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Abstract

Forearm malunion affects upper limb function, impairing rotation, grip strength, and dexterity. Traditional
osteotomies, based on two-dimensional imaging and intraoperative adjustments, may fail to address the
intricate three-dimensional aspects of forearm deformities. Advances in 3D technology, including imaging,
virtual surgical planning and 3D-printed patient-specific guides, have transformed corrective osteotomy by
enhancing precision and predictability. This paper discusses the limitations of traditional methods, the role of
3D imaging in detailed deformity analysis, the benefits of virtual planning and the use of 3D surgical guides to
improve outcomes. The use of 3D technology in both paediatric and adult cases is illustrated in a supple-
mentary series of case reports. Future improvements in artificial intelligence, robotics and augmented reality
are expected to enhance 3D-guided osteotomies further, making them more accessible and cost-effective.
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Introduction

Forearm fractures are common orthopaedic injuries,
with malunion their most frequent complication.
Malunion can impact upper limb function consider-
ably, particularly forearm rotation, grip strength and
overall dexterity. The radius and ulna function as a
single unit to support motion and load transmission,
requiring anatomical alignment for optimal function.

Conventional osteotomies for managing forearm
malunion rely on planning based on two-dimensional
(2D) radiographs, overlay drafting, freehand osteoto-
mies and fluoroscopy guidance (Jupiter et al., 1992).
However, these methods fail to adequately represent
the three-dimensional (3D) complexity of the deformi-
ties, often a combination of angular deformity, malro-
tation and translation (Ries and O’Neill, 1987). Surgical
correction and fixation have traditionally depended on
intraoperative trial-and-error approaches, guided by
fluoroscopic imaging and the experience of the sur-
geon. While these methods have achieved satisfactory
outcomes in many cases, they are inherently limited
by their reliance on subjective assessment and a lack

of precision, often resulting in suboptimal corrections
(von Campe et al., 2006).

Recent advances in 3D technology have substan-
tially improved the evaluation and treatment of
forearm malunion (Murase et al.,, 2008). Three-
dimensional imaging enables a more comprehensive
assessment of the deformity, accurately capturing
the combination of angular, rotational and transla-
tional components. The computer can detect and
analyse a deformity, which even the most experi-
enced surgeon may not be able to identify. With 3D

"AZ Monica, Antwerp, Belgium

2VITAZ, Sint Niklaas, Belgium

3AZ Sint-Jan, Brugge, Belgium

“Erasmus University Medical Centre, Rotterdam, The Netherlands
®Balgrist University Hospital, Zirich, Switzerland

University of Antwerp, Antwerp, Belgium

Corresponding Author:

Frederik Verstreken, AZ Monica, Florent Pauwelslei 1,
2100 Antwerp, Belgium.

Email: frederik.verstreken@live.com


https://orcid.org/0000-0003-2849-1190
mailto:frederik.verstreken@live.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/17531934251327286
journals.sagepub.com/home/jhs
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17531934251327286&domain=pdf&date_stamp=2025-03-27

772

Journal of Hand Surgery [Eur) 50(6)

planning, surgeons can simulate corrective osteoto-
mies and rehearse surgical strategies virtually,
improving preoperative decision-making. The advent
of patient-specific, 3D-printed surgical guides allows
for precise execution of planned corrections, reducing
intraoperative uncertainty and improving outcomes.
This paper provides an overview of the functional
anatomy and clinical implications of forearm mal-
union, examining the evolving role of 3D technology.

Functional anatomy and malunion

Understanding the biomechanics of the forearm and
the radioulnar joints begins with the osteology of the
radius and ulna. The ulna has a sigmoid curvature in
the coronal plane, with a radial apex proximally and
an ulnar apex distally (Beser et al., 2014; Hreha
et al., 2020; Weber et al., 2020). The proximal ulna
has a dorsal angulation, known as proximal ulnar
dorsal angulation, which it is important to restore
in proximal ulnar fractures (Rouleau et al., 2010)
(Figure 1).

The radius bows radially in the coronal plane to
allow rotation around the ulna, with the apex located
at its middle third (Rupasinghe and Poon, 2012;
Weber et al., 2020). In the sagittal plane, the radius
exhibits an apex dorsal bow. In terms of rotation, the
bicipital tuberosity is positioned roughly 180° oppo-
site the radial styloid. However, the tuberosity’s bul-
bous shape can complicate the precise radiographic
identification of its most prominent point.

