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Abstract
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Medicine 2228. 108 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-2725-9.

Tibial plateau fractures (TPFs) encompass a broad spectrum of injuries, ranging from simple,
undisplaced splits to complex intra-articular fracture patterns. These fractures are frequently
associated with long-term sequelae, most notably post-traumatic osteoarthritis (PTOA) and
eventual conversion to total knee arthroplasty (TKA). As the incidence of fragility fractures
is projected to rise within expanding ageing populations, the burden of TPF-related knee
degeneration is expected to increase substantially. Despite advances in internal fixation
techniques, uncertainty persists regarding long-term clinical outcomes, the risk factors driving
joint deterioration, and the potential role of primary arthroplasty for selected patients.

The overarching aim of this thesis was to investigate the long-term consequences of TPF,
with focus on epidemiology, the progression to TKA, and the role of patient- and fracture-
related characteristics in risk stratification for joint conversion. This objective was addressed
through a series of longitudinal cohort studies, leveraging both single-centre clinical data and
comprehensive national register-based datasets. First, national incidence patterns and mortality
rates following TPF were evaluated using the National Patient Register (NPR). A single-centre
cohort study linked to the Swedish Arthroplasty Register (SAR) was used to identify factors
associated with subsequent TKA conversion. Subsequently, national data from the SFR were
linked to the SAR to examine the association between fracture severity and TKA conversion
within a large, population-based cohort. Finally, SAR data were analysed to evaluate clinical
outcomes following acute TKA as a primary treatment for TPF, with these results compared
against outcomes of delayed TKA performed for PTOA.

Findings from this thesis indicate that although most TPFs managed with ORIF have low
TKA conversion rates, a distinct subset of patients faces an elevated risk of conversion. This
high-risk group is characterised by severe fracture patterns, advanced age, and inadequate
postoperative reduction. Moreover, TKA following TPF often resembles revision surgery rather
than primary arthroplasty in terms of surgical complexity, implant selection, and clinical
outcomes. Consequently, acute arthroplasty in carefully selected high-risk individuals may serve
as a viable primary intervention with favourable results.

In conclusion, this thesis offers new insights into the trajectory from fracture to arthroplasty
following TPF. The findings underscore the critical importance of achieving high-quality
anatomical reduction, early stratification of patients at elevated risk of failure, and individualised
decision-making regarding joint preservation versus primary arthroplasty. Collectively, these
findings advance clinical understanding and provide a foundation for future research aimed at
refining treatment strategies and improving long-term outcomes.
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All models are approximations. Essentially, all models are wrong, but some
are useful. However, the approximate nature of the model must always be
borne in mind.

-George E.P. Box
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Introduction

Tibial plateau fractures (TPFs) encompass a broad spectrum of injuries, rang-
ing from simple, undisplaced splits to complex, articular patterns. These inju-
ries pose significant challenges for clinical decision-making and surgical risk
stratification. These injuries account for approximately 1% of all fractures **
and involve the proximal tibia adjacent to the knee joint. They typically result
from either high-energy mechanisms, such as traffic collisions or falls from
height in the younger population, or following low-energy trauma in osteopo-
rotic bone **. The primary goal in managing TPFs is to achieve a stable, con-
gruent, and pain-free joint that supports functional ambulation. Consequently,
surgical intervention is directed toward restoring articular congruity and axial
alignment to facilitate early mobilisation and to minimise the risk of secondary
osteoarthritis (OA).

While TPFs account for approximately 1% of all adult fractures, their inci-
dence exceeds 8% in the elderly population. This high prevalence in older age
groups underscores their classification as fragility fractures, a trend particu-
larly evident among women **!!'#!2213¢ Previous studies have demonstrated a
link between lower-leg fractures and reduced bone mineral density (BMD),
although this trend has not been consistently observed in men . As the pop-
ulation ages, the incidence of TPFs is projected to rise, imposing an escalating
clinical and socioeconomic burden. Given the elevated risk of fixation failure
and suboptimal surgical outcomes in older adults ***?%!%, this trend represents
a significant future challenge for orthopaedic services.

Undisplaced lateral TPFs are typically managed non-operatively through pro-
tected weight-bearing, often supplemented by functional knee bracing '®. In
contrast, unstable or displaced TPFs generally necessitate open reduction and
internal fixation (ORIF), most commonly employing plate-and-screw con-
structs 315!,

Refinements in surgical technique, including fragment-specific approaches,
three-dimensional preoperative planning, and enhanced fixation via locking
plates and subchondral rafting screws, have improved clinical results . Fur-
thermore, the use of bone substitutes to address voids from impacted frag-
ments may have further optimised patient outcomes. Nevertheless, a
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substantial proportion of patients still suffer from debilitating post-traumatic
OA (PTOA) 4238638712114 "Thig significant burden of long-term sequelae
underscores the limitations of current treatment strategies and the need for
further investigation into alternative management approaches.

TKA remains the definitive intervention for end-stage OA and, by extension, for
end-stage PTOA. Earlier studies have investigated the rate of conversion to TKA
following TPFs **1213%150 yith a 2023 systematic review of 42 studies estimat-
ing a pooled conversion rate of approximately 5% (range 0-21.9%) *°. However,
considerable uncertainty persists regarding the accuracy and consistency of ‘con-
version to TKA” as a clinical endpoint, primarily due to methodological hetero-
geneity in study design, follow-up duration, and patient selection.

A significant gap remains in understanding the specific patient and fracture
characteristics that predispose to failure of initial internal fixation. While
emerging evidence identifies preoperative comorbidity and fracture morphol-
ogy as key risk factors for TKA conversion "*, management strategies for
other major joints have already shifted from fixation toward primary replace-
ment for complex articular injuries **'°>!'°. Historically, TPF fixation has
been advocated as a means of establishing a stable foundation for a future
TKA; however, current data indicate that TKA following failed ORIF often
functions as a salvage procedure, yielding inferior outcomes compared to con-
ventional primary TKA %!%:13% This disparity underscores the urgent need to
reevaluate treatment paradigms for high-risk patients.

Primary TKA has been advocated as a definitive initial intervention for com-
plex TPFs by several authors, who report promising outcomes from various
single-centre case series >'2>130:132:141.145

For primary TKA to be considered a viable acute intervention, its potential
benefits must be carefully weighed against its inherent drawbacks. Ad-
vantages, such as immediate weight-bearing and the prospect of superior
functional recovery, must be balanced against increased surgical risk and the
technical challenges of endoprosthesis implantation in the context of com-
promised bone quality or metaphyseal comminution. In such scenarios, the
use of revision or tumour-style prostheses is often required, effectively re-
stricting this treatment modality to specialised centres with the requisite ex-
pertise and resources '’.

18



Background

Anatomy and Biomechanics of the Knee Joint

The knee is a complex, weight-bearing, modified hinge joint that is fundamen-
tal to lower-limb stability and mobility *°. It comprises three osseous struc-
tures—the femur, tibia, and patella—which together create two primary artic-
ulations: the tibiofemoral and patellofemoral joints. These components func-
tion in concert as a compound joint, providing the structural integrity required
for weight-bearing while facilitating the extensive range of motion necessary
for functional ambulation .

The Knee Joint

The primary articular surfaces of the knee—the femoral and tibial condyles—
are inherently incongruent, making the menisci essential for improving joint
stability and congruity. These two fibrocartilaginous structures include the lat-
eral meniscus, which is smaller and nearly circular, and the medial meniscus,
which is larger and semicircular *®. Both menisci are anchored to the tibia via
the cruciate ligaments and are interconnected by the transverse ligament; to-
gether, they play a critical role in load distribution, shock absorption, and sec-
ondary joint stability >'**!%°,

The menisci serve not only as intra-articular shock absorbers but also as pri-
mary stabilisers that optimise tibiofemoral congruity and facilitate complex
kinematics, including gliding and rolling '**. Following meniscal injury or ex-
cision, the loss of load-sharing capacity leads to a marked increase in contact
stress on the articular cartilage, accelerating degenerative changes. This patho-
logical progression frequently results in chronic joint pain, functional impair-
ment, and the eventual development of PTOA °.

Joint stability is maintained through the collective action of the knee’s liga-
mentous, muscular, and tendinous structures. The primary stabilisers include
the anterior and posterior cruciate ligaments, complemented by the medial
(MCL) and lateral collateral ligaments (LCL). The collateral ligaments func-
tion as the principal constraints against abnormal varus and valgus stresses;
they are relatively lax during flexion and become taut in extension to pre-
serve coronal plane stability. In synergy with the cruciate ligaments, these
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structures govern joint kinematics and provide a robust defence against
pathological instability °.

The LCL is structurally more robust than its medial counterpart. It originates
from the lateral femoral epicondyle and inserts onto the head of the fibula. As
an extra-articular structure with no attachment to the lateral meniscus, the LCL
possesses greater freedom of movement and is generally less susceptible to
injury compared to the MCL '** (Figure 1).

Figure 1. Anteroposterior (AP) view of the right knee joint with the patella removed
to enhance visualisation of the collateral and cruciate ligaments, as well as the medial
and lateral menisci.

In contrast to the cord-like morphology of the LCL, the MCL is a broad, flat
structure composed of distinct superficial and deep layers. It originates from
the medial femoral epicondyle and inserts extensively into the medial aspect
of the tibia. As an integral component of the joint capsule, the deep layer of
the MCL is firmly attached to the medial meniscus; this intimate relationship
increases its vulnerability to injury °.

The anterior and posterior cruciate ligaments (ACLs and PCLs) are centrally
located within the knee joint, where they intersect to form an X-shaped con-
figuration. The ACL originates from the anterior intercondylar eminence of
the tibia and inserts onto the lateral wall of the femoral notch. In contrast, the
PCL extends from the posterior aspect of the tibia to the medial wall of the
femoral notch. Together, these ligaments serve as primary stabilisers of the
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knee, preventing abnormal sagittal translation of the tibia relative to the femur
and contributing significantly to rotational stability ***

The articulating surfaces of the femur, tibia, and patella are largely covered
by articular cartilage, which enables smooth, pain-free joint motion with min-
imal friction while also distributing load and absorbing shock. Unlike most
other tissues, articular cartilage is avascular and relies on synovial fluid for its
metabolic requirements. This hyaline structure is composed of a specialised
extracellular matrix populated by chondrocytes, which are responsible for ma-
trix homeostasis and limited repair 2. Due to its limited intrinsic capacity for
healing, preserving the structural integrity of the articular surface is critical
for maintaining long-term joint function *.

Biokinetics and Biomechanics

The knee is one of the most complex articulations in the human body, both
anatomically and functionally. This complexity stems from the competing re-
quirements to facilitate multi-axial mobility while maintaining structural sta-
bility. The joint accommodates an extensive range of motion and withstands
substantial physiological loads through the synergy of its active and passive
stabilisers™.

While often simplified as a simple hinge joint, the knee is more accurately
defined as a complex bicondylar joint with six degrees of freedom: three trans-
lational and three rotational. Translational movements include anterior-poste-
rior, medial-lateral, and superior-inferior gliding, while rotational movements
encompass flexion-extension, internal-external rotation, and abduction-ad-
duction (varus-valgus). These sophisticated kinematics are facilitated by the
inherently incongruent articular surfaces of the femur and tibia '** (Figure 2).
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Figure 2. Schematic representation of the knee joint illustrating its six degrees of
freedom. Translational movements include anterior—posterior, medial-lateral, and
superior—inferior gliding, while rotational movements comprise flexion—extension, in-
ternal-external rotation, and abduction—adduction. The incongruent articular sur-
faces of the femur and tibia enable this complex range of motion while maintaining
Jjoint stability.

The physiological range of motion of the knee typically spans from 0° to ap-
proximately 140° of active flexion, while passive flexion may extend to 160°.
During terminal extension, the tibia undergoes an obligatory external rotation
relative to the femur, a phenomenon dictated by the joint’s asymmetrical ar-
ticular geometry. Known as the screw-home movement, this movement pro-
vides a terminal locking system that enhances joint stability during static
weight-bearing '**. Conversely, during the initial 15-20° of flexion, the tibia
rotates internally to “unlock’ the joint, thereby facilitating smooth kinematic
transition in a broader range of motion.

Tibial Plateau Fractures

The annual incidence of TPFs is estimated to range between ~10 and 26 cases
per 100,000 persons '*?*3315% These injuries typically exhibit a bimodal dis-
tribution. In younger populations, they are frequently the result of high-energy
trauma, such as motor vehicle collisions or falls from significant heights. Con-
versely, older individuals with reduced BMD are more susceptible to TPFs
caused by low-energy mechanisms, such as simple falls from a standing posi-
tion or minor twisting injuries.
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The mechanism of injury—whether high—or low-energy—in conjunction
with the patient’s intrinsic bone quality, is a critical determinant of fracture
morphology and guides the subsequent management algorithm.

