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General introduction and thesis outline



Chapter 1

Background and epidemiology of bone tumors

Bone tumors, which encompass a diverse spectrum of neoplastic conditions, pose unique
challenges in diagnosis, prognosis and treatment. They can either be benign and less
invasive, or malignant and highly aggressive. Although bone tumors are rare, they remain
one of the most common malignancies in patients from childhood through young
adulthood(1). Sarcomas specifically, are a complex group of mesenchymal tumors that
originate in bones and soft tissues(2). Osteosarcoma is the most common primary bone
malignancy, with an incidence of 4 cases per million people per year(3). Chondrosarcoma
is the second most common primary malignant bone tumor with an incidence of 2-4 cases

per million people per year(4, 5).

Background of chondrosarcoma

Chondrosarcoma is a rare type of cancer originating from cartilaginous cells, and typically
occurs in the pelvis, femur, and humerus(4). It was initially described in the mid-1800s by
Sir James Paget, a notable British surgeon and pathologist(6). In the early 20*" century,
pathologists and other medical professionals began to recognize chondrosarcoma as a
distinct type of bone tumor. Advancements in pathology allowed for better differentiation
between cartilage and bone tumors and even the identification of various subtypes of
chondrosarcoma(7). Historically, treatment of chondrosarcomas primarily involved wide
tumor resection, often necessitating extensive resections or even limb amputation(8). The
tumor’s relative resistance to chemo- and radiotherapy is believed to be caused by poor
vascularization, a dense extracellular matrix, and low mitotic activity(9, 10). Therefore,
surgical intervention remains the cornerstone of treatment, with limb-salvaging tumor

resection as the gold standard during recent decades(10).
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Recent diagnostic and prognostic advances in chondrosarcoma

Over the past decades, researchers endeavored to gain a deeper understanding of the
different types of chondrosarcoma. It has been recognized that low-grade
chondrosarcomas rarely metastasize and typically have a favorable prognosis following
surgical resection(10). This led to a reclassification of chondrosarcoma by the World Health
Organization in 2013(11). Chondrosarcoma grade | was reclassified to Atypical
Cartilaginous Tumor (ACT). In contrast, chondrosarcoma grades Il and Il are considered
high-grade tumors, associated with the risk of metastasis, local recurrence, and less
favorable outcomes(12). Advancements in diagnostic techniques, particularly high-quality
magnetic resonance imaging (MRI), have significantly enhanced the ability to differentiate
between low- and high-grade chondrosarcomas. Despite these imaging advancements,
accurately distinguishing between different cartilage tumor types, specifically between
ACTs and higher grade chondrosarcomas, remains challenging(7). Furthermore, the
increased use of diagnostic imaging and an aging population have led to a significant rise in
the incidence of cartilage tumors in recent years(4). Consequently, differentiating between
benign cartilaginous tumors or ACTs and high-grade chondrosarcomas is becoming
increasingly relevant. The management of cartilaginous tumors have evolved, with low-
grade or benign cartilaginous tumors now being treated with less aggressive approaches,
such as curettage or observation, while high-grade chondrosarcomas typically require
extensive surgical resection and often necessitate limb reconstruction(10, 13, 14). Recent
literature also supports active surveillance and MRI follow-up as safe for benign or low-
grade cartilaginous tumors, with no significant advantage shown for intralesional curettage

over conservative clinical and radiological monitoring(15, 16).

Background of osteosarcoma

Osteosarcoma is a primary malignant bone producing tumor first described by Boyer et al.
in 1805(17). However, a recent discovery by a team of South-African scientists revealed a

likely case of osteosarcoma in a 1.7 million year old metatarsal bone of a human ancestor,
representing the earliest known instance of bone cancer(18) (Figure 1). This indicates that

this disease has been a longstanding issue for humanity. Historically, bone tumors,
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particularly osteosarcoma, were treated with amputation, often resulting in a quick death
due to distant metastases(1, 19). This approach led to unsatisfactory cosmetic results, loss
of physical function, and a poor 5-year survival rate of approximately 20%(19, 20).
However, advances in diagnostic imaging, adjuvant chemotherapy, and surgery
significantly improved 5-year survival rates to approximately 65%, shifting the treatment of

primary malignant bone tumors from amputation to limb-salvaging surgery(21, 22).

Figure 1. A hominin 5™ metatarsal, exhibits a hemi-spherical bony mass located on the

proximo-ventral aspect of the shaft, abutting the cortical bone surface.

Recent diagnostic and prognostic advances in osteosarcoma

Dr. Norman Jaffe was one of the pioneers in the use of chemotherapy and significantly
changed the treatment landscape for osteosarcoma patients(23, 24). In 1982, Link et al.
performed a multi-institutional randomized study on patients with non-metastatic
extremity osteosarcoma. They compared survival outcomes after treatment with
Methotrexate, Adriamycin, and Cisplatin (MAP) versus observation after surgical resection.
They found that the 2-year relapse-free survival, including both local relapse and distant
metastases, was 66% with (neo-)adjuvant chemotherapy, compared to 17% in the
observation group(19). Since then, the combination of chemotherapy and surgical
resection has remained the gold standard treatment for osteosarcoma patients(25-27).
Accompanied with a massive improvement of patient survival, the need for limb salvaging
surgery came up. Additionally, Professor Andrew Huvos, a distinguished professor in

10
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pathology, introduced a classification that was named after him to assess histological
response to neo-adjuvant chemotherapy (NAC)(28-30). According to this classification, a
favorable response to NAC is characterized by <10% viable tumor cells in the resection
specimen, whereas >10% viable tumor cells indicate poor response(29, 30). Despite
limitations such as examining only one slab of tumor tissue, inter-observer variability, and
the inability to assess response pre-resection, this classification remains widely regarded

as the gold standard for assessing response to NAC.

The evolution of massive bone defect reconstruction

As described previously, the gold standard for treating primary malignant bone tumors has
shifted from amputation to limb-salvaging tumor resection during the past century, aiming
to preserve both limb function and appearance. Advances in chemotherapy, radiotherapy,
and surgical techniques have further enhanced treatment effectiveness, making limb-

salvaging surgery a less invasive and more viable option.

One of the forerunners of reconstructive surgery was the rotationplasty, an ablative but
limb-salvaging procedure first described by Borggreve et al. in the 1930s. Initially used for
patients with congenital femoral deficiencies, this procedure is most often performed in
pediatric patients, and involves rotating the lower limb 180 degrees and reattaching it after
resection of the distal femur or proximal tibia, including the knee joint(31). The ankle joint
then functions as a knee joint. Rotationplasty offers a durable and functional alternative to
above-knee amputation, and is still used today for reconstruction after tumor

resection(32).

Dr. William Enneking was a pioneer in limb-salvage surgery, driven by the need for durable
and functional reconstructions of large bone defects following tumor resection, and
described his experiences in his book “Musculoskeletal Tumor Surgery” in 1983(33). Since
then, various reconstructive procedures have been developed, including allograft
reconstructions using donor bone tissue, autograft reconstructions involving patient’s own

bone tissue (often a harvested fibula), and allograft-prosthetic composites (APCs) that

11
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combine allograft with prosthetic components(33-39). Additionally, custom-made
prostheses tailored to the patients’ specific anatomy and defects, as well as mega
prostheses for the reconstruction of large bone defects have been described(37, 40, 41).
Each technique has its own indications, advantages, and disadvantages. Despite relative

high complication rates in orthopaedic oncology, these procedures are widely used.

In this thesis, we will focus specifically on endoprosthetic reconstructions for tumor
defects (i.e., megaprostheses). The early designs of the endoprosthetic reconstructions,
laid the groundwork for the development of the different modular systems which could be
adjusted depending on the patient’s specific extent of the tumor. The KOTZ Modular Femur
and Tibia Reconstruction (KMFTR) system, developed by Dr. Kotz and colleagues in Vienna,
Austria, from the late 1970s to 1980s, was among the first modular prosthetic systems(38).
The system allowed for intra-operative adjustments and adaptation to various bone
defects. Subsequently, other systems were brought to the market, such as the Howmedica
Modular Resection System (HMRS), the Global Modular Replacement System (GMRS),
Stanmore, the Orthopaedic Salvage System (OSS), and others(42-44). In 1992, Implantcast
GmbH (Buxtehude, Germany) introduced the Modular Universal Tumor And Revision
System (MUTARS). MUTARS has since become widely adopted for reconstructions in

various locations including the upper extremity, pelvis, and lower extremity(39, 45, 46).

12
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Aim and outline of this thesis

Bone tumors, including osteosarcoma and chondrosarcoma, present significant challenges
in diagnosis, prognosis prediction, and treatment. Since the 1970s, the treatment
paradigms for these tumors have evolved, yet many aspects remain static or minimally
changed. For instance, osteosarcoma treatment has largely adhered to established
protocols, while treatment for low-grade chondrosarcoma has gradually shifted towards

less aggressive approaches.

Improving diagnostic accuracy in chondrosarcoma can prevent both under- and
overtreatment, thereby reducing complications and mortality, which is essential for

improving patient care.

One of the current challenges in osteosarcoma treatment is to identify patients with a
high-risk of poor prognosis. Although there are no evidence-based alternative therapies
available at this moment, these high-risk patients could be potential subjects for future
trials exploring novel treatment regimens. A potential tool for pre-operative identification
of high-risk osteosarcoma patients is the use of use of dynamic contrast enhanced MRI to

evaluate the response to neoadjuvant chemotherapy.

Challenges in the reconstructive treatment of patients with bone tumors remain. Bone
tumors’ rarity, the diversity among study populations, and the wide array of reconstructive
systems globally have resulted in a scarcity of large-scale, high-quality studies on
endoprosthetic reconstruction outcomes. The challenge now lies in consolidating data
through multicenter collaborations within a scientific landscape governed by varying rules
and agreements across countries and continents. For the reconstructive treatment, we
tried to achieve this by setting up the MUTARS Orthopaedic Registry Europe (MORE), a
multicenter global initiative, aiming to register as much as possible MUTARS cases,
regardless of the indication or location of the reconstruction. This collective effort aims to
enhance our understanding on the occurrence of complications, identify associated risk

factors, and ultimately to improve patient outcomes in musculoskeletal surgery.

13
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Part | of this thesis focuses on a potential novel diagnostic tool for chondrosarcoma,
prognostic factors for survival and advances in the diagnostic process for osteosarcoma
patients.

Chapter 2 features the outcomes from a single center explorative pilot study. This study
evaluates the eNose’s ability to differentiate between healthy individuals and patients with
chondrosarcoma by analyzing their volatile organic compound (VOC) profiles in exhaled
breath. In chapter 3, we assessed the oncological outcomes for osteosarcoma in three
different age groups (children, adolescents and young adults [AYAs], and adults), and
described risk factors for event-free and overall survival in different age groups. In chapter
4, we present a multicenter study aiming to explore the potential of response prediction to
neoadjuvant chemotherapy (NAC) by the relative wash-in rate (rWIR), as a prognostic
factor for clinical outcome and determine its added value to known prognostic factors in

osteosarcoma patients.

Part Il of this thesis focuses on the evaluation of clinical outcomes of patients
reconstructed with various types of MUTARS endoprosthetic reconstructions following
orthopaedic oncological resections, utilizing the MUTARS Orthopaedic Registry Europe.
Chapter 5 evaluates the mid-term clinical outcomes of patients who underwent
periacetabular tumor resection followed by reconstruction with the LUMIC prosthesis. The
chapter evaluates complication rates, identifies associated risk factors, and estimates
cumulative incidences of implant revision (i.e. the probability of revision at any time during
the follow-up). Chapter 6 estimates the cumulative incidences of implant revision for three
different locking-mechanisms used in MUTARS distal femur and proximal tibia
reconstructions. Chapter 7 outlines the clinical outcomes of patients reconstructed with
three different MUTARS proximal humerus endoprostheses. The study investigates
complication rates, associated risk factors, cumulative incidences of implant revision, and
functional outcomes for hemiarthroplasty, reverse shoulder arthroplasty, and total

shoulder arthroplasty.

14
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Abstract

Aim: Aim of this explorative pilot study was to evaluate the capability of an electronic nose
(aeoNose, the eNose Company) to classify healthy individuals and patients with
chondrosarcoma, based on their volatile organic compound profiles in exhaled breath.
Materials & methods: Fifty-seven patients (25 healthy controls, 24 chondrosarcoma and 8
different benign lesions) were included in the study from 2018 to 2023. An artificial neural
network was used as classifier. Results: The developed model had a sensitivity of 75%, and
a specificity of 65% with an AUC of 0.66. Conclusion: Results show that there is not enough
evidence to include the aeoNose as diagnostic biomarker for chondrosarcoma in daily
practice. However, the aeoNose might play an additional role alongside MRI, in

guestionable chondrosarcoma cases.

22



Diagnosing chondrosarcoma using the eNose

Background

Chondrosarcoma is a rare malignant neoplasm, originating from cartilaginous tissue and
accounts for approximately 20% of all primary malignant bone tumors(1). The prognosis
and outcomes depend on chondrosarcoma subtype, grade, tumor location, timely and
accurate identification and surgical treatment(2, 3). Most patients with high-grade
chondrosarcoma present with pain at night and local swelling, while benign or atypical
cartilaginous tumors are most often coincidental findings(2, 4, 5). The diagnostic pathway
for chondrosarcoma consists of plain radiography, followed by magnetic resonance
imaging (MRI). In some cases, or based on center preferences, a biopsy may be performed,
although biopsies of cartilaginous lesions are notoriously unreliable because of a
substantial risk of sampling error and has the potential risk of seeding along the biopsy
tract. Moreover, pathological assessment has considerable interobserver variability(2, 6,
7). The diagnostic accuracy of MRI for the differentiation between a benign cartilaginous
lesion and a high-grade chondrosarcoma is approximately 90%(8). However, there are still
cases in which the diagnosis remains debatable(9). The importance of an accurate
preoperative diagnosis lies in the potential consequences of the treatment. High-grade
chondrosarcomas require resection with clear surgical margins and often subsequent
reconstruction, carrying a substantial risk of complications and considerable morbidity. On
the other hand, benign cartilaginous lesions may be followed with MRI, or treated with
less aggressive surgery, in other words, intralesional curettage(3, 10-13). Therefore, there
is a need for an additional diagnostic tool to differentiate between the two entities.
Promising results have been reported for using an electronic nose (eNose) in detecting
various tumor types, including head and neck cancer, lung cancer, colorectal cancer and
soft tissue sarcoma(14-17). eNoses analyze volatile organic compounds (VOCs) in exhaled
breath(16, 18). VOCs are degradation products of biochemical processes in the human
body. Their composition can be influenced by the presence of specific pathological
processes within the body and can be detected in body fluids such as urine, feces, saliva or
blood(14, 16, 19). To date, there is no literature on the detection of chondrosarcoma using

VOC profiles. Therefore, the objective of this explorative study is to evaluate if the
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aeoNose can be used to distinguish healthy individuals from patients with

chondrosarcoma, based on their VOC profiles in exhaled breath.

Materials & methods

Design, setting & participants

Materials and methods were previously described in a similar study, employing the
aeoNose (aeoNose, the eNose Company, Zutphen, The Netherlands) to detect soft-tissue
sarcoma, during the same period(15). This single-center prospective pilot study was
conducted at the Leiden University Medical Center, The Netherlands (LUMC), a tertiary
referral center for bone tumors. Patients were included between 2018 and 2023. At our
outpatient clinic, we asked all patients who were suspected of having a high-grade
chondrosarcoma to participate in this study. Patients were enrolled between 2018 and
2023. Minimum age was 18 years. Patients with any history of cancer, chronic respiratory
disease and chemo- or radiotherapy were excluded. Furthermore, we excluded patients in
whom metastases were found within 3 months following primary surgery, as we theorized
that these were easier to identify. The goal was to identify patients with localized disease
who could be considered for curative treatment. The breath test was performed in parallel
with the regular diagnostic work up. As a control group, we invited people who visited the
outpatient clinic for other (non-oncological) conditions, people who accompanied a
patient to our outpatient clinic, and department employees. The control group underwent
an eligibility check through an interview on their medical history, without additional
diagnostic tests such as radiography. Suspected chondrosarcoma cases that turned out to
be benign were excluded from the primary analysis (model 1) but were included in the
secondary analysis as controls (model 2), to increase the number of patients. The control
group was matched to our chondrosarcoma population based on age and sex in a 1:1 ratio.
Both controls and chondrosarcoma cases adhered to the same in- and exclusion criteria.
The patient records were reviewed by the investigator to obtain baseline characteristics,

medical history and tumor characteristics. In total, 57 patients were included (35 males,
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61%). The median age for the entire cohort was 51 years (interquartile range [IQR] 48-70;
Table 1). Among them, 24 patients (42%) had a histologically proven high-grade
chondrosarcoma (grade 2, 3 or dedifferentiated), while eight (14%) had a benign bone
tumor (atypical cartilaginous tumor [n = 3, one distal femur, two of the hand], chordoma [n
= 2], fibrous dysplasia [n = 1], hemangioendothelioma [n = 1], or Langerhans cell

histiocytosis [n = 1]). There were 25 (44%) healthy controls (Table 2).

Materials & procedure

The eNose used in this study is a portable, battery -powered device designed to analyze
VOCs. The study participants were instructed to abstain from food, drinks (except for
water), and smoking at least 3h prior to the breath test. They were instructed to breathe
through a disposable connecting mouthpiece, which included a carbon filter equipped
with high-efficiency particulate air filters and one-way valves to prevent viral or bacterial
contamination of the device, for 5 min. Furthermore, a nose clip was applied to prevent
the entry of unfiltered air during measurements, minimizing external influences on VOCs
(see appendix for setup, Figure 1). The breathing test consisted of 5 min of breathing
followed by 10 min of aeoNose regeneration, thus a total of 15 min. The initial 2 min were
used to clean the lungs with filtered air, to eliminate external VOCs. During the subsequent
3 min, exhaled breath interacts with three hotplate metal-oxide sensors with distinct
material properties. These sensors are periodically heated between 260 and 340-C,
simulating multiple identical sensors, functioning at various temperatures. This triggers a
redox reaction at the surface, resulting in changes in conductivity over time. The
alterations in conductivity form a distinctive VOC profile, or breath print for each patient.

Detailed information on the aeNose technology was previously published elsewhere(20).

Statistical analysis

Descriptive statistics were used to report baseline characteristics. Categorical data are
presented as contingency tables (frequencies and percentages). Medians including
interquartile range (IQR) were reported for continuous data. To assess differences in

baseline characteristics between patients and the control group, the Mann—-Whitney U
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test, or the Chi-square test was performed for continuous and categorical variables,
respectively. No formal sample size calculation was performed, since this is a pilot study
with 25 chondrosarcoma patients. Data analysis was performed using SPSS version 25.0.
(IBM Corp., NY, USA). The level of significance was set at a p-value < 0.05. The breath test
resulted in an aeoNose measurement, or breath print, with a unique time-series of
conductivity values for every sensor. Developing an algorithm for distinguishing exhaled-
breath patterns involved training an artificial neural network (ANN), with data analysis
carried out using the proprietary software called ‘Aethena’ (The eNose Company, Zuthpen,
The Netherlands). Data compression was performed using a TUCKER3-like solution, as
Waltman et al. described previously(21). Subsequently, the ANN served as a classifier for
the created models, ranked by the area under the curve (AUC) through the leave-10%-out
cross validation method (LOCV). The LOCV method divides data into subsets, each
containing 10% of patients, allowing classifications based on 10 separate models. The
validation technique assesses how results of a predictive model will be generalized to an
independent dataset. Thus, participants were classified in 10 steps based on 10 separate
models, resulting in an ROC based on unseen training data. Optimal AUC results, along
with the corresponding sensitivity and specificity (including 95% Cl), were reported for
each analysis. The predicted response values for healthy controls and chondrosarcoma
patients were presented in a scatterplot. A detailed description of the statistical method

used by aeoNose, can be found in the article of Kort et al.(22).

Study ethics

This study was approved by our institutional review board (P19.046). All study participants

signed an informed consent form, prior to participation.
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Table 1. Study population.

Model 1

Chondrosarco  Controls

ma (n=24) (n=25)
Age, Median 51 (40-58) 54 (41-61)
(1aR)
Sex, male 16 (67%) 15 (60%)

IQR = interquartile range

p_
value

0.99

0.63

Model 2

Chondrosarco
ma (n=24)

51 (40-58)

16 (67%)

Controls
(n=33)

54 (45-61)

19 (58%)

p-
value

0.82

0.49
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Table 2. Tumor details.
Diagnosis
Chondrosarcoma (n=24)
Chondrosarcoma grade 2
Chondrosarcoma grade 3
Periosteal chondrosarcoma
Dedifferentiated chondrosarcoma
Benign lesions (n=8)
Atypical cartilaginous tumor
Chordoma
Fibrous dysplasia
Hemangioendothelioma
Langerhans cell histiocytosis
Tumor location
Axial skeleton (including head)
Upper extremity

Lower extremity

28

Model 1

12 (50%)
6 (25%)
5 (21%)

1 (4%)

16 (67%)
2 (8%)

6 (25%)

Model 2

12 (50%)
6 (25%)
5 (21%)

1 (4%)

3 (38%)
2 (25%)
1(13%)
1(13%)

1(13%)

2 (25%)
3 (38%)

3 (38%)
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Results

Model 1

The primary analysis consisted of 24 patients with a chondrosarcoma, and 25 healthy
controls. This model predicted the correct diagnosis in 34/49 patients, yielding an accuracy
of 70%. A threshold of -0.22 was used, to maximize sensitivity and specificity; 18 out of 24
chondrosarcoma patients were correctly identified by the aeoNose, and six false negative
results were observed. Sixteen out of 25 healthy controls were correctly identified, and
nine false positive results were observed. This resulted in a sensitivity of 75% (95% Cl: 53—
89%), and a specificity of 64% (95% Cl: 43—81%). The corresponding ROC curve for the best
fit of model 1 comprised of an area under the curve (AUC) of 0.66 (Figure 2A). The

scatterplot shows the predicted value of each measurement (Figure 2B).

