TRAUMA

y @BoneJointOpen a

3D surgical planning including patient-
specific drilling guides for tibial
plateau fractures

a prospective feasibility study

Cite this article:
Bone Jt Open 2024;5(1):
46-52.

DOI: 10.1302/2633-1462.
51.BJO-2023-0130.R1

Correspondence should be
sent to N. Assink n.assink@
umcg.nl

N. Assink,'? K. ten Duis," J. P. M. de Vries,® M. J. H. Witjes,? J. Kraeima,? J. N. Doornberg,"* F.
F.A.lJpma’

'Department of Trauma Surgery, University of Groningen, University Medical Center
Groningen, Groningen, Netherlands

23D Lab, University of Groningen, University Medical Center Groningen, Groningen,
Netherlands

3Department of Surgery, University Medical Center Groningen, Groningen, Netherlands
“Flinders University, Adelaide, Australia

Aims

Proper preoperative planning benefits fracture reduction, fixation, and stability in tibial
plateau fracture surgery. We developed and clinically implemented a novel workflow for 3D
surgical planning including patient-specific drilling guides in tibial plateau fracture surgery.

Methods

A prospective feasibility study was performed in which consecutive tibial plateau fracture
patients were treated with 3D surgical planning, including patient-specific drilling guides
applied to standard off-the-shelf plates. A postoperative CT scan was obtained to assess
whether the screw directions, screw lengths, and plate position were performed according
the preoperative planning. Quality of the fracture reduction was assessed by measuring
residual intra-articular incongruence (maximum gap and step-off) and compared to a
historical matched control group.

Results

A total of 15 patients were treated with 3D surgical planning in which 83 screws were placed
by using drilling guides. The median deviation of the achieved screw trajectory from the
planned trajectory was 3.4° (interquartile range (IQR) 2.5 to 5.4) and the difference in entry
points (i.e. plate position) was 3.0 mm (IQR 2.0 to 5.5) compared to the 3D preoperative
planning. The length of 72 screws (86.7%) were according to the planning. Compared to
the historical cohort, 3D-guided surgery showed an improved surgical reduction in terms of
median gap (3.1 vs 4.7 mm; p = 0.126) and step-off (2.9 vs 4.0 mm; p = 0.026).

Conclusion

The use of 3D surgical planning including drilling guides was feasible, and facilitated
accurate screw directions, screw lengths, and plate positioning. Moreover, the personalized
approach improved fracture reduction as compared to a historical cohort.
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feasible, and facilitated accurate screw directions, screw
lengths, and plate positioning according to the preoperative
3D surgical planning.

Introduction

Tibial plateau fractures are among the most challenging
fractures to treat. Surgical treatment of these fractures usually
consists of open reduction and internal fixation using plates
and screws.'? Ideal plate positioning and screw trajectories
benefit fracture fixation and stability of the construct.’> The
introduction of anatomical shaped variable angle-locking
compression plates (VA-LCPs) enables variable angle screw
trajectories (diverging up to 30°) to ensure adequate frac-
ture fixation and articular support.* With this concept, screw
trajectories can be adjusted until these fit patient-specific
fracture morphology.’ Based on 2D perioperative fluoroscopy,
however, it can be hard to determine and verify the optimal
screw positions relative to the fracture fragments.

Over the last few years, innovative 3D technologies
have been increasingly used for the surgical treatment of
tibial plateau fractures.® Virtual or 3D-printed models of a
fracture could aid in understanding complex fracture patterns
and plan surgical treatment.”® In addition, surgeries could be
virtually preplanned, and surgical guides can be designed
to translate a virtual surgical plan to the actual surgical
procedure.’ Recently, we developed an innovative workflow
for the clinical application of 3D-printed drilling guides
which envelop conventional ‘off-the-shelf’ implants to aim
the screws in the predetermined directions.’ This personalized
surgical approach enabled execution of the preoperative plan
and helped to attain predetermined osteosynthesis plate and
screw positions. In this study, our concept of surgical guides
will be applied in combination with VA-LCP proximal tibia
plates, potentially ensuring optimal screw placement.

We hypothesized that 3D virtual surgical planning
in combination with 3D-printed surgical guides facilitates
optimal screw directions and improved fracture reduction
as compared to conventional surgery. The aim of this
study is to assess whether 3D-guided surgery can be used
to facilitate optimal screw trajectories in tibial plateau
fracture surgery. We assessed the feasibility and accu-
racy of this innovative procedure through a prospective
clinical cohort study and compared results with a historical
cohort.

