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Plate prebending using a three-dimensional-printed model
affords effective anatomical reduction in clavicular shaft
fractures

Hyungsuk Kim, Younsung Jung, Hyun Seok Song
Department of Orthopedic Surgery, Eunpyeong St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, Seoul, Korea

Background: A precontoured plate rarely fits properly within the patient’s clavicle and must be bent intraoperatively. This study aimed to
determine whether anatomical reduction could be achieved using a plate bent before surgery.

Methods: This study included 87 consecutive patients with displaced mid-shaft clavicle fractures who underwent plate fixation and were
followed-up for a minimum of 1 year. After exclusions, 39 consecutive patients underwent fixation with a precontoured plate bent intraop-
eratively (intraoperative bending group), and 28 underwent fixation with the plate bent preoperatively (preoperative bending group). Using
free software and a three-dimensional (3D) printer, ipsilateral clavicle 3D-printed models were constructed. Using plain radiographs, the
distance between the edge of the lateral inferior cortex and the medial inferior cortex was measured. The angle between the line connecting
the inferior cortex edge and the line passing through the flat portion of the superior cortex of the distal clavicle was measured.

Results: Mean length differences between the ipsilateral and contralateral clavicle were smaller on both anteroposterior (AP; P=0.032) and
axial images (P=0.029) in the preoperative bending group. The mean angular differences on both AP (P=0.045) and axial images (P=0.008)
were smaller in the preoperative bending group. No significant differences were observed between the two groups in functional scores at
the last follow-up.

Conclusions: Smaller differences in length and angle between the ipsilateral and contralateral clavicle, indicative of reduction, were ob-
served in the preoperative bending group. Using the precontoured technique with low expense, the operation was performed more effec-
tively as reflected by a shorter operation time.

Level of evidence: III.
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INTRODUCTION all mid-shaft clavicle fractures [1]. Despite the high prevalence of

fracture and displacement, clavicle fractures have traditionally
Clavicle fracture is a common type of upper limb facture, ac-  been managed without surgical treatment on the basis of early
counting for 2.6%-4% of all adult fractures and 35% of shoulder =~ reports suggesting that non-union and malunion are rare out-
girdle injuries [1]. In adults, 69%-82% of these fractures occurin ~ comes [2]. However, there are several studies reporting higher

the mid-shaft, and significant displacement is reported in 73% of =~ non-union rates with conservative treatment, ranging from 7%
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to 15% [3-5]. Furthermore, fracture union is commonly achieved
with some degree of angulation and/or shortening. Related clini-
cal findings after non-surgical treatment include limited range of
motion, disappointing cosmetic outcomes, and residual pain
[3,6]. Thus, surgical treatment for displaced clavicle fractures is
increasingly performed in clinical practice [4,7].

The human clavicle has a distinct double-curved, S-shaped
three-dimensional (3D) structure and shows considerable vari-
ation in terms of length, diameter, and degree of bowing [8].
Current surgical treatments include interfragmentary screw
fixation, cerclage wiring, intramedullary fixation, and plate fix-
ation [4,9-12]. Although there have been reports of reasonable
results with intramedullary fixation [13,14], plate fixation is
preferred in patients with displaced comminuted fractures be-
cause interposed soft tissues can impair fracture reduction
[10,15]. Furthermore, plate fixation allows firm fixation via
cortical bone compression and promotes resistance against ro-
tational torque. A systematic review by Zlowodzki et al [9]
demonstrated that plate fixation reduced the non-union rate for
acute mid-shaft clavicle fractures to 2.2%, compared with 15.1%
for conservative treatment.

There are several commercially available precontoured ana-
tomical plates. These plates are designed to fit the natural shape
of the clavicle. Precontoured plates were originally introduced to
shorten the operation time as they eliminate the need for intra-
operative plate contouring. However, the precontoured plate fre-
quently fails to fit properly within the patients clavicle and must
be bent intraoperatively by the surgeon.

Most assessments of clavicle fracture treatments are based on
the union rate and clinical results. To our knowledge, no studies
on patients with clavicle fractures have assessed the extent of an-
atomical reduction compared with the pre-injured state. Clavicu-
lar shortening greater than 2 cm has been used as a marker of
poor clinical outcome, but this finding is controversial [3,16].

