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Introduction

It has been shown that more accurate correction of malunion of the 
distal radius leads to better clinical results [1,2]. The correction that 
falls within 5° in volar tilt and 2 mm in ulnar variance from normal has 
been defined as clinically insignificant [3]. The use of three-dimen-
sional (3D) virtual surgical planning and patient-specific surgical 
guides is gaining momentum in the correction of malunited distal 
radius fractures, as the traditional two-dimensional (2D) approach 
can lead to unsatisfactory results [2,3]. Patient-specific drilling and 
cutting guides facilitate reliable restoration of the correct anatomical 
position according to the virtual plan [4–7]. Furthermore, the 3D 
approach can decrease surgery times and the need for intraoperative 
imaging [8], limiting the exposure of the patient and staff to harmful 
radiation.

An essential step in the virtual surgical planning of the correction 
of malunited distal radius fractures is the selection of an appropriate 
plate for fixating the osteotomy. The development of volar anatomical 
plates for the distal radius has vastly improved the ability to fixate 
acute fractures [9]. In addition, using volar plates for opening wedge 
osteotomies in patients with malunited distal radius fractures 
overcomes several drawbacks of the alternative dorsal approach, such 
as extensor tendon irritation and inadequate length restoration [10]. 
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The construct of distal fixed-angle screws allows for the fixation of the 
distal fragment first. This corrects the volar tilt by reducing the plate to 
the proximal fragment while restoring the length of the radius by 
using distraction and the sliding hole of the plate. However, during 
surgical planning of the correction, it is common that the selected 
plate does not precisely fit the distal fragment of the radius. This 
suboptimal anatomical fit can be due to bone remodeling during 
fracture healing. In such cases, one approach is to bend the plate to 
achieve a better fit. Nevertheless, the feasibility of bending an 
anatomical plate is limited, and excessive plate bending may cause the 
distal fixed-angle screws to penetrate the articular surface. To 
overcome this problem, an alternative approach proposed in the 
literature is using a custom-made plate that fits exactly to the bone 
surface [11–13]. Yet, few medical companies offer such plates, which 
are expensive and include a long lead time for production. Given the 
enormous advances in disseminating software for virtual surgical 
planning and 3D printing, custom-made plates could theoretically 
be  designed and printed in-house. However, the complexity of 
manufacturing, costs, and ambiguity in the interpretations of the 
medical device regulations (MDR) [14] is far larger than for 3D printing 
surgical guides. As a result, in-house design and 3D printing of metal 
implants are currently not feasible in routine clinical practice.
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Another approach to optimize the correction angle during the 
surgical correction of a malunited distal radius fracture is to allow the 
locking screws – rather than the plate angle – to secure the correction. 
Because a volar plate is designed to lock the distal screws at a fixed 
angle, the plate does not need to be in contact with the bone for 
sufficient stability. Additionally, distal screws are fixed in a fanning 
subchondral pattern, which further improves the stability of the 
fixation. When relying on locking screws to achieve the desired 
correction, the plate must be positioned at the correct angle during 
the locking of the screws in the plate.

Here, we describe a new technique to achieve correct plate 
positioning – using an in-house designed, patient-specific, and 3D 
printed shim instrument to assist in the fixation of the distal screws in 
the plate. The aim of this exploratory study was to evaluate our 
technique and the resulting correction of the malunited distal radius 
in patients. We specifically analyzed guide and plate positioning 
errors and the contribution of the shim instrument to these errors.

Materials and methods

Five consecutive patients with a dorsally angulated extra-articular 
distal radius malunion were included in this single-center study con-
ducted at the Department of Hand Surgery, Sahlgrenska University 
Hospital, Mölndal, Sweden. In these cases, virtually planned correc-
tion required fixation of the plate to the distal radius fragment with a 
substantial offset from the bone surface. All five patients were women 
aged between 63 and 74 years.

