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Abstract
Background: Surgical planning of corrective osteotomies is traditionally based on conventional radiographs and clinical
findings. In the past 10 years, 3-dimensional (3D) preoperative planning approaches with patient-specific guides have been
developed. However, the application of this technology to posttraumatic deformities of the metacarpals and phalangeal
bones has not yet been investigated. Our goal was to evaluate the feasibility of the surgical application to the latter and
to evaluate the extent and precision of correction. Methods: We present results of 6 patients (8 osteotomies) treated
with phalangeal or metacarpal corrective osteotomy. Deformities were located in the third ray in 1, fourth ray in 3, and
fifth ray in 4 cases. Six malunited metacarpal bones (1 intra-articular) and 2 deformed proximal phalanges were treated.
Computer-based 3D preoperative planning using the contralateral hand as a template allowed the production of 3D-printed
patient-specific guides that were used intraoperatively for navigation. The precision of the reduction was assessed using preand postoperative computed tomography by comparing the postoperative bone model with the preoperatively simulated
osteotomy. Range of motion and grip strength were documented pre- and postoperatively. Results: The mean followup time was 6 months (range: 5-11 months). Rotational deformity was reduced from a mean of 10.0° (range: 7.2°-19.3°)
preoperatively to 2.3° (range: 0.7°-3.7°) postoperatively, and translational incongruency decreased from a mean of 1.4 mm
(range: 0.7-2.8 mm) to 0.4 mm (range: 0.1-0.9 mm). Conclusion: Preliminary results indicate that a precise reduction for
corrective osteotomies of metacarpal and phalangeal bones can be achieved by using 3D planning and patient-specific guides.
Keywords: corrective osteotomy, rapid prototyping, patient-specific guides, hand malunion, accuracy analysis

Introduction
Symptomatic malunions of the hand phalangeal and metacarpal bones are relatively rare. Whereas sagittal deformity
is usually well accepted, especially in metacarpals, rotation
deformity can lead to significant scissoring of fingers.3,19,33
As no consensus about the acceptable limits of deformity
exists, indication for surgical correction is usually based on
clinical findings and following the subjective functional
limitation of the patient.5,10,13 The goal of surgical correction is the restoration of clinical function by correcting the
anatomy. Different techniques for corrective osteotomies
of metacarpal shaft malunions have been described,13,17,46
but the correction is mostly performed at the apex of the
deformity. However, for the correction of phalangeal malunions, it is debated whether an extra-anatomic metacarpal
or an anatomic phalangeal osteotomy should be performed,
and whether intra-articular malunions should be corrected
intra- or extra-articularly.3,7,14,40,44 Available literature

about metacarpal and phalangeal corrective osteotomies
mainly consists of reports on small cohorts analyzed retrospectively.13 Satisfactory outcomes in terms of precision
of the reduction and improvement of hand function have
been described for osteotomies based on conventional
x-ray.5,7,30,44 Although plain radiographs still remain the
standard for assessing bone deformities, 3-dimensional
(3D) computed tomography (CT) imaging permits a more
exact assessment of the deformity in space that cannot be
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obtained by conventional radiographs or 2-dimentional CT
images.26 Particularly, 3D bone models can be generated
from CT and used for a more precise deformity analysis
and the subsequent computer-based simulation of the corrective osteotomy. Recent advances in 3D-printing technology have facilitated production of patient-specific guides,
enabling transfer of the computer-based planning onto the
intraoperative site. This approach has been successfully
applied for the upper extremity, particularly for performing
corrective osteotomies of the forearm bones.11,24,25,28,36,38,42
Surprisingly, very few studies have analyzed the surgical
outcome with postoperative CT data,21,29,43 and only 1 study
has compared the outcome of conventional versus 3D-planned
corrections.43 It was shown that more anatomic correction of
scaphoid malunions was obtained by using patient-specific
guides.39 We applied the technology of 3D-planned patientspecific guides to malunions of metacarpals and phalanges.
Our goal was to evaluate the feasibility of the application to
small and smooth-surfaced bones through relatively small
approaches and to evaluate the extent and precision of correction. We report our experience of treating 6 patients (8 osteotomies) with phalangeal or metacarpal corrective osteotomy
using computer-based 3D planning preoperatively and
3D-printed patient-specific guides intraoperatively.