This study was performed to determine whether anatomical
reduction could be achieved using a plate bent before surgery.
We hypothesized that the use of pre-bent plates would result in
smaller differences between the ipsilateral and contralateral clav-
icle, promoting more effective anatomical reduction and shorter

operation times.

METHODS

The study protocol was approved by the Institutional Review
Board of Eunpyeong St. Mary’s Hospital (No. PC20RISI0021),
which waived the requirement for informed consent due to the

retrospective design. Approval was granted to “Comparison of
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the anatomical plate using 3D printer” (No. PIRB-20200305-005)
on March 5, 2020.

Patient Enrollment

The study included 87 consecutive patients with closed displaced
mid-shaft clavicle fractures who underwent open reduction and
internal fixation with similar products at a university hospital be-
tween January 2015 and October 2019. Plate bending was per-
formed intraoperatively when contour mismatch was observed
after reduction. After excluding 14 patients in whom plate bend-
ing was not performed intraoperatively or preoperatively, 73 pa-
tients were included. Forty-one consecutive patients underwent
fixation with a precontoured plate bent intraoperatively (intraop-
erative bending group), and 32 consecutive patients underwent
fixation with a precontoured plate bent preoperatively (preopera-
tive bending group). After excluding two and four patients, re-
spectively, with a less than 1-year follow-up, the final sample sizes
were 39 patients in the intraoperative bending group and 28 pa-
tients in the preoperative bending group (Fig. 1). All surgeries
were performed at one university hospital by the senior author.
The exclusion criteria were open fracture, age younger than 17
years, previous history of fracture of the ipsilateral clavicle or
shoulder, and injury of the ipsilateral side.

Demographic information is shown in Table 1. The mean pa-
tient age was 49.6+16.1 years (range, 18-76 years) in the intra-
operative bending group and 53.1+19.7 years (range, 18-80
years) in the preoperative bending group (P =0.444). The Robin-
son classification, which is considered essential for treatment se-
lection and prognostic assessment of mid-shaft clavicle fractures
[17,18], was used to categorize patients by fracture pattern. No
statistically significant difference in the Robinson classification

was found between two groups (P=0.139). One patient had a zy-

87 Open reduction and internal fixation
to treat displaced mid-shaft clavicle
fractures from Jan 2015 to Oct 2019

.| 14 Excluded
Operation without bending

41 Intraoperative bending | | 32 Preoperative bending

2 Excluded
—» Less than 1-year —>
clinical follow-up

4 Excluded
Less than 1-year
clinical follow-up

A A
39 Final inclusion: 28 Final inclusion:
intraoperative bending preoperative bending

Fig. 1. Study flow diagram.
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Table 1. Patient demographic data

Variable Intraoperative bending group (n=39) Preoperative bending group (n=28) P-value
Age (yr) 49.6+16.1 (18-76) 53.1+19.7 (18-80) 0.444
Follow-up duration (mo) 17.3+7.3 (12-36) 14.4+6.1 (12-42) 0.018
Sex 0.180
Male 35 21
Female 4 7
Affected side 0.310
Right 16 15
Left 23 13
Robinson classification [18] 0.139
2A2 4
2B1 3 4
2B2 26 19
3B1 4 1
3B2 2 0

Values are presented as mean + standard deviation (range).

gomatic fracture, and another had scapula and glenoid fractures
on the contralateral side. The mean follow-up duration was
17.3+7.3 months (range, 12-36 months) in the intraoperative
bending group and 14.4+ 6.1 months (range, 12-42 months) in
the preoperative bending group. The follow-up duration was lon-
ger in the intraoperative bending group (P=0.018).