The preoperative planning was performed based on bilateral 
computed tomography (CT) scans of the forearms (slice thickness 
0.625 mm, x/y pixel spacing 0.2 mm/0.2 mm, 80 kV, 10 mA [15]) 
acquired with GE Discovery CT750 HD scanner (GE Healthcare, 

Milwaukee, Wisconsin, USA). The DICOM (Digital Imaging and 
Communications in Medicine) images of the radius and ulna were 
segmented and converted into 3D stereolithography (STL) objects 
using the software Mimics Innovations Suite, MIS (Materialise NV, 
Leuven, Belgium). An in-hospital team of surgeons and engineers 
created a virtual surgical plan on the 3D STL objects using MIS. 
Patient-specific drilling and cutting guides for each patient were 
designed in-house and 3D-printed with a selective laser sintering 
technique (SLS) on an EOS P396 printer in PA2200 MEDICAL raw 
material by an industrial partner according to ISO13485 standards 
and sterilized for use during the surgical procedure.

A custom shim instrument was created for each patient as part of 
the 3D surgical planning process (Figure 1a–c). The instrument 
consisted of two parts: a shim that sat between the plate and the 
bone, and a handle; this design is compatible with a Synthes two-
column plate, which has a window between the two columns. The 
instrument was designed so that the distal edge of the plate’s window 
rests on the shim. Furthermore, the shim was designed to fit firmly 
between the plate and the bone without hindering the placement of 
screws. Two small wings on the sides increase the stability but still 
allow for easy instrument removal after fixation of the plate. The 
instrument handle was designed to be long enough for easy and 
accurate manual manipulation and to avoid the risk of accidentally 
leaving the instrument in the wound. No details were allowed to be 
thinner than 1 mm to ensure reliable printing. The shim instrument 
was 3D-printed in the same material as the drilling and cutting 
guides.

During surgery, after drilling and performing the osteotomy, the 
screws in the distal fragment were placed, but not locked. Then, the 
shim instrument was placed between the bone and the plate to 
support the plate at the correct angle, while the screws were 

Figure 1.  The shim instrument top (a) and lateral (b) view, and its positioning when the plate is fixated with the screws prior to reduction (c). The process of using 
the shim instrument is depicted in the bottom row of images (d–h). First, a drill guide (d) is used to aid in drilling screw holes, and another guide is used to guide 
the cutting; once the bone is cut, a plate is attached to the distal part of the bone, and screws are inserted but left unlocked (e); a shim instrument is inserted 
through the plate column to fit between the bone and the plate (f ); the screws are then locked in position, while the shim instrument helps to hold the plate at 
the desired angle (g); the shim instrument is removed, and the bone is reduced by fixating the plate proximally (h).
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advanced and locked, as visualized in Figure 1e–h. The plate position 
was planned in such a manner that the distal edge had two contact 
points on the bone. This secured the rotational position of the plate.

Evaluation of surgical and radiographic parameters

Surgical details, such as the use of bone grafts and division of the bra-
chioradialis tendon, were documented. In addition, we assessed if 
there was any bone contact between the proximal and distal radius 
segments after fixation. The planned maximal distraction was meas-
ured on the dorsal side of the radius in the virtual model.

Since the correction was 3D planned, the radiographic parameters 
were not measured on 2D radiographs. To compare the volar tilt, 
radial inclination, and ulnar variance of the preoperative, planned, 
and postoperative radius and ulna of each patient, the parameters 
were measured in MIS on the 3D models. The volar tilt was measured 
between a line drawn from the most volar point on the teardrop to a 
point on the dorsal edge of the radius in the sagittal plane and a 
plane perpendicular to the central axis of the radius. The central 
reference point (CRP) [16] was defined in the middle of the rim 
between the lunate fossa and the sigmoid notch. The radial inclination 
was measured between a line drawn from the CRP to the tip of the 
styloid and the perpendicular plane to the central axis. The ulnar 
variance was measured as the distance between the perpendicular 
plane to the central axis of the radius with the origin at the CRP and a 
parallel plane with the origin on the distal surface of the ulnar head.

