [1], we excluded those
targeting areas other than upper extremities (n =124, 91, respectively), case reports
(n=5, 2, respectively) non-English literature (n=1, 1, respectively), and duplicated
searched literature (n=16), ended up with 22 literatures (Fig. 1). For these literatures,
two raters (Y.Y. and S.K.) independently assessed the quality of the studies according
to the GRADE criteria (Table 1) [2]. After the independent evaluations, the raters dis-
cussed the discrepancies in their ratings and unified their ratings. The studies that met
the criteria of low or higher were included. This review outlines the authors’ develop-
ments, the current knowledge and practice in the field of computer-assisted technol-

ogy in corrective osteotomy of the upper extremity, and discusses future perspectives.

“orthopedics”, “corrective osteotomy”, “computer assist” Literatures about other than upper extremities
(n=162) (n=124)
“orthopedics”, “corrective osteotomy”, “patient specific instrument” Literatures about other than upper extremities
(n=116) (n=91)
“orthopedics”, “corrective osteotomy”, “computer assist” Casereports
(n=38) (n=5)
“orthopedics”, “corrective osteotomy”, “patient specific instrument” Casereports
(n=25) (n=2)
“orthopedics”, “corrective osteotomy”, “computer assist” Non-English literatures
(n=33) (n=1)
“orthopedics”, “corrective osteotomy”, “patient specific instrument” Non-English literatures
(n=23) (n=1)
“orthopedics”, “corrective osteotomy”, “computer assist”
(n=32) | Duplicatedliteratures
“orthopedics”, “corrective osteotomy”, “patient specific instrument” 1 (n=16)
(n=22)

Studies includedin review
(n=22)

Fig. 1 Flow diagram of included and excluded literatures
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Table 1 List of included literatures

(2025) 24:2

Ref Nos. Authors Study Intervention  No. of Disorders  Published Evaluation
design participants Year
[18] Prom- Case series  Conventional 49 Distal radius 2002 Low
mersgerger fracture,
etal distal radius
malunion
[19] Schweizer Case series 3D computer- 6 Distal radius 2013 Low
etal based malunion
planning with
patient-spe-
cific guides
[20] Murase etal Case series 3D computer- 22 Cubitus 2008 Low
based varus,
planning with forearm
patient-spe- maluinon,
cific guides distal radius
maluinon
[21] Vlachopulos Case series 3D computer- 14 Extra- 2015 Low
etal based articular
planning with deformity of
patient-spe- the forearm
cific guides
[22] Schweizer Case control 3D computer- 22 Scaphoid 2016 Moderate
etal study based nonunions
planning with
or without
patient-spe-
cific guides
[23] Roneretal  Case control 3D computer- 15 Distal radius 2018 Moderate
study based malunion
planning with
patient-spe-
cific guides
[24] Shintani Case series 3D computer- 19 Distal radius 2018 Low
etal based plan- malunion
ning
[25] Stiringetal  Case series  Conventional 89 Distal radius 2020 Moderate
malunion
[26] Batraetal Case series  Conventional 69 Distal radius 2002 Moderate
fracture
[27] Ali et al Case series  Conventional 85 Distal radius 2018 Moderate
malunion
[28] Bujizeetal ~ Randomized 3D computer- 40 Distal radius 2018 Moderate
clinial trial based malunion
planning with
patient-spe-
cific guides
[32] Singhetal  Caseseries 3D computer- 6 Malunions 2020 Low
based of the
planning with forearm,
patient-spe- radiocarpal,
cific guides trapezio-
metacar-
pal, and
proximal
interphalan-
geal joints
[33] Kabelitzetal Case series 3D computer- 10 Phalanx 2022 Low
based malunion