Methods

Study design

A prospective feasibility study was performed in which
consecutive patients treated surgically for a tibial plateau
fracture with an anterolateral VA-LCP plate between Janu-
ary 2021 and April 2023 were included. Patients aged >
18 years with the availability of a CT scan with a slice
thickness of < 1 mm were eligible for 3D-assisted treat-
ment. Excluded were patients who had open fractures,
pathological fractures, or were treated nonoperatively. The
intervention consisted of 3D surgical planning including
the design, production, and clinical application of patient-
specific drilling guides. A matched historical control group
(conventional group) consisted of consecutive patients who
were operated with standard VA-LCP plates (i.e. without 3D
planning and surgical guides) within the two years before

the introduction of 3D-assisted surgery (2019 to 2020).
Written informed consent was obtained from all patients.
The University Medical Center Groningen institutional review
board approved the study procedures, and the research was
performed in accordance with the relevant guidelines and
regulations (NL72543.042.20./201900879). Patients did not
receive any reimbursement for participation. This study is
reported following the STROBE guidelines.'®

Preoperative fracture characteristics

All preoperative CT scans at the time of the injury were
assessed by two blinded observers (FFALJ, NA). The observers
consisted of an attending orthopaedic trauma surgeon (> ten
years of experience) and technical physician (> five years of
experience). CT scans were assessed in the axial, sagittal, and
coronal planes to measure the initial displacement in terms of
gap and step-off according to previously described meth-
ods,'""'? and to determine the fracture classification according
to the AO/OTA classification system." Patient characteristics
were retrieved from the electronical patient file.

3D surgical planning and guide design (intervention group)

Mimics Medical software (version 23.0; Materialise, Belgium)
was used to create a 3D model of the tibial plateau frac-
ture based on the CT data. A segmentation process was
performed using a preset bone threshold (Hounsfield Units
> 226). All fracture fragments were identified and separated to
individual masks, by combining both region growing and split
mask functions. Subsequently, the fragments were checked
and, if needed, manually separated from adjacent fragments.
Virtual fracture reduction was performed, in which all fracture
fragments were moved back to their anatomical position.
This process was supported with the (mirrored) contralateral
side or template of a healthy tibia. Together with the treat-
ing surgeon, the virtual fracture reduction was verified, and
optimal position of the plate and screw trajectories were
predetermined. Plate and screw trajectories were digitally
positioned within the 3D software.

The drilling guides were designed to perfectly envelop
the VA-LCP lateral plates (DePuy Synthes, USA). The drill-
ing guides consisted of multiple cylindric tubes in which a
stainless-steel drill sleeve (316 L, 25 mm in length, with an
inner diameter of 2.9 mm for a 2.8 mm drill) could be inserted
to guide the drill bit. After the designing process (3-Matic 15.0;
Materialise), the guides were 3D-printed by selective laser
sintering using polyamide 12 (PA12) and sterilized for usage
during the operation. The 3D surgical planning and guide
design process is depicted in Figure 1.

3D-assisted surgery

All surgeries were performed by attending orthopae-
dic trauma surgeons with several years of experience.
3D-assisted surgery included a virtual surgical planning
(Figure 2), including a 3D-printed patient-specific drilling
guide. Depending on the fracture characteristics, either
an anterolateral approach or a combined two-incision
anterolateral and medial approach was performed. In case
of bicondylar fractures, the double plating technique was
used, in which first the medial plateau was reconstructed
and fixated. Then, lateral fragments were reduced and the
VA-LCP plate was positioned and screws were placed with
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3D Reconstruction Virtual fracture reduction

Fig. 1

Implant fitting
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Planning of screw trajectories Guide design

Process of 3D surgical planning including patient-specific drilling guide design. First, a 3D reconstruction is created from the initial CT scan in
which all fragments are identified and assigned a different colour. Then, virtual fracture reduction is performed, after which a plate is digitally fitted
and screw trajectories (red bars) are predetermined. Finally, the drilling guide is designed to envelop the variable angle-locking compression plate
(VA-LCP) to guide the drill bit and screw in the planned trajectories. To position the plate at the intended location, bone-supporting extensions were
added to the design of the guide. The guide is subsequently 3D-printed and used during the operation to convert the virtual plan to the patient.