3D Evaluation of the fixation method

To assess the accuracy of the fixation method, the patients were 
scanned within 1 week after the surgery with the same CT protocol as 
the preoperative scans. The built-in metal artifact reduction available 
for the GE Healthcare CT scanner was applied to the images. The post-
operative CT images were segmented, and postoperative models 
were created and compared to the respective virtual plans. The post-
operative positions of the distal radius fragment, the plate, and the 
screws were assessed with respect to the virtual plan. The screw 
angles were further analyzed with respect to the distal radius frag-
ment and the plate. The position of the drill and cutting guide during 
the surgery was examined by looking at the displacement of all 
points where the screws enter the bone.

The position errors in the postoperative models were calculated 
by extracting the transformation matrix between the postoperative 
models and the respective planned models. The models were aligned 
using the Iterative Closest Point algorithm [17]. The transformation 
matrix provided us with rotation and translation measures in X, Y, and 
Z axes, according to the predefined coordinate system.

The axes of the translation and rotation were defined to reflect 
established radiological parameters in 3D space [16] (Figure 2). The 
origin of the coordinate system was defined at the CRP. The Z-axis was 
parallel to the central axis of the distal radius. The central axis of 
the radius was defined as the section between the center plane of the 
radius segment between 3 and 5 cm from the CRP in the lateral and 
anteroposterior projection [18,19]. The X-axis extended from the 
origin to the projection of the tip of the radial styloid, perpendicularly 
to the Z-axis. Finally, the Y-axis was orthogonal to the Z- and X-axes. In 
the coordinate system, the translation along the Z-axis corresponds 
to the radial length and, in case of an unchanged ulna, to the ulnar 
variance. The rotation around the X-axis corresponds to the volar tilt 
and the rotation in the Y-axis to the radial inclination. Positive rotation 
around the X-axis indicates an increase in volar tilt; around the Y-axis, 
an increase in radial inclination; and around the Z-axis, an increase in 
pronation deformity.

For each patient, the distal radius residual correction error was 
extracted from the transformation matrix by aligning the articular 
surface of the postoperative model to the planned model.

Because the postoperative model of the plate and the screws 
contained metal artifacts, we used the STL model of the plate and 
aligned it to the segmented plate model from the postoperative CT. 
For each screw, a central axis was created, and the point where the 
axis entered the bone was marked. From the axis and the entrance 
point, virtual cylinders were created for each postoperative screw 
with a diameter equal to the diameter of the planned screw.

To assess the angle error of the distal screws with respect to the 
plate, the planned plate model with screws (Figure 3a) was first 
aligned to the postoperative position of the plate. The transformation 
between the postoperative and planned screw cylinders was 
measured. The mean error across all screws represents the fixation 
error of the screws to the plate and indicates how well the shim 
instrument fulfilled its function, presuming that the guide position 
was correct (Figure 3b).

The error of the distal screw position within the bone was 
measured by first aligning the postoperative distal radius fragment 
with the screws to the planned distal radius position and then 
measuring the transformation between each screw cylinder and the 
planned position. This transformation (mean rotation of all screws 
around the X-axis) represented the migration of the screws in the 
distal radius fragment, presuming that the guide position was correct 
(Figure 3c).

The error in the position of the proximal screws was measured in 
the same way as the angle error of the distal screws. The proximal part 
of the plate was always fixed with one cortical screw in the sliding 
hole and two fixed-angle screws in the most proximal holes. As the 
highest force is exerted on the cortical screw during reduction, we 
observed a large displacement of this screw. For this reason, only the 
two most proximal fixed-angle screw transformations were measured.

The postoperative plate position in relation to the distal radius 
fragment was measured by first aligning the postoperative distal 
radius with the plate to the planned distal radius position and then 

Figure 2.  The coordinate system used for the analysis. The black dot, which 
is the central reference point (CRP), is located on the rim between the lunate 
fossa and the sigmoid notch. CRP is used as the origin of the coordinate sys-
tem. The red dot indicates the tip of the radial styloid.
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measuring the transformation between the postoperative and the 
planned plate position. This error (rotation around the X- and Y-axes, 
and translation along the Z-axis) reflects the displacement of the 
distal radius fragment in relation to the plate position (Figure 3d).