planning with
patient-spe-
cific guides

Page 3 of 20



Yuichi et al. BioMedical Engineering OnLine (2025) 24:2
Table 1 (continued)
Ref Nos. Authors Study Intervention No. of Disorders  Published Evaluation
design participants Year
[48] Takeyasu Case series 3D computer- 30 Distal 2013 Low
etal based humerus
planning with malunion
patient-spe-
cific guides
[51] Barbieretal Caseseries 3D computer- 5 Distal 2019 Low
based humerus
planning with malunion
patient-spe-
cific guides
[52] Baueretal  Case control 3D computer- 56 Malunions 2017 Moderate
study based of the
planning with forearm
patient-spe-
cific guides
[53] Zhangetal Case control 3D computer- 25 Distal 2019 Moderate
study based humerus
planning with malunion
patient-spe-
cific guides
[54] Jinetal Case control 3D computer- 40 Cubitus 2022 Moderate
study based varus
planning with
patient-spe-
cific guides
[55] Hu et al Case control 3D computer- 35 Cubitus 2020 Moderate
study based varus
planning with
patient-spe-
cific guides
[56] Vlachopou-  Surgical 3D computer-  N/A Proximal 2016 Low
los et al technique based and distal
planning with humerus
patient-spe- malunion
cific guides
[57] Oura et al Case series 3D computer- 2 Distal 2018 Low
based humerus
planning with malunion
patient-spe-
cific guides
[58] Xue et al Case series 3D computer- 17 Elbow 2023 Low
based plan- deformities
ning
Study design Journal Published Year Evaluation
Rator A Rator B
Case series J Hand Surg Br 2002 Low Low
Case series JHand Surg Am 2013 Low Low
Case series J Bone Joint Surg Am 2008 Low Low
Case series BMC muskuloskelet Disord 2015 Low Low
Case control study JHand Surg Am 2016 Low Low
Case control study BMC Musculoskeletal Disorders 2018 Low Low
Case series JHand Surg Asian Pac 2018 Low Low
Case series Bone Joint J 2020 Moderate Moderate
Case series Injury 2002 Moderate Moderate
Case series J Bone Joint Surg Am 2018 Moderate Moderate
Randomized clinial trial JBone Joint Surg Am 2018 Moderate Moderate
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Table 1 (continued)

Study design Journal Published Year Evaluation
Rator A Rator B

Case series Hand Surg Rehabil 2020 Low Low
Case series BMC Musculoskelet Disord 2022 Low Low

Case series J Bone Joint Surg Am 2013 Low Low

Case series Acta Orthop Belg 2019 Low Low

Case control study JHand Surg Am 2017 Moderate Moderate
Case control study J Orthop Surg Res 2019 Moderate Moderate
Case control study Scientific Reports 2022 Moderate Moderate
Case control study J Orthop Surg Res 2020 Moderate Moderate
Technical note J Shoulder Elbow Surg 2016 Low Low

Case series J Shoulder Elbow Surg 2018 Very Low Low

Case series J Orthop Surg Res 2023 Low Low

Preoperative simulation for corrective osteotomy of the upper limb

In 2016, we initiated the development of a 3D preoperative planning system spe-
cifically for trauma cases. The initial phase focused on creating a system for distal
radius fractures, known as the distal radius fracture stage [3, 4]. This system enabled
the generation of 3D models from preoperative computed tomography (CT) scans,
facilitating simulations for bone fragment separation, reduction, and the selection
and placement of implants. Traditionally, preoperative planning involved transcrib-
ing X-ray images onto tracing paper and making basic measurements using an image
viewer. While these conventional methods are noted for their simplicity and cost-
effectiveness, they fall short in allowing for the three-dimensional visualization of
bone fragment manipulation and implant selection. The introduction of the 3D pre-
operative planning system revolutionized these processes by enabling virtual surgery,
which includes detailed planning of reduction, implant selection, and verification of
bone compatibility. Post-2018, the application of this system was expanded to include
fractures of the elbow, carpal, and phalangeal bones. To date, it has been successfully
applied in clinical settings to over 300 patients with upper extremity trauma and dis-
eases, demonstrating significant utility and effectiveness [5-7].

At the beginning of the 3D preoperative planning system development, we specu-
lated that this system can be applied to corrective osteotomies for malunited frac-
tures or inherent-morphology-derived joint dysfunction. Malunited fractures are
defined as synostosis of a fractured bone in a clinically abnormal form [8]. In most
patients with malunited fractures, symptoms related to changes in a biomechanical
state appear, while appearance is the only problem in some cases. Primary symptoms
include articular pain, weakness, and functional disorder. For symptomatic malunited
fractures, corrective osteotomy is necessary. The purpose of corrective osteotomy is
to relieve pain and achieve functional recovery. We have been performing corrective
osteotomy using 3D preoperative planning for malunions of the distal radius, distal
humeral, and phalangeal fractures. The following sections introduce the specific pro-

cess of 3D preoperative planning for various osteotomies.
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Distal radius malunion