Actiology of Tibial Plateau Fractures

TPFs typically result from varus or valgus forces, often coupled with signifi-
cant axial loading. Historically, these injuries have been classified based on
their involvement of the lateral, medial, or (bicondylar) columns, with lateral
being the most prevalent. The lateral tibial condyle is particularly vulnerable
to injury due to its anatomical morphology and lower BMD relative to the
medial side. These fractures frequently occur under valgus or axial compres-
sion, in which the lateral femoral condyle acts as a wedge, driving into and
displacing the articular surface. (Figure 3).

In contrast, medial TPFs are relatively uncommon and typically require sub-
stantial force, most often resulting from high-energy velocity trauma such as
motor vehicle accidents or falls from height *. These high-energy mechanisms
frequently produce bicondylar fractures—involving both the medial and lat-
eral condyles—due to the magnitude of the impact and the overwhelming of
the joint’s structural integrity.

Figure 3. Valgus force applied to the knee joint, resulting in a lateral tibial plateau
fracture, classified as Schatzker type Il (AO/OTA 41B3).
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Classification of Tibial Plateau Fractures

The primary purpose of a fracture classification system is to provide a struc-
tured taxonomical framework that enhances clinical communication, docu-
mentation, and decision-making ®. By establishing a standardised language,
these systems enable clinicians to describe morphology consistently, facilitate
the comparison of outcomes across diverse studies, and provide a foundation
for evidence-based treatment algorithms.

While numerous classification systems have been proposed to categorise
TPFs, the Schatzker "%!'*” and the AO/OTA classifications % remain the most
widely used in clinical practice. Both frameworks are instrumental in provid-
ing a standardised morphological language, thereby facilitating clinical com-
munication and guiding surgical decision-making.

In recent years, advancements in imaging technology have facilitated the
development of three-dimensional classification methods. The three-col-
umn classification system ** was introduced to provide a more comprehen-
sive understanding of fracture morphology and spatial orientation. Addi-
tionally, the Schatzker classification has been modified to incorporate com-
puted tomography (CT) imaging "°, which enhances preoperative planning
by allowing for precise three-dimensional visualisation of fracture topogra-
phy. This adaptation ultimately improves the execution of fragment-spe-
cific surgical approaches.

While various other classification systems have been proposed, they fall out-
side the scope of this background chapter, as the Schatzker and AO/OTA
frameworks represent the current clinical and research standards.

Schatzker Classification

Introduced in 1974 by Toronto-based traumatologist Joseph Schatzker, this
system remains the gold standard for classifying tibial plateau fractures
(TPFs). The classification categorises fractures into six distinct types based on
anatomical location and fracture pattern '*: The fractures are divided into six
categories [-VI, with I-I1I being lateral condyle fractures, IV being medial, V
being bicondylar and VI with meta-diaphyseal discontinuity. While clinically
indispensable, the system is a two-dimensional model based on anteroposte-
rior (AP) plain radiographs. It is important to note that the original classifica-
tion does not explicitly account for the degree of placement, the extent of com-
minution, or posterior column involvement, factors that are often clarified to-
day by CT imaging (Figure 4).
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Type IV Type V Type VI

Figure 4. The Schatzker classification of tibial plateau fractures, dividing injuries
into six distinct types (I-VI). Types I-III involve lateral condyle fractures, type IV
involves the medial condyle, type V represents bicondylar fractures, and type VI is
characterized by metaphyseal—diaphyseal discontinuity.

The Schatzker classification describes six main patterns of TPFs. Type I and
II injuries involve split fractures of the lateral tibial condyle, with type II ad-
ditionally including depression of the articular surface; both patterns are fre-
quently associated with concomitant meniscal and ligamentous injuries. Type
IIT fractures are characterised by an isolated articular depression and typically
occur in osteoporotic bone, with a lower incidence of associated ligamentous
damage. Type IV fractures affect the medial tibial condyle and may represent
reduced fracture-dislocations, necessitating careful assessment for potential
neurovascular injury. Bicondylar fractures are classified as type V when both
condyles are involved without metaphyseal-diaphyseal dissociation, and as
type VI when there is additional separation between the metaphysis and di-
aphysis, often with extensive comminution and bone loss.

Arbeitsgemeinschaft fiir Osteosynthesefragen/Orthopaedic
Trauma Association (AO/OTA) Classification

The AO/OTA classification system marked a significant milestone in the
standardisation of fracture descriptions. Prior to its introduction, eponymous
names and a variety of localised classification systems were commonly used,
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often leading to inconsistency in communication. The approach developed by
the Arbeitsgemeinschaft fiir Osteosynthesefragen (AO) distinguished itself by
introducing a uniform framework applicable to the entire skeleton.

Initially conceived by Dr Maurice Miiller and colleagues, the Comprehensive
Classification of Fractures of Long Bones was published in English in 1990
%" and laid the foundation for the AO/OTA system. Its uniqueness lay not in
being the first classification system, but in its uniformity: it used a standard-
ised alphanumeric code applicable to all bones and fracture types. This coding
system was designed to be readily adaptable to all bones and fracture types,
enabling orthopaedic surgeons to use a consistent, reproducible method for
describing fractures. The coding system provides information about the bone
involved, the segment of the bone, and the type of fracture.

By providing a consistent, reproducible method for describing fractures, the
AO/OTA classification has become an essential tool for orthopaedic surgeons,
facilitating communication, research, and treatment planning across diverse
clinical settings.

The Orthopaedic Trauma Association (OTA) further refined the AO/OTA
classification system in 1996, enhancing the alphanumeric coding and extend-
ing its application to additional bones and anatomical regions. Subsequent re-
visions in 2007 and 2018 introduced further clarifications and expansions, un-
derscoring the ongoing commitment to standardising **°.

In the AO/OTA classification, the first two digits of the alphanumeric code
denote the localisation of the fracture. The first number determines the local-
isation of bone 1-8, and the second number is the segment of the bone, 1 being
the proximal end, 2 being the diaphyseal segment, and 3 being the distal. In
special locations, 4-8 is also used to describe special segments of clinical im-
portance.

The AO/OTA classification for proximal tibial fractures, labelled as 41, is
structured into three primary types: Type A (extra-articular), Type B (partial
articular), and Type C (complete articular) (Figure 5). This alphanumeric sys-
tem provides a standardised framework for describing fracture morphology
and guiding treatment strategies.
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Extra-articular Al A2 A3
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Figure 5. AO/OTA classification of tibial plateau fractures.

Type A fractures are inherently extra-articular (apart from tibial spine avul-
sions), meaning they do not involve the tibial plateau surface. They are subdi-
vided into three groups with group 1 covering avulsions (e.g., Segond, tibial
tuberosity, ACL/PCL avulsions), group 2 including simple fractures, and
group 3 involving multi-fragmentary patterns.

Type B (partial articular) and Type C (complete articular) fractures encompass
TPFs, the focus of this thesis. B1 includes split fractures (lateral, medial,
oblique), B2 refers to pure depressions, and B3 covers split-depression frac-
tures. Subgroups have been added to indicate position (medial /lateral), as
these fractures have different etiologies and prognoses.

Type C fractures involve complete articular disruption, with C1 having a sim-

ple metaphyseal component, C2 a multi-fragmentary metaphyseal component,
and C3 featuring complex articular and metaphyseal involvement.

27



These fractures are further subdivided into subgroups and have several modi-
fiers available to categorise the fracture further *°.

The Three-Column Concept

In 2010, Congfeng Luo et al. highlighted the limitations of traditional two-
dimensional classification systems for TPFs, particularly in cases resulting
from high-energy trauma. While the widely used Schatzker and AO/OTA
classifications provide detailed descriptions of fracture morphology, they lack
a true three-dimensional perspective, especially in categorising posterior rim
involvement. To address this gap, Luo proposed the Three-Column Classifi-
cation System, which divides the tibial plateau into three distinct anatomical
columns; a medial, a lateral and a posterior column ¥

This system allows for more precise characterisation of fracture patterns, fa-
cilitates three-dimensional surgical planning, and improves the ability to tailor
fixation strategies to specific fracture fragments (Figure 6).

Figure 6. The three-column concept for tibial plateau fractures. Point 0 represents
the centre of the knee. The posterior column is defined by the BC, the lateral column
by line AC, and the medial column by line AB.

In the three-column system, any independent depression associated with a
break in the column wall is defined as a fracture of the corresponding column.
Conversely, a pure depression without wall involvement is described as a
‘zero-column fracture.’

Fractures are categorised according to the number of columns involved, one,
two or three. For example, a two-column fracture (L + P) refers to a split-
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depression fracture involving both the lateral column (L) and the posterior
column (P) '* (Figure 7).

Figure 7. Example of a two-column fracture (L+P) according to the three-column
classification system. The fracture involves both the lateral and posterior columns,
illustrated in anterior-posterior (AP) and lateral radiographic views.

Revisiting the Schatzker Classification

Following the introduction of the three-column classification system by
Congfeng Luo et al., a revised Schatzker classification was proposed in 2018
to incorporate a three-dimensional perspective into the existing framework .
This modification aimed to address limitations of the original two-dimen-
sional radiographic approach by better accounting for complex fracture mor-
phologies 7. The revision introduced the concept of a virtual equator, extend-
ing from the tip of the fibular head laterally to the posterior aspect of the in-
sertion of the superficial medial collateral ligament (MCL). This anatomical
landmark divides the tibial plateau into four distinct segments, thereby en-
hancing the ability to categorise posterior involvement and improving pre-
operative planning.

A denominator A for anterior and/or P for posterior are added to the existing
classifications of unicondylar fractures. This illustrates the location of the
main fracture plane in the sagittal plane to assist with plate positioning and
surgical approach.

To bicondylar fractures, an AM, PM, AL, and/or PL is added to the existing
classes to note the positions of the fragments.
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Treatment Strategies

History of Tibial Plateau Fractures, Diagnostics,
and Management

Fractures around the knee likely date back to early human history, but their
recognition and treatment were limited by the absence of diagnostic tools. A
major breakthrough occurred in 1896, when Wilhelm Conrad Roentgen dis-
covered a ‘new kind of rays,” leading to the development of radiography (X-
ray). This innovation marked a turning point in orthopaedics, providing clini-
cians with a reliable method for visualising skeletal injuries and significantly
advancing the diagnosis and management of TPFs '"°(Figure 8).

Figure 8. Plain anterior-posterior (AP) radiograph of a tibial plateau fracture in a
50-year-old woman after a bicycle accident, Schatzker VI, AO/OTA 41C3.

Three major innovations profoundly shaped the development of operative
fracture management, the aforementioned X-rays, the antiseptic regime estab-
lished by Semmelweis in 1865, and the invention of anesthesia in 1846.

Despite significant advances in surgical techniques and concepts during the
mid- to late 19th century, fracture management in the first half of the 20th
century remained conservative by modern standards. Long-term immobilisa-
tion using plaster casts and skeletal traction was the predominant treatment
approach. Although surgical intervention was occasionally considered, it was
often avoided due to concerns about complications, such as infection, and the
lack of reliable fixation methods (Figure 9).
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Figure 9. Closed reduction and external fixation of a Schatzker VI tibial plateau
fracture

A significant milestone in the treatment of fractures, including TPFs, was the
establishment of the AO Foundation in 1958. Founded by Swiss surgeons
Maurice E. Miiller, Martin Allgéwer, Robert Schneider, and Hans Willeneg-
ger, the AO Foundation sought to improve fracture care through research, ed-
ucation, and the development of standardised surgical techniques.

The AO Foundation pioneered the concept of open reduction and internal fix-
ation (ORIF), emphasising 1) anatomical reduction of fracture fragments, 2)
stable fixation to allow reliable healing, and 3) early mobilisation to restore
function and reduce complications. The AO’s influence led to the widespread
adoption of plates and screws in the management of TPFs, establishing prin-
ciples that remain central to modern orthopaedic practice.

The AO Foundation's work, particularly its emphasis on biomechanical prin-
ciples and fracture healing, continues to guide and advance the management
of complex fractures. As surgical techniques evolved and ORIF gradually be-
came the treatment of choice for TPFs, the need for systematic categorisation
became increasingly evident. To address this, fracture classification systems
were developed to tailor surgical interventions according to fracture morphol-
ogy and severity '*'

The advent of advanced imaging techniques in the late 20™ century—most

notably CT—revolutionised fracture evaluation by allowing far more precise
assessment of fracture severity.
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Open Reduction Internal Fixation

The primary goal in treating a TPF is to restore anatomical alignment and joint
stability, thereby enabling early mobilisation and reducing the risk of morbid-
ity °. Surgical management of knee fractures has evolved considerably, with
varying techniques employed since the mid-19th century.

