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Chapter 9

General discussion

The aim of this thesis was perioperative optimisation of acetabular fracture surgery

accurately determine this critical cut-off value before it can be widely applied. Yet, the

by developing novel 3D measurements to determine the initial and residual fracture

3D gap area is not the only risk factor for conversion to a THA. Independent risk factors

displacement, and subsequently applying new 3D virtual surgical planning techniques for the

for conversion to THA described in literature are fracture type, hip dislocation, weight,

treatment of these complex fractures. For this, the current gold standard of measurements

age, gender, infection, secondary dislocation, and inadequate fracture reduction [1–4].

in 2D imaging for fracture displacement was evaluated and new 3D measurements were

Prediction models have already been made and have been used for years in trauma and

developed and correlated to clinical outcome. Next, a systematic review was performed

orthopaedic surgery, e.g. for predicting patient-reported pain and function after primary

describing the 3D technologies used in acetabular fracture surgery. Finally, the feasibility

total knee replacement surgery [5], predicting mortality after hip fracture surgery [6,7],

and accuracy of a novel treatment strategy based on 3D design of surgical guides and

and predicting tibial non-union [8]. Consequently, the development of a prediction model

patient-specific implants for acetabular fracture surgery were assessed.

to predict the risk of conversion to a THA after an acetabular fracture would also be of
great value. The 3D gap area and the other independent risk factors for conversion to THA

Accurate information about the severity and complexity of an acetabular fracture is of great

could all be included in a prediction model. The model could be used to determine the

clinical importance, because this largely determines the treatment strategy and predicts the

initial treatment of either conservative or surgical treatment (Figure 1) based on the risk of

long-term functional outcome. Clinicians use fracture classification systems and fracture

conversion to THA during follow-up, initial fracture displacement and patient characteristics.

displacement to describe the severity of a fracture. Postoperative fracture displacement to

If the risk of conversion to THA is expected to be high in the first years of follow-up, one

determine the fracture reduction is also used to predict the long-term functional outcome.

could decide to treat the patient with a primary THA.

Fracture displacement, in terms of gap and step-off, is often assessed on different imaging
modalities, i.e. radiographs, intraoperative fluoroscopy, and CT scans as described in
Chapters 2 and 3. The accuracy of pelvic radiographs, intraoperative fluoroscopy, and CT
scans in detecting gaps and step-offs was determined. Pre- and postoperative gaps and
step-offs were often undetected and underestimated on radiographs compared to CT
scans. This advocates for the usage of pre- and postoperative CT scans to determine the
fracture displacement. Also, gaps and step-offs were often undetected using intraoperative
fluoroscopy. Intraoperative fluoroscopy is used to determine whether the fracture reduction
is sufficient and if gaps and step-offs are missed, the fracture reduction might not be
sufficient after all. Thus surgeons should be aware that residual gaps and step-offs can
be easily missed or obscured by implants when using intraoperative fluoroscopy. An
intraoperative CT scan could be the next step, to more accurately assess the fracture
displacement during surgery. Finally, the inter- and intra-observer reliability was low and the
observers could not agree on the extent of the fracture displacement. This has implications
for the treatment strategy and the prediction of the prognosis. Surgeons should be careful

9

when interpreting the gap and step-off, because they can differ between observers.
Performing fracture displacement measurements in 3D has been shown to be superior to
2D measurements, because it is observer independent and enables inclusion of all fracture
lines in the assessment (Chapter 4 and 5). 3D measurements of acetabular fractures
are innovative and promising, but are also time-consuming and require expertise, which
possibly explains why 3D measurements are not yet widely used. The 3D gap area, which
represents the 3D surface area between all fracture fragments, is independently associated
with the risk of conversion to a total hip arthroplasty (THA, Chapter 5). Yet, it is unknown
which exact critical cut-off value for the 3D gap area should be used as a threshold value.
Therefore, a follow-up study is needed that includes a larger number of patients to more
156

Figure 1: An overview of a flow diagram, based on the 3D gap area (top), for determining the treatment of an
acetabular fracture. Treatment can be conservative (left), or surgical treatment (right). For surgical treatment
the options are osteosynthesis and a total hip arthroplasty. 3D technologies can be used for osteosynthesis,
consisting of 3D visualisation, 3D printing, 3D printing and pre-contouring of the implant, surgical guides,
or patient-specific implants (bottom, left to right).
157
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In our hospital, the workflow of decision making for acetabular fractures has evolved from

type of fractures often needs multiple bending manoeuvres. All of these 3D workflows are

using only 2D visualisation to (also) using 3D visualisation for treatment decisions during

a collaboration between clinical and technical experts and the Technical Physicians as a

the development of this project. Previously, only radiographs and CT scans were used

bridge between those experts. Therefore, it is crucial to add a Technical Physician to the

for decision making, but nowadays a preoperative virtual 3D model is always fabricated

team of practitioners when 3D workflows are implemented.