The radius and ulna articulate at both ends with a
condylar pivot joint, and the forearm functions as a
single joint, with the radius rotating around the
stable ulna, with the axis extending from the central
radial head to the ulnar head’s fovea. Any fracture of
the radius or ulna can essentially be considered
‘intra-articular’ as the integrity of the radioulnar
joint is critical for forearm rotation, which covers
approximately 160° in a nearly circular arc.

The stability of the forearm or radioulnar joint
relies on the bone and joint architecture, and on
three structures: the annular ligament, interosseous
membrane (IOM), and triangular fibrocartilage com-
plex (TFCC) (Robinson and Shatford, 2021). Together,
these elements ensure consistent tension between
the radius and ulna, enabling stable and full
rotational movements during pronation and supina-
tion (Video 1, 2).

The ulna translates by 9° in the coronal plane as
the radius rotates. During pronation, contraction of
the anconeus causes the ulna to abduct, while in
supination, the ulna adducts relative to the humerus.
This dynamic motion ensures that the axis of rotation
consistently aligns with the middle finger (Barton
and Evans, 1991; Hreha et al.,, 2020). The radius
migrates slightly proximally in pronation, creating a
relative lengthening of the ulna (positive ulnar vari-
ance). Additionally, the ulnar head shifts dorsally in
pronation, a phenomenon that becomes more pro-
nounced under axial loading (Cerezal et al., 2002).
From a practical perspective, axial views on CT or

Figure 1. (a) Anteroposterior (AP) view of the ulna, demonstrating its characteristic sigmoidal shape with a proximal
radial apex and a distal ulnar apex. (b) Lateral view of the ulna illustrating the proximal ulnar dorsal angulation (PUDA).
(c) Anteroposterior view of the radius, highlighting the radial bow in the middle third of the bone and (d) lateral view of the

radius showing a subtle dorsal apex bow.
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MRI scan reveal the forearm’s rotational position; in
supination, Lister's tubercle moves towards the
ulnar styloid, and in pronation is moves away (King
et al., 1986).

Clinical implications

Forearm malunion can impair upper limb function
and quality of life by restricting rotation, reducing
grip strength and impairing load transmission
(Trousdale and Linscheid, 1995). Malunion can also
cause pain and instability between the radius and
ulna, with consequent loss of function (Chia et al.,
2011; Trousdale and Linscheid, 1995). Secondary
complications, such as joint degeneration, muscle
imbalances and nerve compression syndromes, are
common and further impair function (Bauer et al.,
2017). Moreover, malunion can affect cosmetic
appearance, which, particularly in children, may lead
to mental health challenges owing to feeling different
from their peers (Trousdale and Linscheid, 1995).
Malunions are typically multiplanar relative to
anatomical alignment, and angulation or rotation
exceeding 10° can result in substantial restrictions
in movement (Matthews et al.,, 1982; Tarr et al,,
1984). A malunited fracture of the radius in a growing
skeleton can misdirect ulnar growth, potentially
resulting in a situation where both bones require
correction later to restore optimal function (Colaris
et al., 2014a; Furrer et al., 2023; Graham et al., 1998).
Restriction of pronation is often caused by bony
impingement in the proximal forearm, where the
radius and ulna have minimal clearance, typically
only a few millimetres (Christensen et al., 1968)
(Figure 2). Such deformities often result from
untreated or poorly managed proximal or middle
third radial shaft fractures (Fuller and McCullough,
1982: Matthews et al., 1982). These fractures fre-
quently heal with an extension deformity, increasing
the risk of impingement and restricted pronation
(Shiode et al., 2024). A rotational deformity of the
radial shaft can result in loss of pronation, and

Figure 2. Impingement of a malunited radius onto the ulna
limiting pronation.

malrotation in one direction leads to an equivalent
loss of forearm rotation in the opposite direction
(Tarr et al., 1984). Fractures distal to the pronator
teres insertion produce supinate of the distal frag-
ment from muscle forces. (Dumont et al., 2002;
Kasten et al., 2003; Mania et al., 2023).