Preoperative Bending of the Plate Using a 3D-Printed
Model

To obtain images of the un-injured contralateral clavicle, com-
puted tomography (CT) scans of both sides were obtained in all
patients. CT axial images of both clavicles, in digital imaging and
communications in medicine (DICOM) format, were obtained
from the picture archiving and communication system (PACS).
Free open source software, ITK SNAP (https://www.itksnap.org,
ver 3.4.0), was used to reconstruct un-injured contralateral CT
axial images into 3D structural images [19]. This software al-
lowed the authors to delineate 3D anatomical structures of cla-
vicular cortical bone. Semi-automatic segmentation was per-
formed with this software using active contour methods. Manual
segmentation was performed for thin cortical bone areas when
semi-automatic segmentation was insufficient (Fig. 2).

The constructed 3D contralateral clavicle images were convert-
ed to ipsilateral clavicle images using the mirroring function in
the free open source software Meshmixer (https://www.mesh-
mixer.com, ver 3.0) (Fig. 3). Clavicular models were constructed
with a fused deposition modeling type 3D printer (da Vinci 2.04,
XYZ Printing) using acrylonitrile-butadiene-styrene filaments.
Each model could be printed with less than 2 U.S. dollar (USD)

of filament.
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For each 3D-printed clavicular model, a precontoured plate
(Modular Clavicle Plate System, Synthes) was mounted on the
superior aspect of the model in the best-fit position. Bending of
the plate was performed to match the contour of the 3D-printed
model (Fig. 4). Pre-bent plates were sterilized prior to surgery.

Surgical Procedures

Each patient underwent general anesthesia and was placed in the
supine position. A transverse skin incision was made over the
fracture site, and soft tissue dissection was meticulously per-
formed. After the fracture pattern had been identified, reduction
was performed. In patients with comminution, interfragmentary
or cerclage wiring was performed to reduce comminuted fracture
fragments before placement of the plate. Reduction forceps or
towel clips were occasionally used for temporary reduction main-
tenance. Precontoured plates (Modular Clavicle Plate System,
Synthes) were used for all patients.

In the intraoperative bending group, additional plate bending
was performed to match the clavicular contour. In the preopera-
tive bending group, the pre-bent plate was mounted and fixed
under the image intensifier. In both groups, a Velpeau sling was
applied for 4 weeks postoperatively. Early mobilization of hand
and elbow joints was initiated if the pain was tolerable. Patients
were permitted to resume their normal daily activities at 6 weeks

postoperatively.

Radiological Assessment
Both clavicular anteroposterior (AP) and axial images were ob-
tained immediately after the operation. The ipsilateral and con-

tralateral lengths of the clavicle were measured in both AP and
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Fig. 2. Reconstruction of computed tomography (CT) axial images to three-dimensional structural images using ITK snap (version 3.4.0).

axial images. The length was measured between the edge of the
lateral inferior cortex and the medial inferior cortex (Fig. 5). The
clavicular angle was also measured. Specifically, the angle be-
tween the line connecting the inferior cortex edge and the line
passing through the flat portion of the distal clavicular superior
cortex was measured on AP images. The angle between the line
passing through the flat portions of the medial and distal clavicle
was measured on axial images (Fig. 6).

Length and angular differences between ipsilateral and contra-
lateral clavicles were calculated by subtracting the ipsilateral val-
ues from contralateral values. Absolute differences were com-
pared between the two groups. All measurements were per-
formed independently by two orthopedic surgeons who were
blinded to patient information during the measurement process

(HK and HSS). Measurements were performed twice by each in-
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vestigator, with a 4-week interval between measurements. In-
traobserver and interobserver reliability were analyzed using in-

traclass correlation coefficient.

Clinical Assessment

Operation times were compared between the two groups. Serial
plain radiographs were collected during follow-up visits. Fracture
union times and union rates were compared between the two
groups. Complications were also analyzed in both groups. Non-
union was defined as a radiologically visible fracture gap at six
months postoperatively. Implant failure was defined as screw
loosening or implant breakage without evidence of bone healing.
At the last follow-up visit, functional outcomes were compared
using the American Shoulder and Elbow Surgeons and Constant

scoring systems.
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Fig. 3. Mirroring function of Meshmixer (version 3.0) used for inversion of the contralateral clavicle.