1. Preoperative 3D visualisation

Screw lengths
1. 75 mm
2. 85 mm
3. 85 mm
4. 80 mm
5. 75 mm
6. 75 mm
7. 80 mm

Fig. 2

3D virtual surgical planning including visualization of the fracture
(), visualization of the planned position of the plate and directions
of screws (Il), and the lengths of the screws (lll). A 3D-printed guide
that fits on top of the plate (lll) is used to translate the preoperative
plan (e.g. guiding plate position, screw directions, screw lengths) to
the actual operative procedure.

our patient-specific drilling guide (Figure 3). In case of
a lateral fracture only, fracture reduction was performed
through an anterolateral approach and positioning of the
plate, and screws were again executed with the aid of the
patient-specific drilling guide. Screw lengths were chosen
according to the preoperative planning.

Postoperative assessment of 3D-guided surgery

All patients underwent a postoperative CT scan within two
weeks after surgery. The CT data were used to generate a
postoperative 3D model of the reconstructed tibial plateau
with the implants and screws in situ. In order to assess
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the accuracy of the screw placements, the postoperative
3D model of the implant with screws was aligned with
the preoperative planning of the position of the implant.
The difference between the achieved and obtained screw
direction were assessed by measuring the angle between
those screw trajectories (Figure 4). The difference between
the planned and obtained entry point was determined
by measuring the Euclidean distance between these entry
points. Quality of the fracture reduction was assessed
by measuring the residual intra-articular incongruence
(maximum gap and step-off) on the postoperative CT
scan in both the 3D-guided group (intervention) and the
conventional group (control).

Conventional treatment (control group)

The control group was treated surgically with standard VA-LCP
plates without 3D visualization and 3D-printed guides during
surgery. Treatment in these patients was according to the
standard of care.

Patient demographic data

Between January 2021 and April 2023, a total of 15 patients
were treated for their tibial plateau fracture by using our 3D
planned method including surgical guides. In addition, results
of a control group, consisting of patients treated for similar
fractures in the years before introduction of 3D-guided tibial
plateau fracture surgery, were evaluated. Table | depicts the
patient characteristics of both groups. Both groups were quite
similar in terms of age, sex, American Society of Anesthesiolo-
gists (ASA) grade,'* and fracture classification.

Quality of fracture reduction

Patients in both the intervention and control group
underwent a postoperative CT scan in order to assess
quality of the surgical intervention. Fracture reduction was
assessed in terms of maximum residual gap and step-off.
Assessment was performed independently by two blinded
observers, and the average of both measurements for
each patient was used for the analysis.
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Fig. 3

3D-assisted surgery in case 3. a) Preoperative 3D visualization of the fracture. b) Virtual surgical planning. c) Intraoperative use of the 3D-printed
surgical drilling guides. Screw trajectories are drilled through the stainless-steel drill sleeve. d) Osteosynthesis plate after screw placement. e)

Fluoroscopic image of the achieved surgical result.

Fig. 4
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Postoperative assessment of the accuracy of the screw placement. a) The difference between the achieved (purple) and obtained (red) screw
directions were assessed by measuring the angle between those screw trajectories. b) The planned (yellow) and obtained (purple) position of the
implant. The difference between the planned and the obtained screw entry points were determined for all screws by measuring the Euclidean

distance between these entry points.

Statistical analysis

Statistical analysis was performed using SPSS (version 23;
IBM, USA). Continuous variables were presented as mean and
standard deviation (SD) for normally distributed data, and
median and interquartile range (IQR) if not normally distrib-
uted. A p-value of less than 0.05 was considered statistically
significant. Descriptive statistics were used to describe the
study population. Mann-Whitney U and chi-squared test were

performed to assess differences in baseline characteristics and
quality of the reduction between intervention and control
group.

Results

Accuracy of guided screw insertion

A total of 83 screws were placed through the guided method.
The median deviation of the achieved screw trajectory from
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Table I. Patient characteristics.