Supination restriction is typically caused by radial
shaft fractures that heal with a flexion deformity,
causing increased tension in the IOM. In a normal
forearm, the origin of the central band on the
radius and its insertion to the ulna are near the rota-
tional axis, allowing the I0M’s tension and length to
increase by only about 0.5mm from neutral to max-
imal supination. Malunion can displace these inser-
tional points away from the rotational axis and their
isometric position, resulting in excessive tension on
the IOM and restricting supination (Moritomo et al.,
2009; Noda et al., 2009). Additionally, radial shaft
fractures between the insertions of the biceps or
supinator and pronator teres muscles produces
muscle forces, resulting in pronation of the distal
fragment, limiting supination (Dumont et al., 2002;
Kasten et al., 2003).

Instability at the distal radioulnar joint (DRUJ) is a
common consequence of malunion (Trousdale and
Linscheid, 1995) (Figure 3, Video 3). Palmar disloca-
tion of the ulnar head relative to the radius (or dorsal
displacement of the radius relative to the ulna), par-
ticularly at the end of supination, is often caused by a
mild extension deformity of the radius shaft (Schmitt
et al., 2023). This deformity can be subtle and difficult
to detect on conventional radiographs. Clinically, it
presents as a snapping sensation at the end of supi-
nation, when the ulnar head shifts out of the sigmoid
notch in a palmar direction. Pronation repositions the
joint through the pull of the IOM (Nagy et al., 2008).
Over time, instability can lead to ligament laxity or
TFCC degeneration, further compounding the condi-
tion. Patients with relative ligamentous laxity or
hypermobility are prone to developing an unstable
DRUJ, while those with stiffer connective tissue
tend to experience a restricted range of motion.
Correcting the malunion will usually stabilize the
DRUJ through its secondary stabilizers, such as the
distal oblique bundle of the IOM (Schmitt et al., 2023).
Conversely, a flexion deformity in a radial shaft mal-
union can cause excessive dorsal translation of the
ulnar head, resulting in a painful DRUJ. Addressing
this uncommon malunion pattern can often resolve
the issue without requiring soft tissue intervention
(Nishiwaki et al., 2015) .

Persistent dislocation of the radial head in the
proximal radioulnar joint presents a more complex
challenge and is frequently associated with ulnar mal-
union. These cases, often linked to missed Monteggia
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Figure 3. Malunion with distal radioulnar joint instability.

lesions, may require extensive intra-articular debride-
ment and annular ligament reconstruction, combined
with an ulna osteotomy to stabilize of the radial head
and restore function (Langenberg et al., 2020).
Paediatric patients generally tolerate malunion
better owing to joint laxity and the potential for skel-
etal remodelling (although this depends on age,
location and degree of deformity (Carey et al., 1992;
Fuller and McCullough, 1982). Children with diaphy-
seal both-bone forearm fractures face a moderate
risk (13-33%) of functional limitation, regardless of
the severity of the angular malalignment (Colaris
et al., 2014b). Price and Knapp (2006) advised per-
forming corrective osteotomy for forearm shaft mal-
unions as soon as possible when angulations exceed
30°, while recommending a waiting period of at least
6 months for malunions with angulations between 20°
and 30°. However, delayed surgery beyond 1 year is
associated with poorer outcomes owing to secondary
joint and soft-tissue alterations (Roth et al., 2017).

Basics of 3D planned correction (Video 4)

The most effective way to analyse a forearm
malunion is by using a mirrored model of the
contralateral normal side. Cross-sectional bilateral
high-resolution CT images are processed using seg-
mentation software to isolate the bone. Whenever
possible, both forearms should be scanned simulta-
neously to minimize radiation exposure. If an addition-
al scan of the contralateral arm is necessary, a low-
dose protocol (approximately 0.2mSv) can be used,
although maintaining a slice thickness of <0.6 mm is
needed to ensure high-resolution imaging. To isolate
bones from other tissue, cross-sectional CT images

are processed with segmentation software (Belvedere
et al., 2022).

The next step is to separately match the radius
and ulna from the affected and mirrored unaffected
sides. The proximal part of both bones is aligned
using iterative closest point surface-based registra-
tion. Similarly, the distal alignment is achieved using
a duplicate of the mirrored side, creating a compre-
hensive model of the location, degree and type of
malunion.