The founding of the AO, together with subsequent advancements in surgical
techniques and biomaterials, greatly expanded the range of complex fractures
amenable to operative management. In the 1970s, Joseph Schatzker strongly
advocated surgical treatment for TPFs. Nevertheless, the most comminuted
and complex fracture patterns were often recommended for non-operative
management, as the technical challenges of achieving stable fixation and the
historically poor outcomes associated with surgical intervention limited the
effectiveness of operative approaches '**.

Complex TPFs can be managed operatively through a variety of techniques.
Today, ORIF is regarded as the gold standard for treating complex TPFs
91383151 “ Advances in imaging, particularly CT, have greatly enhanced pre-
operative planning by enabling detailed assessment of the three-column struc-
ture of the tibial plateau. This allows surgeons to tailor fixation strategies
more precisely to the unique characteristics of each fracture 7.

The aforementioned advancements in imaging have facilitated a fragment-spe-
cific approach, enabling surgeons to identify the precise fracture components
requiring stabilisation during preoperative planning and to tailor operative strat-
egies accordingly. The introduction of locking screw plate technology has fur-
ther broadened surgical options, allowing effective management of comminuted
fractures even in patients with markedly diminished bone quality.

Severe depression or compression fractures resulting in bone loss can now be
managed using bone substitute materials to fill osseous voids, as well as with
rafting screw techniques, in which screws provide structural support to the
elevated articular surface during healing. Based on preoperative planning and
identification of displacing forces, buttress plates or anti-glide plates are stra-
tegically applied to counteract these forces (Figure 10).
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Figure 10. Open reduction and internal fixation of a Schatzker VI tibial plateau frac-
ture using the LCP technique. Anteroposterior (AP) and lateral radiographic views
demonstrate fixation with a posteromedial buttress plate and a lateral periarticular
plate with locking screws.

Postoperatively, weight-bearing is generally restricted for the first 6 weeks
following surgery. Younger patients can often tolerate this period without
weight-bearing on a comminuted articular surface, whereas older patients typ-
ically require a wheelchair to maintain mobility during recovery.

Total Knee Arthroplasty as Primary Treatment of TPF

While consensus exists regarding the management of fractures in major joints,
such as the hip, elbow, and shoulder **'*>!'® no clear agreement has been
reached on the optimal treatment of severely displaced TPFs, particularly in
elderly patients. With an ageing population, the incidence of TPFs is antici-
pated to rise, highlighting the importance of re-evaluating treatment strategies
for this demographic .

For elderly patients, achieving stable initial treatment that permits early mo-
bilisation with immediate weight-bearing is critical to minimising complica-
tions and morbidity. Primary TKA has been reported in TPF cases under two
main circumstances: complex intra-articular fractures in elderly patients with
pre-existing OA, and fractures in which internal fixation is deemed hazardous
17.2L107.115 “Thege observations raise an important question—whether certain
types of TPFs might benefit more from primary joint replacement than from
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the current gold standard of osteosynthesis, in which immediate weight-bear-
ing is not always feasible.

When considering primary TKA for complex TPFs, both the advantages and
disadvantages must be carefully weighed. As noted, weight-bearing is often
restricted following ORIF in elderly osteoporotic patients with comminuted
fractures. Prolonged immobilisation and lack of weight-bearing after major
fractures have been associated with increased mortality ’*'3"'*%!%7  Con-
versely, outcomes following TKA in the setting of established post-traumatic
OA are significantly poorer compared to primary TKA performed for degen-
erative OA °“'19%.13 Nevertheless, retrospective single-centre case series of
primary TKA in TPFs have reported encouraging results, including improved
range of motion, Knee Society Scores (KSS), and favourable patient-reported
outcome measures (PROMs) *'*°.

Primary TKA in the acute setting carries distinct risks. Metaphyseal commi-
nution can compromise implant stability, often necessitating the use of
stemmed or tumour-type components to permit early weight-bearing. Severe
osteoporosis further increases technical complexity, limiting the feasibility of
such procedures to high-volume centres with specialised expertise. Moreover,
primary TKA as a first-line treatment has been associated with a higher inci-
dence of complications '"*!'°¢!"> /A systematic review by Cochrane highlights
the lack of sufficient evidence supporting TKA as a primary surgical approach
for TPFs **.

The higher risk of complications and the greater technical demands of the pro-
cedure must be weighed against the potential benefits of early weight-bearing
and the reduced likelihood of revision surgery.

National Registers

In Sweden, every citizen and permanent resident is assigned a personal iden-
tification number (PIN) at birth or upon immigration. This system provides a
unique opportunity to establish nationwide quality registers with exceptional
completeness, thereby improving patient care. In a secondary stage, the data
can be used to conduct high-quality research. The PIN also enables linkage
across registers, ensuring comprehensive databases. The three national regis-
ters employed in this thesis are the Swedish Fracture Register (SFR), the Swe-
dish Arthroplasty Register (SAR), and the National Patient Register (NPR).
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The Swedish Fracture Register (SFR)

Established in 2011, the SFR is a database of fractures in Sweden that encom-
passes nearly all adult fractures, excluding those of the ribs and skull. The SFR
collects data on injury mechanisms, fracture classification, trauma energy,
treatment, reoperations, and PROMs °7'*. The SFR provides real-time data
that enables healthcare providers to benchmark performance against national
averages and support research with its extensive, prospectively collected
data®’. With over 1,100,000 registered fractures to date, it serves as a unique
resource. For this thesis, SFR data have served as the source of the study co-
hort for Study II. All 54 eligible orthopaedic departments have participated in
the SFR, ensuring complete national coverage since 2021. Completeness of
fracture registrations, critical for external validity, averaged 62% in 2023 for
tibial fractures, with a range of 0-96% across departments *"”.

At the time of diagnosis, the treating clinician registers the injury in the SFR.
Key variables are documented, including the patient’s age, date of injury,
mechanism of injury, and whether the fracture is classified as open or closed.
The fracture is subsequently categorised using an interactive, clickable inter-
face. Treatment details are entered once the treatment plan has been finalised
or surgery has been performed.

The SFR employs the AO/OTA 2007 classification, which specifies fracture lo-
cation, type, and group for 41A1-3, 41B2-3, and 41C1-3. Additional subgroups
have been introduced for 41B1 fractures (41B1.1-3) to provide a better illustra-
tion of variations in lateral contra medial split fractures (Figures 11-12).

Figure 11. An interactive skeleton from the click-
able interface in the Swedish Fracture Register
(SFR), used during fracture registration.
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Figure 12. Schematic view of the clickable interface in the Swedish Fracture Register
(SFR) used for classifying tibial plateau fractures.

The Swedish Arthroplasty Register (SAR)

The SAR was established in 2020 through a merger of the Swedish Knee Ar-
throplasty Register (founded in 1975) and the Swedish Hip Arthroplasty Reg-
ister (founded in 1979). It systematically collects nationwide data on hip and
knee arthroplasties performed in Sweden, including revision surgeries. Using
a standardised reporting form, the SAR documents details such as arthroplasty
type, surgical technique, perioperative antibiotic prophylaxis, and patient
characteristics (e.g., ASA score and BMI). PROMs are collected separately,
both preoperatively and at 1 year postoperatively. The SAR achieves nearly
complete national coverage, with participation from all eligible departments
and a completeness exceeding 96% for primary procedures ’’. In addition to
annual quality reports, the SAR provides a robust foundation for research
through its large, prospectively collected cohorts.

The National Patient Register (NPR)

The NPR was established in the 1960s by the National Board of Health and
Welfare to collect information on inpatients treated in public hospitals. In
1987, the register achieved nationwide coverage by including data from pri-
vate hospitals. Since 2001, specialised outpatient visits have also been incor-
porated, and private healthcare providers became legally required to report to
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the register. Thus, the NPR contains comprehensive data on all inpatient and
outpatient care delivered by specialised healthcare providers in Sweden since
2001. The NPR contains diagnoses, treatments and causes coded according to
the Swedish edition of “International Classification of Diseases -10™ revision
(ICD-10) since 1997 '571%

The register has undergone repeated validation and demonstrates strong ex-
ternal validity for most diagnoses *.

Patient-Reported Outcome Measures (PROMs)

In recent decades, healthcare systems have placed growing emphasis on in-
corporating the patient perspective as a key element in evaluating the quality
and safety of care *. A major step toward achieving this has been the wide-
spread adoption of PROMs '®?7. PROMs are standardised questionnaires de-
signed to capture information directly from patients about their health status,
symptoms, and overall satisfaction with the care they receive. By focusing on
the patient’s voice, PROMSs provide valuable insights that complement clini-
cal assessments and help ensure that healthcare delivery aligns with patient
needs and experiences.

Broadly, PROMs can be divided into two main categories: generic and dis-
ease-specific. Generic PROMs assess general aspects of health, such as health-
related quality of life (HRQoL), mobility, and self-care. These tools are de-
signed to be applicable across a wide range of populations and conditions,
making them useful for comparisons between different patient groups. Dis-
ease-specific PROMs, of which thousands have been developed, focus on
symptoms, functional limitations, and quality-of-life (QoL) impacts associ-
ated with particular conditions. They provide more targeted insights into how
a specific illness or treatment affects patients’ daily lives.

Sweden has been a pioneer in integrating PROMs into healthcare, with a
strong emphasis on improving clinical care. This leading is largely attributed
to the 1975 establishment of disease-specific national databases, known as
Quality Registers (NQRs). Around the year 2000, PROMs were gradually in-
corporated into several of these registers, marking a significant step toward
embedding the patient perspective into routine clinical evaluation and quality
improvement efforts '’

The reliability of PROMs has been suggested to be comparable to that of rou-
tinely used clinical indicators such as diastolic blood pressure or blood glucose
levels ¥/. A striking example is the well-documented discordance between ra-
diographic findings of OA and patient-reported knee pain, which can occur in

37



both directions '°. This highlights the importance of integrating both objective
assessments and patient-reported measures into clinical decision-making to
ensure a more comprehensive understanding of patient health.

A major challenge in the collection and analysis of PROMs is achieving high
participation rates, particularly among older adults and patients with more ill-
nesses *. Inevitably, working with PROM data also involves dealing with
missing responses. This has sparked ongoing debate about the most appropri-
ate statistical and methodological approaches for handling missing data, as the
chosen strategy can significantly influence the validity and reliability of find-
ings derived from PROMs.

Understanding Missing Data in PROMs

To understand missing data more deeply, it is first necessary to identify and
categorise the different types of missing values. Little and Rubin’s framework
is commonly used for this purpose and distinguishes three mechanisms: miss-
ing completely at random (MCAR), missing at random (MAR), and missing
not at random (MNAR).

Missing completely at random occurs when there are no systematic differences
between the missing and the observed data. In other words, the probability
that a value is missing is entirely independent of patient characteristics or out-
comes. For example, if a radiographic assessment is unavailable because the
X-ray machine malfunctioned on a given day, the missingness is random with
respect to the study variables. Under MCAR, missing data do not introduce
bias, although they may reduce statistical power.

Missing at random occurs when the probability of missingness depends on
observed variables but not on the missing values themselves. In this case, po-
tential bias can often be addressed through appropriate statistical adjustments.
For instance, if younger patients are less likely to complete a follow-up
PROM, and age is recorded for all participants, the missing data can be ac-
counted for since the mechanism is linked to an observed variable (age). While
MAR is more complex than MCAR, it is generally manageable with robust
analytical methods.

Missing not at random describes situations in which systematic differences
remain even after accounting for observed data. In these cases, the missing-
ness is directly attributable to the unobserved value. For example, patients ex-
periencing persistent knee pain after a TPF may be less inclined to respond to
a PROM due to dissatisfaction or fatigue from ongoing symptoms. MNAR is
the most challenging mechanism to address, as it introduces systematic bias
that cannot be corrected simply by adjusting for observed variables.
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Statistical tests can be applied to assess whether data are missing completely
at random (MCAR). In contrast, distinguishing between missing at random
(MAR) and missing not at random (MNAR) is far more challenging, as it can-
not be determined solely by calculation. Instead, this distinction often relies
on interpretation, debate, and the application of clinical expertise on a case-
by-case basis. The complexity of distinguishing between MAR and MNAR
underscores the importance of careful methodological consideration when an-
alysing PROMs data.