Intervention (n =

Characteristic 15) Control (n=15)  p-value
Median age, yrs (IQR) 55 (44 to 59) 61 (59 to 65) 0.006*
Female, n (%) 10 (66.7) 11(73.3%) 0.6901
ASA grade, n (%) 0.549t
| 3(20) 3(20)

1] 11(73.3) 9 (60)

I 1(6.7) 3(20)

AO/OTA classifica-

tion, n (%) 0.587t
B3 7 (46.7) 7 (46.7)

al 1(6.6) 00

3 7 (46.7) 8(53.5)

Median days until

surgery (IQR) 10(8to 13) 8(7to11) 0.101*

*Mann-Whitney U test.
tChi-squared test.
ASA, American Society of Anesthesiologists; IQR, interquartile range.

the planned trajectory was 3.4° (2.5° to 5.4°), whereas the
median difference between planned and achieved position of
the entry point was 3.0 mm (IQR 2.0 to 5.5). In total, for 11
out of 83 screws (13.3%) the actual screw length used was
slightly shorter than the originally planned screw length. This
occurred because the inserted screws were blocked by the
screws placed freehand from the medial plate on the opposite
side (Table IIl; see Supplementary Material 1 for example).
Placement of a slightly shorter screw did not result in any
clinical consequences.

Fracture reduction

Initial fracture displacement did not show a significant
difference between the patients who underwent 3D planned
surgery (intervention) and the control group (Table Ill). 3D
planned tibial plateau fracture surgery showed an improved
surgical reduction in terms of median gap (3.1 vs 4.7 mm; p =
0.13) and step-off (2.9 vs 4.0 mm; p = 0.03) compared to the
control group.

Discussion

Operative treatment of tibial plateau fractures is usually
complex due to fracture comminution, displacement in
multiple directions, limited exposure, and soft-tissue injuries.
Moreover, achieving optimal plate and screw positions might
be challenging, and the achieved position is hard to verify
with fluoroscopy. Preoperative planning is crucial to achieve
optimal results in tibial plateau fracture surgery: ‘plan your
operation, and operate your plan’ is one of the adages in
surgery. In this study, we developed and presented the next
level of surgical planning in tibial plateau fracture surgery.
This is one of the first clinical studies in which we literally
plan our operation in 3D, and operate our plan by using
3D-printed drilling guides in combination with regular tibial
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Table Il. Accuracy of the screw placement.

Parameter Value

Screws placed, n 83

Median screw angulation, ° (IQR) 3.4(2.5t05.4)
Median screw entry point, mm (IQR) 3.0(2.0to 5.5)
Correct screw length, n (%) 72 (86.7)

IQR, interquartile range.

plates. In summary, this personalized approach facilitates
accurate screw directions, screw lengths, and plate positioning
according to the preoperative 3D surgical planning. Moreover,
it improved fracture reduction as compared to a historical
cohort.

Over the past years, several innovative 3D technol-
ogies have been introduced for the surgical treatment of
tibial plateau fractures as described in an extensive review
about this topic.® These include two preliminary attempts of
3D-printed screw guides to facilitate guided screw place-
ment.>'® First, Huang et al'® used 3D-printed templates in
six patients to insert several Kirschner (K)-wires, which mark
the preferred screw directions. After placing K-wires, this
template was removed and a locking plate was placed along
the K-wires, which were subsequently exchanged for screws.
Although they use the concept of guided surgery, their basic
K-wire templates differ substantially from our patient-specific
drilling guides. Their preliminary results show a deviation
between planned and achieved screw trajectories of 6.34° (SD
3.42°) and 4.68° (SD 3.94°) in the coronal (x-y) and transverse
(x-2) plane, respectively. Second, Nie et al'® used 3D-printed
templates to facilitate screw osteosynthesis. These templates
were designed to fit the shape of the bone and to guide K-wire
placement. After K-wires were removed, screws were inserted
and plates were placed alongside the screws. Additionally,
this technique differed substantially since they only facilitate
‘out-of-plate’ screw placement. Their method was applied
in only four patients, and the achieved accuracy was not
assessed. Our method adds to these previous reports, because
our surgical guides were designed to envelop the plate as well
as guide the position of the implant due to press-fit extensions
on the guide. In addition, stainless-steel drill sleeves could
be inserted to directly guide the drill bit in contrary to the
previous reported methods of drilling K-wires which indirectly
guide screw placement. Our technique leads to accurate screw
placement with a median deviation of the screw trajectories
of only 3.4° (IQR 2.5° to 5.4°) and median deviation of the
screw entry point (i.e. plate position) of only 3.0 mm (IQR 2.0
to 5.5). This degree of accuracy is sufficient, since this could be
accounted for in the 3D preoperative planning, and the screws
did not penetrate the joint. Moreover, this study included both
an intervention and historic control group of 15 patients. As
compared to this historic cohort, our 3D-guided workflow
showed an improved fracture reduction.