Distal radius fracture is one of the most frequent fractures in human bodies [8]. The
most common complication following the distal radius fracture is malunion. Its inci-
dence is reportedly approximately 5-24% [9-12]. It is estimated that 10% of these
cases require corrective osteotomy [13]. Morphological changes, such as shortening of
the radius and loss of palmar tilt and radial inclination, may lead to wrist pain, a lim-
ited range of motion, and muscle weakness [14—17]. Dorsal malunion of greater than
30 degrees can lead to increased torque at the distal radioulnar joint (DRUJ) and cause
functional problems with rotation of the forearm [18]. No criteria for indicating correc-
tive osteotomy for distal radius malunion have been established, but Haase et al. defined
malunion as showing (1) a radial inclination of <10 degrees, (2) a palmar tilt of>20
or <20 degrees, (3) an ulnar variance of > +2 mm in comparison with the unaffected
side, (4) an intra-articular step off of >2 mm, and (5) a radial height of <10 mm based on
X-ray measurement of the distal radius [17]. It is necessary to evaluate these indices, the
grade of disturbance, and functional requirements in individual patients when consider-

ing whether surgery should be conducted.

Protocol

In many cases, an ideal reduction position for corrective osteotomy for the distal
radius malunion can be evaluated from 3D images on injured and contralateral sides
if there is no contralateral injury. For 3D preoperative planning, we generally take CT
on both affected and unaffected sides, and use a reflected image on the unaffected side
as a guide for the position of correction by projecting it onto the affected side. Herein,
we present the concrete process of 3D preoperative planning of the distal radius. We
perform CT at forearm in neutral position on unaffected- and affected-side imaging.
We minimize radiation exposure by instructing patients in a sitting position to put
both hands forward to place them within the extent of the CT scan. CT is performed
at an approximately 13 cm extent involving the carpal bone level to the proximal
wrist, with a slice width of 1 mm. Then, we import the Digital Imaging and Com-
munications in Medicine (DICOM) data obtained from CT into the software. After
segmenting the affected and unaffected sides of the radius on CT images, we prepare
3D bilateral radius models (Fig. 2). At this time, we evaluate the degree of deformity
of the articular surface on the affected side by preparing a mirror image of the unaf-
fected side and conducting alignment at a deformity-free area (Figs. 2d, 3a). Next, we
prepare an image to achieve length recovery in comparison with the unaffected side
and correct angular deformity. To correct angular deformities, we create an image in
advance that positions a plate along the articular surface (Fig. 3b). Subsequently, we
establish the osteotomy line at a location where it will not interfere with the inser-
tion of the plate screws (Fig. 3c). An image is then created that groups the plate with
the distal bone fragments post-osteotomy, and the proximal part of the plate is repo-
sitioned to the radial diaphysis to achieve the desired corrective alignment (Fig. 4).
Finally, we measure the screw lengths for the proximal side of the plate, thus establish
it as a preoperative plan. In the operating room, we expose a surgical field using a
trans-FCR approach and perform osteotomy following the preoperative plan. Initially,
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(b)

(d)

Fig. 2 Preoperative planning process for corrective osteotomy for distal radius malunion: Step 1. a Import
the CT data into the software. b Segmentations of the radius bone for both affected and unaffected side. ¢
Red: Affected side 3D model, white unaffected side 3D model. d Yellow: mirror image of the unaffected side
registered on the affected side

(b)

Fig. 3 Preoperative planning process for corrective osteotomy for distal radius malunion: Step 2. a Red:
affected side, white: unaffected side. The degree of affected-side articular surface deformity can be evaluated
by aligning the two images at a deformity-free area. b For correction of angular deformity, an image to set a
plate along the articular surface in advance is prepared. Orange lines show the correction angles. c Set the
osteotomy line at a position that does not interfere with the plate screw insertion position

we place the distal end of the plate in parallel to the articular surface by confirming
an anatomically characteristic site in the surgical field and comparing it with intraop-
erative fluoroscopic X-ray images. At this position, we temporary fix the plate with
Kirchner wires, and create a distal-side screw hole. Subsequently, we remove the plate
once while leaving the Kirchner wires as a temporary fixation (Fig. 5). After complet-
ing the osteotomy along the designated line, we reposition the plate using the wire
for temporary fixation and insert distal screws, thereby ensuring that the bone frag-
ment and plate form a unified structure. Finally, we correct the deformity by return-
ing the proximal side of the plate to the axis of the radius bone shaft. Previously, we
performed preoperative simulation in 11 patients with distal radius malunions. The

Page 7 of 20
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(b)

Fig. 4 Preoperative planning process for corrective osteotomy for distal radius malunion: Step 3. a Group
the distal bone fragment and the plate after osteotomy. b A correction position is obtained by returning the
proximal part of the plate to the diaphysis of the radius