While some authors argue that missing values in PROMs do not necessarily
introduce bias '*"'%° | others suggest that non-responders often experience
worse outcomes compared to responders **”*. This divergence of views high-
lights the complexity of interpreting missing data in PROMs and emphasises
the importance of carefully considering how non-response may influence
study findings and clinical decision-making.

Several statistical methods are available for handling missing data; two are
highlighted here. Complete case analysis (CCA) includes only cases with fully
observed data and therefore assumes that the missingness is completely at ran-
dom (MCAR). When interpreted cautiously and supported by clinical insight,
this approach can be sufficient in some settings. However, its primary limita-
tion is the potential loss of statistical power and the introduction of bias if the
MCAR assumption is violated.

In other cases, multiple imputation can be applied '**'*® under the assumption
that the data are missing at random (MAR). In brief, multiple imputation re-
places each missing value with multiple plausible estimates based on observed
data, creating numerous complete datasets that are analysed separately and then
combined to produce overall estimates that account for uncertainty due to miss-
ingness. This approach preserves statistical power by retaining incomplete cases
and yields valid inferences when the MAR assumption is reasonable.

EuroQol 5-Dimension (EQ-5D) and EuroQol-Visual Analog
Scale (EQ-VAS)

The EQ-5D is a standardised measure of general health that assesses five di-
mensions: mobility, self-care, usual activities, pain/discomfort, and anxi-
ety/depression. Responses are converted into a single index score using coun-
try-specific value sets %°, in which lower scores indicate poorer health status
. In addition, the EQ-VAS records self-rated health on a vertical scale rang-
ing from 0 (worst imaginable health) to 100 (best imaginable health), provid-
ing a single quantitative measure of overall health perception ''"'**. Popula-
tion-based data from large interview-based studies across various countries
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indicate that EQ-VAS scores in healthy individuals typically range from 71 to
79 35,67,92‘

Evolution of EQ-5D in the SAR

Before 2021, the EQ-5D-3L was used in the SAR, which has three response
levels per dimension '''. While widely adopted, the 3L version was often crit-
icised for limited sensitivity and pronounced ceiling effects, particularly in
populations with relatively good health status. These limitations reduced its
ability to detect subtle differences in HRQoL across different populations .

Since 2021, the EQ-5D-5L has replaced the 3L version to improve sensitivity
and reduce ceiling effects, demonstrating greater reliability and discriminative
ability across populations. The 5L version expands each dimension to five re-
sponse levels, allowing for more nuanced gradation of health states. This re-
finement enhances the instrument’s ability to capture small but clinically
meaningful changes, thereby improving both cross-sectional and longitudinal
analyses .

Knee Injury and Osteoarthritis Outcome Score (KOOS and
KOOS-12)

In our studies, knee-specific PROMs were measured using the KOOS, which
assesses five domains: symptoms, pain, activities of daily living, sports and
recreational function, and knee-related QoL. Scores are transformed to a 0—
100 scale, where higher scores indicate better outcomes '*. In SAR, until
2021, the 42-item comprehensive version (KOOS-42) was used. In 2021, the

validated short form, KOOS-12, was introduced to reduce respondent burden
while preserving robust psychometric validity **. The KOOS-12 generates in-
dividual domain scores for pain, function, and knee-related QoL, as well as an
overall summary score *'.

Causal Inference in Observational Studies

It is important to recognise that causality is not directly observed but inferred.
Causal conclusions are based on consistent associations rather than direct ob-
servation of cause and effect. Thus, we can never be certain that exposure X
causes outcome Y. Instead, causation is an inference drawn from repeated co-
occurrence. This limitation of inferential reasoning is relevant to both experi-
mental and observational research 7

All analyses in this thesis were conducted using observational, single-centre,
or register-based data and should therefore be interpreted initially as estimates
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of association rather than as evidence of causal relationships. Observational
studies are inherently susceptible to confounding, bias, and spurious correla-
tions, particularly when shared patient-related, biological, or healthcare-re-
lated factors influence exposures and outcomes >. Although model adjustment
was applied to reduce confounding by measured variables, unmeasured or re-
sidual confounding cannot be excluded.

Epidemiological reasoning has long distinguished between association and
causation. In observational research, causality cannot be established solely
through statistical association but must be interpreted in light of broader evi-
dence. Because randomised allocation of exposure is not always ethical or
feasible, epidemiologists have adopted conceptual frameworks to guide causal
assessment. Most prominently, the Bradford Hill criteria, first published in
1965 *2, provide nine viewpoints—strength, consistency, temporality, biolog-
ical gradient, plausibility, coherence, specificity, experiment, and analogy—
that are intended not as a rigid checklist but as complementary considerations
to be weighed collectively when evaluating potential causal relationships '*.

More recent methodological developments, such as target trial emulation %
enable observational studies to approximate the design principles of a hypo-
thetical randomised trial. This approach explicitly defines eligibility criteria,
treatment strategies, time zero, and follow-up within a causal framework **>'-3

Accordingly, the results presented in this thesis are reported as associations
unless explicitly stated otherwise. A more comprehensive discussion of po-
tential causal relationships is provided in the General Discussion, where the
findings are critically evaluated using Bradford Hill criteria and principles of
target trial emulation.
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Knowledge Gaps

Although some data exist on the overall frequency of conversion to TKA fol-
lowing TPF, important uncertainties remain. Specifically, questions persist re-
garding the accuracy of endpoint measurement ‘conversion to TKA’ and the
methods used to capture this outcome. Moreover, there is a notable lack of
research on the Swedish population, which limits the generalisability of exist-
ing findings and underscores the need for population-specific investigations.

Limited evidence exists regarding the underlying risk factors of conversion to
TKA. In particular, the influence of preoperative factors—including patient
demographics, comorbidities, and injury-specific characteristics—on the sub-
sequent development of PTOA serious enough to necessitate endoprosthetic
intervention remains insufficiently understood. This gap accentuates the need
for further research to clarify which factors predispose patients to poor long-
term outcomes following TPF.

There remains considerable debate regarding the viability and clinical applica-
bility of TKA as a primary treatment for TPFs. The lack of robust evidence
identifying patient or injury subgroups at greatest risk of developing PTOA
after a TPF complicates evaluation of whether primary TKA could serve as a
sustainable and clinically appropriate treatment strategy. Establishing these
risk profiles is critical for guiding patient selection, informing surgical deci-
sion-making, and optimising long-term outcomes.

Evidence suggests that TKA performed as a delayed procedure after failed
initial treatment yields significantly poorer outcomes than primary TKA per-
formed for idiopathic OA. However, direct comparative studies evaluating
early versus delayed TKA in the context of TPFs remain scarce, limiting the
ability to draw firm conclusions regarding optimal timing of intervention.
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Study Design

Study 1: A nationwide, register-based observational study examining inci-
dence and treatment trends in Sweden between 2011 and 2023.

Study II: A single-centre observational cohort study investigating the rate of
conversion to TKA following surgically treated TPFs.

Study III: A national, register-based observational cohort study using data
from the SFR to examine the TKA conversion rate following a TPF.

Study IV: A register-based observational cohort study that directly compares
outcomes between early and delayed TKA for TPF.
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Specific Aims

The overarching aim of this thesis was to investigate the relationship between
TPFs and subsequent TKA, with a focus on incidence, treatment strategies,
and long-term outcomes.

Study I — Specific Aims

The objective of Study I was to assess the nationwide incidence of proximal
tibial fractures in Sweden between 2011 and 2023. Specifically, we examined
whether demographic shifts, particularly an ageing population, have influ-
enced fracture incidence, and whether treatment practices have evolved over
time. In addition, we analysed differences in incidence and treatment patterns
across age groups and between sexes.

Study II — Specific Aims

The primary objective of Study II was to determine the rate of conversion to
TKA following operatively treated TPFs in a single-centre cohort from Upp-
sala University Hospital. Secondary objectives were to evaluate whether pre-
operative fracture classification, according to the Schatzker or AO/OTA sys-
tems, was associated with the likelihood of conversion to TKA.

Additionally, we aimed to explore whether preoperative patient characteris-
tics, such as age and sex, and postoperative reduction quality were associated
with the risk of conversion to TKA.

Study III — Specific Aims

The objective of this study was to investigate the rate of conversion to TKA
in a national cohort of patients with TPFs. Secondary aims were to evaluate
whether fracture classification and preoperative patient and fracture charac-
teristics were associated with the risk of conversion to TKA.
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Study IV — Specific Aims

The objective of this study was to compare outcomes between acute TKA per-
formed for TPFs and delayed TKA undertaken for fracture sequelae. Specifi-
cally, we assessed reoperation and revision rates, along with the underlying
reasons for reoperation in both groups. In addition, we evaluated whether
PROMs differed between primary TKA in the acute setting and delayed TKA
following TPF.
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Methods

Inclusion Criteria and Patient Selection

Figure 13: Overview of data linkage and study populations. The diagram outlines the
data sources and patient cohorts (Populations 1-4) used across the four studies (Study
I-1V), highlighting the linkage to the Swedish Arthroplasty Register (SAR) to assess
conversion to TKA.

Study I — Study Population and Variables

All adult patients (>18 years of age) treated for a proximal tibial fracture in
Sweden between 2010 and 2024 were identified through the NPR. Case ascer-
tainment was based on ICD-10 codes S82.1, S82.10, and S82.11. Both inpa-
tient and outpatient registers were included to ensure comprehensive coverage
of the study population.

The following data were extracted from the NPR: age, sex, date of registration,
and diagnostic and procedural codes (classified according to ICD-10). For pa-
tients with multiple hospital admissions or visits, only the first occurrence was
included, as it was not possible to reliably differentiate new injuries from fol-
low-up care related to the initial fracture. Because individuals who sustained
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their fracture in 2009, or earlier, could have follow-up visits recorded in 2010,
this would have resulted in incorrect index dates and an overestimation of the
2010 incidence. To mitigate this, data from 2010 were excluded from inci-
dence calculations and graphical analyses.

Study II — Study Population

All patients aged >18 years who were treated for TPFs at Uppsala University
Hospital between 2002 and 2015 were identified in hospital records using
ICD-10 codes S82.10 and S82.11. Patients who underwent surgical treatment
with available pre- and postoperative radiographs were assessed for inclusion.
Exclusion criteria were treatment with primary TKA and absence of a Swedish
PIN, as conversion to TKA was either not applicable or could not be reliably
verified.

The cohort was linked to the Swedish SAR. In cases of bilateral fractures, the
second entry was excluded due to technical challenges in censoring and con-
cerns regarding statistical dependency. Emigration and death were treated as
competing events, with patients censored at the time of the event. Linkage to
SAR was performed in 2017, ensuring a minimum follow-up of 2 years for all
included patients.

Study III — Study Population

Data were retrieved for all patients aged >18 years at the time of injury who
sustained a proximal tibia fracture and were registered in the SFR between 1
January 2012 and 31 December 2023. As in Study II, the cohort was linked to
the SAR using unique Swedish PINs to identify conversions to TKA.

AO Type A, defined as proximal tibial fractures without intra-articular in-
volvement, were excluded from the main analysis but retained as a control
group. Patients whose initial treatment consisted of amputation, primary TKA,
or arthrodesis were excluded, as conversion to TKA was not applicable in
these cases.

Additional exclusions included patients with erroneous registrations, unclas-
sifiable fractures, or missing information regarding primary treatment. In
cases of bilateral fractures, the second entry was excluded due to technical
issues with survival analysis and censoring, as well as concerns about statisti-
cal dependency.
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Study IV — Study Population

All TKAs performed between 2014 and 2023 for the indications acute
TPF (ICD-10: S82.0) and fracture sequelae (ICD-10: M84.0) were identified
in the SAR. Each patient was included only once; in cases of bilateral proce-
dures, only the first entry was retained ',

The SAR currently provides full national coverage, with data completeness
estimated at 98% for primary TKAs and 94% for revision procedures °. Re-
operations that do not qualify as formal revisions—defined as the exchange of
at least one prosthetic component—are less well defined in the register, and
their reporting is likely incomplete.

Fracture Classification
Study 11

Preoperative radiographs were analysed and classified according to the
Schatzker '*” and AO/OTA *° systems. All fractures were initially classified
by a single observer (FO). To assess interobserver reliability, a second ob-
server independently classified 171 fractures, and agreement was evaluated
using Cohen’s kappa "**°. Schatzker classification groups I-VI were applied,
while in the AO/OTA system, location, type, and groups 41 B1-3 and 41 C1-
3 were used. Due to the cohort size, neither Schatzker classification modifiers
nor AO/OTA subgroups were included.

Postoperative reduction quality was assessed using the first postoperative ra-
diograph, interpreted by a single observer. Reduction was considered inade-
quate if a residual joint surface step off of >2 mm was present on AP or lateral
radiographs.