The relative positions of the proximal and distal
bone segments in a forearm malunion define the
deformity and the planned correction. Often a
single-plane rotational osteotomy can address the
malalignment effectively with the osteotomy plane
oriented perpendicular (normal) to a single rotational
axis (Sangeorzan et al., 1989). This ‘single cut’ tech-
nique offers several advantages. Firstly, it is precise,
requiring only one well-defined osteotomy plane.
Secondly, repositioning is simplified: the distal frag-
ment is rotated around the chosen axis to the correct
alignment. Thirdly, this approach maximizes the sur-
face area for bony contact, allowing the use of an
interfragmentary compression screw, enhancing
stability after fixation (Figure 4).

Some deformities, however, are better managed
with an opening or closing wedge osteotomy. These
are useful if additional adjustment of length or trans-
lation is required, or if the angular deformity is too
great to be adequately corrected by rotation alone
(Figure 5). In such cases, careful planning is
needed to ensure proper realignment, restoration
of forearm length and ulnar variance, and stable
osteosynthesis, sometimes necessitating bone graft-
ing or different fixation constructs.
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Figure 4. Multilevel corrections with single-plane rotational osteotomies, oriented perpendicular (normal) to the

rotational axis.

Figure 5. Closing wedge osteotomy of the ulna combined with an opening wedge osteotomy of the radius, using the

resected ulnar wedge as a bone graft.

Nowadays, many commercial software solutions,
such as Mimics and 3-Matic (Materialise NV, Leuven,
Belgium] and CASPA (Balgrist CARD, Zurich,
Switzerland), provide tools to facilitate calculations
and simulate the correction aimed at restoring both
proximal and distal alignment.

After planning the optimal correction, the position
of the plate (2.5-3.5mm] must be determined.
This requires consideration of possible surgical
approaches, the presence of soft tissue attachments

and identification of a flat surface on the bone.
Computer-assisted planning relies on bony anatomy,
while soft tissues may interfere with precise guide
placement. For the technical feasibility of the plan,
close cooperation between the surgeon and the engi-
neer is essential. General surgical tips for using sur-
gical guides in forearm corrections are outlined in
Table 1.

To improve the accuracy of a planned correction,
patient-specific guides can be designed and 3D
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printed. This involves reverse engineering, where the
postoperative screw position is used to calculate to
their preoperative position on the bone. To ensure
rotational stability, at least two locking screws on
each side of the osteotomy are planned. If possible,
the cutting sleeve(s) for the osteotomy can be

Table 1. General surgical tips when using surgical guides
in forearm corrections

Obtain adequate
exposure

Make sure you have complete visu-
alization of the osteotomy site.
Be aware that the segmentation
is based on the exact bone
contours, not on the periosteum
or other interposing soft tissues.
This helps ensure the guide fits
securely and accurately

Once the guide is in place, it can be
difficult to see the underlying
structures. Always maintain
direct visualization and protect
surrounding soft tissues with
retractors, especially around the
cutting sleeve

Relying solely on K-wires to stabi-
lize the guide can be insufficient.
Use additional bone clamps as
needed to achieve stable fixation
and prevent guide movement
during cutting

Incorporate cooling measures
during osteotomies to avoid heat-
induced bone necrosis, as 50°C
for 30s is the critical limit for
heat-induced bone necrosis,
potentially affecting union
(Lundskog, 1972)

Maintain visual
control

Secure the guide
firmly

Use intraoperative
cooling

incorporated into the same guide, otherwise a
second guide must be designed. In this case, two
parallel K-wires on each guide ensure identical posi-
tioning on the bone. Guides should be printed using
biocompatible and sterilizable materials, such as
PA12 or resin to minimize the risk of infection.

Accurate guide positioning on the bone is essen-
tial, so distinct anatomical features of the bone
within the contact surface area of the guide are
included to ensure precise positioning. By 3D print-
ing the preoperative bone model, marking the bor-
ders of the guide(s) on it, and by printing the guide
twice, the correct position can be verified intraoper-
atively by comparing guide position and K-wire posi-
tion on the model and the patient under fluoroscopy
(Figure 6). The proximal-distal orientation can also
be verified by comparing measurements from the
radial head and ulnar styloid between the patient
and the model.