(a) (b

Fig. 5 Actual surgical images of corrective osteotomy for the distal radius malunion. a A surgical field is
exposed using a palmar approach of the wrist, and a plate is temporarily fixed based on the anatomical
characteristics of the bone. The plate is removed once while leaving the Kirschner-wire for temporary fixation,
and osteotomy is performed along an osteotomy line that had been planned. b The plate is located again

via the wire for temporary fixation, and distal screws are inserted so that the bone fragment and plate may
comprise a mass. Finally, a reduction position is obtained by returning the proximal side of the plate onto the
axis of the radial shaft [4]

Mayo wrist score before surgery was 59 points, which was evaluated based on pain,
articular angle, grip strength, and employment status, and it improved to 85 points
after surgery. Based on anatomical characteristic points, we evaluated reproducibility
of the procedure. It was found that reproducibility can be achieved with an error of
about 2 mm based on anatomical reference points [5]. The advantages of 3D simula-
tion include the ability to check the alignment from various directions, verify surgical
procedures, and repeatedly make trials under conditions similar to actual surgery in
a virtual space. These features enable orthopedic surgeons to approach surgeries with
greater confidence.

Literature review
Recently, use of patient specific instruments (PSI) for corrective osteotomies have been
becoming more common technique due to development of 3D printing technologies.
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Computer-assisted corrective osteotomy has been described as a promising technique
with patient specific guide. The use of custom-guided osteotomy enables accurate reduc-
tion compared with free hand technique [18-22]. Particularly, the system developed by
Murase et al. [20] has been widely used in clinical settings in Japan after being included
in the national insurance coverage. The advantage of PSI lies in the fact that using the
cutting guide and implants obtained from preoperative planning allows for semi-auto-
matic correction, which in turn reduces the usage of X-rays. Roner et al. introduced a
patient-specific ramp-guide technique for corrective osteotomies of malunion of the
distal radius, which combining navigation of plate positioning, osteotomy cutting, and
reduction [23]. Using the guide, they achieved shorter duration of surgery, less residual
rotational and transitional malalignment, and less misaligned screws.

Shintani et al. introduced a technique to create a prefabricated bone graft substitute
to fill the bone defect during surgery of the malunited distal radius [24]. Their technique
was unique in a way that they did not create patient specific cutting guides, but created a
bone graft that would fit the bone defect when osteotomy and correction was done ide-
ally. Stirling et al. reported good outcome and high level of patient satisfaction in their
study which evaluated 89 patients who underwent corrective osteotomy for malunion
of distal radius fractures. Ulnar styloid fracture was the only significant independent
factor which worsened PRWE score. However, they did not find significant relationship
between the final radiological parameters and function, neither between radiological
correction and function [25]. On the other hand, Batra and Gupta reported that volar
tilt as well as radial length are the most important predictor of functional recovery a year
after either surgical or conservative treatment [26]. It is also reported that there is an
association between ulnar variance and radial inclination and patient reported outcomes
[27]. These findings indicate that achieving better reduction by means of computer-
assisted surgery should lead to better clinical outcomes, however; there are not enough
supportive evidence to prove this. In 2018, Bujize et al. reported in his randomized con-
trol trial a tendency of achieving better clinical results using 3D computer-assisted guid-
ance for corrective osteotomies for extra-articular distal radius malunion [28]. These
technologies seem to have the advantage of allowing surgeons to approach surgery with
confidence, but more data will be needed to determine whether they improve patient
clinical outcomes.

Proximal phalanx/metacarpal bone malunions

Symptomatic phalangeal and metacarpal malunions are reportedly less frequent than
distal radius malunions [29]. Sagittal-plane deformity is acceptable in many cases. On
the other hand, rotation deformity may cause functional disorder, such as cross fingers.
There is no consensus on the permissible limit of deformity, and the indication of cor-
rective osteotomy must be usually determined based on the grade of functional disor-
der [30, 31]. The purpose of corrective osteotomy is to resolve functional disorder by
correcting the anatomical structure. Plain X-ray is still used as a standard method to
evaluate phalangeal and metacarpal deformities. We have attempted 3D preoperative
planning for these malunions. It facilitates more accurate 3D assessment of the deformi-
ties, which cannot be obtained from conventional X-ray or two-dimensional CT images.
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(@) (b)

Fig. 6 Example images of corrective osteotomy for the proximal phalanx malunion. a Images of proximal
phalanx malunion. b Simulation for the corrective ostetotomy. Blue lines indicate correction angle. ¢ Images
after the surgery