Model 2

The second analysis was performed using an expanded study population. The same 24
chondrosarcoma and 25 control patients were included. However, eight patients who were
initially suspected of having a chondrosarcoma (but turned out to have a benign bone
tumor), were added to the control-group. This model predicted the diagnosis correctly in
39/57 patients, yielding an accuracy of 68%. Eighteen out of 24 chondrosarcoma patients
were correctly identified by the aeoNose, and six false negative results were observed.
Twenty-one out of 33 controls were correctly identified, and 12 false positive results were
observed. This resulted in a sensitivity of 75% (95%Cl: 53—89%), and a specificity of 64%
(95% Cl: 45-79). The corresponding ROC curve for the best fit of model 2 comprised of an
AUC of 0.69, with a threshold of -0.22 (Figure 3A). The scatterplot shows the predicted

value of each measurement (Figure 3B).
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Figure 1. Model 1: (A) ROC curve (AUC: 0.66). (B) Scatter plot of individual predicted values
based on the cross-validated model 1. The red squares represent patients with
chondrosarcoma, the green circles represent healthy controls. AUC: Area under the curve;

ROC: Receiver operating characteristic.
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Figure 2. Model 2: (A) ROC curve (AUC: 0.69) (B) Scatter plot of individual predicted values
based on the cross-validated model 2. The red squares represent patients with
chondrosarcoma, the green circles represent healthy controls. AUC: Area under the curve;

ROC: Receiver operating characteristic.
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Figure 3. Setup aeoNose.

Discussion

Electronic noses potentially offer a noninvasive, easy-to-use method for the diagnosis of
various cancer types by analyzing volatile organic compounds in exhaled air. This is the first
pilot study exploring the potential of electronic noses in the diagnostic process of
chondrosarcoma of bone. Our model shows an AUC of 0.66 with a 75% sensitivity and a
64% specificity. Oxidative stress, inflammation and cell death can change VOC profiles. An
electronic nose, as well as gas chromatography-mass spectrometry (GC-MS), can detect
changes in these VOC profiles. Metabolic VOC profiling could therefore be a potential tool
for diagnostic purposes, since it reflects the metabolic state of cells or even organisms(23).
GC-MS is a standardized method which is suitable for the detection of individual VOC
profiles based on molecular weight. However, this method is expensive and requires
trained personnel(24). The aeoNose uses VOC profile pattern recognition and needs to be
trained by a training dataset. Accuracy of the diagnostic tool depends among other things
on the size of the training dataset, and the representativeness of the sample

population(25). Moreover, this instrument is user-friendly, inexpensive, and, once trained
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and validated, capable of real-time analysis for chondrosarcoma detection. This technique
holds potential as a screening method to achieve a higher pretest probability, upon

validation and availability of other models.

Although Alhumaid et al. demonstrated an adequate efficacy of MRI in differentiating
between ACTs and high-grade chondrosarcoma, the SLICED study group found a relatively
low reliability in grading cartilaginous neoplasms (benign, low-grade malignant or high-
grade malignant) in the long bones. The interobserver reliability for pathologists was
0.443, and for radiologists, it was 0.345, judging the reliability as fair to moderate
reliability in differentiating between benign and malignant cartilaginous lesions(8, 26).
Again, this emphasizes the need for an additional diagnostic test to enhance the diagnostic
workup and prevent unnecessary overtreatment or undertreatment. While the diagnostic
accuracy of the aeoNose, as observed in this explorative study, is currently insufficient for
a reliable diagnosis or exclusion of chondrosarcoma of bone, it could potentially serve as
an additional diagnostic tool in addition to MRI, particularly in cases involving uncertain
high-grade chondrosarcoma. However, the question remains whether the accuracy of the
aeoNose can be improved in the future with a larger study population. To date, there are
no studies on the use of VOC profiles in exhaled breath for the diagnosis of high-grade
chondrosarcoma. Previous studies have shown that eNoses are capable to differentiate
between healthy controls and conditions such as; head and neck cancer, lung cancer,
breast cancer, gastric cancer, colorectal cancer, prostate cancer and soft tissue sarcoma
with an AUC ranging from 79 to 90%(15, 17, 21, 27-31). The lower AUC observed in our
study, might be attributed to the heterogeneity of chondrosarcoma, which includes various
subtypes such as periosteal chondrosarcoma, chondrosarcoma grade 2 and 3 and
dedifferentiated chondrosarcoma, each distinguished by unique characteristics(32). The
development of a model that encompasses VOCs from all these diverse chondrosarcoma

subtypes might potentially lead to reduced diagnostic accuracy.

Limitations

This study has a number of limitations. First, our model may have been affected by

artifacts unrelated to chondrosarcoma, resulting from exogenous VOCs, primarily due to
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the limited sample size. We attempted to over- come this limitation by employing a
mouth-piece with carbon filters to eliminate exogeneous VOCs, and by performing all
measurements in the same room. Future larger study populations are needed to explore
the true differences in VOC profiles. Second, the population of chondrosarcoma patients is
heterogenous with regard to gender, age, BMI, diet, smoking behavior and medical history,
while these factors may influence VOC profiles(21, 33, 34). We tried to overcome this
limitation by matching our control group to the chondrosarcoma group by age and gender.
However, the limited sample sizes hampered us from matching for the other potential
influencing factors. Furthermore, we instructed participants to abstain from food, drinks
and smoking 3h prior to testing and only included patients without a history of chemo-
and radiotherapy, which causes oxidative stress. Third, our model was internally cross-
validated, limiting its reliability and generalizability to a broader study population in
diverse clinical settings. Acknowledging the necessity for future larger, externally validated
studies to enhance the reliability and accuracy of the model, this explorative pilot study
might offer direction for future more comprehensive research on this topic. Furthermore,
it would be of particular interest to study whether the diagnostic accuracy can be

improved by combining information from the aeoNose and MRI in debatable cases.

Conclusion

This pilot study contributes to the growing body of research investigating noninvasive
diagnostic methods for chondrosarcoma. While the relatively low observed accuracy is
currently insufficient to introduce VOC analysis as a diagnostic biomarker in daily practice,
it might play a future role as an additional diagnostic tool in combination with MRI
features to guide in questionable high-grade chondrosarcoma cases. Future research
based on larger cohorts, with external validation is warranted before the aeoNose can be

considered a reliable diagnostic tool for chondrosarcoma of bone.
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Article highlights

e It is important to differentiate between high-grade chondrosarcoma and benign
cartilaginous lesions, due to the potential consequences of the treatment.

¢ Diagnostic accuracy on high-grade chondrosarcoma can be challenging.

¢ This explorative study aimed to assess the feasibility of the aeoNose to differentiate
between high-grade chondrosarcoma, and healthy controls.

¢ 24 high-grade chondrosarcoma patients, 25 controls and 8 benign cartilaginous lesions
were included for breath analysis, and were matched on age and gender.

* The aeoNose uses volatile organic compound profile pattern recognition, and an artificial
neural network appeared to be the most optimal classifier.

¢ This pilot study contributes to the growing body of research investigating noninvasive
diagnostic methods for high-grade chondrosarcoma.

e The current accuracy is not sufficient to include the aeoNose as diagnostic biomarker for
high-grade chondrosarcoma in daily practice, although the aeoNose might play an
additional role in questionable high-grade chondrosarcoma cases.

e Future larger externally validated studies are warranted to improve the reliability,
accuracy and to determine the role of the aeoNose in high-grade chondrosarcoma

patients.
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Simple Summary

Age is one of many prognostic factors for overall survival in patients with skeletal
osteosarcoma. This retrospective study provides an overview of survival in patients with
high-grade osteosarcoma in different age groups. It shows prognostic variables for survival
and local control among the overall cohort. In this study, in which 402 patients with
skeletal high-grade osteosarcoma were included, poor survival was associated with
increasing age. Age groups, tumor size, poor histopathological response, distant metastasis
at presentation, and local recurrence were independent prognostic factors associated to
overall survival and event-free survival. Differences in outcome among different age groups

can be partially explained by patient characteristics and treatment characteristics.

Abstract

Age is a known prognostic factor for many sarcoma subtypes, however in the literature
there are limited data on the different risk profiles of different age groups for
osteosarcoma survival. This study aims to provide an overview of survival in patients with
high-grade osteosarcoma in different age groups and prognostic variables for survival and
local control among the entire cohort. In this single center retrospective cohort study, 402
patients with skeletal high-grade osteosarcoma were diagnosed and treated with curative
intent between 1978 and 2017 at the Leiden University Medical Center (LUMC). Prognostic
factors for survival were analyzed using a Cox proportional hazard model. In this study
poor overall survival (OS) and event-free survival (EFS) were associated with increasing
age. Age groups, tumor size, poor histopathological response, distant metastasis (DM) at
presentation and local recurrence (LR) were important independent prognostic factors
influencing OS and EFS. Differences in outcome among different age groups can be

partially explained by patient and treatment characteristics.

Keywords: osteosarcoma; survival; prognosis; age groups; chemotherapy; metastasis; local

recurrence
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Introduction

High-grade conventional osteosarcoma is a primary malignant bone tumor that has a
bimodal distribution curve. The first peak is at the age of puberty and adolescence, the
second curve arises after the age of 40(1, 2). Despite being a rare disease (prevalence of 3—
4 cases per million per year(3, 4)), osteosarcoma is the most common primary malignant
bone tumor. It continues to be a high risk malignancy and has one of the highest mortality
rates of any type of cancer diagnosed around puberty(5). Before the introduction of
chemotherapy in the 1980’s, survival for patients with high-grade osteosarcoma was poor
with survival probabilities as low as less than 20%(3). After the introduction of

chemotherapy, the overall survival (OS) increased to an average of 60%(3, 6, 7).

Multiple studies conclude more favorable survival probabilities in pediatric patients
compared with adolescent and young adults (AYA) or older adults(8-10). In contrast, some
studies stated that no differences in survival were found between pediatric patients and
older adults(11, 12). The variation in survival probabilities among age groups might be due
to differences in tumor characteristics, chemotherapy regimens, pathohistological

response, or different patient characteristics(9, 13-18).

The aim of this single center retrospective study is to provide an overview of survival
outcome within three age groups (pediatric, AYA, adult) and for the total cohort. The
second aim is to identify prognostic factors for OS and event-free survival (EFS) in patients

with high-grade osteosarcoma.

Methods

Design, Setting, Data Source, Participants

This observational retrospective cohort study was performed at the Leiden University
Medical Center (LUMC) in the Netherlands between 1978 and 2017. All consecutive
patients diagnosed with histologically proven high-grade osteosarcoma treated with
curative intent that met inclusion criteria were included. Patients with a skeletal high-
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grade primary osteosarcoma, treated with curative intent using (neo)adjuvant
chemotherapy and surgery, were eligible for this study. Patients were excluded if they
were diagnosed with, a low grade (parosteal) or intermediate grade osteosarcoma (peri-
osteal), had a secondary osteosarcoma (i.e., radiation-induced), received a treatment with
palliative intent, if data about surgery or chemotherapy were missing, or when the tumor
location was facial or extra-skeletal. Patients with metastasis at presentation were eligible
when curative intent was set at start of the treatment including planned metastasectomy.
High-grade osteosarcoma consists of conventional osteosarcoma (osteoblastic,
chondroblastic and fibroblastic), small cell and telangiectatic osteosarcoma. Apart from
these subgroups, the WHO distinguishes high-grade surface osteosarcoma and secondary
osteosarcoma as other types of high-grade osteosarcoma. This study was approved by the
medical ethical committee of the LUMC as no patients were approached and data were
handled anonymously. The approval code is G18.065/SH/gk. The used data comprised real

world data.

Variables

Baseline variables were age, sex, location and size of the tumor and distant metastasis
(DM) at presentation. Treatment data include LR, surgical margin, type of resection and
response to chemotherapy. Patients were categorized into one of three age groups
(children 0—<16, AYA 16—<40, older adults > 40). Location of the primary tumor was
defined as extremity (upper or lower extremity) or axial (tumors of the chest including ribs,
spine or pelvis). The size of the primary tumor was divided according to the American Joint
Committee on Cancer (AJCC) into small (<8 cm) or large (>8 cm)(19). Radical resection was
defined as a wide radical resection with both macroscopic as microscopic surgical margins
free of tumor and the entire dissection performed through healthy tissues. Marginal
surgical margin was defined as a dissection that extended into or through the reactive
zone that surrounds the tumor. Irradical or intralesional margin was defined as entering

the tumor at any point during surgery(20).
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The type of resection was divided into 3 subgroups; (1). reconstruction with an allo- or
autograft, prosthesis or rotationplasty; (2). amputation of the affected limb or
exarticulation of the joint without reconstruction; (3). resection that consisted of local
resection, en-bloc resection or hemipelvectomy without reconstruction. The protocolized
planned chemotherapy was either an intentional treatment with (Methotrexate,
Doxorubicin, Cisplatin (MAP) or with Doxorubicin, Cisplatin (AP). Patients were treated
with at least one cycle to a maximum of 6 cycles chemotherapy. Patients receiving
preoperative chemotherapy were categorized in three groups (1 cycle MAP or 2 cycles AP
preoperative, 2 cycles MAP or 3 cycles AP preoperative and >2 cycles MAP or >3 cycles AP
preoperative). Generally, 2 cycles MAP or 3 cycles AP are used preoperatively. The other
variants show patients receiving less or more cycles preoperative chemotherapy.
Histopathological response on chemotherapy was obtained by a reference pathologist
after histopathologic examination of the resected primary tumor. The percentage of tumor
necrosis attributable to preoperative chemotherapy was defined by the Huvos grading.
Huvos grading stage 1 and 2 is defined as <90% necrosis (bad responders). Huvos grading

stage 3 and 4 defined is as >90% necrosis (good responders)(21).

Primary outcome was OS from surgery until death or until last date of follow-up.
Secondary outcome was EFS; from resection to first event which consisted of LR,
progression of metastasis, new metastasis, death or last date of follow-up. In patients with
DM at presentation the next event was considered for EFS. LR was defined as a relapse of
primary tumor situated at the same location of the primary tumor which was radically or

marginally resected.

Follow-Up

Patients were followed at the outpatient clinic for local control, functional outcome and
disease progression. Follow-up consisted of physical examination and radiographic control.
Radiographic control comprised chest radiography and radiography of the affected bone.
Follow-up visits were performed maximum 25 years after diagnosis with frequent visits in
the first years after initial diagnosis and less frequent in later years according to the

EURAMOS protocol(22).
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Statistical Analysis

A Cox proportional hazards regression model with time fixed and time dependent
covariates(23) was estimated to evaluate the association between OS, EFS and prognostic
factors. Age group, location of the tumor, size of the tumor, the presence of DM at
presentation, surgical margin, response to chemotherapy and local recurrence of disease
were included in the Cox model. The effect of LR on survival outcomes was analyzed in two
different ways, as a time-dependent covariate in the Cox model and by using the Landmark
approach(24). A landmark model only uses information available at the landmark time
(tLM). Only patients alive at tLM are included in the analysis. In our study tLM is chosen at
24 months after the date of surgery. At the landmark time patients were classified as
having experienced LR before 24 months or not. Survival curves were estimated using the
Kaplan—Meier (KM) methodology. Outcomes were statistically significant when the p-value
was <0.05. Because of a low number of patients for some crosstabulations, the Fisher
exact test was used instead of the Chi-square test when testing categorical variables.
Median follow-up time was computed using the reversed KM estimator. Missing covariates
were imputed using multiple imputation methods(25) for survival data with the event
indicator and the Nelson—Aalen estimator of the cumulative hazard as variables in the
imputation model(26). In total 20 data sets were imputed, Rubin’s rule was applied to
obtain the final estimates along with their standard error. The analysis was performed by
using SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp).

Results

Baseline Characteristics

The total LUMC-cohort contained 610 patients with osteosarcoma (Figure 1). Twenty
patients were excluded due to secondary osteosarcoma, 88 patients due to low,
intermediate or unknown grade osteosarcoma and 1 patient due to an inconclusive
pathology report. Among 501 patients with high-grade osteosarcoma, 84 patients were
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not treated with curative intent, for 2 patients the date of resection was unknown, and 13
patients were excluded because the primary tumor was located facially or extra-skeletally
(soft-tissue). After applying the exclusion criteria, 402 patients were included in this study.
The median age at diagnosis was 19.14 years (range 3—82 years). The three age groups
comprised 114 children (28.7%) aged 0 to <16 years, 218 (54.2%) adolescents and young
adults (AYA) aged 16—<40 and 70 (17.4%) older adults aged 240 years. Among all patients
60% of them had a poor histopathological response on chemotherapy and 40% had a good

histopathological response on chemotherapy.

Patients diagnosed and treated
in LUMC for osteosarcoma
(n=610)

Excluded

Records screened on high-grade . 3
low, intermediate, unknown grade or

osteosarcoma
secondary osteosarcoma
(n=610) (n=109)
Excluded
Records screened on curative intent 11 no surgery, no CTx
(n=501) 22 surgery, no CTx

38 CTx, no surgery
13 unknown therapy

(n=84)
o Excluded
Records screened on missing data - S L —
(n=417) ("=2)
Records screened on skeletal and non-facial Excluded
osteosarcoma extra-skeletal and facial primary tumor
(n=415) (n=13)

l

Patients with skeletal non-facial high-grade
osteosarcoma and curative intent
(n=402)

Figure 1. Flowchart patient selection.

Legend: LUMC = Leiden University Medical Center, CTx = Chemotherapy.
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Differences in Presentation Among Age Groups

A significant difference at presentation was found among the age groups comparing tumor
location (p < 0.001) (Table 1). Older adults more often presented with an axial tumor
compared to children and AYA. A significant difference was found among age groups and
patients presenting with pathological fractures (p = 0.007). Of all patients, 347 (89.4%)
presented without a pathological fracture of whom 102 children (90.3%), 193 AYA (92.3%)
and 52 older adults (78.8%). Children were diagnosed significantly more often with DM at
presentation compared to AYA and older adults (p = 0.037). Children, AYA and older adults,
respectively, presented with at least one pulmonary metastasis in 16.5%, 12% and 5.7% of
patients. Of all patients, 55 children (51.9%) underwent a radical resection compared to 99
AYA (48.3%) and 29 (42.6%) older adults. A total of 50 patients (13.2%) had an irradical
resection: 7 children (6.6%), 31 AYA (15.1%) and 12 older adults (17.6%). No significant
differences were found among the age groups between different types of resection (p =
0.070). However, the 258 patients (66.7%) receiving resection and reconstruction
comprised of 77 children (71.3%), 139 AYA (66.2%), and 42 older adults (60.9%). The 56
(14.5%) patients receiving resection comprised of 7 children only (6.5%) compared to 36
AYA (17.1%) and 13 older adults (18.8%). Older adults were significantly more often
treated with AP chemotherapy (p < 0.001), where children were more often treated with
MAP (p < 0.001). The amount of received pre-operative chemotherapy cycles did not differ
significantly among age groups. The majority of the patients (77.7%) received two MAP
cycles or three AP cycles pre-operative. Finally, the response on chemotherapy differed
significantly among the age groups (p = 0.005). Children had a good histopathological
response significantly more often on pre-operative chemotherapy compared with AYA and

older adults.
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Overall Survival in Total Cohort

Median follow-up time for the overall cohort containing 402 patients, was 136 months
(95%Cl 116.4-155.6). Among these patients, 5-year OS was 59.1% (95%Cl 54.2—64.0). The
5-year OS for 114 children, 218 AYA and 70 older adults was, respectively, 67.2% (95%ClI
58.18-76.22), 56.5% (49.84—63.16), 54.3% (42.34—66.26) as can be seen in Figure 2 and
Table 3. The 5-year OS for 325 patients (83.1%) without DM at presentation was 66.1%
(95%Cl 60.81-71.40). OS for 66 patients (16.9%) with DM at presentation was significantly
lower (p < 0.001) with a 5-year OS of 30% (95%Cl 18.63—41.37) (Table 2, Figure 3). Among
patients presenting without DM, OS differed significantly between the three age groups (p
=0.006). Children, AYA and older adults had, respectively, a 5-year OS of 78.5% (95%ClI
87.32-69.68), 63.8% (95%Cl 56.35-71.25) and 55.4% (95%CI 43.05—-67.75).

Survival Functions

10 4 child, adolescent,
B adult <16, 16-39,
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Figure 2. Kaplan—Meier (KM) estimation of OS in the total cohort divided by age group.
Legend: OS = overall survival, cum survival = cumulative survival, LDFU = last date of

follow-up.
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Survival Function

Survival Function
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Figure 3. KM estimation of OS in the total cohort (upper panel) and of patients with and
without distant metastasis (lower panel).
Legend: OS = overall survival, DM = distant metastasis at presentation, cum survival =

cumulative survival, LDFU = last date of follow-up.
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Event Free Survival

Of all 402 patients, 55.5% (223/402) experienced an event defined as LR, progression of
metastasis, diagnosis of new metastasis or death. The 5-year EFS for 114 children, 218 AYA
and 70 older adults was, respectively, 58.5% (95%Cl 49.29-67.71), 40.6% (95%CI 33.94—
47.26), 38.9% (95%Cl 27.34-50.46) as can be seen in Table 3 and Figure 4. Atotal of 1, 3
and 5 years after surgery the event-free survival was, respectively, 71.6% (95%Cl 67.1—

76.1), 49.2% (95%CI 44.3-54.1) and 45.3% (95%Cl 40.4-50.2) (Figure 5).

Survival Functions
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Figure 4. KM estimation of EFS in total cohort divided by age group.

Legend: EFS = event-free survival, cum survival = cumulative survival.
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Survival Function
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Figure 5. KM estimation of EFS of total cohort. Legend: EFS = Event-free survival, cum

survival = cumulative survival.
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Landmark Analysis

Survival from landmark time at 24 months post-surgery was estimated for patients with
and without LR at tLM. In this analysis 304 patients were included; 20 patients (6.6%) had
an LR within 24 months post-surgery. Patients with LR at tLM had a poor survival

compared to patients without (p < 0.001) (Figure 6).

Survival Functions
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Figure 6. Landmark analysis of patients with and without LR 24 months post-surgery.
Legend: LR = local recurrence, cum survival = cumulative survival, LDFU = last date of

follow-up.
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Prognostic Factors

Size of the tumor (HR 1.711, 95%Cl 1.193-2.455), the response to chemotherapy (HR
0.422, 95%Cl 0.276—0.646), the presence of distant metastasis at presentation (HR 3.578,
95%Cl 2.492-5.138) and local recurrence of disease (HR 4.456, 95%Cl 2.911-6.682) were
significantly associated with OS (Table 4). Age group (AYA vs. children, HR 1.499, 95%Cl
1.067-2.108), (older adults vs. children, HR 1.708, 95%Cl 1.094-2.666), size of the tumor
(HR 1.836 95%Cl 1.335-2.527), response on chemotherapy (HR 0.407, 95%Cl 0.288-0.574)
and distant metastasis at presentation (HR 2.575, 95%Cl 1.859-3.565) were associated
with EFS. Age group was found to be an independent prognostic factor of EFS but not for
OS. An HR of 1.313 on OS was found comparing AYA and children (95%Cl 0.891-1.935). An
HR of 1.326 on OS was found comparing older adults and children (95%Cl 0.802-2.193).
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Discussion

This study shows significant differences in tumor characteristics, treatment characteristics
and outcome survival outcomes as OS and EFS among children, AYA and older adult
population in patients with high-grade osteosarcoma. Children and AYA had better OS and
EFS compared to the older adults. These results are in line with previous studies(8, 11, 14,
15, 17, 18). Older adults present more often with an axial located tumor, pathological
fracture and the protocolized treatment consists more often of AP instead of MAP.
Furthermore, a good histopathological response on chemotherapy is less often seen in

older adults.