Study 11

Fracture classification for each included fracture was retrieved directly from
the SFR 7. This approach limited the ability to assess interobserver agree-
ment in the present study. However, a prior validation of tibia fracture classi-
fication in the SFR has demonstrated good agreement, supporting the reliabil-
ity of the register data '>* (Figure 12).
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Outcome Measures and Variables

Study I - Variables and Outcome Measures

From NPR, we obtained data on sex, age at the time of injury, diagnostic and
procedural codes, and the index date—defined as the date of first registration
in either the inpatient or outpatient register. Population data for the corre-
sponding period were retrieved from Statistics Sweden to enable calculation
of incidence rates.

The primary outcome was the incidence of proximal tibial fractures in Swe-
den, with temporal trends stratified by sex and age group. Secondary out-
comes included the frequency of surgically treated proximal tibial fractures
and changes in surgical treatment patterns over time. In addition, we evaluated
the use of primary TKA in the context of proximal tibial fracture, specifically
its proportion and temporal development.

Study II - Variables and Outcome Measures

Baseline information was available on laterality, sex, and age at the time of
injury, together with individual pre- and postoperative radiographs. The pri-
mary outcome was the 2-year conversion rate to TKA following initial surgi-
cal treatment of TPFs. Secondary outcomes included the overall conversion
rate during follow-up, as well as the associations between preoperative frac-
ture classification (Schatzker and AO/OTA) and postoperative joint-surface
reduction quality with the risk of conversion to TKA.

Study III - Variables and Outcome Measures

From the SFR, baseline data were obtained on sex, age at the time of injury,
fracture classification, and treatment method.

Additional variables included injury mechanism, categorised into four groups:
falls, transportation-related causes, stress fractures, and other causes. Injury
type was classified as high-energy, low-energy, unknown, or not applicable.

For surgically treated cases, operating surgeon's level of experience was rec-
orded as consultant orthopaedic trauma surgeon, consultant orthopaedic sur-
geon, or resident.

The primary outcome was the conversion rate to TKA at the 5 years observa-
tion point. Secondary outcomes included associations between preoperative
patient and fracture characteristics and the risk of conversion to TKA at 5
years and throughout the full observation period.
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Study IV - Variables and Outcome Measures

Patient data extracted from the SAR included age, sex, body mass index
(BMI), and American Society of Anesthesiologists (ASA) physical status
classification. Procedure-related variables comprised indication for surgery,
date of operation, implant type, operative time, and complications necessitat-
ing reoperation. The dataset contained only coded case numbers, which pre-
vented identification of individual patients; consequently, review of medical
records and pre- or postoperative radiographs was not possible.

Implants were classified as primary, revision non-hinged, or revision
hinged based on implant barcodes.

PROMSs were available in the form of EQ-5D-3L (and later EQ-5D-5L), EQ-
VAS for general health, the Knee Injury and Osteoarthritis Outcome Score
(KOOS), and subsequently KOOS-12, as well as a general satisfaction score.
For methodological consistency, only the EQ-VAS (a generic health measure)
and KOOS-12 (knee-specific measure) were used in the main analyses. Sen-
sitivity analyses, including the remaining PROMs, were also performed.

The primary outcome was the risk of reoperation or revision for any cause
when comparing early or delayed TKA. Secondary outcomes included the
risk of reoperation or revision for infection and the risk of revision for asep-
tic loosening.

Statistical Analyses
Study I

The incidence of proximal tibial fractures, including those managed surgi-
cally, was calculated for the period 2011-2021. Incidence rates were ex-
pressed as the number of cases per 100,000 inhabitants per year and were de-
termined for the entire adult population. As the dataset represented complete
national coverage rather than sample-based estimates, 95% confidence inter-
vals (CIs) and other inferential statistical methods were not applied. All sta-
tistical analyses were conducted using R software (version 4.3.1)'"°

Study 11

Descriptive statistics were used to characterise the study population and to
determine TPF-to-TKA conversion rates at 2 years and at full follow-up.

Kaplan-Meier survival analysis was applied to estimate time to TKA, with
censoring for death, expatriation, or end of the observation period.
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Cox proportional hazards models were used to estimate the association be-
tween fracture classification and the risk of TKA conversion, with adjustments
for age and sex.

To address limited event numbers, fractures were grouped as follows:
Schatzker I-III (lateral) versus IV-VI (medial/bicondylar), and AO/OTA
41B1-3 versus 41C1-3, and a ‘complex articular’ group comprising 41B3 &
41C3 fractures. Cox models were also applied to evaluate the impact of post-
operative joint-surface reduction on the risk of TKA, again adjusting for age
and sex.

Interobserver agreement was assessed using Cohen’s kappa values. Group-
specific values were 0.7 for the Schatzker classification and 0.64 for the
AO/OTA classification. According to the categorisation by Landis and Koch
™ these values indicate substantial agreement (0.61—0.80).

All statistical analyses were performed using IBM SPSS software (version 27,
IBM Corp, Armonk, NY, USA) and R software (version 4.3.1) ''°.

Study 11

Descriptive statistics were used to summarise the study population, including
mean age (SD) and stratification into five age groups (<55, 55-64, 65-74, 75-
84, >85 years). Conversion rates to TKA were calculated at 1, 2, and 5 years,
as well as for the entire observation period. Kaplan-Meier analysis was applied
to estimate cumulative event probabilities, with censoring at the end of follow-
up or death. Cox proportional hazards models were used to assess the associ-
ation between fracture classification and TKA conversion, reporting both un-
adjusted (HRs) and adjusted hazard ratios (aHRs) with 95% CIs. Additional
models evaluated the influence of age, injury type, and surgeon experience.
The proportional hazards assumption was tested using Schoenfeld residuals.

Sensitivity analyses were performed by grouping 41B3 and 41C3 fractures as
‘comminuted fractures.” AO Type A fractures were used as a proxy control to
compare intraarticular versus extraarticular injuries, analysed with both Cox
regression and Kaplan-Meier methods.

All statistical tests were two-tailed with an alpha level of 0.05. Analyses were

conducted using R software (version 4.3.1)""°.

Study IV

Descriptive statistics were used to characterise the study population. Data dis-
tributions were evaluated for normality using histograms and Q-Q plots.
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Baseline characteristics were compared using Student’s z-tests for normally
distributed variables and Mann—Whitney U tests for non-normally distributed
data. Categorical variables were analysed using chi-square tests.

Time to first reoperation was defined as the interval from the date of primary
TKA to the date of the subsequent surgical procedure, with censoring at death
or at the end of follow-up (31 December 2024). Descriptive summaries of all
reoperations were also presented. Multivariable Cox proportional hazards
models were not applied because survival curves crossed and the proportional
hazards assumption was violated, as indicated by Schoenfeld residuals. In-
stead, adjusted odds ratios (ORs) were computed using logistic regression
analyses.

Kaplan—Meier analysis was used to estimate the cumulative event probability
of reoperation/revision, regardless of cause, comparing the two primary sur-
gical indication groups: ‘acute TKA’ and ‘delayed TKA’ Analogous Kaplan-
Meier analyses were performed to assess cumulative event probabilities for
reoperation/revision due to infection and for revision due to aseptic loosening.

EQ-VAS PROMs were analysed as follows: EQ-VAS scores were assessed at
baseline and at 1 year postoperatively, with median values presented and
changes from baseline calculated. For patients who had completed the KOOS-
42, items corresponding to the KOOS-12 were extracted and scored according
to the KOOS-12 protocol. KOOS-12 scores were analysed at baseline, at 1
year postoperatively, and as changes from baseline for the summary score and
each of the three subscales (Pain, Function, and Knee-related QoL). Mean val-
ues with 95% Cls were reported to indicate uncertainty.

Normally distributed data were compared using independent #-tests; non-nor-
mally distributed data were compared using Mann-Whitney U tests; and cate-
gorical variables were compared using chi-square tests. A two-tailed signifi-
cance level of 0.05 was applied for all statistical tests. All analyses were per-
formed using R software (version 4.5.2) ''°.

Additional Analyses of PROMs for Study IV

Additional analyses of PROMs were conducted to explore subgroup differ-
ences and validate the robustness of the main findings. For EQ-5D, the reverse
crosswalk method was applied to convert EQ-5D-3L index scores to EQ-5D-
5L index scores to ensure consistency ***'. EQ-5D index scores were calcu-
lated at baseline and 1 year postoperatively using UK value sets, as no cross-
walk algorithm exists for the Swedish value sets. Changes from baseline (A
index) were subsequently derived from these scores. Both EQ-5D versions
were also analysed separately using the available Swedish value sets.
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In the main analysis, missing PROM data were handled using complete-case
analysis, as responder characteristics and reoperation rates were comparable
across responder status (Figure 14). Responder status was also similar be-
tween groups.

Because missing data rarely satisfy the MCAR assumption, additional sensi-
tivity analyses were performed using multiple imputations for the KOOS-12
summary score and EQ-VAS. The outcome ‘reoperation’ was included as a
predictor in the imputation model, as illustrated in Figure 15. Two approaches
were applied: one in which imputations were restricted to cases with either
preoperative or 1-year data available, and another in which all missing values
were imputed. Group differences were evaluated using linear regression mod-
els adjusted for age, sex, BMI, and the corresponding preoperative score.

15% 1

Reoperation rate by Responder status

0 === Responder
10% === Non Responder

5% 1

Cumulative incidence of reoperation

0% 1

0 25 5 7.5 10
Years

Figure 14. Responder status is associated with reoperation, as shown in the Kaplan-
Meier plot.
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Figure 15. Association between responder status, reoperation, and PROM scores il-
lustrated in a Kaplan-Meier Plot. Non-Responders (blue) showed lower incidence of
reoperation compared to responders with a below-median KOOS-12 Score (<65;
green). Responders with an above-median KOOS-12 score (>65; red) demonstrated
the lowest incidence of reoperation over time.

Ethical Considerations

All studies were performed in accordance with the ethical principles of the
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as sensitive personal information and are not publicly available. Conse-
quently, access to these data requires formal approval from the Swedish Ethi-
cal Review Authority. This research received no specific funding, and the au-
thors declare no conflicts of interest.
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Results

Study I

Study Population Characteristics

Between 2011 and 2023, a total of 38,053 cases of proximal tibial fracture
were identified in the NPR. The mean age at injury was 57 years. Women ac-
counted for 60.5% of cases, with a mean age of 61.3 years, while men com-
prised 39.4% of cases, with a mean age of 49.8 years (Figure 16). The mean
age at injury remained stable throughout the study period.

In 2023, 3,360 proximal tibia fractures were recorded, representing 2.5% of
all 139,576 fractures nationwide. This proportion was comparable to 2017,
when 2,967 proximal tibia fractures (2.3%) were registered among 126,961
fractures. Data for 2011-2016 were incomplete, which precluded full tem-
poral comparisons for those years.
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Figure 16. Age distribution of the tibial plateau fracture population in Sweden be-
tween 2011 and 2023 (n =38053), shown separately for men (A) and women (B).

Incidence of Proximal Tibial Fractures

The overall incidence of proximal tibial fractures in Sweden increased mod-
estly over the study period, rising from 36.7 per 100,000 person-years in 2011
to 40.1 per 100,000 in 2023, corresponding to an 9.3% increase (Figure 17).
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When stratified by sex, the incidence among men remained essentially un-
changed (31.0 vs. 30.3 per 100,000 person-years), whereas women demon-
strated a 18.5% increase, from 42.2 to 50.0 per 100,000 person-years.

Throughout the study period, the highest incidence rates were consistently
observed among women aged >80 years. However, rates in this cohort de-
clined by 18.6%, falling from 111.0 per 100,000 person-years in 2011
to 90.3 per 100,000 person-years in 2023. In contrast, the largest relative in-
crease occurred among women aged 20-29 years, in whom the incidence
doubled from 12.7 to 25.4 per 100,000 person-years during the same study
period (Figure 18).

Annual Incidence per 100,000 adult person-years (2011-2023)

40.0

35.0

Incidence per 100,000 adult person years
w
4

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Figure 17. Annual incidence of proximal tibial fractures in Sweden from 2011 to
2023, expressed per 100,000 person-years.
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Figure 18. Age- and sex-specific incidence rates of tibial plateau fractures in Sweden

from 2011 to 2023, expressed per 100,000 person-years by age group. (a) Mean inci-
dence across the study period, (b) Annual incidence by age-group and sex, shown
separately for men (upper panel) and women (lower panel).

Treatment

During the 13-year observation period, 11,141 patients (29.3%) underwent
surgical intervention, with women comprising the majority (n = 6,716;
60.3%). The proportion of surgically managed fractures remained largely sta-
ble over time, at 29.7% in 2011 compared with 28.0% in 2023.