Protocol

The process of preoperative planning for proximal phalanx malunion is shown in Fig. 6.
As described for radius osteotomy, we use a contralateral bone model as a template
for simulating deformity correction. We align a 3D model of the affected-side proxi-
mal phalanx with that of an unaffected-side mirror image at a proximal area based on
the shape of the bone surface. Subsequently, we cut the bone model at the inflection
point of deformity, and align the distal bone fragment with an unaffected-side mirror
image. This process makes the degree of angular correction to be required clear. In the
illustrated case, we observed angular deformity, however, we prepare an impression to
accommodate rotation while aligning the proximal phalanx with the palmar margin of
the distal condyle in patients with rotation deformity. In most phalangeal malunions,
we expose the site of deformity by dividing the extensor tendon in the fiber direction
through deployment from the dorsal side of the finger. Based on the distance from the
articular surface measured in advance, we identify the site of osteotomy. Concern-
ing osteotomy, we record the angle required for deformity correction on preoperative
simulation (Fig. 6b), and insert Kirchner wires to the distal and proximal points of the
osteotomy site as a guide for deformity correction, so that the angle can be reproduced.
When a deformity is corrected, it is fixed with a 1.0-1.2-mm Kirschner wire. Previously,
we performed preoperative simulation in seven patients for whom corrective phalangeal
osteotomy was indicated. In all patients, bone union was achieved and resolved cross
finger deformity, resulting an improvement in the finger flexion function. It is an issue
for corrective osteotomy for phalangeal or metacarpal fractures that there are no versa-
tile criteria. In the future, this involving reproducibility assessment methods should be
examined.

Literature review

The use of PSI has been challenged even on smaller joints; however, there have only been
small number of case series reported. Singh et al. reported good radiological and func-
tional outcome in their report of a case series of six patients [32]. They made 3D images
of the injured side and mirror image of the contralateral side, and superimposed them to
make plans for corrective osteotomies. In addition, patient specific guides were created
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to make complexed osteotomies simple and promising on each patient. Their case series
included the proximal phalanx of the ring finger, a bayonet deformity of the radius with
volar and ulnar deviations, malunited Bennet fracture, malunited ulnar shaft fracture,
and malunited extra-articular and intra-articular fractures of the radius. They concluded
that virtual 3D analysis and surgical planning is effective to better understand the nature
of the deformity, and recent advances in 3D printing technologies to create PSI can
improve the short-term clinical outcomes of the malunions of small joints [32].

Kabelits et al. also reported good clinical outcomes on corrective osteotomies of small
joints in their case series of ten patients [33]. The affected joints included five cases of
trapeziometacarpal joints, three cases of proximal interphalangeal joints and two cases
of metacarpophalangeal joints. Preoperative planning was made using 3D images of
the affected side and mirror image of the unaffected side, and they created PSI for each
case according to the planning. They reported excellent results on range of motion, grip
strength, radiological parameters and patient-reported outcome measures. No compli-
cations were reported except four cases underwent implant removal. The effectiveness
of computer-assisted corrective osteotomy of small joints including use of PSI must be
confirmed under larger cohort. At the same time, application of the methods to broader

injuries and dysfunctions are necessary to evaluate its usefulness.

Utilization of the image fusion system for corrective osteotomy of the upper
limb

As described in the previous sections, 3D preoperative planning has been demonstrated
to be useful for the visualization of corrective osteotomy and optimization of implant
selection. On the other hand, there was no method to directly compare a preoperative
planning image with a fluoroscopic image, and it was impossible to evaluate the repro-
ducibility of preoperative planning during surgery, raising an issue. We developed the
image fusion system to project an image prepared for preoperative planning to an intra-
operative fluoroscopic X-ray image and display it for surgical assistance (Fig. 7) [6]. Cur-
rently, navigation systems, such as 3D-multi-planar reconstruction (MPR) image-guided

Application Fluoroscopy
installed PC

I

sjeds uoneiqied

Preoperative Contour ' Fusionimage of Output fluoroscopic
planning extraction the preoperative plan and fluoroscopy | image