In line with previous studies(3, 16) age group was found to be an independent prognostic
factor for EFS, resulting in poor EFS among older patients. When comparing AYA vs.
children and older adults vs. children, respectively, an HR of 1.499 (95%Cl 1.067-2.108)
and 1.708 (95%Cl 1.094-2.666) was found. A possible explanation for a poor EFS in older
patients is that older patients suffer more often of axial located tumors that are technically
more difficult to operate on and could lead to a higher risk of incomplete surgical

resection(3, 4, 14, 15, 17).

A higher frequency of AP chemotherapy among an older group was possibly due to the
fact that the older adults tolerate a less intensive chemotherapy protocol. Dose limitations
due to comorbidities, age-related organ dysfunction or chemotherapy related toxicity
might be associated to poorer response to chemotherapy compared with younger
patients(8, 17). Finally, osteosarcoma in older adults seems to have another biological
behavior and tends to be more resistant to chemotherapy than that in younger patients(3,

8, 9). All these factors can (partly) lead to a decreased EFS in older patients.

DM at presentation is another important prognostic factor resulting in poor survival(11,
27). In this study children present more often with DM at presentation compared to AYA
and older adults. Our findings are in contrast with the studies of Hagleitner et al. and
Tsuda et al.(8, 9), both stating that metastasis presented less frequently in younger

patients. However, Hagleitner et al. and Tsuda et al. both used a different distribution of
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age groups (respectively, patients aged 0—-14 yrs, 15-19 yrs, 2040 yrs and patients aged
<40 yrs, 41-64 yrs, >65 yrs). It is of methodological importance in which categorial variable
age has been converted and therefore outcomes can vary fairly(10, 17). Another
explanation could be the inclusion criteria of this study possibly resulting in a low number
of older adults who are more likely to develop DM. As a result of the inclusion criteria, the
number of excluded older adults with DM at presentation might be higher. Comorbidities
in older adults could lead to restrictions in chemotherapy regimens and therefore have a
higher risk of palliative therapy (15, 28). In the study of Tsuda et al. patients with palliative
therapy were taken into account as well. In the study of Hagleitner et al. it is not clearly
described if patients received palliative therapy. This led to the fact that care should be

taken while comparing this study with the studies of Hagleitner et al. and Tsuda et al.

The factors associated with OS were tumor size, histopathological response to
chemotherapy, DM at presentation and LR. The factors associated with an effect on EFS
were age group, tumor size, histopathological response to chemotherapy and DM at
presentation. These results are in line with previous studies (3, 9, 17, 18, 29, 30). Age
groups were found to be an independent prognostic factor for EFS but not for OS. These
results are not in line with the studies of Hagleitner et al. and Mankin et al. (8, 31). This
could be explained by the fact that Hagleitner et al. performed a study with only 102
patients. Therefore, adjustment for all important variables in the multivariate analysis
could not be done. Furthermore, both studies used different inclusion criteria, therefore a
proper comparison could not be made. Finally, care should be taken when interpreting the
effect of histopathological response on OS and EFS. In the multivariate analysis, both AP as
MAP chemotherapy were taken into account while analyzing the effect on
histopathological response. The histopathological response in patients receiving AP
chemotherapy is evaluated earlier (after 6 weeks) in comparison to patients receiving MAP
(after 10 weeks). In addition, MAP is a more intensive chemotherapy regimen compared to

AP and therefore possibly influencing the effect on the primary outcome.

After 40 years of (neo)adjuvant chemotherapy for osteosarcoma, whose benefits in terms
of survival are well established but have not improved, this paper clearly shows that it is

time to change the approach and consider additional therapeutic options. In recent years
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there have been no major results in phase 3 trials in the (neo)adjuvant treatment of
patients with resectable osteosarcoma. Phase-2 trials so far have shown no effective trials
for poor prognosis osteosarcoma(32-34). The international community of physicians
involved in this disease awaits results of the investigation of the complete genomic
landscape of osteosarcoma(35). Insights from pan-genomic studies could gain a better
insight into the development and clonal evolution of this malignancy, that hopefully will
lead to the development of more specific drugs for osteosarcoma(36).These results should

guide the development of new (neo)adjuvant trials.

Strengths and Limitations

Our study is one of the largest single center studies investigating prognostic factors on
survival. This cohort offers a long median follow-up time of 136 months. In addition, it is
one of the few studies describing patient and treatment characteristics in three different
age groups and therefore it could be directive to future studies. Other studies describe
small study populations or present data from prospective or randomized controlled trials

with different pre-empted endpoints and inclusion criteria(8, 9, 14-18).

Due to the retrospective nature of this study, several limitations were present. In this study
we were unable to assess histopathological response per type of chemotherapy regimen.
Although histopathological response is an important prognostic factor influencing OS and
EFS, care should be taken be taken while interpreting these data. Furthermore, we were
unable to assess the association of chemotherapy treatment with survival in the
multivariate analysis. Finally, not all known pathological and biochemical features of
osteosarcoma patients were taken into account in this paper. The retrospective nature of
this study explains for the lack of some possibly important prognostic factors that could

not be retrieved for most of the patients.
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Conclusions

In this single center study, we found poor OS and EFS in older adults with high-grade
osteosarcoma compared to AYA and children. Large tumor size, a poor histopathological
response, DM at presentation and LR are important independent prognostic factors
influencing OS negatively. Age group (older adults), large tumor size, a poor
histopathological response and DM at presentation were found to be important
independent prognostic factors influencing EFS negatively. DM and LR can make a
significant difference in prognosis and is therefore key in the approach of patients suffering
high-grade skeletal osteosarcoma. Differences in outcome among different age groups can

be partially explained by patient and treatment characteristics.
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Simple Summary

This study explores the potential of the relative wash-in rate (rWIR) in dynamic contrast-
enhanced MRI as a prognostic factor for event-free survival (EFS) in osteosarcoma patients.
Eighty-two patients were retrospectively included, and rWIR was determined based on
preoperative imaging. Patients with rWIR < 2.3 were considered to have a poor radiological
response, while those with rWIR 2 2.3 had a good response. This study identified that poor
radiological response (rWIR < 2.3) was associated with shorter EFS, even when adjusted for
traditional prognostic factors. The 2- and 5-year EFS rates for patients with rWIR > 2.3 were
85% and 75%, compared to 55% and 50% for those with rWIR < 2.3. The findings suggest
that the predicted poor chemo response with MRI is associated with shorter EFS and
shows similar results to histological response evaluation. rWIR is a potential tool for future

response-based individualized healthcare in osteosarcoma patients.

Abstract

Background: The decreased perfusion of osteosarcoma in dynamic contrast-enhanced
(DCE) MRI, reflecting a good histological response to neoadjuvant chemotherapy, has been
described. Purpose: In this study, we aim to explore the potential of the relative wash-in
rate as a prognostic factor for event-free survival (EFS). Methods: Skeletal high-grade
osteosarcoma patients, treated in two tertiary referral centers between 2005 and 2022,
were retrospectively included. The relative wash-in rate (rWIR) was determined with DCE-
MRI before, after, or during the second cycle of chemotherapy (pre-resection). A
previously determined cut-off was used to categorize patients, where rWIR < 2.3 was
considered poor and rWIR > 2.3 a good radiological response. EFS was defined as the time
from resection to the first event: local recurrence, new metastases, or tumor-related
death. EFS was estimated using Kaplan—Meier’s methodology. Multivariate Cox
proportional hazard model was used to estimate the effect of histological response and
rWIR on EFS, adjusted for traditional prognostic factors. Results: Eighty-two patients

(median age: 17 years; IQR: 14-28) were included. The median follow-up duration was
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11.8 years (95% Cl: 11.0-12.7). During follow-up, 33 events occurred. Poor histological
response was not significantly associated with EFS (HR: 1.8; 95% Cl: 0.9-3.8), whereas a
poor radiological response was associated with a worse EFS (HR: 2.4; 95% Cl: 1.1-5.0). In a
subpopulation without initial metastases, the binary assessment of rWIR approached
statistical significance (HR: 2.3; 95% Cl: 1.0-5.2), whereas its continuous evaluation
demonstrated a significant association between higher rWIR and improved EFS (HR: 0.7;
95% Cl: 0.5-0.9), underlining the effect of response to chemotherapy. The 2- and 5-year
EFS for patients with a rWIR > 2.3 were 85% and 75% versus 55% and 50% for patients with
a rWIR < 2.3. Conclusion: The predicted poor chemo response with MRI (rWIR < 2.3) is
associated with shorter EFS even when adjusted for known clinical covariates and shows
similar results to histological response evaluation. rWIR is a potential tool for future
response-based individualized healthcare in osteosarcoma patients before surgical

resection.

Keywords: osteosarcoma, neoadjuvant chemotherapy, response monitoring, histological

response, dynamic contrast-enhanced MRI, survival outcome
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Introduction

Osteosarcoma is a malignant bone tumor that generally affects young patients, with a
second peak at >40 years of age. Neoadjuvant chemotherapy (NAC) followed by tumor
resection is key in curative treatment(1-3). The gold standard for evaluating response to
NAC in osteosarcoma patients relies on the histological assessment according to the
modified Huvos classification(4, 5). This method has limitations, including the examination
of only one slab of tumor tissue, high inter-observer variability, the use of a binary cut-off
(210% viable tumor cells indicate poor response), and the inability to assess response
before resection. These limitations partially cause the lack of clinical implications of
histological response assessment in current clinical guidelines as they only become
apparent after surgical resection(6). Consequently, there is a need for a non-invasive
prognostic biomarker able to accurately predict chemotherapy treatment response before

surgery.

Dynamic contrast-enhanced (DCE-)MRI is an imaging sequence capable of visualizing and
quantifying various tumor properties such as tissue perfusion and capillary permeability(7,
8). In a previous study, the relative wash-in rate (rWIR) was described to correlate with a
histological response. The rWIR, derived from the baseline imaging’s maximum slope of
contrast enhancement (wash-in rate) divided by the post-NAC wash-in rate observed on
DCE-MRI time-intensity curves, reflects alterations in tumor perfusion before and after
NAC(9). Utilizing this technique, the response to NAC can be predicted before tumor
resection. Association between response assessment before tumor resection and

prognosis could thus potentially provide tools for treatment personalization.

Previous studies identified age, tumor size, the presence of metastases at presentation,
histological response to chemotherapy, and local recurrence (LR) as risk factors for EFS in
osteosarcoma patients treated with curative intent(10-14). The aim of this multicenter
retrospective study is to explore the potential of the rWIR as a prognostic factor for clinical

outcome and determine its added value to known prognostic factors.
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Materials and Methods

Design, Setting, and Participants

This multicenter observational retrospective cohort study was conducted between 2005
and 2022 at the Leiden University Medical Center (LUMC) and the Ghent University
Hospital (GUH). The study was approved by the ethical review board in both centers, and
the need for informed consent was waived due to the retrospective nature of this study
(protocol and approval codes: B19.050, BC-09111, and G18.065/SH/gk). Patients with
histologically proven skeletal high-grade osteosarcoma and treated with curative intent
consisting of chemotherapy and tumor resection were included. All participants
underwent DCE-MRI both before and after NAC, using the same scan protocol. Exclusion
criteria included patients with secondary osteosarcoma, craniofacial lesions, pre- and post-
NAC MRI performed in different centers, a history of previous chemotherapy, and tumor
resection or concomitant radiotherapy at the same site. Among 502 initially enrolled
patients, 420 were excluded, resulting in a total study population of 82 patients (Figure 1).
Of these, 53 were treated at the LUMC and 29 at the GUH. The entire study population of
82 patients was previously studied(9, 10). The first study provided an overview of survival
and prognostic factors in 402 patients with skeletal high-grade osteosarcoma, including 53
patients from the current cohort(10). The second study described the development of the
model, predicting the histological response to NAC in 85 osteosarcoma patients,
incorporating 82 patients from the current cohort(9). In this study, we report the potential
of the rWIR as a prognostic factor for clinical outcomes and determine its added value to

known prognostic factors.
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Figure 1. Flowchart of patient selection.
Legend: DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging; NAC =

neoadjuvant chemotherapy.
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rWIR and Selection of Prognostic Variables

DCE-MRIs, and the corresponding rWIR, were processed in a blinded and independent
manner by G.M.K. (4 years of experience) for LUMC patients and T.V.D.B. (4 years of
experience) for GUH patients, and rWIR was determined for all included patients. Previous
research reported an intraclass correlation coefficient of 0.81 for rWIR in neoadjuvant-
treated osteosarcoma, suggesting good repeatability. The rWIR was calculated by dividing
the maximum slope of contrast enhancement on the time—intensity curves (wash-in rate)
from baseline imaging by the wash-in rate post-NAC. Details can be found in a previous
study by Kalisvaart and Van Den Berghe et al.(9). A prior study by Evenhuis et al.(10)
identified prognostic factors for survival in 402 patients treated for a skeletal high-grade
osteosarcoma at the LUMC between 1978 and 2017. Age groups, tumor sizes, poor
histopathological responses, and metastases at presentation were found to be
independent prognostic factors influencing EFS in a multivariate Cox proportional hazard
model and were also used in the current analysis(10). For the current study, patient
records were reviewed by the local investigator to obtain demographics, treatment details,
and clinical outcomes. Baseline variables included sex, age group (children: 0—<16 years;
adolescents and young adults [AYA]: 16—<40 years; older adults: 240 years), tumor
location, tumor size (<8 cm or >8 cm), metastases at presentation, histological response
according to the Huvos classification (poor response: 210% viable tumor cells; good
response: <10% viable tumor cells and >90% response) and rWIR(4, 9). The rWIR was
analyzed both as a dichotomous variable (rWIR < 2.3 indicated a poor radiological
response, and rWIR > 2.3 indicated a good radiological response) and as a continuous
variable to evaluate the potential of rWIR to overcome the limitation of the arbitrary
threshold for poor response originating from the 10% viable cells threshold in the Huvos
classification. EFS was defined as the time from resection to the first event that consisted
of LR, new metastases, or tumor-related death. In patients with metastatic disease at

presentation, the next consecutive event was considered for EFS.
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Follow-Up

Patients were monitored at the outpatient clinic for local control and disease progression.
Follow-up protocols varied by center but generally included physical examinations and

imaging modalities including computerized tomography (CT), MRI, and radiography.

Statistical Analysis

A multivariate Cox proportional hazard regression model was estimated to study the effect
of risk factors on EFS. The model included age group, histological response to
chemotherapy, tumor size, and metastases at presentation. A second model included the
same prognostic factors but replaced histological response with rWIR. The rWIR was used
as a categorical parameter (rWIR < 2.3 indicated a poor radiological response) and
afterwards as a continuous parameter. The proportional hazard assumption was tested by
using the weighted residuals(15). This analysis was also conducted on a subpopulation that
excluded patients with baseline metastases. Hazard ratios (HRs) and their 95% confidence
intervals (Cls) were reported. To evaluate the additional value of rWIR, a comparison
between two nested Cox models on the same data set with and without rWIR were
compared using a likelihood ratio test(16). EFS was estimated by employing the Kaplan—
Meier (KM) methodology. The median follow-up time was computed using the reversed
Kaplan—Meier methodology(17). The combining batches (ComBat) harmonization method
was used to reduce center-specific effects for the rWIR in the previous rWIR study(9). In
the current study, analysis was performed with rWIR after ComBat harmonization and
repeated with data without harmonization. Statistical analyses were performed using the
SPSS version 25.0 (IBM Corp., Armonk, NY, USA) and R-studio software version 4.2.1. The

level of significance was set at a p-value of < 0.05.
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Results

Participants and Baseline Characteristics

The cohort consisted of 50 males (61%) and 32 females (39%), with a median age of 17.4
years (interquartile range [IQR]: 13.7-27.7). Respectively, 7/43 patients (16%) with a poor
and 5/39 patients (13%) with a good histological response had metastases at presentation
(Table 1). The median follow-up time was 11.8 years (95% Cl: 11.0-12.7), and there were
no dropouts. A total of 33 events were observed during the follow-up. The histological and
radiological responses were classified as poor in 43 (52%) and 41 (50%) patients,
respectively. In 18 patients (22%), histological and radiological response classifications
were discordant. LR was observed in nine patients (11%). All patients with LR underwent
re-resection, without additional chemo- or radiotherapy. The development of metastases
during follow-up was observed in 31 patients (38%) that were treated with
metastasectomy alone (n = 16, 52%), metastasectomy and chemotherapy (n =5, 17%),
metastasectomy and radiotherapy (n = 3, 10%), chemotherapy (n = 3, 10%), and
metastasectomy, chemotherapy, and radiotherapy (n = 1, 3%), and 3 patients (10%) were

not treated due to poor prognosis.
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Prognostic Factors’ Effect on EFS

In the first model (histological response included), none of the variables were significantly
associated with EFS. Histological response (HR: 1.8; 95% Cl: 0.9-3.8; reference category:
good responder) and metastases at presentation (HR: 2.3; 95% Cl: 0.9-5.8; reference
category: no metastases) were the most influential factors, though not significant (Table 2).
In the second model, the rWIR was used instead of the histological response to
chemotherapy. The rWIR < 2.3 was significantly associated with worse EFS (HR: 2.4; 95% Cl:
1.1-5.0; reference category: rWIR > 2.3), but metastases at presentation (HR: 2.3; 95% Cl:
0.9-5.9) was not. Repeating the analysis in the none ComBat harmonization cohort showed
that rWIR < 2.3 was still associated with EFS (HR: 2.8; 95% Cl: 1.3-5.9). In the third model,
the rWIR as a continuous variable was incorporated. None of the included variables were
significantly associated with EFS, although the rWIR as a continuous variable (HR 0.8, 95%
Cl 0.6-1.0) and metastases at presentation (HR 1.9, 95% ClI 0.7-4.9) were the most
influential variables. A further subpopulation analysis, including 70 patients (85%) without
metastases at presentation, revealed that rWIR as a binary variable nearly approached
significance, suggesting an association with EFS (HR: 2.3; 95% CI: 1.0-5.2) (Table 3). rWIR as
a continuous variable was significantly associated with EFS (HR: 0.7; 95% Cl: 0.5-0.9). Thus,
an increase in the continuous rWIR (and a decrease in wash-in rate during NAC) resulted in
an increased EFS. The proportional hazard assumption for each covariate was not violated.
Analysis of deviance suggests that adding rWIR to the multivariate Cox model leads to an
improved fit over the model (p = 0.07), although further research is necessary to obtain

more robust results.
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Event-Free Survival

The 2- and 5-year EFS for patients with a rWIR of 22.3 (a good response) were 85% (95%
Cl: 74-96) and 75% (95% Cl: 62—-89) versus 55% (95% Cl: 40—70) and 50% (95% Cl: 35—66)
for patients with a rWIR of <2.3 (a poor response) (Figure 2).

Among 70 patients without metastases at presentation, 24 (35%) experienced an event.
The 2- and 5-year EFS for patients with a rWIR of > 2.3 (a good response) were 89% (95%
Cl: 79-99) and 77% (95% Cl: 63-91) versus 61% (95% Cl: 44—78) and 55% (95% Cl: 38-72)
for patients with a rWIR of <2.3 (a poor response) (Figure 3). The 2- and 5-year recurrence-
free survival for patients with a rWIR of 22.3 were 98% (95% Cl: 93—100) and 98% (95% Cl:
93-100) versus 87% (95% Cl: 77-97) and 82% (95% Cl: 69-94) for patients with a rWIR of
<2.3. The 2- and 5-year metastasis-free survival for patients with a rWIR > of 2.3 were 85%
(95% Cl: 75-96) and 75% (95% Cl: 61-88) versus 57% (95% Cl: 41-72) and 52% (95% Cl:
36-67) for patients with a rWIR of <2.3.

1.0

0.6 1

Cumulative survival

0.4

0 2 4 8 10 12 14
Time (in years) since surgery

Number at risk

41 22 18 15 14 13 9 4
41 33 25 22 20 18 14 4
r'WIR<2.3 (poor response) r'WIR=2.3 (good response)

Figure 2. Estimated event-free survival among good and poor responders based on the

rWIR with a cut-off of 2.3.
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1.0 1

0.8 1

—

Cumulative survival
[ =]
(=]

044

0.2

0 2 4 B 8 10 12 14
Time (in years) since surgery

Number at risk

34 20 17 14 13 12 8 4
- 36 N 24 21 19 17 14 4
= MWIR<2.3 (poorresponse) = rWIR=2.3 (good response)

Figure 3. Estimated event-free survival among good and poor responders based on the
rWIR with a cut-off of 2.3 in a subpopulation of 70 patients without metastases at

presentation.
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Discussion

In this multicenter study, rWIR, as determined using pre- and post-NAC DCE-MRI, was
found to be associated with EFS in patients with osteosarcoma. To the best of our
knowledge, this is the first study to date on the prognostic value of rWIR for EFS. Results
show that a previously determined cut-off of rWIR < 2.3 is associated with poor EFS when
adjusted for age group, tumor size, and metastases at presentation. Furthermore, the
continuous rWIR was significantly associated with EFS in a subpopulation without
metastases at presentation. Our findings suggest rWIR might have value for response
stratification in patients without metastases at diagnosis, as rWIR can be determined
before resection and used as a continuous variable in survival prediction. This contrasts
with the traditionally used histological response, and in our population, it was not

significantly associated with EFS.

The link between DCE-MRI-based perfusion characteristics and histological responses has
been described extensively in the literature(7, 18). Guo et al. and Hao et al. found that
several features, describing tissue permeability and perfusion, were correlated with
histologic responses(7, 19). In a previous rWIR study, standardized optimal methods to use
perfusion characteristics, specifically the derived time—intensity curve, for histological
response prediction were identified(9). This determination of the association with
biological changes in tumor tissues allows a more explainable association of this imaging

characteristic with survival outcomes in the current study.