Ethics

This study was approved by the Swedish Ethics Review Board 
(DNR:2021-01974). Participants received oral and written information 
about the study before giving written consent to participate.

Results

Surgical and radiographic parameters

The shim instrument was used in five surgeries (Table 1). The radio-
graphic assessment showed good adherence to the surgical plans in 

terms of ulnar variance and radial inclination. However, volar tilt 
measurements performed within 1 week after surgery showed 
greater deviation from the surgical plans compared to radial inclina-
tion and ulnar variance.

3D analysis of the errors in the fixation method

Error in volar tilt. The total error in volar tilt is determined by the error 
of the screws in relation to the plate and the error of the screws in 
relation to the bone. This is illustrated in Figure 3.

Across the five surgeries, the mean absolute error in the rotation 
around the X-axis was 6.1°. In one patient, the absolute error was 9.5° 
(Table 2). In all patients, volar tilt values correspond to the negative 
error of the plate after first reversing the distal radius fragment to the 
planned position. The influence of the shim instrument on the distal 
radius correction error was not consistent across the patients (Table 
2). The magnitude of the distal screw angle error around the X-axis 
with respect to the plate was below 5°. Settling of the bone on the 
screws was an important contributor to volar tilt loss. The combined 
loss in volar tilt due to the screw error in the bone and that in the plate 
– which indicates the total error around the X-axis – corresponds well 
to the distal radius volar tilt error.
Errors in radial inclination and ulnar variance. Analysis of the radial 
inclination error showed good adherence of the corrections to the 
surgical plans with the mean absolute error of rotation around the 
Y-axis of 1.6° (Table 3). The mean absolute rotation error of the plate 
position around the Y-axis exceeded 2°. In one patient, we observed a 
-4.5° error in plate position, which was likely caused by the rotation of 
the guide during drilling combined with the effect of fixation of the 
plate under tension (Figure 4). The errors in the plate and guide posi-
tioning did not appear to affect the distal radius error consistently 
across the patients.

The error in translation along the Z-axis, corresponding to the 
ulnar variance, showed good adherence to the plan, with a mean 
absolute error of 0.6 mm (Table 3). A relatively high error was observed 
in the guide and plate position for patient 1. These deviations, 
however, did not influence the result of the correction since the guide 
translation is the same in both the proximal and distal fragments.

Figure 3.  Contributing factors to the loss of volar tilt. The purple radius fragment is the planned correction and the correct position of the screws and plate; the 
planned volar tilt is shown (a). The blue model represents the loss in volar tilt when the plate was not fixed at the correct angle to the screws (b). The screws have 
the same position in relation to the distal radius, but there is a loss in the angle to the plate. The green model shows the final postoperative result (c). The plate 
and screws have the same position as the blue model, but the distal radius has settled under the pressure exerted during reduction, resulting in perceived screw 
migration. The loss in angle between the plate and the distal radius fragment is visualized when the planned correction of the distal radius depicted in the purple 
model is aligned with the blue and green models (d).

Table 1.  Demographics and radiographic measurements of the five patients 
before surgery, the planned correction, and after surgery.
Demographic and radiographic data Patient ID

1 2 3 4 5

Age (years) 71 74 73 64 63
Side R L L R L
Brachioradialis divided No Yes No No Yes
Maximal dorsal distraction 
(mm)

8.4 12.9 13.7 7.4 11.5

Bone graft None None ICa + b ICb ICb

Volar cortical contact Yes No No No No
VT (°) Before -21 -18.8 -26.1 -15.7 -34.5

Planned 5.8 18.6 12.2 8.7 5.6
After 4.7 11.3 6 1 5.4

RI (°) Before 19 27.5 14 21.9 9.5
Planned 25.1 27 23.2 25.7 27.1
After 23.5 28.5 22.5 22.8 26.3

UV (mm) Before 2.9 3.4 6.1 2.8 0.7
Planned 1.9 -0.4 1.9 1 0
After 2.3 0.2 2.3 0.8 1

VT: volar tilt; RI: radial inclination; UV: ulnar variance; IC: iliac crest. aCortical; 
bCancellous.
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Errors in proximal screw fixation. The position of the proximal, fixed-an-
gle screws after surgery compared to the virtual plan is presented for 
each patient in Table 4. These errors are a result of the errors in the 
guide position and the errors in screw fixation to the plate due to the 
variable angle locking system.