When standard fixation plates do not conform well
to the bony contours, they can be pre-shaped on pre-
printed models of the corrected bones. These adapted
plates are then scanned and used to design a surgical
guide. A more advanced but costly alternative is the
design and fabrication of patient-specific implants
(PSls), which provide customized fixation solutions
tailored to the patient’s unique anatomy and biome-
chanics. These implants ensure an exact fit, which
facilitates reduction of bony fragments and provides
rigid, stable fixation. This level of precision enhances
surgical outcomes and minimizes the risk of compli-
cations associated with improper alignment.

Corrective osteotomy as a revision procedure
tends to be more complex owing to dense scar
tissue, fibrosis and altered anatomy. In addition, the
bone may be weakened by stress shielding caused by

Figure 6. The correct position of the guide can be verified intraoperatively by comparing guide position and K-wire
position on the printed bone model and the patient under fluoroscopy.



Reyniers et al.

777

the original plate or by existing screw holes that act
as stress risers. These factors increase the technical
difficulty of the procedure and complication rate,
including neurovascular injury and postoperative
stiffness. The pre-existing plate footprint can be
advantageous by providing a reference for designing
the surgical guide, thereby facilitating accurate
placement (Figure 7). Existing screw holes can also
be reused both to temporarily secure the guide and
for subsequent bony fixation, reducing the need for
additional drilling and helping to preserve bone
integrity.

Discussion

In the early 2000s, CT imaging and specialized soft-
ware began to influence preoperative planning by
enabling virtual surgical plans that detailed osteot-
omy sites, plate positioning and rotational correc-
tions. Croitoru et al. (2001) advanced this concept
by introducing a guide system based on anatomical
landmarks. While 3D-printed fracture models were
initially limited to preoperative planning owing to
high production costs, advances in 3D printing
during the 2010s made patient-specific surgical
guides both feasible and cost-effective (Jupiter
et al., 1992; Miyake et al., 2012). The radiographic
accuracy of published series is summarized in
Table 2. The improved accuracy of 3D-guided

techniques is reflected in postoperative radiographic
outcomes, which consistently outperform those of
traditional methods (Buijze et al., 2018; Vlachopoulos
et al., 2015; Vroemen et al., 2013).

The advantages of 3D-assisted surgery extend
beyond accuracy. Reduced reliance on fluoroscopy
lowers radiation exposure for both the surgical
team and the patient. The enhanced preoperative
assessment of bone geometry ensures proper
screw placement and reduces the risk of screw pro-
trusion shortening surgical time and lowering
complication rates from 12% using conventional
techniques to 6%. (Buijze et al., 2018; Bauer et al.,
2017; Meesters et al., 2024).

Functional outcomes are also superior with
3D-assisted surgery. Most studies report better
range of motion and greater improvements in func-
tional scores. For instance, the median Disabilities of
the Arm, Shoulder and Hand score improves by an
average of 35 (SD 5] in 3D-guided cases, compared
with 28 (SD 7) in conventional surgery (Meesters
et al., 2024). These findings highlight the importance
of precise anatomical correction in achieving optimal
functional outcomes (Kataoka et al., 2018; Miyake
et al., 2012; Roth et al., 2022).

Challenges and limitations of 3D methods

While 3D methods significantly enhance surgical
precision, they require training and time investment,

Figure 7. In revision cases, the footprint of the pre-existing plate can be used as a template for guide design, thereby

facilitating accurate placement.
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Table 2. Postoperative accuracy in corrective osteotomy for radial and/or ulnar shaft malunions using surgical guides

Average postoperative residual

Postoperative radiologic
evaluation

<2.7°, with exclusion of 1 case with
double opening wedge osteotomy
and increase in deformity
because of longitudinal growth

1.8° (range 0.3-5.2°) for the ulna
and 1.4° (range 0.2-3.3°)

5.8° (SD 3.6°) true deformity angle

3.2° (SD 1.4°) true deformity angle

2.6° (SD 3.1°) for the radius and 1.7°

Study Patients angle of deformity
Murase et al. 4 radius, 1 ulna, 0.7° (range 0-3°)
(2008) 5 radius and ulna
Miyake et al. 14 radius and ulna, 1° (range 0-4°)
(2012) 6 radius
Kataoka et al. 3 radius and ulna,
(2018) 1 radius
Byrne et al. 5 radius and ulna
(2017)
Roner et al. 6 radius, 6 ulna
(2017)
Oka et al. 1 radius and ulna,
(2019) 2 radius
Roth et al. 15 radius and ulna
(2022)