Although in this study the use of pre- and post-NAC DCE-MRI was investigated to predict
clinical outcome of osteosarcoma patients, there are other functional imaging techniques
such as PET-CT and DWI that have been described for predicting the response to
chemotherapy(7, 20, 21). These studies typically predict the histological response instead
of survival. Studies evaluating quantitative, texture-based imaging features (radiomics) for
predicting treatment response and survival have not yet resulted in widely accepted and
implemented prognostic imaging biomarkers(22-26). Interpretation of results in radiomics

studies is often complicated by a lack of correcting methods for other prognostic factors,
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such as the presence of metastases or age and complexity of radiomics models.
Furthermore, implementation is challenging, since specific software, quality control, and
adherence to standardized study protocols are needed to assure reliable results and
reproducibility of the results(27, 28). In this regard, the rWIR is a practical and explainable
biomarker that is associated with clinical outcome when adjusted for most important
covariates. Moreover, it facilitates a deeper understanding of tumor behavior during
treatment, providing radiologists and oncologists with a comprehensive tool for analysis

and interpretation.

A limitation of this study is that it included patients previously described in the study
deciphering the association between rWIR and histological response. Ideally, new patients
should have been included. However, the model, which was used to identify rWIR, was not
trained using survival data, causing the current study to provide valuable added
information on patient stratification. Additionally, T1-mapping was not available in this
study, preventing the use of Tofts features from the analyses(29). DCE-MRI features based
on the Tofts-model, such as differences in relative extravascular extracellular space and
influx volume transfer constant, have been shown to be prognostic factors for EFS and
overall survival (OS)(7, 19). However, limited cohort sizes, arbitrary cut-offs for radiological
response classification, and a lack of correction for other prognostic factors limit the
interpretability of these results described in the literature. Nevertheless, future studies
should determine if Tofts modeling strengthens the prognostic value of DCE-MRI

characteristics for patient stratification.

The rWIR holds potential for the early evaluation of NAC treatment response and EFS
prediction in a non-invasive way before tumor resection. Moreover, patients with a poor
radiological response to NAC experienced recurrences more often and seemed to have a
shorter recurrence-free survival. Once further investigated and validated in larger sample
sizes, this method could allow for standardized response monitoring in studies on
neoadjuvant therapies, for example, in the development of new chemotherapy regimens.
This, in turn, might contribute to individualized therapies and decision making. It involves

the potential to either avoid or intensify ineffective chemotherapy cycles. Additionally, it
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might justify a more invasive surgical or adjuvant radiotherapy treatment in patients with
predicted poor prognosis, aiming to prevent local recurrences and improve survival

outcomes.
Conclusions

The rWIR is associated with EFS and is a valuable addition to other clinical parameters.
Future prospective studies on response monitoring and EFS prediction should be

compared to the performance of rWIR.
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Abstract

Background: We previously reported promising early results for periacetabular tumor
reconstructions using the LUMIC prosthesis. The current study evaluates mid-term
complications, revision rates, cumulative incidence of implant revision, and risk factors for
complications in a multicenter cohort. Methods: We assessed patients in whom a tumor
defect after type P1b+2, P2, P2+3, or P1b+2+3 internal hemipelvectomy was reconstructed
with a LUMIC prosthesis during the period of 2008 to 2022. Complications were reported
according to the Henderson classification. Competing risks models were used to estimate
the cumulative incidence of implant revision for mechanical and nonmechanical reasons,
and reoperations for any complication. Cox models were used to study the effect of risk
factors on dislocation and infection. Results: One hundred and sixty-six patients (median
follow-up, 4.2 years [interquartile range, 2.6 to 7.6 years]) were included. A total of 114
(69%) were treated for a primary malignant tumor, 46 (28%) for metastatic carcinoma, 5
(3%) for a benign aggressive lesion, and 1 (1%) for another reason. One hundred and sixty-
five reoperations were performed in 82 (49%) of the patients; 104 (63%) of the
reoperations were within 6 months. Thirty-two (19%) of 166 implants were revised: 13
(8%) for mechanical reasons, mainly dislocation (n =5, 3%), and 19 (11%) for
nonmechanical reasons, mainly periprosthetic joint infection (PJI) (n = 15, 9%). The
cumulative incidences of revision for mechanical reasons and PJI (Henderson 1 to 4) at 2, 5,
and 10 years were 11% (95% confidence interval [Cl], 7% to 17%), 18% (12% to 25%), and
24% (16% to 33%), respectively. Previous surgery at the same site was associated with an
increased dislocation risk (cause-specific hazard ratio [HRCS], 3.0 [95% Cl, 1.5 to 6.4]; p <
0.01), and resections involving the P3 region were associated with an increased infection
risk (HRCS, 2.5 [95% Cl, 1.4 to 4.7]; p < 0.01). Conclusions: Despite a substantial
reoperation risk, the LUMIC prosthesis demonstrated its durability in the mid-term, with a
low mechanical revision rate and most patients retaining their primary implant. Most
complications occur in the first postoperative months. Patients with previous surgery at
the same site had an increased dislocation risk and might benefit from more conservative

rehabilitation and aftercare. Measures should be aimed at reducing the PJl risk, especially
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in resections involving the P3 region. Level of Evidence: Therapeutic Level IV. See

Instructions for Authors for a complete description of levels of evidence.

Introduction

Over the past decades, nonmodular stemmed acetabular cups have gained popularity for
the reconstruction of periacetabular tumor defects because of their wide availability,
intraoperative flexibility, relatively fast and easy implantation, and the possibility of
allowing early weight-bearing and rapid postoperative mobilization(1, 2). Nevertheless, as
with any periacetabular reconstruction technique, the risks of dislocation (3% to 31%),
aseptic loosening (0% to 16%), and periprosthetic joint infection (PJI) (10% to 50%) remain
substantial. These complications commonly necessitate revision surgery, resulting in an

even higher risk of complications and morbidity(1-11).

The LUMIC prosthesis (Implantcast) was introduced in 2008 for the reconstruction of
extensive periacetabular defects. This modular device consists of a stem that sits in the
remaining ilium, in line with the weight-bearing axis of the pelvis, and an acetabular cup
that is connected to the stem(12). The stem and cup are equipped with a sawtooth
junction allowing for rotational adjustment of the cup. In a previous study(2), we reported
promising short-term complication and implant survival rates compared with other

techniques(1, 4, 13-15).

In the current study, we aimed to assess the mid-term results of this implant, in a larger
multicenter cohort. Therefore, we evaluated (1) the complications and associated risk
factors, (2) the reasons for implant revision, and (3) the cumulative incidence of implant

revision at 2, 5, and 10 years.

Materials and Methods

Approval for conducting this study was obtained from the scientific committee of the
Leiden University Medical Center (LUMC). The committee waived patients’ informed
consent (W.22.002/2022-029). Participating centers obtained approval by their local

ethical review board.
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Study Design, Setting, Participants

In this international, multicenter, observational retrospective study, we assessed all
patients in whom an internal hemipelvectomy was performed for a bone tumor and in
whom the LUMIC prosthesis was used for reconstruction of the defect during the period of
2008 to 2022. The minimum potential follow-up was 24 months; patients who died within
24 months after implantation were included. Fourteen tertiary referral centers
participated. All patients had a periacetabular tumor defect (including P2 according to the
modified Enneking classification(16)) in which the medial ilium was preserved as described
in our previous work(2, 4). One hundred and sixty-six patients (87 female, 52%) with a
median age of 57 years (range, 10 to 81 years) were included. The median follow-up for
censored patients was 4.2 years (interquartile range [IQR], 2.6 to 7.6 years). The indication
for reconstruction in 114 (69%) of the patients was resection of a primary malignant bone
tumor, while 46 (28%) had been treated for metastatic carcinoma (Table 1). Twenty-six
(16%) of the patients had >1 previous surgeries at the same site (Table 1). All patients
received prophylactic antibiotics according to the local protocol: either as a single dose (n
=25, 15%) or over 24 hours (n =55, 34%), 3 to 5 days (n = 53, 33%), or >5 days (n = 29,
18% [of 162 with data on antibiotic duration]) (Table 3). According to the modified
Enneking classification, 17 (11%) of the patients underwent type P1b+2 resection; 83
(52%), type P2 resection; 50 (31%), type P2+3 resection; and 11 (7%), type P1b+2+3
resection(4, 16). In 60 (41%) of patients (146 with data), an extra-articular resection of the

hip joint was performed.
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Table 1. Study Population (N = 166)".

Variable Values
Sex 166
Male 79 (48%)
Female 87 (52%)
BMI'(kg/m2?) 25 [22-28]
ASA score 165
1 40 (24%)
2 81 (49%)
3 44 (27%)
Smoking 139
Yes, currently 20 (14%)
Yes, formerly (stopped >6 mo.) 17 (12%)
Diabetes 12/152 (8%)
Indication for reconstruction 166
Primary malignant tumors 114 (69%)
Chondrosarcoma 67 (40%)
Osteosarcoma 18 (11%)
Ewing sarcoma 11 (7%)
Soft-tissue sarcoma 9 (5%)
Multiple myeloma 4 (2%)
Other 5 (3%)
Metastatic carcinoma 46 (28%)
Benign aggressive lesions 5(3%)
GCTB 2 (1%)
Chondroblastoma 1(1%)
Chondromyxoid fibroma 1(1%)
Yeast infection* 1(1%)
Other 1(1%)
Previous surgery at same site 26 (16%)
Internal hemipelvectomy or partial pelvic tumor resection 9 (35%)
Total hip arthroplasty 13 (50%)
Curettage (GCTB/osteoblastoma) 4 (15%)
Soft-tissue involvement 91/158 (55%)
Pathological fracture at diagnosis 30/162 (19%)
Neoadjuvant chemotherapy 55/163 (34%)
Neoadjuvant radiation therapy 28/163 (17%)
Adjuvant chemotherapy 52/162 (32%)
Adjuvant radiation therapy 30/159 (19%)

Legend: *The values are given as the number, with the percentage in parentheses, except where
otherwise noted. BMI = body mass index, ASA = American Society of Anesthesiologists physical status,
and GCTB = giant cell tumor of bone. TBMI values are given as the median, with the interquartile
range (IQR) in square brackets. ¥Suspicious lesion in a patient with known multiple myeloma.
Histology identified no tumor localization but a yeast infection.
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Table 2. Prosthesis and Surgical Details.

Variable No. (%)*
Antibiotic administration 161
Cephalosporins 100 (62%)
Beta-lactam 13 (8%)
Cephalosporins + clindamycin 12 (8%)
Cephalosporins + metronidazole 8 (5%)
Glycopeptides 10 (6%)
Cephalosporins + aminoglycosides 6 (4%)
Glycopeptides + B-lactam 6 (4%)
Other 6 (4%)
Modified Enneking resection type 161
P1b+2 17 (11%)
P2 83 (52%)
P2+3 50 (31%)
P1b+2+3 11 (7%)
Use of computer-assisted surgery 49/166 (30%)
Concomitant proximal femoral reconstruction 56/165 (34%)
Silver-coated proximal femur 40/56 (71%)
Cemented LUMIC stem 30/165 (18%)
Cup size 163
50 mm 62 (38%)
54 mm 49 (30%)
60 mm 52 (32%)
Dual-mobility cup 107/164 (65%)
Silver-coated cup 36/166 (22%)
Cemented femoral component 62/164 (38%)
Use of Trevira tube 48/163 (29%)

“Total cohort, n = 166.

Preoperative Planning, Surgical Details, Procedure

The general surgical and procedural details were previously described(12). Although not
available in all participating centers, the leading center prefers the use of intraoperative
navigation to optimize stem placement. Press-fit fixation of an uncemented stem was
preferred unless adequate press-fit fixation of the stem was not obtained, or if bone
quality was inadequate. Conventional and dual-mobility cup articulations were available

and were used at the surgeon’s discretion, although the dual-mobility cup was preferred
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on the basis of previous results(2). Depending on the surgeon’s preferences, a Trevira
attachment tube (Implantcast) was used to reattach soft tissues. Usually, early partial
weight-bearing (with use of 2 crutches) was allowed under supervision of a

physiotherapist. At 6 to 12 weeks, this was gradually increased to full weight-bearing.

Combined flexion and external rotation was avoided. In some centers, orthoses were used.

Generally, patients with a suspected PJI underwent a DAIR (debridement, antibiotics, and
implant retention) procedure, including intraoperative culturing and a thorough
debridement, followed by at least 2 weeks of intravenous antibiotics. The standard
antibiotic treatment regimen spanned a minimum of 12 weeks, depending on the isolated
microorganism(s) and the susceptibility pattern. In some cases, eradication of the PJI was
not achieved, resulting in chronic antibiotic suppression or a draining fistula, as described

in our previous paper(11).

Variables

Patient records were reviewed to obtain demographics, surgical details, reconstruction
details, complications, and functional outcomes at the last date of follow-up. Incision types
were divided into 2 groups: a single iliofemoral (“question mark”) incision or a star-shaped
incision. Pelvic resection types were divided into 2 groups: P1b+2 and P2 or P1b+2+3 and
P2+3. Revision was defined as any surgical procedure in which (part of) the implant was
removed or replaced. Complications and the reason for implant revision were categorized

according to the Henderson classification(17).

Statistical Analysis

Competing risks models(18) were used to estimate the cumulative incidences of implant
revision and reoperations. A competing risks model with 3 competing events was used to
estimate the cumulative incidences of mechanical failure and infection, with death and
local recurrence as competing events. A second competing risks model with 2 competing
events was employed to estimate the cumulative incidence of any complication, with

death as a competing event.
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Cause-specific Cox hazard regression models were estimated to study the effect of
prognostic risk factors on time to dislocation and time to PJI. Cause-specific hazard ratios
and 95% confidence intervals are reported. The proportion of complications was compared
among different subgroups using chi-square analysis. Analyses of data were performed
using SPSS version 25.0 (IBM) and RStudio version 4.2.1(19). The R Studio package
“cmprsk” was used to estimate the cumulative incidence of implant revision and

reoperations. The level of significance was set at p < 0.05.

Results

Complications, Implant Revision, Risk Factors

During the study period, 82 (49%) of the patients underwent 21 reoperation (Table 3). In

total, 165 reoperations were performed, of which 104 (63%) were within 6 months.

Dislocations (Henderson 1A) occurred in 31 (19%) of the patients; 21 (13%) had a single
dislocation and underwent closed or open reduction, and 10 (6%) had recurrent
dislocations. The first dislocation occurred within 1 month in 2 (6%) of the 31 patients,
between 1 and 6 months in 4 (13%), and later in 5 (16%). Patients who had previous
surgery at the same site had a higher dislocation risk than those without previous surgery
at the same site (cause-specific hazard ratio [HRCS], 3.0 [95% confidence interval (Cl), 1.5
t0 6.4]; p < 0.01) (Table 4). Utilization of the dual-mobility cup (HRCS, 0.6 [95% CI, 0.3 to
1.2]; p=0.17) or the Trevira tube (HRCS, 0.7 [95% Cl, 0.3 to 1.6]; p = 0.38) was not
significantly associated with dislocation. Dislocations occurred in 15 (26%) of 57 patients
with conventional cups compared with 16 (15%) of 107 with dual-mobility cups (p = 0.08).
Dislocations occurred in 7 (15%) of 48 patients with reconstruction with a Trevira tube
versus 24 (21%) of 115 without (p = 0.35). Dislocations occurred in 3 (10%) of 29 patients
with reconstruction with a Trevira tube and dual-mobility cup versus 11 (30%) of 37 who
had neither (p = 0.06). Five implants (3% of patients) were revised for instability. Four
conventional cups (2%) were exchanged for a dual-mobility cup, and 1 (1%) resection
arthroplasty was performed because of recurrent instability and poor oncological

prognosis.
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Table 4. Univariate Cause-Specific Cox Proportional Hazards Regression Model for

Prognostic Factors for the Occurrence of Dislocation and PJI".

Possible Risk Factors Dislocation p-value PJI p-value
HRcs (95% Cl) HRcs (95% Cl)
Sex
Female'
Male 1.8 (0.89-3.77) 0.10 1.2 (0.66-2.21) 0.54
Age 1.0 (0.99-1.05) 0.07 1.0 (1.00-1.04) 0.05
BMI 1.0(0.96-1.10) 0.49 1.0(0.98-1.10) 0.21

ASA classification

If

1] 1.3 (0.56-3.20) 0.52 1.2 (0.57-2.73) 0.59

1] 0.8 (0.28-2.51) 0.76 1.5 (0.62-3.49) 0.39
Smoking NA

No*

Yes 0.5 (0.16-1.68) 0.27
Diabetes NA

No*

Yes 1.9 (0.69-5.63) 0.20
Previous surgery at same site

No*

Yes 3.0(1.47-6.41) 0.003 0.8 (0.34-1.89) 0.61
Incision type NA

Single incision®

Star-shaped incision 1.3 (0.69-2.57) 0.39
Proximal femoral resection

No*

Yes 0.8 (0.35-1.64) 0.48 1.2 (0.66-2.26) 0.53
Type of pelvic resection

P1b+2 and P2*

P2+43 and P1b+2+3 1.4 (0.70-2.95) 0.32 2.5(1.35-4.72) 0.004
Surgical duration (hr) NA 1.1 (0.98-1.29) 0.09
Blood loss (L) NA 1.1(0.84-1.32) 0.67
Dual-mobility cup

No*

Yes 0.6 (0.29-1.23) 0.17 NA
Use of silver-coated cup NA

No*

Yes 2.1(1.11-4.04) 0.02
Use of silver-coated proximal NA
femur

No*

Yes 0.2 (0.07-0.49) <0.001
Use of computer-assisted surgery

No'

Yes 0.7 (0.38-1.92) 0.71 0.8 (0.37-1.54) 0.44
Use of Trevira tube

No'

Yes 0.7 (0.30-1.59) 0.38 1.6 (0.87-3.05) 0.13
Legend: *PJI = periprosthetic joint infection, HRCS = cause-specific hazard ratio, 95% Cl = 95% confidence interval,
BMI = body mass index, ASA = American Society of Anesthesiologists physical status, and NA = not applicable.
*Reference category.
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Early aseptic loosening (Henderson 2A) of the stem occurred in 1 patient (1%), who
previously had reconstruction with use of an allograft and total hip replacement that had
failed as a result of PJI. After 5 years without further reconstruction, a cemented LUMIC

prosthesis was implanted; it was removed 12 months later because of aseptic loosening.

Late aseptic loosening (Henderson 2B) occurred in 4 (2%) of the patients, 3 with an
uncemented implant and 1 with a cemented implant. All underwent revision with use of a
custom-made implant, 4.4 to 6.4 years after implantation. No complications preceded the

aseptic loosening, and none of these patients had undergone reconstruction previously.

Intraprosthetic dissociation (Henderson 3A) occurred in 1 patient (1%), who had persistent
subluxation. During revision surgery 32 months after implantation, the LUMIC dual-
mobility liner appeared to have dissociated. The stem was well fixed and was left in place,

and the liner and cup were revised.

Periprosthetic fracture at implantation (Henderson 3B) occurred in 2 (1%) of the patients;
the fractures consisted of a periprosthetic fracture of the ilium around the uncemented
stem. One patient underwent successful revision to an uncemented LUMIC stem,
implanted slightly more dorsal and lateral in the remaining ilium, utilizing fresh bone stock.
One was treated conservatively, but the fracture did not consolidate, resulting in revision
to a custom-made prosthesis at 9 months. As a result of dislocation, revision surgery was
performed to increase the offset. However, during the procedure, it turned out that the
custom-made prosthesis had loosened because of poor bone quality, leading to implant

removal and resection arthroplasty.

PJI (Henderson 4) occurred in 41 (25%) of the patients. In 22 (54%) of the patients, PJI
occurred within 6 weeks; in 4 (10%), between 6 and 12 weeks; in 2 (5%), between 12 and
24 weeks; and in 13 (32%), at >24 weeks postoperatively. The success rate of >1 DAIR
procedures was 50% (11 of 22) for patients with an early PJI between 0 and 6 weeks, 75%
(3 of 4) with PJI between 6 and 12 weeks, 100% (2 of 2) with PJI between 12 and 24 weeks,

and 69% (9 of 13) with PJI at >24 weeks postoperatively. Of the patients with infection
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following reconstruction, 17 (71%) of 24 without a Trevira tube were successfully managed

with DAIR procedures versus 8 (50%) of 16 with a Trevira tube (p = 0.18).

The median duration of the index surgery was 5.5 hours (IQR, 4.3 to 6.5 hours) in patients
who developed PJI and 4.8 hours (IQR, 3.6 to 6.5 hours) in those who did not develop PJI (p
=0.13). Surgical duration was not associated with PJI risk (Table 4). The PJI risk was lower
for patients with a concomitant proximal femoral reconstruction with silver coating
compared with those without silver coating (HRCS, 0.2 [95% Cl, 0.07 to 0.5]; p < 0.01). Nine
(23%) of 40 with silver coating developed PJI compared with 8 (80%) of 10 without silver
coating (p < 0.01) (data on silver coating available for 50 of 56 patients with proximal
femoral reconstruction). Resections that included the P3 region had an increased PJI risk
(HRCS, 2.5 [95% Cl, 1.4 to 4.7]; p < 0.01). Median blood loss did not differ between
patients with PJI (1.9 L [IQR, 1.0 to 2.5 L]) and those without (1.5 L [IQR, 1.0to0 2.3 L]) (p =
0.90). Ultimately, 15 (9%) of the patients underwent revision because of PJIl. One had a
previous reconstruction (pedestal-cup prosthesis) that had failed because of PJI, and the
others did not have previous reconstructions. Four underwent a new reconstruction (3
were revised to a new LUMIC prosthesis during 1-stage [n = 2] or 2-stage [n = 1] revision,
and 1 received a custom-made implant). Others underwent resection arthroplasty (n = 8),
implant removal and spacer implantation (n = 1), hindquarter amputation (n = 1), or

rotationplasty (n = 1) (Table 3).

Local recurrence (Henderson 5B) occurred in 13 (8%) of the patients, leading to implant

removal in 4 (2%) of the cases (3 hindquarter amputations, 1 resection arthroplasty).
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Cumulative Incidence of Implant Revision, Reconstruction Status, and Functional and

Survival Outcomes

The cumulative incidence of implant revision for mechanical reasons (Henderson 1 to 3) at
2,5, and 10 years was 4% (95% Cl, 2% to 8%), 9% (95% Cl, 4% to 15%), and 12% (95% Cl,
6% to 20%). For PJI (Henderson 4), the rates were 7% (95% Cl, 4% to 11%), 10% (95% Cl,
5% to 16%), and 11% (95% Cl, 6% to 18%) (Figure 1). For mechanical reasons and PJI
(Henderson 1 to 4), the rates were 11% (95% Cl, 7% to 17%), 18% (95% Cl, 12% to 25%),
and 24% (95% Cl, 16% to 33%), respectively.