Among surgical techniques, plate fixation was the most frequently employed
method (72.5%; n= 8,083), followed by intramedullary nailing (6.6%; n=
736), isolated screw fixation (6.5%; n= 726), and primary arthroplasty (4.2%;
n= 467). Notably, the use of primary arthroplasty as the initial treatment de-
clined markedly, from 5.6% in 2011 to 1.3% in 2023, reflecting a shift toward
fixation-based management strategies (Figure 19).
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Figure 19. Frequency and temporal trends in proximal tibial fractures treated with
primary total knee arthroplasty in Sweden, 2011-2023 (n = 467).

Study 11

Study Population Characteristics

This study included 439 patients treated for TPFs at Uppsala University Hos-
pital from 2002 to 2015. The cohort comprised 57% women, with a mean age
of 55 years (SD = 17).

Fracture distribution by Schatzker classification was: type I (2.7%), type 11
(34%), type 111 (9.3%), type IV (7.2%), type V (16%), and type VI (31%). By
AO/OTA classification, fractures were categorised as B1 (3.5%), B2 (7.5%),
B3 (49.5%), C1 (7.5%), C2 (5.0%), and C3 (27%).

For the survival analyses, 14 patients (3%) were censored: 11 due to death and
3 due to migration.

Conversion Rate to TKA

Of the 439 patients, 23 (5.2%) underwent conversion to TKA within 2 years
post-surgery. Age-stratified conversion rates were 3.0% in patients aged < 55
years, 6.0% in those aged 55-64, 8.6% in those aged 65-74, and 7.1% in pa-
tients aged >75 years. Over the full 14-year follow-up period (mean 7.5 years),
34 patients (7.7%) required TKA.

When fracture types were merged according to the Schatzker classification,
44% of conversions occurred in types I-III and 56% in types IV-VI. By
AO/OTA classification, 62% were type B and 38% type C. Adjusted models
controlling for age and sex revealed no significant association between
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fracture type and TKA conversion overall. However, patients with complex
articular fractures (AO/OTA types 41B3/41C3) faced a 6.8-fold higher risk of
conversion within 2 years (95% CI: 1.6-29.2) and a 4.8-fold higher risk over
the entire follow-up period (95% CI: 1.7—13.5) compared to those with non-
complex fractures (Figure 20).
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Figure 20. Kaplan-Meier survival analysis illustrating fracture type as a risk factor
for joint failure, with time to conversion to TKA shown on the x-axis. The complex
articular group comprises fractures with comminuted articular surfaces (AO/OTA
types 41B3 and 41C3). The shaded areas represent the 95% confidence intervals.

Joint Surface Reduction and TKA Conversion

Inadequate joint-surface reduction was identified in 69 patients (15.6%) and was
strongly associated with an increased risk of conversion to TKA. Specifically,
suboptimal reduction conferred an 8.4-fold higher risk of conversion (95% CI:
3.6-19.5). Among patients with inadequate joint surface reduction, approxi-
mately 30% ultimately required conversion to TKA (Figure 21).

59



Reduction
40.0%
Adequate

= Inadequate

30.0%

20.0%

TKA conversion rate

10.0%

0.0%

0 4 8 12 16
Years

Figure 21. Kaplan-Meier survival analysis comparing adequate (<2 mm) and inade-
quate (>2 mm) fracture reduction on the first postoperative radiograph following pri-
mary TPF surgery. The x-axis indicates time to conversion to TKA in years, and
shaded areas denote 95% confidence intervals.

Study I

Study Population Characteristics
Between 2012 and 2023, a total of 12,012 cases of TPFs meeting the inclusion

criteria were registered in the SFR. The cohort had a mean age at injury of
56.5 (SD 18.0), and 63% of patients were female.

The distribution of fractures according to the AO/OTA classification was as
follows: B1 (34%), B2 (28%), B3 (17%), C3 (12%), C1 (6%), and C2 (4%).
The most frequent injury mechanisms were falls (62%), and low-energy
trauma (73%; Figures 22-25).
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Figure 22. Distribution of fracture classes in the study population (n = 12,012) ac-
cording to AO/OTA.
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Figure 23. Distribution of fracture classes in the study population (n = 12012), stratified by
treatment modality: (a) operative and (b) non-operative.
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Figure 24. Age distribution in the study population (n = 12,012) stratified by sex: (a)
continuous age and (b) age group.
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Figure 25. Distribution of injury type in the study population (n = 12,012).

Conversion to Total Knee Arthroplasty

During a 12-year observation period (mean follow-up, 4.2 years), 275 patients
underwent TKA. The cumulative conversion rates were 0.6% at 1 year, 1.8%
at 2 years, 2.8% at 5 years, and 4.2% at 12 years. When stratified by treatment
approach:

Operatively treated patients demonstrated conversion rates of 0.6% at 1 year,
2.5% at 2 years, 4.1% at 5 years, and 5.1% at 12 years.

Non-operatively treated patients showed lower rates of 0.7% at 1 year, 1.2%
at 2 years, 1.7% at 5 years, and 3.4% at 12 years.

(See Figures 26-28; Tables 1-3.)
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Figure 26. Kaplan-Meier curve illustrating the cumulative conversion rate to TKA
over the study period. Time (years) is shown on the x-axis and cumulative percentage
of conversion (failure) on the y-axis. The shaded area indicates 95% confidence in-
tervals.
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Figure 27. Kaplan-Meier curve showing the cumulative probability of conversion to
TKA stratified by fracture type. The x-axis represents time to conversion (vears), and
the y-axis shows event probability (%,).
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Figure 28. Kaplan-Meier curve illustrating the cumulative probability of conversion to TKA in
patients with comminuted fractures (AO/OTA types 41B3 and C3). The x-axis represents time
to conversion (years), and the y-axis shows event probability (%). The control group includes
AO/OTA types Bl-2 and CI-2.

Age-specific 5-year conversion rates to TKA were 1.4% in patients <55 years,
3.7% in those aged 55-64, 5.1% in the 65-74 group, 3.3% in patients aged
75-84, and 1.9% in those >85 years. The most pronounced risk was observed
in patients aged 65-74 years (aHR 3.7, 95% CI: 2.5-5.4). Complex fractures
(AO/OTA types 41B3 and 41C3) were associated with a significantly higher
risk of TKA (aHRs 2.1 and 3.2, respectively).

Comminuted fractures increased the risk of joint failure 2.5-fold within 5 years
(aHR=2.5, 95% CI: 1.9-3.2) and 2.2-fold over the full follow-up period
(aHR=2.2, 95% CI: 1.7-2.8). In contrast, high-energy trauma did not signifi-
cantly affect conversion risk (¢HR=1.3, 95% CI: 0.9-1.7).

For comparison, among 1,608 patients with extra-articular proximal tibial
fractures, conversion rates to TKA were 0.2% at 1 year, 0.6% at 5 years, and
0.9% at 12 years. Cox regression analysis demonstrated a significantly higher
risk of TKA among patients with intra-articular fractures, with an aHR of 3.3
(95% CI: 1.7-6.2) relative to those with extra-articular fractures. (Figure 29).
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Figure 29. Kaplan-Meier curve illustrating the cumulative risk of conversion to TKA for intra-
articular fractures (AO/OTA types 41B-C; n = 12,012) compared with extra-articular fractures

(AO-OTA type 41A, uninjured joint surface) as the reference group.
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Table 1. Cumulative TKA conversion rates stratified by AO/OTA fracture classifica-
tion at 1-, 2-, 5-, and 12-years of follow-up.

Time

(years) B1O5% CD B2(95% CD) B3 (95% CI) C1(95% CI) C2(95% CI) €3 (95% CI)

1 0.6% (0.3 - 0.8) 0.6% (0.3 - 0.9) 0.9% (0.4 - 1.4) 0.8% (0.1 - 1.5) 0.2% (0.0 - 0.6) 1.0% (0.4 - 1.4)
2 1.5% (1.0 - 2.0)  1.1% (0.7 - 1.5) 2.9% (2.0 - 4.0) 0.8% (0.1 - 1.5) 2.4% (0.9 - 3.8) 3.1% (2.0-4.2)
5 22%(1.5-2.9)  1.7% (1.1 -2.2) 3.8% (2.8 - 4.8) 1.2% (0.4 - 2.4) 4.5% (2.2 - 6.8) 6.0% (4.5 - 7.5)

12 41%Q25-57) 4.1%(1.6-6.5) 4.5% (3.3-5.7) 1.2% (0.4 - 2.4) 4.5% (2.2- 6.8) 7.2% (4.8-9.6)

Table 2. Adjusted hazard ratios (aHRs, 95% CI) for conversion to TKA within 5 years
of initial surgery and over the full follow-up period. Stratified by comminuted fracture
types and age groups. Comminuted fractures refer to AO/OTA types 41B3 and 41C3.
The reference group is AO/OTA type Bl fractures and patients aged <55 years.

Group 5 Years aHR (95% CI) 12 Years aHR (95% CI)
AO/OTA 41B3 2.1(1.3-3.3) 1.7 (1.1 -2.6)

AO/OTA 41C3 32(2.0-5.0) 2.6(1.7-3.9)

AO/OTA 41B]1(reference) — —

Comminuted fractures 2.5(1.9-3.2) 2.2(1.7-2.8)

Age <55 (reference) — —

Age 55-64 2.8(1.9-4.0) 2.5(1.7-3.5)

Age 65-74 3.7(25-54) 3.6(2.5-5.0)

Age 75-84 2.8(1.7-4.5) 2.8(1.7-4.2)

Age >85 1.8 (0.9-4.3) 1.7 (0.7 - 3.8)
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Table 3. Kaplan-Meier estimates of the cumulative probability of conversion to TKA:
operatively treated patients versus the overall cohort. Probabilities are presented as
percentages with 95% confidence intervals (Cls) in parentheses.

Time Surgically Treated Patients (Event Probability, 95% All Patients (Event Probability,

cn 95% CI)
1 0.6% (0.4 - 0.8) 0.6% (0.5 - 0.8)
2 2.5% (2.0 - 2.9) 1.8% (1.5 -2.1)
5 4.1% (3.5 -4.7) 2.8% (2.5 -3.2)
12 5.1% (4.0 - 6.2) 4.2% (3.4 - 5.0)
Study 1V

Study Population Characteristics

From the SAR (2014-2023), we identified 1,102 patients who underwent
TKA following TPF. Of these, 152 were classified as acute TKAs and 950 as
delayed TKAs. The mean ageat surgery was 66.6 years (SD 11.1),
and 59.6% were female (Figure 30).

Patients in the early TKA group tended to be older, have lower BMI and
be more often female than those in the delayed TKA group. The distribution of
the ASA class was comparable between groups. Median operative time was 100
minutes for acute TPF cases and 104 minutes for delayed TKA procedures.
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Figure 30. Age and sex distribution of 1,102 patients who underwent total knee ar-
throplasty (TKA). The x-axis represents the number of cases, and the y-axis indicates
patient age.

Revision and Reoperation Rates

Among the 1,102 patients, 60 (5.4%) underwent revision surgery during a
mean follow-up of 5.2 years. The cumulative revision rate was 2.6% (95% CI:
1.6-3.6) at 2 years and 5.3% (95% CI: 4.0—6.6) at 5 years, with no statistically
significant differences observed between groups.

In the acute TKA group, the corresponding rates were 2.9% (95% CI: 0.1—
5.7) at 2 years and 7.7% (95% CI: 1.5-13.6) at 5 years. In comparison, the
delayed TKA group demonstrated rates of 2.5% (95% CI: 1.5-3.5) and 5.1%
(95% CI: 3.6—6.7) at the same time points (Figures 31-32).
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Figure 31. Kaplan-Meier estimates of revision after total knee arthroplasty (TKA) up
to 5 years (n = 1,102), stratified by indication for primary surgery: acute tibial plat-
eau fracture (TPF) (n = 152) or fracture sequelae (n = 950). The x-axis shows years
of follow-up and the y-axis shows cumulative incidence with 95% confidence intervals
( Cls).
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Figure 32. Kaplan-Meier estimates of reoperation (any cause and type) after total knee arthro-
plasty (TKA; n = 1102), stratified by indication for primary surgery: acute tibial plateau frac-
ture (TPF; n =152) or fracture sequelae (n = 950). The x-axis shows years of follow-up and
the y-axis shows cumulative incidence with 95% confidence intervals (Cls).