(SD 1.7°) for ulna. Residual rota-
tional deformity was measured

Radiographs, compared with
the contralateral forearm

Radiographs, compared with
the contralateral forearm

CT-scan, compared with the
preoperative plan

Radiographs, compared with
the contralateral forearm

CT-scan, compared with the
preoperative plan

Radiographs, compared with
the contralateral forearm.
True deformity angle was
calculated

CT scan, compared with the
preoperative plan

separately and was 6.6° (SD 4.8°)
for the radius and 5.5° (SD 5.3°)

for the ulna

with associated cost. Expenses include CT
scanning, software licences, and 3D printers, but
also the work hours required from engineers and
technicians. In the future, increased competition
among software providers may help drive down
these costs. Currently, outsourcing 3D planning and
printing for surgical guides can cost between €2000
and €3500 per case, depending on the complexity of
the deformity, with an additional €1500 possible for
printing custom implants. Another barrier is the
learning curve for surgeons adopting 3D tools.
Without adequate training and integration into clini-
cal workflows, these technologies run the risk of
being underutilized. Time expenditure in preopera-
tive planning also poses a limitation, as creating
and validating 3D models requires several extra
steps beyond traditional methods - typically 2-4
hours, depending on case complexity. However,
automation and more intuitive software interfaces
continue to improve efficiency in this area. Lastly,
an over-reliance on 3D technology may erode essen-
tial surgical skills if not balanced with traditional
techniques. Three-dimensional methods should be
seen as tools to enhance surgical expertise,
rather than replace it. By combining technological
advancements with clinical acumen, surgeons can
maximize patient outcomes while maintaining core
competencies.

Ethical and economic considerations

Since their introduction in the 2010s, 3D-printed sur-
gical guides have improved surgical accuracy, radio-
graphic outcomes and functional outcomes for
patients compared with conventional techniques.
Despite these advantages, the cost of implementing
3D-printed guides has limited their widespread use
worldwide. In resource-limited settings, financial con-
straints often require the prioritizing of essential
healthcare services over the adoption of newer,
more expensive technologies. However, where com-
puter infrastructure is available and low-cost, open-
source software and basic 3D printers are paired with
proper training, these technologies could become
more accessible without compromising more urgent
healthcare priorities.

Ethically, providers should balance the immediate
costs against the broader value of adopting cutting-
edge technologies that can improve patient outcomes.

Future directions and innovations

The integration of 3D printing technologies with
others such as artificial intelligence, robotics, and
augmented reality (AR) may radically transform clin-
ical practice. Artificial intelligence can automate
segmentation deformity definition, plate positioning
using statistical shape models, screw placement
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based on CT-derived bone density, and specific
implants customisation Carrillo et al. (2020).
Advances in robotic-assisted techniques may further
refine malunion correction, using cold ablation and
robot-guided laser osteotomies, minimizing thermal
damage whilst maintaining accuracy (Honigmann
et al., 2022). Meanwhile, AR headsets can project
3D anatomical models directly into the surgical
field, enabling surgeons to maintain visual focus
and enhance procedural accuracy (Dennler et al.,
2021; Lex et al., 2023). In the future, AR may replace
physical guides and reduce the need for 3D-printed
components, ultimately lowering costs. By integrat-
ing these cutting-edge technologies with current
3D-printing workflows, hand surgery may become
more efficient, precise and cost-effective, improving
patient outcomes and redefining standards of care.
The use of 3D technology into corrective forearm
osteotomy for forearm malunion represents a con-
siderable advancement in treating these complex
problems. Despite clear advantages in terms of
accuracy and reduced complications, the widespread
adoption of 3D technology remains limited by the
resources required. Looking ahead, emerging solu-
tions in artificial intelligence, robotics and augment-
ed reality promise to further refine osteotomy
planning, potentially eliminating the need for physi-
cal guides and making sophisticated interventions
more accessible. As the field evolves, 3D technology
is likely to become a cornerstone of forearm correc-
tive surgery, bridging the gap between traditional
techniques and cutting-edge innovations.
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