Fig. 7 Image fusion system. Perform contour extraction processing and 2D conversion of 3D images on the
application installed PC. X-ray images output from the fluoroscopy system are rendered on the Image Fusion
System and compared with the contour extraction images [15]
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CT-based navigation and plain X-ray image-based fluoronavigation systems, are avail-
able for osteosynthesis or corrective osteotomy. CT-based navigation involves com-
parison between preoperative CT and intraoperative 3D images. To achieve this, it is
essential to maintain a stable intraoperative image. Consequently, using a CT-based
navigation system becomes challenging for corrective osteotomy, as it involves changes
in the object’s position related to reduction procedures. In the fluoronavigation sys-
tem, an intraoperative fluoroscopic image is imported, and the direction and depth of
internal fixation material insertion are displayed on the image. However, it is impossible
to obtain image of reduction by preoperative planning. Furthermore, the two systems
require a high expenditure for implementation. In the image fusion system, the repro-
ducibility of preoperative planning is simply assessed through external output of the
images obtained from conventional fluoroscopy and confirmation on a personal com-
puter (PC). For the image fusion process, we perform contour extraction processing and
2D conversion of 3D images on the application. X-ray images output from the fluoros-
copy system are rendered on the image fusion system and compared with the contour
extraction images. The size of the contour extraction image is adjustable (Fig. 8). Since
the fluoroscopic images are output to be displayed on a PC application, the PC with the
application installed is only requirement for the surgery. Contour extraction processing
on 3D images and 2D-converted projection facilitated easy comparison of the simulated
images with X-ray images. During surgery, one can calibrate the size of the bone based
on the transverse diameter of the bone at a deformity-free site, so the surgeons can avoid
changing the positional relationship between an operating table and fluoroscopy.

Protocol

To date, the image fusion system has been utilized in the orthopedic surgical manage-
ment of various conditions, including malunited fractures of the radius and proximal
phalanx bones, cubitus varus deformities, radial head dislocations secondary to acute
plastic bowing of ulna, and degenerative osteoarthritis of the thumb interphalangeal (IP)
joint (Fig. 9). In this chapter, we introduce an application of cubitus varus.

Ty MRTE
+1%

-1%

Calibration scale

(a) (b)

Fig. 8 Adjustment of the contour image size. The size of the contour extraction image is adjustable. In most
cases, the size of the contour extraction image is adjusted in the uninjured areas (white arrow in the figure).
a Small contour extraction image. b Fitted contour extraction image. ¢ Large contour extraction image. The
magnification of the contour lines can be adjusted to any desired magnification with the magnification
adjustment function (Yellow Square)
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(a) (b) (c) (d)

Fig. 9 Representative cases of corrective osteotomy using Image Fusion System. a Radial head dislocations
secondary to acute plastic bowing of ulna. White: affected side of ulna and radius, Yellow: unaffected side
of ulna, Blue: after the corrective osteotomy simulation. b Fusion image during the surgery. ¢ A case of
degenerative osteoarthritis of the thumb interphalangeal (IP) joint. Green lines: osteotomy lines. d Fusion
image during the surgery

J

|

/| /

‘ Mirrorimage Osteotomy After the
vk of unaffected simulation correction
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Fig. 10 Corrective osteotomy for cubitus varus using the Image Fusion System 1. a X-ray images show
cubitus varus on the left side elbow. b An image of the deformity correction position was obtained by
aligning a mirror image of the unaffected-side humerus on the proximal side of the affected-side humerus.
To modify the affected-side articular surface angle to the unaffected-side articular surface angle, corrective
osteotomy was simulated. Yellow: mirror image of the unaffected side, White: affected side. [47]

Cubitus varus is a complication that is often observed after fracture/bone union
around the elbow. It has mostly been regarded as a cosmetic problem and completely
free from disturbance. However, many patients are not satisfied with the appearance of
the upper extremities. Furthermore, certain proportion of patients undergo treatment
for symptoms, such as chronic elbow pain and ulnar neuropathy [34—37]. Corrective
osteotomy for cubitus varus is an option to correct the alignment and morbid state. To
correct this complex deformity, various types of osteotomy, such as lateral closed wedge
osteotomy, medial open wedge osteotomy, dome-shaped osteotomy, and step-cut oste-
otomy, have been proposed [38—46]. However, it is still difficult to execute an accurate
preoperative plan. It is also difficult to perform accurate osteotomy according to the plan
in the operating room. We performed corrective osteotomy for cubitus varus using the
image fusion system [47].

In the illustrated case, we observed cubitus varus deformity related to fracture around
the elbow in childhood (Fig. 10a). To improve work-related elbow pain and cosmetic
aspects, the patient decided to undergo corrective osteotomy. We obtained an image
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of the deformity correction position by aligning a mirror image of the unaffected-side
humerus on the proximal side of the affected-side humerus. To modify the affected-side
articular surface angle to the unaffected-side articular surface angle, we simulated cor-
rective osteotomy (Fig. 10b). On simulation, we chose closed wedge osteotomy at the
inflection point of deformity. We prepared an image to achieve approximately 30-degree
correction of the varus angle and approximately 15-degree correction of the forward tilt
angle by osteotomy in conformity with the unaffected-side articular surface. We pre-
pared a 3D image in which an osteotomy line was established for the image fusion sys-
tem, as well as a 3D image of the state after reduction, and conducted contour extraction
processing at a position where an osteotomy line seemed to be one plane (Fig. 11). We
performed surgery while projecting a contour extraction processing image that had been
stored onto an intraoperative fluoroscopic image after external output. For surgery, we
exposed the site of osteotomy using a posterior elbow approach. Along the osteotomy
line projected onto a fluoroscopic mage, we inserted two Kirshner wires and performed
osteotomy. When obtaining a correction position, we projected a contour image of the
post-reduction model, and conducted reduction to match the articular surface and the
projected contour As a result, the articular surface tilt was improved by 23 degrees, and
the forward tilt angle by 16 degrees.