and examined to determine the optimal surgical approach. Current software available
for the CT scanners often provide a 3D viewer in their software. It is an improvement

TECHNICAL PHYSICIAN

for the surgeon to obtain a comprehensive view of the fracture, but this software lacks
the possibility of identifying individual fracture fragments and has no numerical analysis

In 2003 a new health care profession was introduced in the Netherlands; the Technical

of the fracture displacement which is the basis of fracture analysis. Additionally, the 3D

Physician (TP). The TP follows a 6-year education (technical medicine), focussing on both

virtual model is used during surgery to identify each individual fragment and is used as a

health care and technology, to gain technical medical expertise. The TP is trained to assess

guideline for the fracture reduction. 3D models provide more insight in the relationship

technological possibilities while taking into account the patient’s perspective. In short,

between the fragments and are therefore useful both before and during surgery. Next to

TPs may fill the gap to translate knowledge and skills between the medical and technical

3D visualisation, 3D printing, pre-contouring of implants using 3D prints, and even patient-

domain [9]. The TP is a registered profession in the Dutch law “Wet Beroepen Individuele

specific implants are also used increasingly for acetabular fractures (Chapter 6). Operation

Gezondheidszorg (BIG)” Article 3 [10], and is therefore allowed to independently perform

time, intraoperative blood loss, fluoroscopy usage, and complications decrease when using

specific clinical actions and procedures that only licensed physicians are allowed to perform.

3D technologies, but evidence for the improvement of fracture reduction and functional

The 3D analysis and 3D virtual surgical planning, with surgical guides and/or patient-specific

outcomes is currently limited (Chapter 6).

implants (as described in this thesis), are good examples of technical innovations that can
only be responsibly implemented if they are evaluated both clinically and technically. The

3D virtual surgical planning in combination with surgical guides applied to pre-contoured

implementation of the European Medical Device Regulation starting from May 2021 [11] sets

conventional implants in acetabular fracture surgery result in accurate screw placement

high standards for custom-made medical devices and the virtual surgical planning process,

during acetabular fracture surgery (Chapter 7). However, this workflow is time-consuming.

confirming the need for designated qualified staff. It is expected that the roles within the

Therefore, further research is needed clarifying whether the workflow is beneficial for

team of practitioners will change. Decisions will increasingly be based on technology and

the patient, e.g. in terms of shorter operating time or improved fracture reduction. In

data, for example 3D measurements, surgical guides, and patient-specific implants as

addition, 3D virtual surgical planning and clinical application of patient-specific implants

described in this thesis. Since the surgeon was not primarily educated for this, it requires

is feasible, results in good fracture reduction, and good clinical outcomes for acetabular

a new expertise. The TP is educated in technology and could be the link between surgeons

fractures (Chapter 8). However, this workflow requires software, expertise and there is a

and technology, providing that the TP is also educated in the orthopaedic trauma surgery

learning curve for the usage of the patient-specific implants. Before wide application, further

domain. Therefore, the integration of a Technical Physician trained in the orthopaedic

studies are needed comparing patient-specific implants with the conventional implants, to

trauma surgery is essential to add to the team of practitioners to ensure high-quality care

investigate whether the fracture reduction, patient-reported outcome measurements, and

and to comply with existing regulations.

the risk of conversion to THA improve using patient-specific implants.

9

FUTURE PERSPECTIVES

It is currently unknown which technique is most beneficial for the individual patient and
for the specific fracture type, so further comprehensive research is needed to clarify this.

Hybrid operating room

This thesis can be used as a foundation showing the possibilities of 3D technologies for

In a standard operating room, the use of imaging modalities is often limited to intraoperative

acetabular fracture surgery. Based on the findings in this thesis, a virtual surgical planning

fluoroscopy. A hybrid operating room [12] is a fully functioning operating room that can

should be used for each patient surgically treated for an acetabular fracture in the future.

be combined with advanced imaging systems [13]. Yet, to maximize the technical potential

One could choose which 3D workflow one should use based on the shape of the pelvis

of a hybrid operating room you need advanced hardware, advanced software and also

and the fracture type. A conventional implant could be fitted virtually on the 3D model.

a Technical Physician to integrate all the different aspects introduced in this thesis. In a