The cumulative incidence of reoperation for any complication at 2, 5, and 10 years was

44% (95% Cl, 36% to 51%), 52% (95% Cl, 43% to 60%), and 58% (95% Cl, 47% to 67%)

(Figure 2).
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Figure 1. Cumulative incidence of LUMIC revision for mechanical complications (Henderson

1 to 3) and PJI (Henderson 4), using a competing risks model.
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During the study period, 24 LUMIC reconstructions (14% of the 166 patients) were
removed. Four (2%) were removed for tumor progression via hindquarter amputation (n =
3) and resection arthroplasty (n = 1). One additional patient underwent revision for
dislocation, but later underwent hindquarter amputation due to tumor progression.
Nineteen reconstructions (11%) failed; 11 patients (7%) underwent resection arthroplasty,
5 (3%) were revised to a custom-made prosthesis, 1 (1%) underwent hindquarter
amputation, 1 (1%) received a cement spacer, and 1 (1%) underwent rotationplasty (Table
3). In 160 (96%) of the patients, limb salvage was achieved. Fifty (30%) were able to walk
without mobility aids, 47 (28%) used 1 crutch, 41 (25%) used 2 crutches, and 11 (7%) were

not able to walk with crutches (149 with available data).

At the time of the most recent follow-up, 86 (52%) of the patients were alive without
disease, 31 (19%) were alive with disease, 41 (25%) had died of disease, and 8 (5%) had
died of other causes. The 5-year overall survival was 67% (95% Cl, 58.6% to 75.4%).
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Discussion

In the current study, we assessed the mid-term clinical outcomes of patients who
underwent reconstruction for periacetabular tumor defects with use of the LUMIC
prosthesis. To our knowledge, this is the largest oncological pelvic reconstruction series to
date, and we found a substantial reoperation risk but a relatively low revision risk for
mechanical complications. Dislocation and PJI remain the major concerns in the early

postoperative period.

The dislocation rate (19%) in our cohort is comparable with that found for other stemmed
acetabular implants, such as the pedestal-cup and the ice-cream cone prostheses (15% to
26%)(1, 4, 8, 20, 21). Previous surgery at the same site was associated with a higher
dislocation risk. This is in line with conventional total hip arthroplasty and might be
attributable to the compromised supporting soft tissues(22, 23). We found no association
between dislocation risk and the use of a Trevira tube, although use of the Trevira tube
might enhance the stability of the construct(12). The dislocation rate for dual-mobility
cups (15%) was substantially higher than the 4% we previously found among 24 dual-
mobility cups, which might be attributable to the longer follow-up of the dual-mobility
articulations(2). Although the dislocation risk was not significantly higher for conventional
cups (26%), we believe that it is reasonable to continue utilizing the dual-mobility cup.
First, previous studies on re-revisions for dislocation in hip-revision surgery have shown
promising results for dual-mobility articulations(24-26). Second, with the exception of a
single intraprosthetic dissociation, no cup-specific complications were observed. Caution
should be taken when comparing dislocation rates in the literature, since it is unclear if all
dislocations (including those managed with closed reduction) are being reported or only
those that require revision surgery(21). Furthermore, most prior studies did not include
patients with failed previous reconstructions, while these had a higher dislocation risk in
our study (36% versus 11%)(5-7, 20, 21). To reduce the dislocation rate, a postoperative
abduction orthosis could be of value; Erol et al. found a 10% dislocation risk among 21
patients with LUMIC prostheses, all treated with a hip abduction orthosis for 6 to 12

weeks(7). Another factor that may contribute to the dislocation risk is the restoration of
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the center of rotation. Although our study did not assess this aspect, other studies
identified it as a risk factor(27, 28). A disadvantage of the LUMIC prosthesis in contrast to
custom-made implants is that the vertical shift of the center of rotation is determined by
the extent of iliac resection and cannot be adjusted by the length of the stem. A lateral
shift of the center of rotation also depends on the cup orientation. On the femoral side,
the surgeon may adjust the length and offset of the proximal femoral components to

create a more stable situation, although this will not influence the center of rotation.

Stem loosening (Henderson 2) occurred in 3%, comparable with previous results on LUMIC
reconstructions (0% to 6%)(2, 6, 7) and comparing favorably to those of other techniques,
such as the stemmed pedestal-cup prosthesis (6% to 16%) and ice-cream cone prosthesis
(8% to 15%)(1, 4, 8, 20, 21). The press-fit fixation of an uncemented hydroxyapatite (HA)-

coated stem seems to provide durable fixation.

PJI (Henderson 4A) was the most common complication (25%), leading to implant revision
in 9%. Our Pl rate is in line with previously reported results on pelvic reconstructions,
which varied between 28% and 33%(2, 5, 8). In previous studies, surgical duration was
found to be associated with the risk of PJI(23, 29). With the numbers we had, no significant
association was identified. Resections including the pubis (P3) had a higher PJI risk. This
might be explained by the proximity of the inguinal crease and the creation of a larger
wound bed and cavity due to a medial osteotomy. Previous studies did not identify risk
factors for PJI, probably because of small sample sizes and the multifactorial etiology. The
extent of the resection and the resulting dead spaces, as well as the amount of blood loss,
could contribute to development of PJI. Fisher et al. (9%) and Fujiwara et al. (11%) found a
relatively low PJI rate in reconstructions with the cemented ice-cream cone prosthesis(1,
30). They believed that this was because of the utilization of antibiotic-laden cement

around the cone.
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Limitations

Our study had several limitations. First, the multicenter nature of the study resulted in
variations in perioperative treatment protocols, possibly influencing outcomes.
Additionally, the inclusion of patients over a 15-year period could present a confounding
factor, as there was no accounting for potential secular trends. However, multicenter
initiatives over time are needed to obtain sufficient numbers with these lower-incidence
oncological conditions, and we present the largest series on pelvic reconstructions to date.
Second, the limited number of events per complication did not allow for reliable
multivariable analyses. The identification of risk factors remains challenging because of the
multifactorial etiology of each complication. Third, there were data lacking concerning the
functional outcome scores. Consequently, we added a straightforward question regarding

the mobilization status of the patient at the time of the most recent follow-up.

Conclusions

As with any reconstruction technique for periacetabular tumor defects, we found a
substantial reoperation risk. Apart from the reconstruction method used, this seems to be
related to the extent of the surgical procedure itself. Nevertheless, efforts should be made
to reduce the risk of complications, as these may interfere with the start of adjuvant
cancer treatment in some patients. The initial 6 months are critical, as the majority of
complications were observed in this period. We found a relatively low risk of mechanical
failure in the mid-term, and the majority of patients had their primary implant in situ at
the time of the most recent follow-up. On the basis of our findings, patients with previous
surgery at the same site have an increased dislocation risk and might benefit from more
conservative aftercare. Furthermore, resections involving the P3 region are associated with
an increased PJI risk. Future research should focus on the identification of measures to

reduce complication rates and enhance implant survival.
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Abstract

Background: Over time, the locking mechanism of Modular Universal Tumour and Revision
System (MUTARS) knee arthroplasties changed from polyethylene (PE) to polyether-ether-
ketone Optima (PEEK) and metal-on-metal (MoM) in an attempt to reduce the risk of
mechanical failure. In this study, we aimed to assess the cumulative incidence of locking
mechanism revision for symptomatic instability by type of material, and assess potential
associated risk factors. Methods: The MUTARS Orthopaedic Registry Europe was used for a
retrospective review of 316 patients (54% male (n = 170), median age 44 years (IQR 23 to
61)) who underwent a MUTARS knee arthroplasty for oncological indications between
December 1995 and January 2023. The minimum follow-up was 12 months, and the
median follow-up was 7.9 years (IQR 3.3 to 13.0). A competing risk model was used to
estimate the cumulative incidence of first locking mechanism revision with death and
revision for any other reason as competing events. Possible risk factors were assessed
employing a univariate cause-specific hazards regression model. Results Symptomatic
instability of the hinge or locking mechanism due to wear (n = 20) or breakage (n = 14)
occurred in 34 patients (11%): 9% of PE (n = 4/45), 20% of PEEK (n = 9/44), and 9% of MoM
locking mechanisms (n =21/227). The cumulative incidences of revision for instability due
to wear or locking mechanism breakage at two, five, and ten years were 0%, 5% (95% Cl 1
to 15), and 5% (95% CI 1 to 15) for PE, 5% (95% CI 1 to 14), 14% (95% CI 5 to 26), and 16%
(95% ClI 7 to 29) for PEEK, and 0%, 3% (95% Cl 1 to 6), and 10% (95% CI 5 to 16) for MoM.
With PE as the reference category, the cause-specific hazard ratio for PEEK and MoM were
3.6(95% Cl 1.1to 11.9; p = 0.036) and 3.2 (95% Cl 1.1 to 9.5; p = 0.043), respectively. Age,
BMI, resection length, and extra-articular resections were not associated with the time to
locking mechanism revision. Conclusion: Alterations in prosthetic materials have not
decreased the revision risk for locking mechanism failure. Besides locking mechanism
material, no other patient- or prosthesis-related risk factors for locking mechanism failure
were identified. Improvement of the locking mechanism is warranted since revision

exposes patients to the risk of serious secondary complications.
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Introduction

The Modular Universal Tumour and Revision System (MUTARS; Implantcast, Germany),
introduced in 1992, is one of the most commonly used systems for reconstruction of large
tumour defects around the knee. The knee endoprostheses consist of a femoral and tibial
component, connected with a hinged locking mechanism. Originally, the locking
mechanisms of the distal femoral reconstructions were constructed of metal-on-
polyethylene interface (PE). Previous studies reported that in 13% to 19% of cases, wear or
even breakage of the locking mechanism occurred, leading to severe instability of the
endoprosthesis and often necessitating revision of the locking mechanism(1-4). In an
attempt to reduce the risk of early structural failure, the PE was replaced by polyether-
ether-ketone Optima (PEEK) in 2003. Although PEEK has obvious mechanical advantages
over PE,(5) other studies reported early to mid-term breakage of the locking mechanism in
11% to 38% of cases(3, 4, 6, 7). The locking mechanisms of distal femur reconstructions
were changed to a metal-on-metal (MoM) version in 2013, aiming to reduce this risk of
mechanical failure. Proximal tibia reconstructions, on the other hand, were equipped with
a MoM locking mechanism from the beginning. Despite the use of MoM hinges, locking
mechanism failure persisted, affecting up to 25% of cases according to previous reports(3,
4, 8). To date, larger series focusing on locking mechanism failure of MUTARS knee

arthroplasties are lacking.

Therefore, we aimed to: report the incidence of locking mechanism revision for
symptomatic instability due to hinge wear or breakage; identify associated risk factors for
locking mechanism failure; and evaluate the cumulative incidences of locking mechanism

revision for symptomatic instability for PE, PEEK, and MoM at two, five, and ten years.
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Material and methods

In this international multicentre observational retrospective study, data from the MUTARS
Orthopaedic Registry Europe (MORE) were used. All patients who had a MUTARS distal
femur, proximal tibia, total knee (distal femur and proximal tibia arthroplasty combined),
or total femur reconstruction for an oncological indication between December 1995 and
January 2023 were included. Patients with a follow-up of less than 12 months were
excluded. A total of 316 patients from four tertiary referral centres were included (54%
male (n = 170), median age 44 years (IQR 23 to 61)). The median follow-up was 7.9 years
(IQR 3.3 to 13.0), with time to failure estimated using the reverse Kaplan-Meier
methodology(9). A total of 45 (14%) patients received a PE locking mechanism, 45 (14%) a
PEEK-Optima, and 226 (72%) a MoM (Table 1.). Overall, 83 (26%) patients had prior
surgery to the same site. The median resection length was 16 cm (IQR 13 to 20), and 67

patients (25%) underwent an extra-articular resection.

Table 1. Study population

Variable Number (% of total)
Sex 316
Male 170 (54)
Female 146 (46)
Age, median (IQR) 44 (23-61)
BMI, median (IQR) 24 (21-27)
ASA score 288
ASA 1 93 (32)
ASA 2 161 (56)
ASA 3 34 (12)
Smoking 196
Yes, currently 36 (18)
Yes, former (stopped > 6 months) 29 (15)
Diabetes 9/243 (4)
Indication for reconstruction 316
Osteosarcoma 142 (45)
Chondrosarcoma 43 (14)
Soft-tissue sarcoma 26 (8)
Ewing sarcoma 14 (4)
Metastatic carcinoma 41 (13)
Giant cell tumor (GCT) 29 (9)
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Sarcoma NOS
Leiomyosarcoma of bone
Other
Previous surgery at same site
Reconstruction lower extremity
Arthroplasty
Excision / curettage tumor
Osteosynthesis for oncological reasons
Osteosynthesis after trauma
Arthroscopy
Other
Soft tissue involvement
Pathological fracture at diagnosis
Neoadjuvant chemotherapy
Neoadjuvant radiotherapy
Adjuvant chemotherapy
Adjuvant radiotherapy
Resection type
Intra-articular
Extra-articular
Location of reconstruction
Distal femur
Uncemented
Proximal stem cemented
Distal stem cemented
Proximal and distal cemented
Proximal tibia
Uncemented
Proximal stem cemented
Distal stem cemented
Proximal and distal cemented
Total knee
Distal stem cemented
Total femur
Uncemented
Distal stem cemented
Material of locking-mechanism
Polyethylene (PE)
Polyether-ether-ketone (PEEK)
Metal-on-metal (MoM)

5(2)

7(2)

9(3)

83/316 (26)
43 (52)

3(4)

17 (20)

10 (12)

4 (5)

3 (4)

3(4)
197/267 (74)
60/300 (20)
125/298 (42)
15/296 (5)
131/293 (45)
19/295 (6)
263

196 (75)

67 (25)

316

223 (71)
163/223 (73)
16/223 (7)
20/223 (9)
24/223 (11)
82 (26)
71/82 (87)
5/82 (6)
1/82 (1)
3/82 (4)
2(1)

1/1 (100)
9(3)

8/9 (89)

1/9 (11)

316

45 (14)

44 (14)

227 (72)

Legend: ASA, American Society of Anesthesiologists; NOS, not otherwise specified.
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Prosthetic details

The MUTARS system consists of a hexagonal stem that is available in different sizes, both
for uncemented and cemented fixation. Uncemented press-fit fixation of a hydroxyapatite-
coated stem was preferred, unless adequate primary stability could not be obtained (for
example in case of conically shaped bones, or poor bone quality such as that of irradiated
bones). Extension pieces are used to add to the desired implant implant reconstruction
length. The femoral and tibial components are connected with a rotating hinged locking

mechanism.

Variables

Demographics, surgical and prosthesis details, and complications were obtained from the
electronic patient records. Locking mechanism failure was defined as symptomatic
instability or a restricted range of motion requiring revision surgery due to bushing wear or
breakage of the locking mechanism. Complications and the reason for implant revision

were scored according to the Henderson classification(10).

Statistical analysis

A competing risks model was used to estimate the cumulative incidence of locking
mechanism revision with death and revision for any other reason as competing events. To
assess the difference among the cumulative incidences of different locking mechanism
materials, a Gray test was used. A univariate cause-specific hazards regression model was
employed to study the effect of possible prognostic risk factors on locking mechanism
failure. Cause-specific hazard ratio (HRcs) with 95% Cls are reported. The log-rank test was
employed to assess the effect of prognostic factors on the outcome. The score test was
employed to assess the validity of the proportional hazards assumption for each
prognostic factor and a visual inspection of the Schoenfeld Residuals was performed.
Median time and IQR for revision due to locking mechanism revision were calculated. Data
analysis was performed using SPSS v. 25.0. (IBM, USA), and R v. 4.2.1 (R Foundation for
Statistical Computing, Austria). The R-studio package ‘cmprsk’ was used to estimate the
cumulative incidence of implant revision. The level of significance was set at a p-value <

0.05.
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Results

Revision of the PE, PEEK, and MoM locking-mechanisms

Surgical revision for instability due to wear or breakage (Henderson 3A) was observed in
34/316 patients. Of these 34 patients, five were previously revised for aseptic loosening (n
=2) or infection (n = 3), and were later revised for symptomatic instability due to hinge-
wear or breakage. These patients had a median age of 36 years (IQR 20 to 52), versus 46
years (IQR 23 to 62) for those without locking mechanism failure. The median time to first
locking mechanism revision for 14 patients experiencing breakage was 5.1 years (IQR 3.4
to 6.7) versus 8.7 years (IQR 4.7 to 11.7) for 20 patients requiring a revision due to wear.
Nine patients (3%) had recurrent locking mechanism failures: six patients had two
revisions, three patients had three revisions. The median time to first locking mechanism
failure for patients with recurrent failures was 4.1 years (IQR 2.7 to 7.0), versus 7.7 years

(IQR 4.3 to 10.3) for those with a single failure.

Revision of the PE locking-mechanism

Four out of 45 patients (9%) with a PE locking mechanism were revised: three (7%) due to
hinge-wear, and one (2%) due to breakage. All revised implants were distal femoral
reconstructions. The median time to first locking mechanism revision was 6.8 years (IQR
3.7 to 12.5). One patient underwent three revisions; the initial reconstruction was with a
PE locking mechanism, which was revised to PEEK, and then subsequent PEEK revisions

due to wear and recurrent breakage (Table 2.).

Revision of the PEEK locking-mechanism

Nine out of 44 patients (20%) with a PEEK locking mechanism were revised: five (11%) due
to hinge-wear, and four (9%) due to breakage. All revised implants were distal femoral
reconstructions. The median time to first locking mechanism revision was 4.5 years (IQR
2.9 to 7.3). Two patients underwent three revisions from PEEK to MoM and subsequent

MoM revisions due to recurrent wear and breakage (Table 2.).
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Revision of the MoM locking-mechanism

A total of 21 out of 227 patients (9%) with a MoM locking mechanism were revised: 12
(5%) due to hinge-wear, and nine (4%) due to breakage. Among the revised implants, 11
were distal femoral, eight proximal tibial, one total knee, and one total femoral. The
median time to first locking mechanism revision was 7.5 years (IQR 4.1 to 10.5). Six
patients underwent two revisions from MoM to MoM due to recurrent hinge-wear or

breakage (Table 2.).
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Risk factors for locking-mechanism failure

With PE as the reference category, the cause-specific hazard ratio (HRcs) for PEEK and
MoM locking mechanisms were 3.6 (95% Cl 1.1 to 11.9; p = 0.036), and 3.2 (95% CI 1.0 to
9.5; p = 0.043), respectively. Age, BMI, resection length, and extra-articular resections
were not associated with the time to locking mechanism revision (Table 3.). The

proportional hazards assumption was not violated for all risk factors.

Table 3. Cause-specific hazard ratios (HRcs) along with the 95% confidence interval for

locking-mechanism failure

Potential risk factors HRcs (95%Cl) p-value
Age 0.99 (0.98-1.02) 0.658
Gender (male) 1.39 (0.70-2.76) 0.346
BMI (kg/m2) 1.02 (0.96-1.09) 0.513
Surgical duration (hours) 0.99 (0.75-1.) 0.920
Blood loss (L) 1.90 (0.92-3.94) 0.083
Resection length (cm) 1.03 (0.99-1.08) 0.120

Location of reconstruction

Distal femur* Reference

Proximal tibia 0.78 (0.35-1.74) 0.543
Type of resection

Intra-articular resection*®

Extra articular resection 0.76 (0.33-1.80) 0.537

Locking-mechanism material

PE* Reference
PEEK 3.59 (1.08-11.92) 0.036
MoM 3.15(1.04-9.53) 0.043

Legend: HRcs = cause-specific hazard ratio, 95% Cl = 95% confidence interval, BMI = body mass index,
* = reference category, PE = polyethylene, PEEK = polyether-ether-ketone, MoM = metal-on-metal
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Cumulative incidence of first locking-mechanism failure

The cumulative incidence of locking mechanism failure as reason for first revision at two,
five, and ten years were 0%, 5% (95% Cl 1 to 15), and 5% (95% Cl 1 to 15) for PE, 5% (95%
Cl 1to 14), 14% (95% CI 5 to 26), and 16% (95% CI 7 to 29) for PEEK, and 0%, 3% (95% Cl 1
to 6), and 10% (95% CI 5 to 16) for MoM, respectively (Figure 1).
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Figure 1. Cumulative incidence of implant revision due to wear or breakage for

polyethylene (PE), polyether-ether-ketone (PEEK), and metal-on-metal (MoM).

Secondary infections

Among 34 patients with revision for locking mechanism failure, nine (26%) developed
acute secondary infections (within two months after revision surgery). Eight were
successfully treated; six with debridement, antibiotics, and implant retention, and two
with two-stage procedures. One patient developed a chronic infection (occurring after the
third locking mechanism revision) which was non-responsive to antibiotics and surgical

therapy, and resulted in an amputation.
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Discussion

In this MORE study, the clinical outcomes of three different locking mechanism materials
of the MUTARS knee reconstructions were evaluated, with a particular emphasis on
implant wear or breakage. Regardless of the type of articulation, we observed
symptomatic instability caused by wear or fractures of the locking mechanism,
necessitating revision surgery. Furthermore, we identified that PEEK and MoM locking
mechanisms have a significantly increased revision risk for locking mechanism failure over

time compared to PE.

In the current study, the cumulative incidence of revision surgery for implant wear or
breakage of 5% (95% CI 1 to 15) at both five and ten years, and an overall locking
mechanism revision rate of 9% for PE locking mechanisms, compares favourable to
previous studies, with reported incidences ranging from 13% to 19%(1-4). However,
caution should be used when interpreting these results, since the statistical analyses used
in these studies did not account for patients who died without revision, nor for patients
requiring revision for other reasons. Additionally, Hardes et al. (4) only included extra-
articular resections, while these resections are presumed to increase the risk of
mechanical failure. Kinkel et al. (1) observed an overall locking mechanism failure rate of
19% in MUTARS PE locking mechanisms and identified a significant correlation with extra-
articular resections, or cemented implants. Notably, 80% of their 11 patients with locking
mechanism failure underwent extra-articular resections, and 73% received cemented
femoral fixation. This contrasts our results with none of the cemented resections and one
(25%) extra-articular resection among the four PE locking mechanism failures.
Furthermore, the authors state that their aggressive approach toward tumours with
potential joint capsule invasion or knee effusion leads to frequent extra-articular
resections with accompanying extensive resection of stabilizing structures around the
knee(1). They believed that this results in higher mechanical stress on the joint coupling
mechanism, although our results showed no difference between intra- and extra-articular

resections.