A total of 78 patients (7.1%) underwent reoperation for any cause during fol-
low-up. The cumulative reoperation rates were 3.9% (95% CI: 2.7-5.1) at 2
years and 7.0% (95% CI: 5.4-8.6) at 5 years, with no significant differences
between groups.

In the acute TKA group, reoperation rates were 4.3% (95% CI: 0.9-7.7) at 2
years and 9.1% (95% CI: 2.6-15.2) at 5 years, compared with 3.8% (95% CI:
2.6-5.0) and 6.8% (95% CI: 5.1-8.6) in the delayed TKA group. Reopera-
tions were most frequently performed for instability in the acute TKA group,
whereas infection, stiffness, or patellofemoral complaints predominated in the

69



delayed TKA group. Infection accounted for 40.3% of reoperations in the de-
layed TKA group and 9.1% in the acute TKA group, whereas prosthesis loos-
ening was the leading cause in acute cases (Figure 33).

No significant differences in the risk of reoperation or revision (any cause)
were observed at the chosen level of statistical significance (Table 4).

s Reason for Reoperation
Joint contracture (M24.5)

Culture-verified deep infection (T84.5)

Suspected infection (T81.4)

Prosthesis loosening (T84.0)

Proportion (%)

Instability, prosthesis dislocation/subluxation (T84.0)

Patellofemoral complaints (M22.2)

Other reasons

Acute Fracture Fracture Sequelae

Reason for primary operation

Figure 33. Reasons for reoperation (any cause;, n =78), stratified by indication for
primary surgery. Data are presented as a stacked bar chart.

Patient-Reported Outcomes

The overall non-response rate, defined as the proportion of individuals who
did not complete any questionnaire, was 51%. Depending on the specific
PROM instrument and time point, complete data were available for 22—
44% of patients (Table 5). Response rates were generally consistent across
groups; however, patients who underwent reoperation were less likely to re-
spond compared with those who did not.

Baseline EQ-VAS and KOOS-12 scores did not differ significantly between
groups. At 1 year, patients in the acute TKA group reported superior outcomes
on EQ-VAS (mean 80.0, 95% CI: 70.0-80.0) compared with the delayed
TKA group (mean 70.0, 95% CI: 66.5—-70.5). Similarly, KOOS-12 Pain, QoL,
and summary scores were statistically significantly higher in the acute TKA
group. Improvements from baseline to 1 year were also greater in the acute
TKA group across these subscales (Table 6).

Exploratory Analyses of PROMs

In the sensitivity analysis of EQ-5D index values, baseline scores were lower
in the early TKA group compared with the delayed group (0.55 vs 0.66, ns).
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EQ-5D index values were calculated using the reverse crosswalk method to
convert EQ-5D-3L to EQ-5D-5L scores. At 1 year, the early group demon-
strated a higher mean EQ-5D index (0.90 vs 0.83; p = 0.022). The mean
change from baseline (A index) was also greater in the early group (0.22 vs
0.15), though this difference did not reach statistical significance.

A post hoc sensitivity analysis using multiple imputation (m = 100) and a lin-
ear regression model adjusted for age, sex, BMI, and preoperative score pro-
duced comparable estimates across imputation strategies (Table 7). For EQ-
VAS, adjusted mean differences ranged from 3.1 (95% CI: -2.7 to 8.9) to 8.1
(95% CI: 0.3—15.8). For KOOS-12, adjusted mean differences ranged from
8.0(95% CI: 1.7-14.3) to 13.4 (95% CI: 4.6-22.1).

Table 4: Adjusted Odds of Revision/Reoperation

Outcome OR 95% CI | 95% CI (upper) P-value
(lower)

Reoperation 0.756 0.378 1.510 0.4270

(any cause)

Revision 0.675 0.314 1.452 0.3150

(any cause)

Reoperation 3.660 0.481 27.846 0.2100

due to

infection

Revision due | 3.040 0.397 23.275 0.2840

to infection

Revision due | 0.214 0.047 0.967 0.0451*

to loosening
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Table 5. Response rates by individual PROMs

Measure Timepoint Group
Early (n=152) Delayed (n = 950)
EQ-VAS Baseline 40 (26.3%) 318 (33.5%)
1 year 69 (45.4%) 374 (39.4%)
Complete data 30 (19.7%) 233 (24.5%)
KOOS-12 Baseline 33 (21.7%) 267 (28.1%)
1 year 60 (39.5%) 330 (34.7%)
Complete data 24 (15.5%) 197 (20.7%)
Non-responders 80 (52.6%) 463 (48.7%)

Baseline - preoperative, 1-Year - 1 year follow-up, Complete data - Patients with both
measurements
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Table 6. Patient-reported outcome measures (PROMs) at baseline, 1 year, and
change from baseline (4), by indication group

PROM (95% CI) Early TKA Delayed TKA | P-
value

EQ-VAS (median, 95% CI)

Baseline 70.0 (57.5-72.5) 60.0 ns
(57.5-62.5)

1 year 80.0 (70.0-80.0) 70.0 0.017
(66.5-70.5)

A (change) 10.7 (1.4-20.0) 7.8 (4.8-10.8) | ns

KOOS Pain (mean, 95% CI)

Baseline 36.0 (31.2-40.8) 35.7 ns
(33.7-37.7)

1 year 75.4 (69.0-81.7) 68.8 0.03
(66.1-71.4)

A (change) 46.1 (35.1-57.1) 36.1 ns
(32.8-39.6)

KOOS Function

(mean, 95% CI)

Baseline 40.1 (31.4-48.7) 40.9 ns
(38.643.2)

1 year 74.3 (68.7-79.9) 68.8 ns
(66.4-71.3)

A (change) 38.8 (27.2-50.4) 29.8 ns
(26.4-33.2)

KOOS Quality of life

(mean, 95% CI)

Baseline 19.9 (15.7-24.1) 17.6 ns
(16.0-19.3)

1 year 65.1 (58.1-72.1) 53.1 0.0018
(50.2-56.1)

A (change) 55.6 (46.4-64.8) 36.7 <0.001
(33.340.3)

KOOS Summary score

(mean, 95% CI)

Baseline 32.0(26.8-37.2) 31.5 ns
(29.8-33.1)

1 year 71.3 (65.2-77.3) 63.7 0.01
(61.2-66.1)

A (change) 46.8 (37.0-56.7) 343 0.017
(31.3-37.3)

73



Table 7. Adjusted linear regression results comparing complete case analysis and
multiple imputation (m=100).

Imputations Estimated 95% p-value
difference in Confidence
means between Interval

groups at 1 year

EQ- None (complete 8.1 0.3,15.8 0.04
VAS case analysis)
One time point 7.6 1.4,13.7 0.01
Non-Responders 3.1 -2.7,89 0.2
KOOS- | None (complete 13.4 4.6,22.1 <0.01
12 case analysis)
One time point 9.0 2.7,15.3 <0.01
Non-Responders 8.0 1.7,143 0.01

Linear regression model: Outcome score ~ Group + Age + Sex + BMI + Preoperative
score

One Time Point: Excluded non-responders, only imputed for those who were only
missing one value

Non-Responders: Did not exclude non-responders; imputed for all individuals that
missed data points
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Discussion

Summary of Findings

The incidence of TPFs in Sweden has increased modestly over the past dec-
ade, largely driven by higher rates among women across all age groups. Alt-
hough the proportion of surgically treated cases remained relatively stable,
treatment modalities shifted, with a slight decline in the use of primary arthro-
plasty. These observations require cautious interpretation given the study's in-
herent methodological limitations.

The rate of subsequent conversion to TKA following TPF remains relatively
low. Discrepancies in conversion rates between Study II and Study III likely
reflect their differing inclusion criteria: Study II was limited to patients treated
surgically at a single centre, whereas Study III encompassed a nationwide co-
hort from the SFR, including both operative and non-operative cases. In Study
I, the TKA conversion rate was 5.2% at 2 years, notably higher than the /.8%
observed in the broader Study III cohort. However, among surgically isolated
patients in Study III, the conversion rate was 2.5%. Despite these variations
in incidence, both studies identified fracture comminution as a significant risk
factor for conversion to TKA.

In Study II, postoperative radiographs were available for analysis, revealing a
strong association between inadequate postoperative reduction and an in-
creased risk of subsequent conversion to TKA. This relationship may be in-
fluenced by initial fracture severity and comminution, which can limit the sur-
geon’s ability to achieve accurate anatomical reduction.

Because studies directly comparing outcomes after early versus delayed TKA
following TPF are lacking, Study IV specifically examined these two ap-
proaches with respect to revision and reoperation rates, underlying causes, and
PROMs. No statistically significant differences were observed in the cumula-
tive incidence of revision or reoperation between the groups; however, the
wide confidence intervals highlight considerable uncertainty and limit the in-
terpretability of these findings. The causes of reoperation differed by indica-
tion, with infection more frequently reported in the delayed group and pros-
thesis loosening more common in the acute group. Patients treated acutely also
more often required revision-type implants, reflecting distinct technical
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challenges between the two settings. Importantly, PROMs at 1 year postoper-
atively were significantly better in the acute fracture group.

Demographics

In Study I, the cohort was identified using the NPR, which has very high com-
pleteness (>99%) and strong validity, making it representative of the entire
Swedish population * . Unlike Studies II and III, where fracture classification
was available through radiographic assessment or the SFR, such information
was not available through the NPR dataset. Because the ICD-10 code used in
the NPR does not distinguish between extra-articular proximal tibial fractures
and TPFs ' Study I includes all proximal tibial fractures without differ-
entiation by fracture type. However, restricting inclusion to AO/OTA type A
fractures alone does not fully explain the discrepancy in cohort size observed
during the same period. In the NPR, 35,278 proximal tibial fractures were
identified between 2012 and 2023, compared with 15,603 cases recorded in
the SFR. This difference may be partly attributable to the gradual implemen-
tation and increasing completeness of the SFR over the observation period.
While the SFR offers more granular data on injury characteristics, fracture
classification, treatment, and mortality, its stepwise implementation and lower
completeness compared to the NPR impact the total case numbers *’.

The local cohort examined in Study II was drawn from Uppsala University
Hospital, a large regional centre that receives referrals for severe and complex
cases from across central Sweden. Consequently, fracture severity in this co-
hort was substantially higher than in the national cohort of Study III. Commi-
nuted fractures (AO/OTA types 41B3 and 41C3) accounted for 66.5% of all
surgically treated cases in the local cohort, compared with 29% in the national
cohort. This discrepancy in fracture severity partially explains the difference
in conversion rates observed between the two studies, as both studies demon-
strate a strong association between fracture comminution and subsequent con-
version to TKA. Previous research has likewise shown that the risk of PTOA
increases with the severity of the fracture ©. Apart from fracture severity, the
two study groups were similar in age, although the national cohort included a
higher proportion of women. However, neither of our Cox models revealed an
association between sex and the risk of conversion to TKA. Previous studies
on the demography of TPFs have reported similar distributions, with men pre-
dominantly sustaining these fractures < 50 years due to high-energy trauma,
and a gradual shift toward women being more affected in older age, primarily
due to potential osteoporosis and low-energy falls 25213,

In Study IV, the cohort was identified through the SAR and comprised 152
patients who underwent TKA as the primary treatment for an acute TPF. By
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contrast, in Study I, primary TK A was evaluated as a secondary outcome when
examining treatment trends, with 338 TKAs performed for proximal tibial
fractures identified between 2014 and 2023. Thus, within the same time frame,
the SAR cohort included considerably fewer cases (n = 152) than those rec-
orded in Study I (n = 338). A potential explanation for this discrepancy is that
simply excluding 2010 from the statistical analyses in Study I was insufficient
to avoid capturing follow-up visits or subsequent surgical procedures related
to non-union or post-traumatic symptoms. The observed rate of TKA could
still have been overestimated due to potential miscoding, whereby procedures
for non-union or post-traumatic conditions were incorrectly registered under
the fracture diagnosis code S82.1.

Incidence of Proximal Tibial Fractures in Sweden

The incidence of fragility fractures in Sweden has increased over time '*#!-13%,

Our findings mirrored this trend for proximal tibial fractures. Study I aimed
to determine the contemporary national incidence of proximal tibia fractures
over a 13-year period. In 2023, the incidence was 40.1 per 100,000 person-
years (30.3 for men and 50.0 for women), which appears to be the highest
reported incidence to date in the literature and aligns with expectations of in-
creasing fragility fractures in an aging population. Earlier research based on
local or smaller cohorts reported lower incidence estimates, including 13.3 per
100,000 person-years in Edinburgh **, increasing proportions in a Turkish co-
hort '°, 22.3 per 100,000 person-years in a single-centre German study '°, and
26.9 per 100,000 in a Swedish regional study '**. Comparable findings were
reported in a national Belgian study (29 per 100,000 person-years >, while a
multicentre German study observed an incidence of 28.7 per 100,000 person-
years with a 9% increase over time '** , which aligns with our findings.