Methods
Data Acquisition
Between 2012 and 2014, 6 patients were treated by extra- (7
cases) or intra-articular (1 case) corrective osteotomies of a
metacarpal (6 cases) or phalangeal (2 cases) bone using 3D
preoperative planning and patient-specific guides.
Inclusion criterion was the presence of an objectivated
metacarpal or phalangeal posttraumatic deformity that was
symptomatic to an extent where the patient wished surgical
correction. Exclusion criteria were pregnancy (impossibility of CT scans) and refusal to participate in the study.
Approval of the responsible ethical committee and
informed patient consent were obtained. Preoperatively, CT
scans of the affected and the contralateral hand were
acquired. Six to 8 weeks postoperatively, an additional CT
scan of the operated bone was performed. The data were
acquired with an axial resolution of 0.67 mm using a Philips
Brilliance 40 CT device (Philips, Best, the Netherlands).

3D Preoperative Planning
The CT data of the pathological and contralateral healthy
bone were segmented using commercially available software and converted to 3D triangular surface models (Mimics; Materialise, Leuven, Belgium). Thereafter, the 3D
models were imported into the preoperative planning software CASPA (Balgrist Card AG, Zurich, Switzerland).
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Following the template-based approach described for
osteotomies of the forearm,11,37,38,42 the contralateral bone
model was used as a reconstruction template for the quantification of the malunion and, subsequently, for the simulation of the osteotomy. The transformation of the fragments
was expressed relative to an anatomical coordinate system,
which was created and aligned to the bone such that the
x-axis corresponds to the volar-dorsal and the y-axis to the
longitudinal axis of the bone, as described by Wu et al.45
The 3D models of the deformed bone (Figure 1a) and the
mirrored contralateral reference bone (Figure 1b) were then
proximally aligned (Figure 1c) using the Iterative Closest
Point (ICP) surface registration method.6 Next, the osteotomy and reduction were simulated. The deformed bone
model was cut and the distal bone fragment was aligned to
the contralateral mirrored reference template (Figure 1d).
The relative transformation between the 2 positions of the
distal bone fragments pre and post alignment represents the
degree of deformity and, consequently, the amount of the
required correction.36
In the presented case series, different types of osteotomy were required to correct the deformity (see Table 1).
For simple wedge osteotomies (3 cases), the osteotomy
planes were defined manually at the apex of the deformity
and normal to the bone length axis. If no shortening existed,
a so-called crossing osteotomy can be planned (see Supplemental Material 1, clinical case 2a and 2b). The latter consists of a partial opening and closing osteotomy with 2
osteotomy planes that intersect at the center of the bone.
The benefit of a crossing osteotomy is that less shortening
of the bone results compared to a closing wedge osteotomy
and that a smaller gap is created than in an opening wedge
osteotomy. Another benefit is that the cutting waste resulting from the closing part can be used to fill the gap of the
opening part.
For the cases where a multiplanar deformity with a dominating rotational component was present, a so-called single-cut osteotomy was calculated (clinical case 5 and 6b).
In this type of osteotomy, the 3D correction can be achieved
by sliding and rotating in 1 single plane, thus not creating
any gaps. This optimal plane can be found mathematically,
using technical devices or by computed simulation.11,23
Last, 2 or more planar cuts can be combined for correction
of multifragmentary extra- and intra-articular deformities
(see Supplemental Material 2, clinical case 4).
After simulation of the osteotomy and reduction as
described above, the patient-specific guides were designed
using the CASPA software. The basic principle of the guide
design is that a guide body is molded to the bone surface
such that it can be placed on its specifically planned position intraoperatively. To aid the final reduction, guides for
predrilling screw holes, additional reduction guides, or a
combination of both were used.11,42 In a first step, a model
of the implant (ie, 1.5-mm locking compression plate;
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Figure 1. First, the deformed bone (left) and mirrored contralateral healthy template (right) were matched, hereby aligning the
proximal part (a), rotational deformity visible in axial view (b). The pathologic bone was then osteotomized digitally and the distal part
was aligned to the template. Planned correction in a dorsoventral view (c) and axial view (d).

Synthes DePuy, New Brunswick, New Jersey) was positioned on the reduced bone surface (Figure 2a). The angular-stable locking screws of the implant were modeled as
cylinder objects (Figure 2b). The screw holes were then
transformed back to the pathologic position by applying the
inverse reduction (Figure 2c), a technique described previously.1,42 Based on the back-transformed position, a prereduction drilling guide was designed to prepare the holes for
the angular-stable locking screws using K-wires (Figure
2d). The proximal guide part included a planar surface,
which acted as a cutting jig (Figure 2e). By using this technique, the drill holes can be placed in the uncut bone in the
malunited position. Once the osteotomy is made, the application of the angular-stable implant and usage of the prepared drill holes as screw holes will reduce the fragment to
the planned position and correct the deformity.
The guides were manufactured by Medacta SA (Castel
San Pietro, Switzerland) using a 3D printer (ie, selective
laser sintering device) and biocompatible polyamide 1PA
2200. The guides were sterilized using conventional steam
pressure.