124



Survival of MUTARS locking-mechanisms

There are several other commonly used systems for endoprosthetic knee reconstructions
available, with revision rates for locking mechanism or bushing failure ranging from 0% to
42%(2, 11, 12). Myers et al.(2) found a 16% locking-mechanism revision rate, and 2%
locking-mechanism breakage in a cohort of 428 Stanmore distal femur reconstructions
with PE bushing, which is comparable to the results of the MUTARS knee reconstructions.
Capanna et al.(11) report a 42% locking-mechanism revision rate in a cohort of 95
uncemented Kotz Modular Femur-Tiba Reconstruction System (Stryker, UK) distal femur
reconstructions with PE bushing, with a mean of 5.3 years after implantation. On the other
hand, llyas et al.(12) reported no PE bushing fractures or revisions due to wear in a cohort
of 48 patients reconstructed with an uncemented HMRS distal femur (Stryker), with a
median follow-up of 5.6 years. Additionally, Sharma et al.(13) reported no bushing
fractures or revisions due to wear in a cohort of 77 cemented HMRS distal femur
reconstructions, but observed a 4% fracture rate of the tibial bearing component.
Variations in implant designs and approaches to tumour implants may yield distinct failure
patterns. The use of a “sloppy” hinge as opposed to a more rigid constrained system might
reduce mechanical stresses on the stem, although the clinical relevance remains uncertain

at this moment.

In the current study, the cumulative incidence of revision surgery for implant wear or
breakage at five and ten years of 14% (95% CI 5 to 26) and 16% (7 to 29), and an overall
locking mechanism revision rate of 20% for PEEK locking mechanisms, are comparable to
previous studies describing an overall locking mechanism failure rate of 11% to 18% in
patients reconstructed with the MUTARS PEEK locking mechanism(3, 4, 6). Cho et al.(6)
observed a higher BMI in ten patients with locking mechanism breakage (BMI 24 kg/m2
(standard error (SE) 2.1) compared to those without (BMI 22 kg/m2 (SE 3.3); p = 0.05).
Remarkably, they reported a median time to locking mechanism failure of 2.2 years (range
1.0 to 6.0), compared to 6.4 years (IQR 4.0 to 9.7; range 1.7 to 19.4) years in our cohort.
However, a proper comparison cannot be made due to differences in statistical
methodology and the fact that we included all revisions for symptomatic instability due to
breakage or wear, whereas Cho et al.(6) focused on breakage only. Hardes et al.(8)

reported a 20% locking mechanism failure rate and a mean of 3.6 years (0.8 to 6.8) after
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implantation, in a cohort of patients with MUTARS endoprosthetic reconstructions after
extra-articular resections of the knee. Three of 16 (19%) were PE, 3/17 (18%) PEEK, and
6/24 (25%) MoM locking mechanisms. In line with our results, they found no association
between locking mechanism failure and patient BMI or resection length. According to
Hardes et al.(4) the extent of resection of the extensor apparatus contributed to the
relatively high proportion of patients experiencing locking-mechanism failure, due to high
mechanical demands(4). Interestingly, Merose et al.(7) observed a 38% overall locking
mechanism failure rate in 56 PEEK hinged MUTARS distal femur reconstructions. They
identified male sex and higher weight at failure as significant risk factors, contrary to our
findings. New-onset knee instability, often triggered by physical activity, was commonly
observed years after implantation. A retrieval analysis from Merose et al.(7) for three
failed locking mechanisms revealed fretting and microcracks in high-stress areas,

culminating in complete fracture at the tip of the PEEK slot in full extension.

The cumulative incidence of revision for implant wear or breakage of the MoM locking
mechanisms at five and ten years is 3% (95% Cl 1 to 6) and 10% (95% CI 5 to 16),
respectively. Additionally, the overall locking mechanism revision rate for MoM in the
current study is 9%, which is favourable compared to previous studies describing an overall
locking mechanism revision rate of 20% to 25% for locking mechanism wear in patients
reconstructed with the rotating MoM hinge(4, 8). Hardes et al. observed no prosthetic
fractures in a cohort of 98 patients who underwent an intra-articular resection and
subsequent proximal tibia reconstruction, which is in contrast with our 3% MoM locking
mechanism revision for breakage. However, they found a 20% locking mechanism revision

rate for wear at a median of 5.8 years (range 0.7 to 14.3) after implantation(8).

A retrieval analysis conducted by Bormann et al.(14) identified a relatively high incidence
of locking-mechanism wear, assessed through a semi-quantitative scoring-system and
coordinate measurements. As expected, increased wear was observed in patients who had
the implant in situ for a longer durationIn turn, corrosion and mechanical wear of the
MoM locking mechanism can lead to both local metallosis and systemic metal ion side

effects. Local reactions include adverse reactions to metal debris, resulting in osteolysis
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and pseudotumour formation(15,16). This is especially concerning in high-demand young
patients reconstructed with MoM articulations, as prolonged exposure may result in
elevated metal-ion levels of cobalt and chromium. Such elevated metal ion levels may
result in systemic cardiovascular and neurological adverse effects(17-19). Moreover,
repetitive hyperextension of the knee during the landing phase may contribute to cyclic
fretting damage and therefore locking mechanism failure. Based on our results, the
question arises about the appropriate course of action to improve implant survival. Should
it involve the development of new materials possessing enhanced strength and non-toxic
properties, or should the focus be on modifying the implant design? Currently, a new
carbon-reinforced PEEK locking mechanism is under post-marketing surveillance; however,

clinical results are not yet available.

Limitations

This study has several limitations. First, our dataset contained a limited number of patients
with a PE or PEEK reconstruction. Second, investigating the degree of quadriceps
compromise resulting from tumour resection and conducting gait analysis would be
valuable, as it could influence mechanical stresses on the locking mechanism, potentially
serving as an indicator for locking mechanism failure. To address this limitation, we
evaluated whether the resection was intra- or extra-articular, yet identified no significant
association with the occurrence of locking mechanism revision over time. Future studies
should evaluate the impact of compromised knee muscles and conduct gait analysis in
patients with MUTARS knee reconstructions to determine their potential association with

locking mechanism failure.

Conclusion

This study showed that the cumulative incidence of locking mechanism revision for
symptomatic instability due to hinge breakage or wear was comparable or favourable
compared to other systems. Thus far, alterations in prosthetic materials have not
decreased the risk of locking mechanism failure. Besides locking mechanism material, no
additional factors contributing to locking mechanism failure were identified. Improvement

of the locking mechanism is warranted since recurrent revision of the locking mechanism
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increases the risk of serious secondary complications. Anticipated advancements could

come with the introduction of a novel carbon-reinforced PEEK locking mechanism design.

Take home messages

e This multicentre series represents the largest cohort to date, studying various
locking mechanisms in Modular Universal Tumour and Revision System knee
reconstructions.

e Thus far, alterations in prosthetic materials have not decreased the risk of locking
mechanism failure.

e The cumulative incidences of locking mechanism revision at ten years were 5%

for polyethylene, 16% for polyether-ether-ketone, and 10% for metal-on-metal.
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Abstract

Introduction: Tumor defects of the proximal humerus can be reconstructed using
hemiarthroplasty, reverse- (RSA) or anatomic total shoulder arthroplasty (TSA). This study
aimed to evaluate clinical and functional outcomes of reconstructions of proximal humeral
tumor defects with MUTARS endoprostheses. Methods: 165 reconstructions were
included; 98(59%) hemiarthroplasties, 61(37%) RSAs, and six(4%) TSAs. Median age was 54
years(IQR 31-68). Median follow-up time was 5.9 years(range 0-19). Competing risks
models were employed to estimate the cumulative incidences of revision (CIR) for
mechanical reasons and infection with local recurrence and mortality as competing events.
The range of motion (ROM) was reported using descriptive statistics. Results: Axillary
nerve preservation, and deltoid muscle reattachment was observed in 89% and 96% of
cases respectively, without significant differences among implant types. Rotator cuff
refixation was less frequent in RSA(78%) compared to hemiarthroplasty(91%). Twenty-six
implants(16%) were revised, for mechanical complications (dislocation n=11, loosening
n=2, peri-prosthetic fracture n=3), and infection (n=10). Patients with previous surgery at
same site had a higher revision risk due to instability (cause-specific hazard ratio [HRcs]
3.7, 95%Cl 1.3-10.8). The CIR for mechanical reasons (Henderson 1 to 3) in the entire
population at 2, 5, and 10 years were 7%(95%Cl 3-11), 11%(6-17), and 13%(7-20)
respectively. For PJI (Henderson 4), the CIR was 5%(2-10), 7%(3-12), and 7%(3-12).
Compared with hemiarthroplasty, RSA offered superior anteflexion (73°[IQR 40-90] vs
30°[5-45]), abduction (70°[38-90] vs 30°[5-45]), and external rotation (15°[0-28] vs 5°[0-
19]). Conclusions: MUTARS proximal humerus reconstruction outcomes are satisfying,
particularly in terms of mechanical failure. RSA and hemiarthroplasty exhibit comparable
revision risks, with previous surgery at same site as prognostic factor for revision due to

dislocation. RSA appears to provide the best functional outcome.
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Introduction

The proximal humerus is relatively frequently affected by primary bone sarcomas and
metastatic lesions(1, 2). Wide resection of tumors around the shoulder compromises
crucial structures for shoulder stability and function, and may include the axillary nerve,
deltoid muscle, rotator cuff, and bone(3-6). Consequently, it is challenging to obtain a well-
functioning reconstruction, and functional outcomes may be limited in terms of stability

range of motion (ROM).

The choice of reconstruction method can vary depending on the tumor extent, although a
reconstruction consensus is lacking(4, 7, 8). Endoprostheses are commonly used after
proximal humeral tumor resection, particularly for reconstruction following Malawer type |
(intra-articular proximal humeral resection) and Malawer type V (extra-articular humeral
and glenoid resection)(9, 10). However, the risk of complications such as dislocation (4-
23%), aseptic loosening (0-5%), and infection (3-9%) remains substantial(4, 11-13).
MUTARS (implantcast GmbH, Buxtehude, Germany) offers a modular system for
reconstructions of the proximal humerus. Due to its rarity, there are no large systematic
studies on the clinical outcomes of individual proximal humerus endoprotheses. As
mentionend, there is currently no consensus on when to use hemiarthroplasty, reverse, or
anatomic total shoulder replacement, although some studies suggest that reverse
shoulder arthroplasty may result in superior functional results in case the rotator cuff is to

be resected(3, 4, 12, 14, 15).

This study aims to assess the clinical outcomes of MUTARS proximal humeral
reconstructions for oncological indications, using data from the MUTARS Orthopaedic
Registry Europe (MORE)(16). We evaluated (1) the complications and reasons for implant
revision, and the associated risk factors, (2) the cumulative incidence of implant revision
(CIR) at 2, 5, and 10 years, and (3) the functional outcomes in terms of range of motion
(ROM) for hemiarthroplasty, reverse shoulder arthroplasty (RSA), and total shoulder
arthroplasty (TSA).
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Methods

In this international multicenter observational retrospective study, data from the MUTARS
Orthopaedic Registry Europe (MORE) was used. Patients who received a MUTARS proximal
humerus reconstruction for an oncological indication between 2001 and 2023 were

included, from eight participating centers in six different countries. Patients with a follow-

up of less than 24 months, and custom-made shoulder reconstructions were excluded.

A total of 165 patients (51% female) were included, with a median-follow-up of 5.9 years
(range, 0-19), estimated using the reverse Kaplan-Meier method(17). The median age was
54 years [IQR 31-68] for the entire cohort, 57 years [36-68] for those with
hemiarthroplasty, 47 years [22-61] for RSA, and 59 years [20-68] for TSA. Hemiarthroplasty
was performed in 98 patients (59%), while 61 (37%) received RSA, and six (4%) underwent
TSA (Table 1). The indication for proximal humerus resection was a primary bone tumor in
106 patients (64%), while 54 (33%) were treated for metastatic carcinoma. Among the 165
reconstructions, 106 (64%) were uncemented, 57 (35%) were cemented, and for 2 (1%) it
was unknown. Additionally, 73 patients (44%) received a silver-coated implant, 67 (41%)
did not, and for 25 (15%) it was unknown. The majority of the cemented reconstructions
(74%) were performed for metastatic lesions. Nineteen (12%) patients underwent prior
surgery to the same site, consisting of a previous reconstruction (n=10, 6%),
osteosynthesis for oncological reasons such as prophylactic fixation (n=1, 1%), and
osteosynthesis for a pathological fracture (n=1, 1%), osteosynthesis after trauma (n=1, 1%),
or excision or curettage of a tumor (n=6, 4%). The median resection length was 12 cm (IQR

10-16).

Prosthetic details

The MUTARS system is a modular endoprosthetic system, using a hexagonal stem that is
available in different sizes, both for uncemented and cemented fixation. Uncemented
press-fit fixation of a hydroxyapatite coated stem was preferred, unless adequate primary
stability could not be obtained (for example in case of poor bone quality). Extension pieces

can be used to obtain the appropriate length in 1 cm increments, with or withour silver
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coating. In the majority of cases, tendons and muscle insertions were attached to the

prosthesis using a Trevira tube.

Variables

Demographics, surgical and prosthesis details, and complications were obtained from the
(electronical) patient records. Implant revision was defined as any surgical procedure in
which (part of) the implant was removed or replaced. Complications and the reason for

implant revision were scored according to the Henderson classification(18).

Statistical analysis

Descriptive statistics were employed for baseline characteristics, the incidence of
complications, and functional outcomes. Univariate cause-specific hazards regression
models were employed to study the effect of possible prognostic risk factors on implant
revision. Cause-specific hazard ratio (HRcs) along with 95% confidence interval (Cl) are
reported. Two competing risks models(19) were used to estimate the CIR. In model 1, the
CIR among the entire study population for mechanical reasons and for infection was
estimated considering revision for local recurrence and death as competing events. In
model 2, the CIR due to mechanical reasons and infection was estimated, for RSA and
hemiarthroplasty separately, with revision for local recurrence and death as competing

events (Figure 1).

Analysis of data was performed using SPSS version 25.0. (IBM Corp. Armonk, NY), and R-
studio version 4.2.1(20). The R-studio package ‘cmprsk’ was used to estimate the CIR. The

level of significance was set at a p-value < 0.05.

Study ethics
This study was approved by the scientific committee of the Leiden University Medical
Center, and waived informed consent(W.22.005/2022-031). Participating centers obtained

approval by their local ethical review board.
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Table 1. Study population.

Variable
Sex
Male
Female
Age (median [IQR])
ASA score
ASA 1
ASA 2
ASA 3
ASA 4
Smoking
Yes, currently
Yes, former (stopped > 6 months)
Diabetes
Indication for reconstruction
Primary malignant tumors
Chondrosarcoma
Osteosarcoma
Ewing sarcoma
Soft-tissue sarcoma
Multiple myeloma
Other high-grade sarcomas
Metastatic carcinoma
Benign aggressive lesions
GCTB
Osteoblastoma
Intraosseous hemangioma
Previous surgery at same site
Previous reconstruction

Osteosynthesis for oncological reasons

Osteosynthesis after trauma

Curettage or excision of (benign) tumor

Soft tissue involvement
Pathological fracture at diagnosis
Neoadjuvant chemotherapy
Neoadjuvant radiotherapy
Adjuvant chemotherapy
Adjuvant radiotherapy

Number (% of total)
165 (100)
81(49)

84 (51)

54 [31-68]
156 (95)

38 (24)

82 (53)
35(22)
1(1)

97 (58)

15 (16)

10 (10)
11/108 (10)
165 (100)
106 (64)
53(32)

41 (25)
4(2)

3(2)

2(1)

3(2)

54 (33)
5(3)

2(1)

2(1)

1(1)

19 (12)

10 (6)

2(1)

1(1)

6 (4)
98/149 (66)
63/163 (39)
43/159 (27)
9/156 (6)
55/157 (35)
21/155 (14)

Legend: ASA= American Society of Anesthesiologists physical status, GCTB= giant cell tumor of bone
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Results

The axillary nerve was spared in 89% of resections, 96% of the patients had a partial or
complete reattachment of the deltoid muscle, and 86% of the patients had a partial or
complete reattachment of the rotator cuff (Table 2). Less patients (45/58, 78%) with RSA
had a partial or complete reattachment of their rotator cuff compared to hemiarthroplasty
(81/89, 91%) and TSA (5/5, 100%). In total, 40 patients (24%) experienced one or more

complications during the follow-up period.

Table 2. Surgical and prosthesis details.

Variable Number (% of total)
Type of reconstruction 165 (100)

Hemiarthroplasty 98 (59)

Reverse shoulder arthroplasty 61 (37)

Anatomic total shoulder arthroplasty 6(4)

Surgical approach 162 (98)

Deltopectoral 157 (97)

Deltoid flap 2(1)

Other 3(2)
Resection length (median [IQR]) 12 [10-16]
Surgical duration in hrs (median [IQR]) 3[2.5-3.8]
Blood loss in L (median [IQR]) 0.6 [0.3-0.9]
Silver coating 73/140 (52)
Cemented prosthesis 57/163 (35)

Metastatic carcinoma as indication 42/57 (74)
Trevira tube 136/164 (83)
Sacrifice (part of) axillary nerve 17/161 (11)

TSA 0/6 (0)

RSA 8/59 (14)

Hemiarthroplasty 9/96 (9)
Partial or complete deltoid reattachment 133/139 (96)

TSA 3/4 (75)

RSA 52/55 (95)

Hemiarthroplasty 78/80 (98)
Partial or complete rotator cuff reattachment 131/152 (86)

TSA 5/5 (100)

RSA 45/58 (78)

Hemiarthroplasty 81/89 (91)

Legend: hrs = hours, L = liter, TSA = total shoulder arthroplasty, RSA = reverse shoulder arthroplasty
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Dislocation(s) (Henderson 1A) occurred in 15 patients (9%).

The first dislocation occurred within 6 months in three cases (20%), between 6-12 months
in two (13%), and between 1-8 years in ten (67%). Fourteen patients (8%) underwent a
single procedure for dislocation(s). Specifically, five patients were revised from
hemiarthroplasty (5/98, 5%) to RSA. Of the RSAs, two (2/61, 3%) were revised to different
component sizes, two underwent stabilizing soft tissue procedures, while others either
underwent revision to a constrained design, offset adjustment, rotational cup adjustment,
open reduction, or closed reduction under general anesthesia. One patient, initially
reconstructed with RSA, underwent three revisions for recurrent instability and ultimately
the RSA was revised to a hemiarthroplasty without glenoid reconstruction, 9 years after

initial implantation.

In total, 10 out of 147 patients (7%) without previous surgery at same site suffered from
(recurrent) dislocations. In contrast, 5 out of 19 patients (26%) with previous surgery at
same site experienced (recurrent) dislocations requiring reoperation. Among these five
patients, one had previously undergone reconstruction with an allograft prosthetic
composite (APC) which required revision due to local recurrence. The other four had
previously undergone curettage or excision of a tumor and suffered from local recurrence.
Patients with previous surgery at same site had a higher dislocation risk (HRcs 3.7, 95%Cl

1.3-10.8) compared to those without. No other prognostic factors were identified (table 3).

Aseptic loosening (Henderson 2) was observed in three patients (3/165, 2%), all
hemiarthroplasties. Two uncemented stems loosened (2/106, 2%) after nine months, of
which one was revised to an uncemented RSA, and one was revised to a cemented stem
(which loosened again after two years and was again revised with a new cemented stem).
One cemented stem (1/57, 2%) loosened after 14 years and was revised to a new

cemented stem.
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Implant breakage or wear (Henderson 3A) was not observed.

Periprosthetic fractures (Henderson 3B) were observed in 4 patients (2%). One occurred
during primary implantation and was managed with cerclage wires. Two fractures resulted
from trauma; one at 9 months post-implantation in a hemiarthroplasty, treated with open
reposition and internal fixation using an allograft, strut graft and cerclage wires; and one in
RSA at 42 months, treated with conversion to a total humerus prosthesis. The last case was
a hemiarthroplasty with a pathological periprosthetic fracture due to local recurrence at 9

months, for which revision to a cemented stem was performed.

Prosthetic joint infection (Henderson 4) was observed in 16 patients (10%), 8
hemiarthroplasties (8%), 6 RSAs (10%), and 2 TSAs (33%). Two infections (13%) occurred
within the first month after implantation, three (19%) between 1-6 months, five (31%)
between 6-12 months, and six (38%) >12 months postoperatively. In one patient, the PJI
followed after a revision procedure for loosening 14 years post-implantation. In the
remaining 15 patients, the reoperation for PJI was their first reoperation. Four PJIs were
successfully treated with one DAIR, and seven PJIs were successfully treated with one-
stage or two-stage procedures. Five Plls necessitated implant removal, without further

reconstruction. No significant risk factors for PJI were identified (Table 3).

Local recurrence (H5B) was observed in 10 patients (6%). Among these, eight underwent

amputation, while two underwent re-resection and received a revision implant.

Cumulative incidence of implant revision and reconstruction status at final follow-up

The CIR for mechanical reasons (Henderson 1 to 3) among the entire study population at 2,
5, and 10 years were 7% (95%Cl 3-11), 11% (6-17), and 13% (7-20) respectively. For PJI
(Henderson 4), these were 5% (2-10), 7% (3-12), and 7% (3-12) (Model 1, Figure 2).
Specifically for RSA, the CIR for mechanical reasons and infection (Henderson 1 to 4) at 2,
5, and 10 years were 9% (3-18), 22% (11-37), and 24% (11-37). For hemiarthroplasty, these
were 13% (7-21), 16% (9-24), and 18% (10-27) (Model 2, Figure 3). The number TSAs (n=6)
was too small to provide an adequate estimation of the CIR. At final follow-up, 153

patients (93%) had a (revised) implant in situ.
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Figure 3. Cumulative incidence of revision for both mechanical reasons and infection as
event of interest, by type of proximal humerus reconstruction. Legend: RSA = reverse

shoulder arthroplasty, Hemi = hemiarthroplasty.