Surgeons may wonder how 3D-guided surgery benefits
the operative results, and what it takes to implement it in their
own hospital. The improved surgical results in the 3D-guided
patients could be explained by the detailed preoperative
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Table Ill. Initial fracture displacement and quality of the articular reduction in terms of median gap and step-off in the intervention as compared to

the control group. Data are presented as medians and interquartile ranges.

Fracture displacement as measured on CT scans
Preoperative gap, mm

Preoperative step-off, mm

Postoperative gap, mm

Postoperative step-off, mm

*Mann-Whitney U test.

3D planning in combination with the accurate intraoperative
translation of the plan by using a patient-specific drill guide.
The positive effects of 3D planning and surgical guides on
patients’ outcome in orthopaedic trauma care have been
previously described.”'” The 3D workflow as described in the
current study requires some efforts including segmentation
of the bone fragments, virtual fracture reduction, planning
of the implants and screws, and finally the design of the
surgical guides. Therefore, it requires several multidisciplinary
moments in which the (3D) surgical plan is discussed before
surgery, potentially leading to an improved understanding of
the fracture morphology and treatment strategy. In order to
facilitate this 3D workflow, specialized 3D software, technical
physicians skilled in the software, and dedicated surgeons are
needed. This workflow starts with a 3D segmentation of the
fracture, after which the fracture is reduced and a proposal
for implant position and screw direction is made (which
usually takes 1 to 2 hours). The proposed plan is discussed
and altered based on the preferences of the surgeons, after
which the surgical guide is designed (a process which takes
30 to 60 minutes). After the design of the surgical guide is
approved in another multidisciplinary meeting, the approved
design will be fabricated (costs €50 to €200). In our study, this
was done by an external printing facility which complies with
EU safety regulations, and takes three to four days including
returning the printed guides by mail. Lastly, after receiving
the 3D-printed guides, they were sterilized within our own
hospital sterilization unit, which takes another day, leading
to a total of five to six days’ process time for the whole
3D workflow. Due to swelling of the knee after the injury,
surgery is generally extended for about seven days following
the injury. Considering a timeframe of five to six days for the
whole 3D workflow, this process was deemed feasible.

One of the limitations of this study is that it is
a case-control study instead of a randomized controlled
trial. Ideally, patients should be randomized into either the
intervention or the control group. However, the goal of this
pilot study was to show the feasibility of an innovative 3D
workflow. Another limitation of our proposed method is that
in the 3D surgical planning, anatomical reduction of the
fracture is assumed. Prior to the use of our 3D guides, the
fracture needs to be reduced. However, the complexity of
the fracture does not always allow for perfect anatomical
reduction in practice. Therefore, accurate positioning of the
implant with the enveloped surgical drilling guide appeared to

Intervention (n=15)
9.7 (49t0 13.2)
9.9(5.6t011.9)
3.1(1.8t04.7)

29(1.8t03.7)

Control (n=15) p-value*
7.9(69t011.8) 0.713
6.7 (5.3t0 14.8) 0.744
47 (3.0t05.4) 0.126
4.0(3.3t05.0) 0.026

in all cases for executing the 3D surgical planning. Lastly,
widespread clinical implementation of this workflow depends
of the presence of the required resources. Personnel skilled in
3D software are required, as is a printing facility that complies
with regional safety regulations. In this study, 3D printing
costs varied between €50 and €200. In addition, the designing,
printing, and sterilization usually takes around five to six days.
Yet, in most cases this timeframe was feasible, as the delay
in surgery due to surrounding soft-tissue swelling associated
with tibial plateau fractures provides an opportunity for the
completion of the 3D surgical work-up.

In summary, this is among the first clinical studies
to evaluate the application of 3D-printed surgical drilling
guides in combination with conventional plates in tibial
plateau fracture surgery. The use of 3D surgical planning
including drilling guides during the operation was feasible,
and facilitated accurate screw directions, screw lengths, and
plate positioning according to the preoperative 3D surgical
planning. Moreover, 3D surgical planning improved fracture
reduction as compared to a historical cohort.

Supplementary material

Exemplary case in which the 3D-guided inserted screws are blocked
by the screws placed freehand from the medial plate on the
opposite site.
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