Statistical Analysis

Statistical analyses were performed using IBM SPSS statistics ver.
24.0 (IBM Corp.). Student t-test was used for comparison of ra-
diological and clinical data between the two groups. Pearson’s
chi-square test, Fisher’s exact test, and the linear by linear associ-
ation test were used to compare demographic characteristics be-
tween the two groups. Mean, standard deviation, and standard
error of the mean values were calculated for all variables. Statisti-

cal significance was set at P <0.05.

RESULTS

Radiological Assessment
The mean length difference between the ipsilateral and contralat-
eral clavicles was smaller on both AP and axial images in the pre-

operative bending group. The mean length difference measured
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on AP images was 7.9+4.8 mm in the intraoperative bending
group and 5.8+3.0 mm in the preoperative bending group
(P=0.032). The mean length difference measured on axial imag-
es was 8.2+5.6 mm in the intraoperative bending group and
5.3+4.3 mm in the preoperative bending group (P=0.029).

The mean angular difference between the ipsilateral and con-
tralateral clavicle, on both AP and axial images, was smaller in
the preoperative bending group. The mean angular difference
measured on AP images was 4.6°+3.2° in the intraoperative
bending group and 3.2°+2.1° in the preoperative bending group
(P=0.045). The mean angular difference on axial image was
8.1°+6.9° in the intraoperative bending group and 4.7°+2.9° in
the preoperative bending group (P =0.008).

The intraclass correlation coefficients were 0.987 (P <0.001)
and 0.968 (P <0.001) for the length measurements on AP and ax-
ial images, respectively. The values were 0.911 (P <0.001) and
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Fig. 4. Preoperative plate bending to match the contours of the three-dimensional-printed model and plate (Synthes). A fracture line is drawn
on the model. (A) Before bending (superior view and anterior view). (B) After bending (superior view and anterior view).

Fig. 5. Length measurement methods. The distance between the edge of the lateral inferior cortex and the medial inferior cortex (yellow dot-
ted line with arrows) was measured on both (A) anteroposterior and (B) axial plain radiographs. The lateral and medial border is marked with

white dotted lines.

Fig. 6. Angular measurement methods. (A) On anteroposterior images, the angle between the line connecting the inferior cortex edge and the
line passing through the flat portion of the distal clavicular superior cortex was measured. (B) On axial images, the angle was measured be-
tween the line passing through the flat portion of the medial and distal clavicle.

0.961 (P<0.001) for angulation measurements on AP and axial

images, respectively.

Clinical Assessment

The operation time was 85.6 minutes in the intraoperative bend-
ing group and 69.7 minutes in the preoperative bending group
(P<0.001) (Table 2). One patient in the preoperative bending
group exhibited delayed union. In the intraoperative bending

group, one non-union, one delayed union, and two cases of screw
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loosening were observed. Time to union was shorter in the pre-
operative bending group (P =0.005). No significant difference
was observed between the two groups in terms of functional
scores at the last follow-up (Table 2).

DISCUSSION

When plates were pre-bent on 3D-printed models constructed

using CT images of the contralateral side of the clavicle, anatomi-

https://doi.org/10.5397/cise.2023.00339
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Table 2. Clinical assessment results

Variable Intraoperative bending group (n=39) Preoperative bending group (n=28) P-value
Operation time (min) 85.6+17.3 69.7+12.8 <0.001
Union rate (%) 97.4 (38 patients) 100 (28 patients) 1.000
Union time (mo) 57+25 43116 0.005
Complication

Non-union 1(2.6) 0 1.000

Delayed union 1(2.6) 1(3.6) 1.000

Screw loosening 2(5.1) 0 0.506
Functional score

ASES 90.0+8.8 90.6+8.9 0.773

Constant 90.0+£7.1 90.5+8.5 0.820

Values are presented as mean + standard deviation or number (%) unless otherwise indicated.

ASES: American Shoulder and Elbow Surgeons.

cal reduction was achieved in terms of both clavicle length and
angulation, which led to a shorter operation time. Surgical treat-
ment for clavicular fractures includes interfragmentary screw
fixation, cerclage wiring, intramedullary fixation, and plate fixa-
tion [20]. Leroux et al. [21] reported a revision surgery rate of
24.6%, with a non-union rate of 2.6% and malunion rate of 1.1%,
among 1,350 patients who had undergone open reduction and
internal fixation. Other reported complications include infection,
hardware failures (e.g., plate breakage or screw pull-out), and hy-
pertrophic scarring. Underlying neurovascular structures may
also be at risk during plate fixation [22].