Functional outcome

In patients with RSA, the median (IQR) active anteflexion, abduction, and external rotation
were 732 (40-90), 702 (38-90) and 152 (0-28) respectively (data available for 42 patients,
69%). For those with a hemiarthroplasty, these were 302 (5-45), 302 (5-45) and 52 (0-19)
respectively (data available for 56 patients, 57%). Additionally, a subanalysis of patients
without a reattached rotator cuff in both the RSA and hemiarthroplasty groups showed
that RSA led to better functional outcomes (table 4). The sample size for TSAs was too

small to provide an adequate estimation of the ROM.
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Table 3. Univariate Cox proportional hazards regression model for possible prognostic

factors on the occurrence of dislocation (left) and PJI (right) along with the 95% confidence

interval.
Possible risk factors Dislocation PJI
HR 95% ClI HR 95% ClI
Sex

Female*

Male 1.02 0.37-2.80 1.50 0.56-4.04
Age 1.00 0.98-1.03 0.98 0.95-1.00
BMI 0.92 0.81-1.04
ASA classification

ASA | +11*

ASA Il + IV 1.86 0.50-6.93 0.64 0.14-2.83
Previous surgery at same site

No*

Yes 3.70 1.26-10.84 0.94 0.21-4.15
Type of reconstruction

Reverse arthroplasty*

Hemiarthroplasty 0.94 0.34-2.71 0.83 0.28-2.41
Resection length (cm) 0.88 0.77-1.01 1.03 0.94-1.14
Surgical duration (hours) 0.78 0.47-1.32 1.21 0.78-1.87
Blood loss (liter) 1.00 0.99-1.00
Use of silver-coating

No*

Yes 1.42 0.51-3.99
Use of Trevira® tube

No*

Yes 0.40 0.14-1.18 1.39 0.31-6.16

Legend: * = Reference category, PJl = prosthetic joint infection, HR = hazard ratio, 95% Cl = 95%
confidence interval, ASA = American Society of Anesthesiologists physical status, n.a. = not
applicable.
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Table 4. functional outcomes of patients reconstructed with a MUTARS proximal humerus

reconstruction
All patients Patients without reattachment
rotator cuff

Median [IQR] Median [IQR]
RSA *(42/61) *(12/13)
Anteflexion 73 [40-90] 80 [66-102]
Abduction 70 [38-90] 81 [63-90]
External rotation 15 [0-28] 15 [10-18]
Hemiarthroplasty *(56/98) *(5/8)
Anteflexion 30 [5-45] 52 [35-59]
Abduction 30 [5-45] 51 [38-65]
External rotation 5[0-19] 10 [10-10]

Legend: IQR = interquartile range, RSA = reverse shoulder arthroplasty, * = available cases for
analysis of functional outcomes

Discussion

This study evaluates the clinical outcomes of proximal humeral reconstructions for a tumor
defect with either a MUTARS hemiarthroplasty, reverse shoulder arthroplasty, or
(anatomic) total shoulder arthroplasty. It represents the largest series of proximal humerus
reconstructions to date. We found satisfactory mechanical complications rates, although
dislocation and infection remain relatively frequent causes for implant revision. RSA
demonstrated good functional outcomes despite the fact that the rotator cuff was more

often sacrificed in these patients.

Our dislocation rate (9%) is consistent with Raiss et al.(21), who reported a 10% dislocation
rate in 39 patients with MUTARS proximal humerus endoprostheses. Our results are
favorable compared to other studies on MUTARS hemiarthroplasty and RSA, ranging from
22% to 33%(4, 22, 23). We identified previous surgery at same site as a prognostic factor
for revision due to dislocation. Other studies, possibly due to smaller sample sizes, did not
identify any possible risk factors for dislocation. Sharma et al. reported a 14% dislocation

rate in 21 cemented Stryker endoprostheses, and Kumar et al. described a 2% reoperation
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rate for dislocation in 100 Stanmore custom-made endoprosthetic reconstructions(24, 25).
Our results are equal to or favorable in comparison to alternative reconstructive
techniques. Teunis et al. reviewed the literature and found a 0-31% dislocation rate among
proximal humeral endoprostheses, 0-62% among allografts, and 0-21% in APCs. They
concluded that there was no significant difference in dislocation rates between
reconstruction techniques(26). However, caution is warranted when interpreting these

findings as sample sizes of the studies in the review were typically limited.

We found loosening in 2% of our patients, which is in line with the findings of Raiss et al.
(3% in 39 uncemented MUTARS)(21). Trikoupis et al.(4) reported a 5% loosening rate in a
cohort of 40 patients reconstructed with either hemiartroplasty or RSA. Similarly, Trovarelli
et al.(23) documented one case of loosening in an uncemented stem in their cohort of 22
patients, of which 10 were uncemented. Streitburger et al.(12) and Guven et al.(27), on
the other hand, observed no loosenings, although the follow-up in their studies was short,
and sample sizes were small. Kumar et al. observed three loosenings in 100 patients
reconstructed with cemented custom-made Stanmore endoprostheses(25), while Sharma
et al. found no loosenings in 21 cemented Stryker endoprostheses(24). Our results are
favorable compared to the loosening rates in endoprostheses (0-20%) and APCs (0-17%)

described by Teunis et al(26).

Our PJI risk (10%) was somewhat higher compared to other publications with infection
rates of 0-6% in MUTARS endoprosthetic reconstructions(4, 12, 21, 23, 27). A possible
explanation is longer follow-up period, as we observed that 38% of our PJls occurred later
than one year postoperatively. Trovarelli et al. noted that they had no PllIs in silver-coated
implants(23). Although we present the largest series to date, we found no difference for
silver coating, nor did we identify other risk factors, which might be attributable to the
multifactorial cause of PJI. Van de Sande et al. identified comparable infection rates for
allografts (1/13 patients, 8%), and APCs (1/10 patients, 10%), whereas Rodl et al. observed
a 27% (4/15 patients) infection rate in clavicula pro humeri reconstructions(28, 29). Our PJI
risk is comparable or favorable to the infection rate in endoprosthesis (0-20%), allografts

(0-25%), and APCs (0-13%) as described by Teunis et al(26). However, it is important to
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note that there is a substantial variability and uncertainty regarding complication rates due

to limited sample sizes and heterogenous study populations.

The 10-year CIR for mechanical reasons and infection for hemiarthroplasty and RSA were
18% and 24% respectively, which is in line with other studies reporting a 5-32% implant
revision rate. However, comparisons are difficult due to differences in statistical
methodology: We employed competing risks models to estimate the CIR, while others use
the Kaplan-Meier method. In addition, most previous studies had shorter follow-up
periods(4, 12, 21, 23, 27). Interestingly, a plateau in the risk of revision over time can be
observed in our cohort, suggesting that patients have a relatively low risk of revision once
they have passed the initial postoperative years without revisions. As for alternative
reconstructive techniques, Van de Sande et al. reported a poor 5-year implant survival of
9% for osteoarticular allografts, and 60% for APCs with implant revision as the endpoint.
With implant removal as the endpoint, the 5-year implant survival for osteoarticular
allografts was 61%, and 90% for APCs(6). Rodl et al. reported a 10-year cumulative survival
of 79% for the clavicula pro humeri procedure, 75% for osteoarticular allografts, and 83%
for endoprostheses(29). In the systematic review by Teunis et al., the survival rates of
endoprostheses (38-100%) were comparable to osteoarticular allografts (33-100%) and
APCs (33-100%)(26).

As previously reported, RSA seem to offer significantly better functional results compared
to anatomical reconstructions, particularly for those with sacrificed rotator cuff muscles(4,
27, 30). This improvement can be attributed to the fact that the center of rotation is
moved medially and inferiorly, which increases the deltoid muscle’s moment arm(31).
Another factor could be an indication bias favoring RSA, as these patients were generally
younger and potentially more active. The range of motion after RSA in our study was
comparable to those in other studies with active flexion ranging from 88-1172, abduction
from 80-1039, and external rotation of 132(4, 12, 23, 27). Similarly, the ROM of patients
with hemiarthroplasty or anatomical reconstructions were comparable with other studies,
showing active anteflexion ranging from 34-602, abduction from 33-5592, and external

rotation of 129(4, 21).
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Several limitations must be acknowledged. First, the relatively small number of TSA cases
limits the generalizability of the findings related to this implant type. However, there is
limited indication for TSA in oncological patients, as TSAs require an intact rotator cuff to
function properly, while the cuff is often sacrificed during tumor resection. Second, the
MORE focuses on complications requiring reoperation, which likely leads to an
underestimation of the true incidence of complications, most notably dislocations.
Nevertheless, patients who do not choose or require revision for instability often continue
to live well despite having an unstable shoulder joint. Third, despite the fact that we
present the largest series to date, the limited number of events per complication
hampered the multivariate analyses. At last, the absence of patient-reported outcome
measures (PROMS) prevented their use in this study. To effectively evaluate patient

outcomes, centers should systematically collect PROMS as a standard of care.

This is the largest series on proximal humerus reconstructions to date and could serve as a
benchmark for future studies, given the current lack of large-cohort comprehensive
studies with adequate follow-up on these reconstructions. Clinical outcomes are satisfying,
particularly in terms of mechanical failure. RSA and hemiarthroplasty exhibit comparable
revision risks. The risk of dislocation is higher in patients with previous surgery at the same
site. RSA appears to provide good functional outcomes, even in the absence of a
functioning rotator cuff. These findings suggest that clinicians should consider using
reverse shoulder arthroplasty over hemiarthroplasty, given its comparable revision risk and

superior functional outcomes.
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Other information

Source of funding
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General summary, discussion, and future perspectives
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The overall purpose of the dissertation

Clinical outcomes and improvements in patient care in orthopaedic oncology depend on
both accurate diagnostic and prognostic processes, as well as well-balanced surgical

resections and reconstructive surgeries. Therefore, this thesis consists of two parts.

Part | aims to assess a novel diagnostic tool for chondrosarcoma and improve our
understanding of prognostic factors for survival in osteosarcoma patients. Additionally, it
evaluates an innovative, non-invasive prognostic tool for predicting chemotherapy

response in osteosarcoma patients

Part Il aims to contribute to the understanding of clinical outcomes in endoprosthetic
reconstructions by evaluating risk factors for complications and implant failures. It utilizes
high-quality, global multicenter studies focused on MUTARS endoprosthetic

reconstructions.
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Part | Advances in the evaluation of diagnosis and prognosis in patients with bone

tumors

A potential novel non-invasive diagnostic tool for chondrosarcoma of bone

Accurate diagnosis and classification of cartilage tumors is vital since treatment varies with
tumor grade. Benign or low-grade cartilaginous tumors may be managed with curettage or
supervised observation, whereas high-grade chondrosarcomas usually require extensive
surgery and consequent reconstructions(1-3). However, distinguishing between low-grade
or benign cartilaginous tumors and high-grade chondrosarcoma remains challenging due
to significant interobserver variability in current radiological and histological methods(4,
5). To address this challenge, novel diagnostic tools are explored. The eNose analyzes
volatile organic compounds (VOCs) through pattern recognition and requires training with
a dataset to develop its diagnostic capabilities(6-9). In an earlier study of Acem et al., the
eNose showed promise as a non-invasive diagnostic biomarker for detecting soft tissue
sarcomas (STS) with good performance(9). However, in our explorative pilot study
presented in Chapter 2, the eNose showed limited sensitivity and specificity of 75% and
65% respectively, with an AUC of 0.66. These findings suggest that the eNose is not yet

reliable for routine clinical use.

Risk factors, oncological outcomes, and predictive biomarkers in osteosarcoma

Although there has been a remarkable increase in survival rates for osteosarcoma patients
since the 1970s, 5-year survival outcomes still vary widely, ranging from 21% to 86%(10-
13). A key question is: what causes this variation in survival outcomes? An important first
step in addressing this question is to identify what are the possible prognostic factors that
may be associated to survival outcomes. In Chapter 3, age was identified as a prognostic
factor for survival, even when adjusted for other demographic and treatment factors.
Adolescents and young adults (AYAs) aged between 16 to 40, as well as older adults aged

240, had less favorable outcome compared to children under the age of 16 years, which is
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partially explained by different patient and treatment characteristics. Older adults present
more frequently with axial located tumors, pathological fractures, and were more often
treated with Adriamycin and Cisplatin (AP) chemotherapy instead of high-dose
Methotrexate combined with AP (MAP). Additionally, chemotherapy seems to have a less
profound effect in older patients, as they are less likely to have a good histological
response to chemotherapy. This is partly due to dose limitations caused by comorbidities,
age-related organ dysfunction, or chemotherapy-related toxicity. Besides age, risk factors
for survival included tumor size, distant metastasis at presentation, histological response
to chemotherapy, and local tumor relapse. While assessing risk factors for survival is
crucial for accurate prognosis estimation, their clinical implications are limited since many
factors are either fixed at diagnosis or become apparent after surgical resection, such as
the response to neo-adjuvant chemotherapy.

Chapter 4 introduces a novel prognostic biomarker which can be obtained before tumor
resection. The relative wash-in rate (rWIR), derived from dynamic contrast-enhanced (DCE-
) MRI, reflects changes in tumor perfusion before and after neo-adjuvant chemotherapy
and has been associated with response to chemotherapy by Kalisvaart et al.(14). Our
subsequent study showed that the rWIR is associated with event-free survival (EFS),
adjusted for traditional prognostic factors. Moreover, the 2- and 5-year EFS for patients
with rWIR = 2.3 were 85% (95% Cl 74-96%) and 75% (62-89%), compared to 55% (40-70%)
and 50% (35-66%) for those with rWIR < 2.3. These finding suggest that rWIR could be a
valuable tool for personalizing treatment strategies and adjusting chemotherapy in non-
responsive patients in future trials, as it can be determined pre-operatively and before

adjuvant chemotherapy.

Strengths and limitations - part |

In part | of this thesis, we explored novel non-invasive tools to enhance diagnostic and
prognostic accuracy in patients with bone tumors. These studies had several strengths.
First, they describe a novel non-invasive technique to differentiate between healthy

individuals and those with chondrosarcoma of bone. While this technique has shown
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significant potential for diagnosing other types of cancer, its application to
chondrosarcoma has not been previously described. Furthermore, a large single-center
cohort of osteosarcoma patients was studied, to better explore risk factors for survival. At
last, they introduce a novel method for assessing the response to neo-adjuvant
chemotherapy at an early stage (pre-resection), which has been found to be associated
with event-free survival —a previously undocumented correlation. These innovations could
pave the way for new research into additional therapies, patient- and risk-tailored
protocols, potentially leading to improved survival outcomes for patients with bone
tumors. Despite the promise of quantitative data (omics) in prognostic and diagnostic
models, the integration of such methods into daily practice remains limited. Challenges
include small sample sizes, complex and hard-to-reproduce methods, and a lack of
external validation, which affect reproducibility and generalizability(15, 16). Therefore, it is
essential for future studies to utilize larger cohorts, adopt transparent methodologies, and
incorporate external validation to improve the generalizability and accuracy of these

(prediction) models.

Future perspectives and clinical implications - part |

Future research should address several key areas to advance the field of bone tumor
diagnostics, prognostics, and treatment. For the eNose, investigations are needed to
determine if distinct VOC patterns are associated with different types or stages of
chondrosarcoma. Longitudinal studies could reveal whether changes in VOC patterns over
time correlate with disease progression, treatment response, or recurrence, potentially
offering a non-invasive method for ongoing patient monitoring and tailored personalized
treatment adjustments. Additionally, exploring the use of artificial intelligence (Al) and
deep-learning models to automatically detect and stage primary bone tumors, based on
guantitative imaging features or complex pattern recognition, could significantly enhance
the accuracy of detecting and staging primary bone tumors(17, 18). Statistical models rely
on predefined features, while deep learning models have the potential to automatically

learn and extract relevant features directly from raw data. Furthermore, in the context of
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osteosarcoma, research should explore how treatment protocols can be customized for
various age groups, with a particular focus on adolescents and young adults (AYAs) as well
as older adults. This includes evaluating the effectiveness of age-specific chemotherapy
regimens and developing personalized treatment strategies that consider biological
differences across age groups. Addressing the poor chemotherapy responses observed in
some patients, especially older adults, is crucial. Molecular and genetic research should
aim to identify biomarkers associated with poor histological outcomes. Potential new
treatment approaches could involve combining immunotherapy, chemotherapy, and anti-
angiogenesis therapies to overcome chemotherapy resistance and improve survival rates,
as suggested by Garcia-Ortega et al.(19).

Moreover, the rWIR as a prognostic biomarker, should be (externally) validated in large
future multicenter studies to confirm its applicability across different demographics, tumor
subtypes, and treatment protocols. Integrating rWIR into standard diagnostic procedures
and evaluating its impact on treatment decisions, including chemotherapy regimens and
surgical timing, is crucial. Additionally, developing protocols for ongoing monitoring with
rWIR could be valuable for detecting changes in tumor dynamics, potentially indicating

relapse or chemotherapy resistance and facilitating timely intervention(20).
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Part Il MUTARS reconstructions in patients with extensive bone defects following

orthopaedic oncological resections

The surgical management of bone defects, utilizing MUTARS endoprosthesis

Modular endoprosthetic reconstructions, such as the Modular Universal Tumor And
Revision System (MUTARS) offer benefits like off-the-shelf availability, relative ease of
implantation, intra-operative flexibility with adjustable components, and support for early
weight-bearing(21, 22). However, they still carry significant complication and cumulative
revision risks, as patients are generally young and active, and the endoprostheses are
subject to long-term mechanical stresses(22, 23). Our understanding of these risks is
limited due to the scarcity of high-quality studies, and variability in study cohorts and
follow-up. To address this, we established the MUTARS Orthopaedic Registry Europe

(MORE), to evaluate the long-term safety and efficacy of several MUTARS endoprostheses.

Chapter 5 presents the clinical outcomes of the largest series to date, evaluating the
reconstruction of pelvic tumor defects using the LUMIC prosthesis in 166 patients. Almost
half of the patients required at least one reoperation of which the majority was performed
within the first 6 months post-reconstruction, primarily due to dislocation and
periprosthetic joint infection (PJI). Notably, a plateau phase in complications can be
observed after the first post-operative year, suggesting that patients face the highest risk
of complications in the early post-operative period, after which the risk significantly
decreases. The cumulative incidences of revision for mechanical reasons and PJI
(Henderson 1to 4) at 2, 5, and 10 years were 11% (95% confidence interval [Cl], 7% to
17%), 18% (12% to 25%), and 24% (16% to 33%), respectively. Previous surgery at same
site was identified as a risk factor for dislocation, while more extensive resection (including
P3) was a risk factor for the occurrence of PJI. The LUMIC prosthesis showed durability
concerning implant loosening, which was rarely observed during the follow-up period. In
Chapter 6, the clinical outcomes of the largest oncological series of MUTARS knee

reconstructions to date are presented, with a particular focus on locking-mechanism
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failure, in a total of 316 patients. While PJI is a common complication in lower-limb
endoprosthetic reconstructions, structural failure of the implant is also a relative frequent
issue. The MUTARS knee reconstruction’s locking-mechanism, can break or experience
significant wear, leading to symptomatic instability. The cumulative incidences of revision
for instability due to wear or locking-mechanism breakage were 0% (95% ClI 0-0), 5% (1-
15), and 5% (1-15) for PE; 5% (1-14), 14% (5-26), and 16% (7-29) for PEEK; and 0%, 3% (1-
6), and 10% (5-16) for MoM at 2, 5, and 10 years, respectively. Despite adjusting the
locking-mechanism material from PE to PEEK and to MoM, the risk of revision has not
decreased. In fact, PEEK and MoM locking mechanisms were associated with a higher risk
of locking-mechanism failure than PE. Other potential risk factors such as age, BMI, and
resection length were not associated with locking-mechanism failure. This underscores the
need for design improvements to reduce the risk of complications and the need for
revisions. Chapter 7 presents clinical and functional outcomes of the largest oncological
series of proximal humerus endoprosthetic reconstructions to date, involving 165 patients.
Our findings indicate that dislocation (9%) and PJI (10%) were the most common
complications and primary reasons for revision. Despite the substantial reoperation risk,
we observed a plateau phase, indicating that most complications occurred in the early
post-operative phase. The cumulative incidences of revision for mechanical reasons
(Henderson 1 to 3) in the entire population at 2, 5, and 10 years were 7%(95%Cl 3-11),
11%(6-17), and 13%(7-20) respectively. For PJI (Henderson 4), the cumulative incidences of
revision were 5%(2-10), 7%(3-12), and 7%(3-12). Previous surgery at same site was
identified as a risk factor for dislocation. Both reverse shoulder arthroplasty (RSA) and
hemiarthroplasty exhibited comparable revision risks. However, RSA provides superior
functional outcomes. The relative low revision rates in the mid-term combined with better
functional results of RSA, suggest that clinicians should consider using RSA over

hemiarthroplasty for reconstruction of tumor defects of the proximal humerus.
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Strengths and limitations - part Il

The studies in part 2 of this thesis have several strengths. First, they are distinguished by
their large sample sizes, as there are no other studies of similar scale focusing on location-
specific oncological MUTARS reconstructions. Furthermore, these studies, based on data of
the MORE registry, systematically evaluate complications using the Henderson
classification, facilitating easy comparison with other studies(24). They employ appropriate
statistical methodologies, including competing risks models, to assess the risk of implant
failure. The use of competing risk models is crucial because Kaplan-Meier’s methodology
overestimates the cumulative risk of implant failure by not accounting for competing
events such as death or revision for other reasons(25). At last, the MORE, being the first
and largest global tumor endoprostheses registry, serves as a benchmark for potential
future initiatives and comparable studies on clinical outcomes of endoprostheses from
different manufacturers. This registry aims to improve the understanding of long-term

efficacy and safety of MUTARS endoprostheses.

However, there are limitations to consider. The Henderson classification, used in the
MORE, focuses on failures, needing revision surgery of (modular) components, rather than
overall complications, leading to underreporting of complications without subsequent
revision procedures, and misclassifying less invasive procedures as failures. The
classification is also broad, often missing specific details, like the exact cause of implant
failure or the type of infection (acute hematogenic, or delayed/chronic), which are crucial
for treatment decisions. To address these gaps, the MORE has added questions for
detailed complication data and adapted the classification to distinguish between less
invasive maintenance (e.g. liner exchange, locking-mechanism revision, rotational
adjustment) and true failures (e.g. one- and two-stage revision, implant removal). Bus et
al. have also suggested modifications to enhance its accuracy in future research(26).
Furthermore, the multicenter retrospective design introduced variability in peri-operative
protocols and resulted in missing data, which could have affected clinical outcomes and
introduced biases. The relatively small number of events per complication also limited the

ability to perform detailed multivariable risk factor analyses using Cox regression models.
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This is crucial in orthopaedic oncology due to the complex multi-factorial nature of
complications. As the registry incorporates both retrospective and prospective data, data
completeness is expected to improve, addressing gaps in older patient records. At last,
registries are also prone to biases such as selection and reporting biases, and concerns
about data privacy and security may impact center participation. Despite these limitations,
global initiatives like MORE are essential for establishing a solid foundation and validating
research on endoprosthetic reconstructions, as individual case series contribute minimally

to current knowledge and can lead to coincident findings that add scientific “noise”.