Case 6 is presented to demonstrate the surgical technique
(Figure 3). The malunion of the fourth ray consisted of a
flexion deformity of the metacarpal, and additionally, a
rotational deformity of the phalanx was present (Figure 3a).
The bone was exposed subperiosteally in the area where the
prereduction guide has to be placed. Thereafter, the guide
was fixed to the bone using two 1.0-mm K-wires and the
screw holes of the implant were predrilled using four 1.5mm K-wires (Figure 3b), 2 each into the proximal and distal
parts. Next, a guided osteotomy was performed with an
oscillating saw (Figure 3c). The implant was fixed to the
bone using the predrilled screw holes. By doing so, the fragments were reduced to the plate as planned, in this case supported by an additional reduction guide (Figure 3d).
In case of opening wedge osteotomies, bone defects
were filled with autologous cancellous bone obtained from
the radius through a dorsal approach over the Lister tubercle. Whenever possible, the periosteum was adapted over
the plate. The extensor mechanism and skin were sutured.

Surgical Technique

Patients were regularly seen for postoperative follow-up
examinations. Six to 12 weeks after surgery, a clinical and
radiological examination was performed in which a CT
scan of the operated hand was acquired. For clinical evaluation, grip strength using a dynamometer (Jamar; Smith
and Nephew, Memphis, Tennessee) and range of motion of
the 3 metacarpophalangeal and interphalangeal joints
were obtained. Range of motion was expressed as combined value for all 3 joints.19 The patients were asked to

The surgeries were performed by 2 senior hand surgeons
(A.S., L.N.). The approach was chosen dependent upon the
location of the deformity. For all but 2 cases, a dorsal
approach was used and the extensor mechanism was split
(case 2: intermetacarpal approach for correction of metacarpal IV and V, and case 4: ulnar approach for intra-articular
metacarpal V correction).

Postoperative Evaluation
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Figure 2. Planned correction (left) and pathologic bone (right) (a). Planned correction with plate and K-wires for screw holes (b).
Inverse transformation back to the pathologic position (c). Construction of the guide (d). Proximal guide part serves as cutting jig (e).

rate the result subjectively (not satisfied, satisfied, or very
satisfied).
The postoperative CT was used for comparing the preoperative plan with the surgical outcome. A 3D model of the
corrected bone was generated by applying the same segmentation method as for the preoperative planning (see
Supplemental Material 3). The metal implant was digitally
subtracted from the CT data by eliminating the respective
density values using global thresholding. Remaining metal
artifacts of osteosynthesis material were removed manually
from the segmentation result. The bone fragments proximal
to the osteotomy were used as a common reference and registered using ICP (Supplemental Material 3b). Thereafter,
the difference between planned and performed reduction
was measured by computing the difference between the distal bone fragments using ICP. The difference between the 2
positions of the distal fragment was expressed by 3 rotations around (described by 3 Euler rotations35) and 3 translations along the previously established coordinate system.
To compare the residual deformity error between cases,
single values for the rotation and translation were calculated. 3D rotational error was measured in axis-angle representation (hereinafter 3D angle).35 The residual displacement
was expressed as the Euclidean length of the 3D displacement vector (hereinafter 3D translation).

Results
Demographic data and details about the surgical approach
are summarized in Table 1. All patients were male and had

an average age of 30.7 years (range: 14-73 years) at the
time of the surgery. Deformities were located in the third
ray in 1, fourth ray in 3, and fifth ray in 4 cases. Six malunited metacarpal bones and 2 deformed proximal phalanges were treated. All fractures were initially treated in
other institutions, 2 by percutaneous pinning, and 6 conservatively.
Five deformities were treated by wedge osteotomies, 1
by a combined intra- and extra-articular osteotomy, and 2
by single-cut osteotomies. The mean follow-up time was 6
months (range: 5-11 months). Within this time, 2 patients
required implant removal due to local soft-tissue irritation.
No other postoperative complications were observed. There
was no implant failure or delayed healing visible on the
postoperative CT scans, all osteotomies went to union. All
patients were satisfied or very satisfied with the result.
Results of the pre- and postoperative range of motion
and grip strength measurements are given in Table 2. The
combined range of motion in 3 joints (ie, metacarpophalangeal, proximal interphalangeal, and distal interphalangeal)
showed a mean increase of 30° (+30° to +70°). Grip strength
improved for all but 1 patient, the mean increase being 7 kg
(–11 to +26 kg).
The results of the 3D deformity evaluation based on preand postoperative CT are presented in Tables 3 to 5. In
Table 3, the preoperative deformity assessment and the precision of the reduction are given for each case with respect
to 3D angle and 3D translation. In Tables 4 and 5, the same
measurements were expressed according to the established
coordinate system, with respect to the 3 anatomical planes.