Literature review
Corrective osteotomy for cubitus varus deformity in adults induces many complications,
such as a limited range of motion and delayed bone union [48]. It is necessary to achieve
a normal elbow-like morphology by reduction and perform accurate osteotomy with no
gap on the osteotomy surface. The image fusion system is a new approach for corrective
osteotomy in which 3D simulation is combined with fluoroscopic images. This system
facilitates preoperative planning and direct comparison with fluoroscopic images. With
visual support for the surgical process, orthopedic surgeons can perform corrective
osteotomy with confidence.

A study reported the use of a PSI for corrective osteotomy for cubitus varus deformity
[48]. PSI facilitates accurate, simple three-dimensional corrective osteotomy, and its use-
fulness and reproducibility are suggested. As a demerit of PSI, 8-12 weeks are required

{ A
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\/‘

\ T.”
\Cw.;»/‘)
Osteotomy Contour Image Postoperative
simulation extraction Fusion 3D image

Fig. 11 Corrective osteotomy for cubitus varus using the Image Fusion System 2. A contour extraction
processing was conducted. Along the osteotomy line projected onto a fluoroscopic X-ray image, Kirschner
wires were inserted. Along the Kirschner wire, osteotomy was performed [47]
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for the preparation of the relevant equipment. Furthermore, the cost of devices related
to surgery is about 3.86-times higher than that of conventional devices. When the image
fusion system is used, the osteotomy site on preoperative planning is projected onto a
fluoroscopic image during surgery, facilitating accurate osteotomy through the identi-
fication of the osteotomy site. As a merit of the image fusion system, orthopedic sur-
geons responsible for surgery can execute a preoperative plan by themselves, and take
it to the operating room in a short time. They can understand an optimal bone shape
for the patient in advance through simulation in a virtual space. As another merit, the
cost of this system is lower than that of PSI. As a ready-made implant is placed in an
optimal position, the cost of original implant preparation is not required. On the other
hand, currently, preoperative simulation has no function to curve a ready-made implant
in accordance with the patient’s bone shape; therefore, on simulation, it is necessary to
place a ready-made implant, so that it may be matched to the state of reduction. In addi-
tion, intraoperative fluoroscopic images are two-dimensional, and there is a difference
in the magnification rate between areas adjacent to and distal from an irradiated site
due to a lack of depth information; the osteotomy position may be inaccurately visual-
ized. Considering these points, further improvements are necessary for the reproduction
of preoperative planning with the image fusion system. Currently, to overcome these
issues, techniques to rearrange intraoperative X-ray images and estimate the 3D posi-
tion of X-ray images are being developed [49, 50]. In the future, these techniques may be
implemented on the image fusion system.

It seems that it is more common to use PSI for corrective osteotomies cubitus varus
deformity of the elbow than for distal radius fractures. There are numbers of recent arti-
cles that describe the usefulness of PSI [51-57]. The techniques introduced in the arti-
cles are similar that they create mirror image of 3D model of the humerus using CT data
of the contralateral side, then virtually simulate corrective osteotomies to fit the con-
tralateral side. PSI are made to adequately execute the osteotomy using the 3D printers.
Even an preoperative simulated surgery using 3D printed bone model, not virtual, is also
reported effective in conducting surgery as planned [58]. These reports have in com-
mon that the operation time and blood loss would be decreased using the technique;
however, there are not enough evidence to show that the technique is effective to achieve
better clinical outcomes.

Cons and pros of the computer-assisted surgery and future perspectives

As we discussed above, three-dimensional, computer-assisted preoperative planning
provide surgeons clearer vision of surgical procedures. In addition, use of PSI makes
complexed corrective osteotomy relatively a simple procedure with promising deformity
correction. These are great advantages of the procedure.