The errors in guide and plate position were highest in patients 1 
and 3. These patients also had the most rotation in the proximal 
screws. This is a consequence of the plate not being fixed precisely 
where it was planned and drilled for. Patient 5 had a pronounced 
error in the rotation around the X-axis in the proximal screws, 
indicating that the screws were locked while pointing slightly distally 
during reduction. This led to the plate being fixed in a position more 
proximal than intended and could, therefore, explain the magnitude 
of loss in ulnar variance, which was 0.8 mm in this patient.

Discussion

In this study, we evaluated a patient-specific, 3D-printed shim instru-
ment to aid in securing the volar locking plate at the appropriate 

Table 3.  Radial inclination errors.
Patient ID Distal radius error Plate error Guide error

Rotation (°) Translation (mm) Rotation (°) Translation (mm) Rotation (°) Translation (mm)

Y X Z Y X Z Y X Z

1 –1.3 1.1 –0.4 –4.5 –1.4 1.8 –3.1 1.6 1.8
2 1.9 0.4 –1.2 –1.8 0.1 0.7 –2.1 0.2 0.8
3 –1.5 1.0 –0.5 –2.2 –0.5 0.1 –0.6 0.5 –0.2
4 –2.4 0.3 –0.1 –2.4 –0.2 0.4 –1.9 0.1 0.2
5 –0.8 0.6 –0.8 –2.2 –0.4 0.4 –1.5 0.4 0.7
Mean** 1.6 0.7 0.6 2.6 0.5 0.7 1.8 0.6 0.7

The values correspond to the error in rotation around the Y-axis (°) and translation along the X- and Z-axis (mm) for the distal radius, the plate, and the guide. 
**The mean calculated on the absolute values.

Table 2.  Volar tilt errors.
Patient ID Distal radius 

error (°)
Plate error after reversing 

the distal radius (°)
Distal screw error in the bone*

= settling (°)
Distal screw error vs. 

the plate* (°)
Total rotation error around 

the X-axis (°)

1 -4.4 5.0 1.1 ± 2.1 -3.3 ± 2.2 4.5 ± 0.4
2 -5.6 5.9 4.5 ± 2.5 0.8 ± 3.0 3.7 ± 3.7
3 -5.8 6.4 4.9 ± 1.9 0.2 ± 1.9 5.0 ± 0.8
4 -9.5 8.5 3.8 ± 2.4 -4.8 ± 2.5 8.5 ± 0.2
5 -5.4 4.4 3.1 ± 1.5 -1.4 ± 1.5 4.6 ± 6.0
Mean** 6.1 6.1 3.5 2.1 5.3

The values correspond to the error (± standard deviation) in rotation around the X-axis (°) for the distal radius, the plate, and the distal screws. *Values calculated 
without outliers (for individual screw error values, see supplementary material S1). **The mean calculated based on the absolute values.

angle during corrective osteotomy of malunited distal radius frac-
tures. The support provided by the shim instrument was fairly good 
but not consistent across the five patients included in the study. We 
found that both the insufficient support of the shim instrument and 
the settling of the distal radius fragment during and after reduction 
contributed to the volar tilt loss in our cohort.

In the five patients included in this study, the observed correction 
had a mean absolute rotation error around the X-axis (volar tilt) of 
6.1°. This error marginally exceeded the generally acceptable limit of 
5° [1]. The analysis of the plate and screw positions after surgery 
provided us with insights into the causes of the error. The main factor 
determining the angle between the distal screws and the plate during 
fixation was the shim instrument since the plate was fixed to the 
distal fragment without tension. In two patients, the distal screw-to-
plate rotation error around the X-axis was 3.3° and 4.8°, suggesting 
that the shim instrument did not provide sufficient support.