Most studies on clavicular fractures have been aimed at achiev-
ing fracture union, which is important for management. Howev-
er, previous studies of clavicular fractures have focused on the
quality of reduction and functional restoration to the preinjury
state rather than anatomical reduction. Hill et al. [3] reported
that the likelihood of non-union or symptomatic malunion was
higher with shortening of 2 cm or more. Non-union rates of ap-
proximately 20% have been reported in patients with comminut-
ed fractures [23,24]. van der Meijden et al. [4] proposed surgical
indications including younger age, high activity level, shortening
of 1.5-2 cm with or without comminution, and significant cos-
metic deformity or multiple traumas.

To our knowledge, no reports have described the parameters
used for assessment of clavicular fracture reduction. Therefore,
we suggest that the length and angle measurements used in this
study be employed (Fig. 5). Notably, operation time was shorter
when using the prebending technique. Despite the commercial
availability of precontoured locking plates, variations in clavicle
length and angulation among individuals often lead to poorly fit-
ting plates. Additional intraoperative bending is often necessary
to match the contour and reduce the fracture gap. By prebending

the plate using a 3D-printed model constructed based on the

https://doi.org/10.5397/cise.2023.00339

contralateral side of the clavicle, we avoided the need for addi-
tional bending of the plate during surgery. In the intraoperative
bending group, more time was needed to match the contour of
the plate to the temporarily fixed fracture.

Moreover, intraoperative bending did not guarantee anatomi-
cal reduction. In the absence of wide dissection, the inferior cor-
tex could not be observed. This could complicate restoration of
the clavicular angle and cause gaps in inferior fracture sites, pro-
moting delayed union or non-union. Although there were no
significant differences in complications between the two groups
in this study, fewer complications may be expected with prebend-
ing of the clavicular plate due to the shorter operation time and
reduced intraoperative manipulation.

This study had some limitations. First, anatomical reduction
was analyzed relative to the contralateral side. Hoogervorst et al.
[25] reported the potential for error when measuring the length
of both clavicles side-to-side on thoracic CT. Those researchers
reported that approximately 32% of patients showed asymmetry
of 5 mm or more, with an absolute length difference of 3.74 mm.
In that study, only length was measured on single 3D recon-
structed thoracic CT images. However, the 3D position of the
clavicle could cause errors in clavicular length measurements. In
our study, we assessed length differences on both AP and axial
images, as well as angulation on plain radiographs. Some studies
have reported within-patient variation between the right and left
clavicles [26-28]. We believed that the contralateral clavicle
would be the most suitable reference during plate preparation.
Second, the measurement methods used to assess anatomical re-
duction in this study have not been validated by other clinicians.
Third, the plain radiographs in this study were analyzed retro-
spectively. Therefore, there may have been differences in meth-
ods among the technicians collecting the radiographs. Fourth, we

did not determine the degree to which anatomical differences
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might have affected the clinical results. Notably, we found no re-
ports discussing whether malunion affects functional outcomes.
Last, this retrospective comparative study included a relatively
small number of patients. However, the post hoc power was cal-
culated to be 98.7%, with an alpha value of 0.05.

This is the first study to assess anatomical reduction relative to
the contralateral side in patients with clavicular fractures.

We propose a method for analyzing plain radiographs in terms
of anatomical reduction in clavicular fractures. Furthermore, us-
ing free software and an entry-level 3D-printer, ipsilateral clavicle
3D-printed models were constructed. Each model could be
printed with less than 2 USD of filament.

CONCLUSIONS

Smaller differences in length and angle between the ipsilateral
and contralateral clavicles were observed in the preoperative
bending group, indicative of anatomical reduction. Using the
prebending technique with low expense, the operation was per-

formed more effectively as reflected by a shorter operation time.
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