If the conventional implant does not fit, one could use the workflow for patient-specific

hybrid operating room, the presence of an intraoperative CT scanner makes it possible to

implants e.g. for difficult fracture types. A 3D print for pre-contouring of the implant is also

extensively analyse the fracture reduction and fracture fixation during surgery by carrying

a possibility, especially for fractures involving the posterior wall since implants for these

out the 3D measurements that were developed in this thesis (Chapter 5 and 6). When
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the fracture reduction and fixation are finished, one could perform an intraoperative CT

be more challenging, due to different fracture patterns and the challenging shape of the

scan, to immediately check the surgical outcome. The next step would be to use the 3D

acetabulum and its adjacent bones. First, it still has to be determined whether automatic

measurements and determine if the fracture reduction is sufficient while the patient is still

segmentation of acetabular fractures is possible using deep learning and whether this

in surgery. As a result, poor fracture reduction or implant malpositioning can be addressed

process is compliant with the current regulations and quality standards. Nonetheless, using

immediately and therefore revision surgery can potentially be avoided [14].

deep learning for semi-automatic segmentation and semi-automatic measurements might
be possible and could potentially speed up this process, making it easier to integrate 3D

Optimizing 3D virtual surgical planning

measurements into the image viewers in the electronic patient files. The database that

The full workflow of three-dimensional virtual surgical planning, including the process of

was created during the course of this thesis could be used as a base for developing the AI

segmentation and virtual reduction of a fracture and possibly the design of a surgical

network and the 3D gap area can be used as an output in commercially available software

guide or a patient-specific implant (Chapters 2, 7 and 8), could be improved in several

to make it widely available.

ways. First, the mirrored contralateral healthy side is currently often used as a template
for the virtual fracture reduction, because of the symmetry of the hemipelvis [15–18]. Only

Finally, finite element analysis (FEA) could possibly be used in combination with surgical

unilateral acetabular fractures were included in this thesis, because there would have been

planning. FEA is a computer simulation for analysing how a structure reacts to stresses

no reference for the fracture reduction in patients with a bilateral acetabular fracture. A

and strains. Displacements, stresses, and strains can be calculated throughout the implant

statistical shape model represents the mean shape of many 3D models and its modes of

structure and entire bone while including material properties [37]. One could simulate

variation [19]. A statistical shape model could be used for virtual fracture reduction if a

different implant configurations on the same model and predict which implant configuration

patient has a bilateral acetabular fracture [20].

is most suitable for the specific fracture and the patient characteristics. FEA was already
used to determine the best fixation options for several different types of acetabular

Second, bone quality could be included in the virtual surgical planning and implant design.

fractures [38–41]. While FEA requires some simplifications, it is possible to determine

Osteoporosis reduces bone density and bone strength [21], increasing the risk of a fracture.

the stresses on implants [37]. Thus, FEA could be used to investigate different implant

Hounsfield Units (HU) of the CT scan are CT numbers that represent the tissue density.

configurations and to optimize the implant design.

The HU can be correlated with the t-scores of the dual energy x-ray absorptiometry (a
measurement of bone mineral density) that are used for assessing osteoporosis [21–23].

CONCLUSION

Therefore, the CT scan and its Hounsfield Units can be used to predict bone quality. Failure
of internal fixation is more often due to bone failure than implant failure in osteoporotic

Three-dimensional technologies are increasingly used in surgery and are setting the new

bones [24]. Moreover, impaired bone quality significantly increases the risk of a poor

standard of care in multiple treatments in trauma and orthopaedic surgery. In this thesis,

fracture reduction in acetabular fractures [25]. Patient-specific characteristics e.g. bone

several 3D technologies were investigated and applied to improve surgical treatment and

quality and age can be taken into account in a virtual surgical plan, adapting the surgical

outcomes. First, in this thesis we proved that the use of 3D measurements to determine the

plan to comply with these characteristics. Therefore, including bone quality in the surgical

initial and residual fracture displacement for acetabular fracture surgery is reliable, observer

planning can be beneficial for the fixation options and the fixation strength.

independent, and can also be correlated with clinical outcome. Therefore, we promote
that 3D measurements should be used for acetabular fracture assessment to determine

All the steps of the 3D measurements and virtual surgical planning were manual actions

the treatment strategy for acetabular fracture surgery. In the second part of this thesis

in this thesis. Ideally, the 3D measurements and the first steps of virtual surgical planning

the clinical application of surgical guides and patient-specific implants was investigated

(segmentation and virtual fracture reduction) will be automated using artificial intelligence

and it was proved that these technologies were feasible and potentially of high additional

(AI) techniques for acetabular fractures. Studies using AI, more specifically machine learning

value to the surgery. This thesis can be used as the foundation for implementation of 3D

and deep learning, show the possibility of fracture detection on radiographs and sometimes

measurements and virtual surgical planning for acetabular fractures.

CT scans [26–29]. Some examples: Detecting hip fractures and performing automatic
measurements of the hip joint on pelvic radiographs [30–32], automatic detection of
acetabular fractures on CT scans [33], automatic segmentation of the femur and knee
based on magnetic resonance imaging (MRI) [34,35], and automatic segmentation of the
mandible based on CT scans [36]. Yet, automatic segmentation of fractures is expected to
160
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