6
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Figure 3. Intraoperative photographs showing clinical deformity (a), guide-fixation and predrilling of screw holes using K-wires (b),
guided osteotomy (c) and reduction guide (d).
Table 2. Pre- and Postoperative Range of Motion and Grip Strength Measurements.
Preoperative
ROM F/E
Patient No.
1
2a
2b
3
4
5
6a
6b

Postoperative
Grip power

ROM F/E

Grip power

MP

PIP

DIP

Affected

Normal

MP

PIP

DIP

Affected

Normal

60/0/0
Normal
Normal
90/5/0
Normal
Normal
90/10/0
90/10/0

80/10/0
Normal
Normal
100/0/20
Normal
Normal
100/5/0
100/5/0

60/5/0
Normal
Normal
80/10/0
Normal
Normal
85/5/0
85/5/0

4
31
31
24
40
36
45
45

52
45
45
42
40
42
48
48

90/0/0
90/0/5
95/0/30
90/0/10
90/0/0
110/0/10
90/0/0
90/0/0

100/5/0
Normal
Normal
95/0/15
Normal
80/0/0
120/0/0
120/0/0

70/0/0
Normal
Normal
90/0/5
Normal
80/0/0
110/0/0
110/0/0

30
36
36
46
40
36
34
34

80
42
42
52
50
52
43
43

Note. ROM = range of motion; F/E = flexion/extension; MP = metacarpophalangeal joint; PIP = proximal interphalangeal joint; DIP = distal
interphalangeal joint.
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Table 3. Pre- and Postoperative 3D Deformity.
Preoperative

Postoperative

3D angle 3D translation 3D angle 3D translation
Patient No. (degree) (millimeter) (degree) (millimeter)
1
2a
2b
3
4
5
6a
6b

9.5
7.2
19.3
8.8
8.0
8.6
8.1
10.4

2.2
0.9
1.1
1.4
2.8
1.0
0.7
0.8

2.4
1.1
3.7
2.9
1.2
0.7
3.6
2.5

0.5
0.3
0.7
0.1
0.2
0.2
0.9
0.4

The mean preoperative rotational (3D angle) and translational (3D translation) deformity was 10.0° (range: 7.2°19.3°) and 1.4 mm (range: 0.7-2.8 mm), respectively. In
radial/ulnar, flexion/extension, and pro/supination direction, malrotations of 1.3° (range: 0.2°-3.0°), 6.1° (range:
3°-17.6°), and 5.9° (range: 0.7°-10.1°) were measured,
respectively.
The mean residual postoperative 3D-angle and 3D-translation values were 2.3° (range: 0.7°-3.7°) and 0.4 mm
(range: 0.1-0.9 mm), respectively. Residual malrotation in
radial/ulnar, flexion/extension, and pro/supination direction
after surgery was 0.4° (0.0°-1.8°), 0.8° (0.0°-3.5°), and 1.8°
(0.6°-3.1°), respectively.

Discussion
Conventional radiographs remain the standard for initial
radiologic assessment of bone deformity and thus malunions, but provide only limited precision.5,7,30,44 Technical
developments have lead to wide disponibility of CT scans,
which allow more detailed evaluation of deformity.9,26,43 The
development of selective laser sintering allowed the creation
of 3D models based on CT data, initial reports of the use for
surgical planning date from 2 decades ago.2 The accuracy of
these techniques has subsequently been tested for dental
implant placement in vitro34 and in vivo.8 Around the same
time, the use of bone models built using rapid prototyping
for preoperative planning was described for intra- and extraarticular fractures, malunions, and pedicle screw positioning.4
First experiences with personalized drilling guides for spinal
screw positioning12,32 and wires in hip surface replacement31
were published. Further development allowed clinical application of custom acetabular components15,18 and patient-specific guides in prosthetic knee replacement.22,27 The technique
was adapted for the planning and execution of correction
osteotomies of long bones in the upper extremity9,16,20,25 and
osteotomies around the knee41 with promising results. The
application was then extended to intra-articular correction
osteotomies of the distal radius.20,28,38 Recently, the tech-