On the other hand, as a disadvantage of computer assisted surgery, it is reported that
the design of the patient specific guide is challenging [23], and simulation of surgery is
time-consuming, which may take 2—4 h per case. In general, in case of malunions or
deformities, surgery would not be scheduled urgently. Therefore, the advantage of mak-
ing precise 3D preoperative planning and creation of PSI may overwhelm the caused
delay. Furthermore, every computer-assisted system need additional cost, even our
novel intraoperative reference system, the image fusion system. When surgeon use 3D
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simulation system and create PSI, the additional cost would be up to 4300 USD per case
[23, 52, 59]. We must consider cost—benefit of the system when applying it to actual
practice. In the future, a low-cost system that is easier to use should be established by
introducing new techniques.

For the future perspectives, advancements in artificial intelligence (Al) are expected
to play a significant role in the computer-assisted surgery [60—62]. The integration of
Al offers great potential for supporting decision-making during operations and ena-
bling greater automation, which can enhance success rates and alleviate the physical and
cognitive burden on surgeons. In addition, robotic technology will continue to evolve,
allowing for more precise and delicate procedures [63—65]. This progress will also lead
to advancements in remote and automated surgeries, expanding the scope of surgical
interventions. Moreover, computer-assisted surgery will facilitate the realization of per-
sonalized medicine. These technologies will enable individualized treatments by consid-
ering each patient’s unique anatomy and medical conditions, leading to more accurate
and effective outcomes. Furthermore, with the rapid development of high-speed com-
munication technologies, remote surgeries will become increasingly feasible [66, 67].
Specialists will be able to perform surgeries from distant locations, improving access
to advanced healthcare and providing patients with world-class expertise, regardless of
their geographical location.

Limitations

While this review provides an in-depth analysis of the current advancements in three-
dimensional preoperative planning and computer-assisted surgery for corrective oste-
otomy, several limitations must be acknowledged. First, many of the studies reviewed
in this study had small sample sizes, limiting the generalizability of the findings. Small
cohorts may not capture the full spectrum of clinical outcomes or complications, mak-
ing it challenging to draw definitive conclusions about the widespread efficacy of these
technologies. Second, the reviewed literatures include a wide range of study designs,
from case series and retrospective studies to small prospective trials. This heterogeneity
in methodology limits the ability to directly compare results and synthesize clear, evi-
dence-based conclusions. Third, the outcomes reported across the reviewed studies vary
significantly, with some focusing on radiological parameters, while others emphasize
clinical outcomes, such as pain reduction or functional improvement. The lack of stand-
ardized outcome measures makes it difficult to assess the true impact of these technolo-
gies on patient care and recovery. Fourth, while the technologies reviewed have shown
promise in improving surgical precision, their costs remain a significant barrier to wide-
spread adoption, particularly in low-resource settings. To improve the cost-effectiveness,
we need to consider streamline production with affordable 3D printing, adopt open-
source planning software, and implement modular systems for scalable use. In addition,
the implementation of 3D preoperative planning and PSI requires a steep learning curve
and technical expertise. Surgeons need specialized training to effectively use these sys-
tems, which may delay their integration into routine practice. In our experience, the time
for the 3D preoperative planning reduced 78% (originally took about 90 min, and after
get familiar with the software, it took less than 20 min). Workshops and other opportu-
nities to become familiar with these technologies should be considered (Fig. 12). Fifth,
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regarding the image fusion system, our primary focus has been on single-bone correc-
tions to validate its feasibility and accuracy. Although we have not yet applied the system
to simultaneous corrections of multiple bones, such as the radius and ulna, we recognize
its potential for these applications and plan to address this in future studies. In addition,
the system currently does not account for soft tissue impairment, emphasizing the need
to integrate soft tissue considerations in future research. Finally, many studies focused
on short-term clinical outcomes, such as the accuracy of osteotomy and immediate
postoperative recovery. However, there is a lack of long-term data on patient-reported
outcomes, functional recovery, and the durability of the corrections achieved using these
technologies. Further research is needed to evaluate the long-term benefits and poten-

tial complications of 3D preoperative planning and computer-assisted surgery.

Conclusions

This article highlights the benefits of computer-assisted techniques, including 3D pre-
operative planning and the image fusion system, for corrective osteotomy of the upper
limb. While their impact on clinical outcomes is not yet definitive, these tools enhance
surgical precision, improve preoperative visualization, and provide greater confidence in
complex procedures. These innovations offer significant potential for improving surgi-
cal accuracy and patient satisfaction, despite current barriers, such as cost and technical
complexity. Future advancements in artificial intelligence and robotics are expected to
further enhance these systems, enabling broader applications and personalized surgical
interventions. Continued research is essential to validate their long-term clinical impact
and optimize their accessibility.
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