Future perspectives and clinical implications - part Il

Risk factor analyses

Future studies in even larger cohorts should focus on multivariable risk factor analyses for
common complications in endoprosthetic reconstructions, such as dislocation and PJI.
Moreover, larger sample sizes will enable the use of multi-state models. These are
statistical models used to describe the evolution of the status of the patient, where
transitions between different states (i.e. revision(s) with different causes, or death) over
time are possible. While multi-state models have been employed to evaluate oncological
outcomes like local tumor relapse or distant metastases after (neo-)adjuvant radiotherapy,
they have not yet been applied to tumor endoprostheses due to insufficient data on
recurrent revisions(27). Such models could enhance our understanding of factors

contributing to recurrent revisions.

Dislocation management

Future research should address stability issues in pelvic and proximal humerus
reconstructions, which are prone to dislocation. Given that previous surgery increases
dislocation risk, tailored surgical techniques or customized post-operative protocols may
be valuable. Although dual-mobility cups have shown reduced dislocation rates compared
to conventional cups in general hip arthroplasty and LUMIC reconstructions, this thesis did
not find a significant association between dual-mobility cups and lower dislocation risk(28,
29). Exploring the use of more constrained acetabular cups might further reduce the

dislocation risk. While constrained designs could theoretically improve stability in shoulder
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reconstructions as well, evidence of their benefit is limited(30-32). However, its use in
combination with the LUMIC prosthesis, with its relatively low loosening rates, remains a
promising option for further minimizing dislocations while preserving implant
integrity(33). Another area of interest is the impact of an altered center of rotation (COR)
in patients reconstructed with the LUMIC prosthesis. A previous study on endoprosthetic
periacetabular reconstructions, has shown that a vertical shift of the COR >18mm and a
sagittal shift >20mm increases the dislocation risk(34). Understanding these factors could
lead to different surgical strategies for patients with an anticipated significantly altered
center of rotation. One potential solution might be to modify the current design, such as
by adding an extension piece to the LUMIC stem to allow for COR adjustments. However,
future bio-mechanical studies, like implant migration CT-RSA studies, are needed to
determine whether this could increase the risk of periprosthetic fractures or implant
migration and ultimately implant loosening(35, 36). Such supporting studies are needed to
proof clinical evidence of class Il medical devices under the MDR (Medical Device
Regulations)(37). Alternatively, custom-made implants could be considered for such cases.
Additionally, since most dislocations occur within the first months after surgery and
patients with prior surgeries at the same site are at a higher risk, future research should
explore less aggressive post-operative mobilization, or personalized rehabilitation

protocols.

At last, resection of an acetabular tumor disrupts the pelvic ring, potentially leading to
decreased stability, reduced functional outcomes, and increased pain(38). While several
reconstructive methods for restoring pelvic ring have been described, the effectiveness of
these methods remains debated(39). An emerging alternative is the use of 3D-printed
custom-made acetabular implants to reconstruct the bone defect and restore the pelvic
ring. This relative new method shows promise for the reconstruction of pelvic bone defects
in terms of complications and implant survival(40). However, most studies are single-
center with small sample sizes and limited follow-up, leaving some uncertainty about their
effectiveness after tumor resection(41, 42). Moreover, a significant disadvantage of 3D-
printed custom-made implants in orthopaedic oncology is the lack of intraoperative
adjustability, making precise pre-operative planning and implantation crucial(40, 43). In
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light of these considerations, we recommend using the LUMIC prosthesis, particularly for
aggressive malignancies that require urgent surgery, such as high-grade chondrosarcomas
and metastases. The time constraints associated with these tumors often make custom-
made implants impractical, although future advancements may shorten production times.
Conversely, for patients with osteosarcoma or Ewing sarcoma undergoing neo-adjuvant
chemotherapy — where treatment spans 10-18 weeks before definitive surgery — there is
generally enough time to produce custom-made implants. Thus, the optimal treatment can
be tailored based on patient and tumor characteristics in these scenarios. For tumors
extending into the ilium and sacrum (P1-2 resections), the LUMIC prosthesis might be
unsuitable due to its stem requiring sufficient medial ilium bone stock for proper insertion.
However, for more extensive resections, including the os pubis (P3), the LUMIC prosthesis
may be preferable over custom-made implants. This preference is due in part to the higher
risk of periprosthetic joint infection (PJI) associated with P2-3 resections. The modular
design of the LUMIC facilitates easier and quicker component exchanges during
debridement, antibiotics, and implant retention (DAIR) procedures, or in one- or two-stage
revisions, potentially improving infection management. Additionally, the higher cost of
custom-made implants, combined with the elevated infection risk, can result in
significantly increased expenses(38). Therefore, in such cases, an off-the-shelf LUMIC

prosthesis may offer a more cost-effective and flexible solution..

Structural failure

Some patients need (recurrent) revisions of their locking-mechanism. However, it remains
unclear why certain patients require multiple revisions due to locking-mechanism failure.
One hypothesis is that extensive surgical resections around the knee compromises the
stabilizing structures(44), and alters gait(45), potentially leading to increased stresses
through repetitive knee hyperextension. Future studies should therefore focus on gait
analysis after endoprosthetic reconstruction, and quantitative MRI studies to evaluate
muscle volume around the knee, such as the quadriceps and hamstrings, both pre- and
post-operatively. Moreover, Implantcast has introduced carbon-reinforced PEEK locking-
mechanisms, which may offer improved durability, although clinical outcomes should be

awaited.
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Prevention and treatment of PJls

PJI remains the most common reason for revision in endoprosthetic reconstructions(46,
47). To address this, future studies should focus on prevention strategies. One approach
involves optimizing patient health before surgery by improving physical fitness, nutrition,
glycemic control, quitting smoking, and managing comorbidities. Although specific studies
on endoprostheses in orthopaedic oncology are lacking, these measures can help reduce
postoperative infections(48-50). A multi-disciplinary team involving an orthopaedic
surgeon, anesthesiologist, nutritionist, infectiologist, medical oncologist, and
physiotherapist should collaborate to enhance overall health and educate patients on risks
and lifestyle modifications. Additionally, exploring the use of muscle flaps or other
methods for robust soft tissue coverage and antimicrobial protection could be
beneficial(51). Some centers use well-vascularized myocutaneous flaps to cover implants
and eliminate large wound spaces following pelvic reconstruction, though these
procedures can be associated with longer surgical durations, increased blood loss, donor

site morbidity, and persistently high risk of wound complications(52, 53).

Another potential strategy to reduce the risk of PlIs is the use of silver-coated
endoprostheses, which have antibacterial properties targeting a wide range of bacteria
associated with PJIs(54). Retrospective studies on MUTARS silver-coated implants suggest
an increased likelihood of successful revision surgery in patients suffering PJI(55, 56).
However, their effectiveness in preventing primary PJI remains uncertain, as neither our
studies nor others have found a significant reduction on the PJI risk. While some studies
have reported argyria from locally elevated silver ion levels, systemic toxicological side
effects are generally not observed(57-59). Considering their potential benefits in treating
Plls, we believe the continued use of silver-coated implants is justified. Future larger
studies comparing non-coated and silver-coated implants should determine whether they
indeed reduce the incidence of PJI. At last, for high-risk patients, especially those with
extensive tumors or poor anticipated functional outcomes, alternative approaches like
resection arthroplasty or flail joint procedures, rotationplasty, or amputation should be
considered. This may significantly reduce the risk of PJI, and patients may still experience a

relatively good function(60, 61).
167



Chapter 8

Overall conclusions

This thesis addresses advancements and ongoing challenges in the broad array of
orthopaedic oncology. It reviews progress in diagnostic and prognostic tools, including the
evaluation of the eNose for chondrosarcoma and the use of relative wash-in rate as a
radiomics-based prognostic marker for early prediction of prognosis in osteosarcoma
patients. These tools hold significant potential for personalized treatment and the
development of new therapies. However, refinement and external validation is warranted
before these tools can be clinically adopted.

The second part of this thesis underlines the crucial role of international registries in
evaluating treatments for orphan diseases, with a particular focus on endoprosthetic
reconstructions. It presents clinical outcomes of various MUTARS endoprostheses through
the first international multicenter initiative, the MUTARS Orthopaedic Registry Europe
(MORE). Expanding this registry will facilitate more detailed analyses of specific
complication and less common reconstructions, such as growing prostheses, intercalary
reconstructions, or custom-made implants. The successful implementation of MORE
represents a significant advance in orthopaedic oncology, providing a valuable platform for
other centers to contribute to and utilize registry data for ongoing research. By
collaborating with global experts, we can focus on addressing critical issues and advancing

research that aims to improve clinical outcomes and overall patient care.
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Het doel van dit proefschrift

De klinische uitkomsten en verbeteringen in de patientenzorg binnen de orthopaedische
oncologie zijn afhankelijk van zowel adequate en nauwkeurige diagnostische en
prognostische processen, als goed afgewogen chirurgische resecties en reconstructieve

operaties. Daarom bestaat dit proefschrift uit twee delen.

Deel I richt zich op de evaluatie van een nieuw diagnostisch hulpmiddel voor
chondrosarcoom en op het verbeteren van ons begrip van prognostische factoren voor
overleving bij osteosacoom patienten. Daarnaast evalueert het een innovatief, niet-invasief
prognostisch hulpmiddel voor het voorspellen van de respons op chemotherapie bij
osteosarcoom patienten.

Deel Il beoogt bij te dragen aan het inzicht op de klinische uitkomsten van
endoprothetische reconstructies door risicofactoren voor complicaties en implantaatfalen
te evalueren. Het maakt gebruik van hoogwaardige, wereldwijde multicenter studies

gericht op verscheidene MUTARS endoprothesen.

Deel | Vooruitgang in de evaluatie van diagnose en prognose bij patiénten met

bottumoren

Een potentieel nieuw niet-invasief diagnostisch hulpmiddel voor chondrosarcoom

Een nauwkeurige diagnose en classificatie van kraakbeentumoren is cruciaal, aangezien de
behandeling varieert naargelang de tumorgraad. Goedaardige of laaggradige
kraakbeentumoren kunnen vaak worden behandeld met curettage of gesuperviseerde
observatie, terwijl hooggradige chondrosarcomen meestal uitgebreide chirurgie en
reconstructie vereisen. Het onderscheid tussen laaggradige of goedaardige
kraakbeentumoren en hooggradige chondrosarcomen is echter lastig, vanwege
aanzienlijke interobserver variabiliteit in de huidige radiologische en histologische
methoden. Om dit probleem aan te pakken, worden nieuwe diagnostische hulpmiddelen

onderzocht. De eNose analyseert vluchtige organische stoffen (VOCs) met behulp van
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patroonherkenning en moet worden getraind met een dataset om zijn diagnostische
mogelijkheden te ontwikkelen. In een eerdere studie van Acem et al. toonde de eNose
veelbelovende resultaten als niet-invasieve biomarker voor het opsporen van wekedelen
sarcomen (STS) met een goed onderscheidend vermogen. In onze verkennende
pilotstudie, gepresenteerd in Hoofdstuk 2, liet de eNose echter een beperkte gevoeligheid
en specificiteit zien van respectievelijk 75% en 65%, met een AUC van 0,66. Deze
resultaten suggereren dat de eNose nog niet betrouwbaar genoeg is voor routinematig

klinisch gebruik.

Risicofactoren, oncologische uitkomsten en voorspellende biomarkers bij osteosarcoom

Hoewel de overlevingskansen voor patiénten met osteosarcoom sinds de jaren 1970
aanzienlijk zijn verbeterd, variéren de 5-jaars overlevingsresultaten nog steeds sterk, van
21% tot 86%. Een belangrijke vraag die blijft bestaan is wat deze variatie in
overlevingsresultaten veroorzaakt. Een eerste stap in het beantwoorden van deze vraag is
het identificeren van mogelijke prognostische factoren die verband houden met
overlevingsuitkomsten. In hoofdstuk 3 werd leeftijd geidentificeerd als een prognostische
factor voor overleving, zelfs wanneer gecorrigeerd voor andere demografische en
behandelingsfactoren. Adolescenten en jongvolwassenen (AYAs) tussen 16 en 40 jaar,
evenals oudere volwassenen van 240 jaar, hadden een minder gunstige uitkomst
vergeleken met kinderen jonger dan 16 jaar, wat gedeeltelijk wordt verklaard door
verschillende patiént- en behandelingskenmerken.

Oudere volwassenen presenteren zich vaker met axiaal gelokaliseerde tumoren,
pathologische fracturen, en werden vaker behandeld met Adriamycin en Cisplatine (AP)
chemotherapie in plaats van hoge dosis Methotrexaat gecombineerd met AP (MAP).
Daarnaast lijkt chemotherapie minder effectief te zijn bij oudere patiénten, aangezien zij
minder vaak een goede histologische reactie op chemotherapie vertonen. Dit is
gedeeltelijk te wijten aan dosisbeperkingen veroorzaakt door comorbiditeiten,
leeftijdsgebonden orgaanfunctiestoornissen of toxiciteit van de chemotherapie. Naast
leeftijd waren risicofactoren voor overleving tumorgrootte, metastasen op afstand bij
presentatie, histologische respons op chemotherapie en lokaal tumor recidief. Hoewel het

beoordelen van risicofactoren voor overleving cruciaal is voor een nauwkeurige prognose,
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zijn de klinische implicaties beperkt aangezien veel factoren vastliggen bij diagnose of pas
na chirurgische resectie duidelijk worden, zoals de respons op neo-adjuvante

chemotherapie.

Hoofdstuk 4 introduceert een nieuwe prognostische biomarker die al vdor tumorresectie
kan worden verkregen: de relatieve wash-in rate (rWIR). Deze wordt bepaald met
dynamische contrast-versterkte MRI en weerspiegelt veranderingen in tumorperfusie vooér
en na neo-adjuvante chemotherapie. Daarnaast is de rWIR geassocieerd met de respons
op chemotherapie. Onze daaropvolgende studie toonde aan dat de rWIR geassocieerd is
met event-vrije overleving (EFS), zelfs wanneer gecorrigeerd voor de eerder genoemde
prognostische factoren. Bovendien waren de 2- en 5-jaars EFS voor patiénten met rWIR 2
2.3 respectievelijk 85% en 75%, vergeleken met 55% en 50% voor degenen met rWIR < 2.3.
Deze bevindingen suggereren dat rWIR een waardevol hulpmiddel kan zijn voor het
personaliseren van behandelstrategieén en het aanpassen van chemotherapie bij
patiénten die onvoldoende reageren, aangezien het pre-operatief en véér adjuvante

chemotherapie kan worden bepaald.

Deel Il MUTARS-reconstructies bij patiénten met uitgebreide botdefecten na

orthopaedische oncologische resecties

De chirurgische behandeling van botdefecten met behulp van MUTARS-endoprothesen

Modulaire endoprothetische reconstructies, zoals het Modular Universal Tumor And
Revision System (MUTARS), bieden voordelen zoals directe beschikbaarheid, relatief
gemakkelijke implantatie, intra-operatieve flexibiliteit met aanpasbare componenten en de
mogelijkheid tot vroege belasting na de operatie. Ze brengen echter nog steeds
aanzienlijke complicatie- en cumulatieve revisierisico's met zich mee, omdat patiénten
over het algemeen jong en actief zijn, en de endoprothesen onderhevig zijn aan langdurige
biomechanische belasting. Het huidige begrip van deze risico's is beperkt door het gebrek
aan hoogwaardige studies en variabiliteit in studiecohorten en follow-up. Om dit aan te
pakken, hebben we het MUTARS Orthopaedic Registry Europe (MORE) opgericht om de
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lange termijn veiligheid en effectiviteit van verschillende MUTARS-endoprothesen te

evalueren.

Hoofdstuk 5 presenteert de grootste serie bekkenreconstructies tot nu toe en beschrijft de
klinische uitkomsten van 166 LUMIC reconstructies na periacetabulaire tumorresectie. Bij
bijna de helft van de patiénten was minstens één heroperatie nodig, waarvan de meeste
werden uitgevoerd binnen de eerste 6 maanden na de reconstructie, voornamelijk
vanwege dislocatie en periprothetische gewrichtsinfectie (PJI). Opvallend is dat na het
eerste postoperatieve jaar een plateau in complicaties kan worden waargenomen, wat
suggereert dat patiénten het hoogste risico op complicaties lopen in de vroege
postoperatieve periode, waarna het risico aanzienlijk afneemt. De cumulatieve incidenties
van revisie door mechanische redenen en PJI (Henderson 1 tot 4) op 2, 5 en 10 jaar waren
respectievelijk 11% (95% betrouwbaarheidsinterval [BI], 7% tot 17%), 18% (12% tot 25%)
en 24% (16% tot 33%). Eerdere chirurgie op dezelfde locatie werd geidentificeerd als een
risicofactor voor dislocatie, terwijl uitgebreidere resectie (inclusief het os pubis en os
ischium [P3]) een risicofactor was voor het optreden van PJI. De LUMiC-prothese toonde
duurzaamheid met betrekking tot implantaatloslating, wat zelden werd waargenomen
tijdens de follow-up periode. Hoofdstuk 6 presenteert de klinische uitkomsten van 316
patiénten met een MUTARS knie-reconstructie en een bijzondere focus op het falen van
het scharniermechanisme. Dit is de grootste oncologische serie van MUTARS knie-
reconstructies tot nu toe. Terwijl PJI een veelvoorkomende complicatie is bij
endoprothetische reconstructies van de onderste ledematen, is structureel falen van het
implantaat ook een relatief frequent probleem. Het scharniermechanisme van de MUTARS
knieconstructie kan breken of aanzienlijke slijtage vertonen, wat leidt tot symptomatische
instabiliteit. De cumulatieve incidenties van revisie door instabiliteit als gevolg van slijtage
of breuk van het scharniermechanisme waren 0% (95% Bl 0-0), 5% (1-15) en 5% (1-15)
voor PE; 5% (1-14), 14% (5-26) en 16% (7-29) voor PEEK; en 0%, 3% (1-6) en 10% (5-16)
voor MoM op respectievelijk 2, 5 en 10 jaar. Ondanks de aanpassing van het
vergrendelmechanisme van PE naar PEEK en vervolgens naar MoM, is het risico op revisie
niet afgenomen. PEEK- en MoM-scharniermechanismen waren geassocieerd met een

hoger risico op falen van het scharniermechanisme dan PE. Andere potentiéle
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risicofactoren zoals leeftijd, BMI en resectielengte waren niet geassocieerd met falen van
het scharniermechanisme. Dit onderstreept de noodzaak van ontwerpverbeteringen om
het risico op complicaties en de noodzaak van revisies te verminderen. Hoofdstuk 7
presenteert de klinische en functionele uitkomsten van de grootste oncologische serie van
proximale humerus endoprothetische reconstructies tot nu toe, met 165 patiénten. Onze
bevindingen tonen aan dat dislocatie (9%) en PJI (10%) de meest voorkomende
complicaties en de belangrijkste redenen voor revisie waren. Ondanks het aanzienlijke
risico op heroperatie, observeerden we een plateaufase, wat aangeeft dat de meeste
complicaties optraden in de vroege postoperatieve fase. De cumulatieve incidenties van
revisie voor mechanische redenen (Henderson 1 tot 3) in de gehele populatie waren op 2,
5 en 10 jaar respectievelijk 7% (95% Bl 3-11), 11% (6-17) en 13% (7-20). Voor PJI
(Henderson 4) waren de cumulatieve incidenties van revisie 5% (2-10), 7% (3-12) en 7% (3-
12). Eerdere operaties op dezelfde locatie werden geidentificeerd als een risicofactor voor
dislocatie. Zowel de omgekeerde schouderprothese (RSA) als hemiarthroplastiek
vertoonden vergelijkbare revisierisico's. Echter, RSA biedt betere functionele resultaten. De
relatief lage revisie risico’s op de middellange termijn, gecombineerde met de betere
functionele resultaten van RSA, suggereren dat clinici moeten overwegen RSA te gebruiken

in plaats van hemiarthroplastiek voor de reconstructie van de proximale humerus.
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Algemene conclusies

Deze thesis belicht belangrijke vorderingen en voortdurende uitdagingen in de
orthopaedische oncologie. Het evalueert de voortgang in diagnostische en prognostische
hulpmiddelen, waaronder de evaluatie van de eNose voor chondrosarcoom en het gebruik
van de relatieve wash-in rate als een radiomics-gebaseerde prognostische marker voor de
vroege voorspelling van de prognose bij osteosarcoom patienten. Deze hulpmiddelen
hebben aanzienlijk potentieel voor gepersonaliseerde behandeling en de ontwikkeling van
nieuwe therapieén. Echter verdere optimalisatie en externe validatie zijn nodig voordat

deze hulpmiddelen breed kunnen worden toegepast in de klinische praktijk.

Het tweede deel van deze thesis benadrukt de cruciale rol van internationale registers bij
het evalueren van behandelingen voor zeldzame ziekten, met een bijzonder focus op
endoprothetische reconstructies. Het presenteert klinische uitkomsten van diverse
MUTARS-endoprothesen via het eerste internationale multicenter initiatief, het MUTARS
Orthopaedic Registry Europe (MORE). Het uitbreiden van dit register zal gedetailleerde
analyses van specifieke complicaties en minder voorkomende reconstructies, zoals
groeiprothesen, intercalaire reconstructies of custom-made implantaten mogelijk maken.
De succesvolle implementatie van MORE vertegenwoordigt een belangrijke vooruitgang in
de orthopedische oncologie en biedt een waardevol platform voor andere centra om bij te
dragen aan en gebruik te maken van de gegevens uit de registratie voor lopend onderzoek.
Door samen te werken met wereldwijde experts kunnen we ons richten op het aanpakken
van cruciale kwesties en het bevorderen van onderzoek dat gericht is op het verbeteren

van klinische uitkomsten en de algehele patiéntenzorg.
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