The misalignment during screw fixation might be due to the 
instrument and plate not being correctly positioned. Enhancing the 
instrument’s design by enlarging the shim’s footprint on the bone 

Figure 4.  Positioning the drill guide (a) – images from 
the patient with the largest plate rotation error around 
Y-axis (patient 1). The purple dots represent the planned 
entrance holes for the screws, and the green dots repre-
sent the postoperative drill holes (b). The postoperative 
result (green) is projected onto the planned correction 
(purple) (c). The grey plate is the planned plate position, 
and the green plate is the postoperative plate position 
(c). Note that the guide error affects the plate error but 
does not affect the distal radius correction error to the 
same degree.
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Table 4.  Position error of the two proximal screws.
Patient ID Rotation X (°) Rotation Z (°) Translation X (mm) Translation Z (mm)

PS1 PS2 PS1 PS2 PS1 PS2 PS1 PS2

1 –0.4 1.2 3.4 2.3 –0.6 –0.9 1.2 1.2
2 1.9 2.3 –1.9 –0.5 –1.2 –1.4 –0.1 0.1
3 3.5 0.6 –1.5 2.3 0.1 –0.1 –1.1 –1.1
4 0.4 2.0 0.2 2.3 –0.8 –1.0 –0.3 –0.4
5 4.2 3.3 0.4 –2.0 –0.3 –0.6 –0.3 –0.3
Mean** 2.1 1.9 1.5 1.9 0.6 0.8 0.6 0.6

The values correspond to the rotation error of the two proximal screws around the X- and Z-axes (°) and the translation error along the X- and Z-axes (mm). PS: 
proximal screw. **The mean calculated on the absolute values.

could provide better plate support. The direction of the drilling could 
theoretically be another contributing factor, which is determined by 
the position of the guide and tolerance in the drill cylinders of the 
guide. It is not possible to extrapolate the intraoperative drill direction 
from the postoperative CT in a reliable manner because they cannot 
be visualized directly. It is only possible to determine the position of 
the screws on the CT, and they could have shifted, mainly due to 
tension during and after reduction. For the sake of the analysis of the 
plate and screw positions, we assumed, therefore, that the drilling 
error was negligible.

We suspect that, apart from the distal screw angle in the plate 
(which is a function of the shim instrument), settling of the distal 
fragment contributed to correction errors around the X-axis. This has 
been described in osteoporotic bone [20]. The distal radius settles 
until the subchondral bone rests on the distal fixed-angle screws. In 
our analysis, settling of the distal radius after reduction is expressed 
as the error – ‘migration’ – of the screw position in the bone of the 
distal radius, assuming again that drilling was done correctly. In our 
population, the mean contribution to the loss of volar tilt was 3.5°. 
The rotation error around the X-axis of the distal radius agreed with 
the sum of the screw-in-plate angle error and the negative screw-in-
bone angle error, supporting the theory that both the insufficient 
support of the shim instrument and bone settling contribute to the 
loss in volar tilt. In our cohort, the settlling of the distal osteoporotic 
bone was the main factor contributing to the loss of volar tilt. When 
combined with with inaccurate plate fixation, the settling of the bone 
lead to an unacceptable result in one patient (patinet 4). Planning of 
the distal screws in a more distal, subchondral position, could 
minimize the settling and improve the correction in patients with 
osteoporotic bone [20].

The error in radial inclination was mainly caused by tension during 
the reduction of the plate to the diaphysis. The proximal screws 
locked in a more angled position than planned because the tension 
prevented the plate from fully reaching the planned position. This is 
possible because the locking system allows for a variation of 15° [21]. 
Translations of the proximal screws are caused by guide position 
errors and, in the second place, by migration of the screws in 
osteoporotic bone. However, the migration is less pronounced than 
for the distal screws since the cortex is stronger in the diaphysis.