nique has been showed to improve anatomic reduction in
scaphoid reconstruction.39 The technique has not yet been
described for the correction of metacarpal and phalangeal
malunions. The aim of this study was to evaluate the feasibility and precision of corrective osteotomies in metacarpal
and phalangeal bones using a 3D-approach and patient-specific guides. We suspected that the very limited surgical
workspace with small guide-bone contact surface and the
nondistinct surface of metacarpal and phalangeal bone could
negatively influence the accuracy of reduction and thus
deformity correction. The small bone fragments could be in
danger of osteonecrosis or nonunion and soft-tissue adhesion could limit postoperative outcome.19 To reduce these
risks, extra-anatomical correction of intra-articular and phalangeal malunions has been advocated in the past.3 This goal
is achieved by performing osteotomies more proximally,
outside the zone of initial trauma. The disadvantage is the
obligatory nonanatomic result.
In the presented cases of posttraumatic deformities, the
technique of anatomic correction using patient-specific
guides showed high precision to restore anatomy. Although
we performed all corrections at the apex of deformity with
concomitant soft-tissue release in 2 patients, we did not
observe delayed union or fragment necrosis. Clinical evaluation showed no impairment of postoperative mobility and
good patient satisfaction. These findings suggest that osteotomies of phalangeal and metacarpal bones using patientspecific guides can be performed through standard incisions
and that good guide fit can be obtained despite the smooth
and limited contact surface. In line with others we are convinced, that anatomic reconstruction will lead to the most
physiologic result and should be the goal of a correction
osteotomy.19,30 If limiting soft-tissue adhesions are present,
tendon adhesioloysis or capsulotomy can be conducted in
the context of the corrective osteotomy. The presented technique is more costly and resource-intensive compared with
standard techniques based on conventional radiographs.
The time consumption for planning varies accordingly to
the complexity of the case and can range from 2 to 4 hours
with an obvious learning curve. The cost for guide manufacturing of $220 to $32038 rises to about $2000 per case if
3D planning and guide engineering are included.
Limitations of this study include the retrospective analysis and the small sample size, the lack of a control group
and lack of functional outcome scores. Consequently, the
question whether the application of the presented technique
is superior to conventional planning and thus indicated in
all cases of corrective osteotomy cannot yet be answered
with our data.
We conclude that the presented technique permits very
precise correction of multiplanar deformities of metacarpal
and phalangeal bones through standard surgical approaches.
In our experience, 3D planning and patient-specific rapidprototyped guides allow a detailed deformity analysis and
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Table 4. Pre- and Postoperative Angulation Deformity (in Degree).
Preoperative
Patient No.

Radial +
Ulnar –

Flexion +
Extension –

0.2
2.3
−3
−0.2
−0.2
−1.5
−0.6
2.5

2
3.4
17.6
−8.7
6.4
2.5
8
−0.3

1
2a
2b
3
4
5
6a
6b

Postoperative
Pronation +
Supination –

Radial +
Ulnar –

Flexion +
Extension –

Pronation +
Supination –

0.5
0.3
1.8
0.3
0
−0.2
−0.1
−0.1

0.2
0.5
−0.9
−0.4
0.5
−0.3
−3.5
0

2.3
0.9
3.1
2.9
1.1
0.6
−0.7
2.5

9.3
5.8
−6.8
1.4
4.8
8.1
−0.7
−10.1

Table 5. Pre- and Postoperative Translation Deformity (in mm).
Preoperative
Patient No.

Postoperative

Radial +
Ulnar –

Palmar +
Dorsal –

Shortening +
Lengthening –

Radial +
Ulnar –

Palmar +
Dorsal –

Shortening +
Lengthening –

−0.6
0.2
0.2
0
−0.3
−0.8
−0.1
0.8

0.7
0.9
−0.9
−1.1
−0.6
0.5
0.2
−0.2

2
0
0.6
0.8
2.7
0.4
0.7
−0.1

0.4
0.1
−0.7
0.1
0
−0.1
0.2
0

0.2
0.1
0.1
0.1
−0.1
−0.1
0.3
0.2

0.1
0.3
0
0
0.2
0.2
−0.8
0.3

1
2a
2b
3
4
5
6a
6b

an exact correction of deformity as well as surgeon-friendly
intraoperative application. While planning and correction
based on standard radiographs can probably be more costand time-effective in simple corrections, the presented technique allows reliable and exact correction also in complex
3D deformities.
Although the results of the study are promising, a larger
clinical trial with a control group must be carried out to
evaluate the superiority compared with conventional planning.
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