The generally accepted value for maximal distraction in distal 
radius osteotomy is 12 mm [22]. Even though we are not aware of any 
experimental evidence for this statement, we find this to be 
reasonable in clinical practice. Achieving this level of distraction 
during surgery is challenging without the assistance of patient-
specific guides. In three patients (2, 3, and 5), our planning resulted in 
distraction values close to or slightly exceeding 12 mm. Given the 
relatively low ulnar variance error in these cases, we can infer that 
achieving planned distraction may be facilitated by 3D surgical 
planning and patient-specific guides, as surgeons are more likely to 
aim for and achieve the planned distraction with the predrilled holes 
compared to an approach without 3D printed guides.

Our shim instrument did not always provide sufficient support to 
fixate the distal screws correctly. Despite this finding, we believe the 
concept of patient-specific support is sound to assist volar plate 
fixation during corrective osteotomy of a malunited distal radius 
fracture. Another support design has been investigated by Roner et 
al. [5], who developed a ramp guide to hold the plate at the correct 
angle during drilling and fix the plate distally. Similar to our study, 
Roner et al. found that the plate position adhered well to the virtual 
plan. Their ramp guide led to a mean flexion-extension (volar tilt) 
error of 1.97° in a group of eight patients. Although our study showed 
a larger mean correction error in volar tilt, 6.1°, the patients in our 
study were older (age range 63–74) than those included in the study 
of Roner et al. (age range 40–69) [5]. Older patients generally have 
softer bone quality and, therefore, are more prone to migration of the 
distal fragment under the forces exerted during reduction. Given that 
the settling of the bone likely contributed to volar tilt loss in our older 
study cohort, we cannot conclusively say whether the shim instrument 
provides poorer support than the ramp guide of Roner et al. [5].

The main limitation of the study design is the small cohort and the 
lack of a control group. Randomized studies with a larger cohort can 
provide a more precise estimation of the accuracy of the shim 
instrument compared to other designs for supporting the plate and 
free-hand fixation. Furthermore, long-term follow-up will be required 
to assess whether the radiographic results are maintained during 
healing and whether the correction errors have an impact on patient 
outcomes. Another limitation arises from metal artifacts in the post-
surgery CT images. A more detailed analysis of the plate position is 
not possible with current imaging techniques, as the postoperative 
virtual models are severely affected by metal artifacts on the CT scans. 
These artifacts impacted the segmentation of the metal components, 
potentially introducing some level of inaccuracy in screw and plate 
positions. Nevertheless, we do not believe these inaccuracies had a 
substantial influence on the results and the conclusions of this study. 
There are several limitations to the design of the shim instrument as 
well. Our instrument can only be used with a two-column plate as it 
must be positioned in the opening between columns to ensure the 
stability of the plate when the screws are being tightened. Positioning 
a shim from the ulnar or radial side will not guarantee the stability of 
the plate during fixation. The shim instrument must also be held by 
the surgeon while tightening the screws, which adds another 
instrument to handle. While we did not attempt to systematically 
assess surgeons’ impressions of the shim instruments, they reported 
satisfaction with it. It may be partly attributed to their direct 
involvement in its design. This highlights the benefit of in-house 
design and 3D printing for patient-specific instruments, as it allows 
for immediate adjustments based on the surgeon’s feedback and 
experience.

Our results provide a few directions for future research to explore. 
Other techniques for plate positioning on the distal fragment can be 
tested, as well as different solutions to reduce tension on the reduction. 
Both the problem of the plate fit and the tension of the reduction can 
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be addressed by using patient-specific plates. In conclusion, the 
correction error resulting from our shim instrument was not consistent 
across patients but generally fell within the acceptable limit of 5°. The 
shim instrument was not the only factor that impacted the volar tilt 
error in the cohort. Distal radius settling, which largely depends on the 
amount of force exerted during reduction and on the quality of the 
bone, contributed to correction errors.
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