The temporal trend in our cohort showed a gradual rise in incidence, with a
notable dip during 2020-2021, likely attributable to the COVID-19 pandemic.
This pattern is consistent with similar reports for TPFs and ankle fractures
20124 Sex-specific analyses revealed no increase among men, who were gen-
erally younger at injury, potentially reflecting high-energy mechanisms and
risk-taking behaviours. In contrast, incidence increased among women, par-
ticularly within the fragility-related age spectrum, supporting the bimodal
fracture pattern hypothesis. The steepest relative increase occurred among
women aged 20-29 years, possibly reflecting shifts in injury mechanisms or
risk exposure in younger generations.
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Conversion to Total Knee Arthroplasty

Numerous studies have investigated the presence of radiographic PTOA fol-
lowing TPFs, with reported proportions ranging from 17% to 73% depending
on the study design ?#>°%6587112114 Eor bicondylar fractures, even higher rates
have been observed. However, we believe that the conversion rate to TKA
provides a more accurate measure of post-traumatic knee function and symp-
toms than radiographic OA. Our studies demonstrated 5-year conversion
rates ranging from 2.8% to 7.7%, depending on follow-up duration and
whether nonoperatively managed fractures were included. A large number
of recent studies have reported conversion rates ranging from 0% to
21.9%5,7,30,32,45,48,58,72,75,87,l04,]08,112,l29,]31,]39,]43,]46,]50. A 2023 Systematic reVieW
found an average conversion rate of 5.1%, increasing to 6.3% when consider-
ing only surgically treated TPFs *.

However, despite these data, uncertainty remains regarding the TKA endpoint
due to difficulties identifying all patients who underwent conversion. Con-
ducting these studies in Sweden offers a significant advantage, as the SAR
provides a unique means of determining the TKA endpoint 7’. Although the
overall conversion rate to TKA remains low, certain fracture or patient char-
acteristics may be associated with a higher risk. While conversion rates are
well documented across populations, the factors influencing progression re-
main less clear. Large registry-based studies often lack detailed patient and
fracture information, whereas smaller single-centre studies may lack statistical
power or face endpoint uncertainties. In contrast, studies investigating these
factors often lack sufficient statistical power or face uncertainties in convert-
ing to the TKA endpoint due to small single-centre reports. .

Studies II and III were conducted with the hypothesis that fracture classification,
age, and sex would be pivotal in predicting conversion to TKA. Study II found
no significant association between individual fracture classes and conversion.
However, comminuted fractures (AO/OTA 41B3 and 41C3) were significantly
associated with conversion (aHR = 6.8 (1.6-29.2)). Although this cohort in-
cluded 439 patients, only 23 conversions were observed at the 2-year follow-up,
limiting the ability to draw firm conclusions from subgroup analyses.

An additional advantage of Study II was the availability of both pre- and
postoperative radiographs, enabling assessment of reduction quality. Inad-
equate reduction was strongly associated with conversion to TKA (aHR =
8.4; 95% CI: 3.6-19.5). This analysis was conducted separately rather than
as an adjustment, as postoperative reduction is not available preoperatively
and therefore lacks clinical utility in the acute setting. Furthermore, reduc-
tion quality is inherently dependent on preoperative fracture displacement
and comminution.
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In Study 111, a national cohort from the SFR was analysed. This cohort was
pseudonymised, which prevented access to pre- and postoperative radio-
graphs; however, fracture classification data were available within the reg-
ister 7. Among 12,012 patients, including 275 conversions, comminuted
fractures were found to be strongly associated with conversion to TKA.
This was evident both for individual fracture types (aHR for 41B3 = 2.1,
95% CI: 1.3-3.3; aHR for 41C3 = 3.2, 95% CI: 2.1-5.0) and when com-
bined (aHR = 2.5, 95% CI: 1.9-3.2).

Potential factors that could not be adjusted for in our studies, but are likely
to influence conversion rates, include preoperative OA and the degree of
osteoporosis at the time of injury. OA may act as a confounder in the indi-
cation for TKA, whereas osteoporosis affects both the extent of comminu-
tion and the stability of fixation, as well as the ability to maintain reduction
once weight-bearing is initiated. The challenge of fixation failure in elderly,
osteoporotic patients is well recognised, with surgical outcomes in this
group being significantly worse ***?%1% Consequently, primary TKA ra-
ther than ORIF has recently been proposed as a treatment option for this
patient population '2>'%%,

Several studies have compared TKA performed for idiopathic OA with TKA
following PTOA. Although TKA for PTOA has been shown to improve pain
and function in symptomatic patients °'?%, it has also been associated with
higher complication risks **'**, increased reoperation rates **'?°, and poorer
functional outcomes **'** compared with TKA for idiopathic OA. A recent
meta-analysis comparing acute and delayed TKA for TPFs reported that pri-
mary TKA in the acute fracture setting was linked to lower complication rates
and superior functional outcomes; however, none of the included studies di-
rectly compared patients with acute or delayed TKA . In Study IV, which
directly examined acute versus delayed TKA following TPF, no statistically
significant differences were observed in overall revision or reoperation rates.
Notably, the causes of reoperation differed between groups: in the acute TKA
cohort, reoperations were more often due to prosthetic loosening or instability,
whereas prosthetic joint infection was four times more common in the delayed
group (40.3% vs. 9.1%).

In addition to revision and reoperation outcomes, PROMs provided further
insight into intergroup differences. Baseline EQ-VAS and KOOS-12 scores
were comparable across cohorts. At 1 year postoperatively, the acute TKA
group demonstrated significantly superior outcomes on the EQ-VAS, the
KOOS-12 subscales Pain and Knee-Related Quality of Life, and the KOOS-
12 summary score. Moreover, improvements from baseline to 1 year were
greater in the acute TKA group across these KOOS-12 domains. For
KOOS-12, a change of 15 points is typically considered the minimally
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important change (MIC), and 11 points is regarded as the minimal clinically
important difference (MCID)*'. In our cohort, 96% of patients in the acute
TKA group and 83% in the delayed TKA group achieved or exceeded the
11-point MCID. When applying the 15-point MIC threshold, 92% of patients
with acute fractures and 78% of patients with fracture sequelae met this cri-
terion. These findings suggest that the observed differences are not only sta-
tistically significant but also clinically meaningful at the individual patient

level.

Taken together with the reoperation profiles described above, these findings
suggest that although revision and overall reoperation rates were compara-
ble, acute TKA may provide more favourable patient-reported functional
outcomes and QoL than delayed procedures. Nevertheless, these results
should be interpreted with caution, given the low response rate (51% non-
responders) '8,

Missing Data in PROMs

To evaluate the potential impact of missing data, a post hoc sensitivity anal-
ysis was performed using multiple imputation (m = 100) and a linear re-
gression model adjusted for age, sex, BMI, and preoperative score. As
shown in Table 7, the estimated differences in mean scores between groups
at 1 year were consistent across all imputation approaches, indicating that
the results were robust to the handling of missing data. Three methods were
compared: 1) a complete-case analysis, including only participants with
complete data, 2) a ‘one-time point’ imputation excluding non-responders
but imputing for individuals missing a single measurement, and 3) a ‘non-
responder’ imputation incorporating all individuals with missing data
points. For EQ-VAS, the adjusted mean difference between groups ranged
from 3.1 (95% CI: 2.7 to 8.9) with non-responder imputation to 8.7 (95%
CIl: 0.3-15.8) in the complete-case analysis. Corresponding estimates
for KOOS-12 ranged from 8.0 (95% CI: 1.7-14.3) to 13.4 (95% CI: 4.6—
22.1). These findings confirm that the observed group differences remained
stable across analytic strategies.

The Role of Fracture Classification Systems

Fracture classification systems play a pivotal role in evidence-based medicine,
guiding health policy and informing the development of clinical practice
guidelines. They are widely applied in the construction of treatment recom-
mendations and in the evaluation of research . The primary purpose of such
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systems is to provide a standardised framework that enhances understanding,
facilitates communication, ensures consistent documentation, and supports
clinical decision-making in the management of fractures ®.

For a fracture classification system to have clinical utility, it must be both
simple and reproducible, enabling consensus in categorisation and thereby en-
suring high interobserver reliability. Additionally, the categories should
demonstrate clear clinical relevance—either by guiding treatment principles,
delineating distinct prognoses, or identifying specific complications and asso-
ciated injuries.

Numerous fracture classification systems have been developed to evaluate
and categorise TPFs *>**% The most widely used are the Schatzker and
AO/OTA classifications "', although concerns have been raised regard-
ing their reproducibility and accuracy """'*’. The Hohl-Moore classification,
first described by Hohl in 1967 and later revised by Moore in 1981 °"°, was
introduced to accommodate fracture patterns not encompassed by the
Schatzker system. The earliest classification system, proposed by
Marchand, identified three basic fracture types: split, depression, and com-
bined. Building on this foundation, the Duparc and Ficat classification, in-
troduced in 1960 and revised in 1990 and 2013, expanded these categories
to provide greater clinical detail **.

With the adoption of CT imaging as a standard component of preoperative
assessment of TPFs, the need for three-dimensional classification systems
became evident. The Khan classification, introduced in 2000, and the three-
column concept proposed by Congfeng Luo and colleagues in 2010, were
developed to address this requirement "'**. Subsequent revisions and exten-
sions to existing classification systems have incorporated three-dimension-
ality "% However, these modifications have generated numerous sub-
groups and modifiers, which in turn reduce reproducibility and limit clinical
relevance. Excessive subclassification risks undermining the fundamental
purpose of these systems: to provide simplicity, consistency, and practical
clinical applicability *°.

Despite the wide range of available classification systems, a persistent limita-
tion remains: they describe fracture morphology but fail to adequately capture
fracture severity. For example, a Schatzker II split-depression fracture may
present with either a 4 mm or a 25 mm depression, representing substantial
variability in joint surface involvement and bone loss. This shortcoming raises
concerns about the ability of current systems to convey clinically relevant in-
formation to the treating surgeon. In Studies II and III, we hypothesised that
the degree of comminution and fracture severity would influence prognosis
and outcomes. While this hypothesis was supported, the observed effect was
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less pronounced than expected, likely reflecting the inherent limitations of ex-
isting classification systems.

Unfortunately, fracture classification data were not available for either Study
I or Study IV. Incorporating such information in additional sub-analyses could
have provided deeper insight and may have helped to explain variations in
outcomes within the study population.

Association or Causation

The studies included in this thesis are based on retrospective local and nation-
wide registry data and are therefore inherently observational. While such a
design enables the inclusion of large, representative cohorts and confers high
external validity, it also raises important questions regarding causal inference.
The key outcomes analysed—such as the influence of fracture severity on
long-term joint outcomes and the comparison of early versus delayed TKA—
are the result of a multifactorial interplay of biological, mechanical, and
healthcare-related determinants. Therefore, although we demonstrate strong
associations between fracture severity and subsequent TKA, as well as differ-
ences related to treatment timing, establishing whether these associations are
causal requires careful evaluation.

Application of the Bradford Hill Criteria

Strength. In studies II and III, fracture severity—as categorised by the
AO/OTA and Schatzker classification systems—was strongly associated with
an increased risk of conversion. Across multiple analyses, markedly elevated
HRs were observed (e.g., complex articular fractures with aHR of 6.8 and 2.5).
The magnitude of these associations, while potentially subject to residual con-
founding, provides compelling initial support for a causal relationship.

Consistency. Across the studies included in this thesis, the findings were co-
herent: fracture severity consistently correlated with an increased likelihood
of conversion to TKA. Moreover, these results are consistent with previous
literature documenting the development of PTOA and the elevated risk of
TKA following intra-articular knee fractures .

Specificity. Demonstrating specificity is challenging, as TPFs do not uni-
formly lead to TKA, and TKA may also result from degenerative OA or other
knee pathologies. In addition, a range of individual-level factors and comor-
bidities (e.g., obesity, smoking, pre-existing cartilage degeneration, and
chronic inflammatory conditions) can independently predispose to TKA.
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Thus, while the presence of a TPF clearly elevates risk, it represents only one
of several pathophysiological pathways leading to joint replacement. Adjust-
ing for potential confounders within the data enhances the specificity of the
observed associations.

Temporality. In Studies II and III, TPF exposure was documented prior to the
outcome. In the time-to-event analyses, this strict maintenance of temporality
minimised the risk of reverse causality. Establishing temporal order is a fun-
damental prerequisite for causal inference, and it represents one of the strong-
est methodological advantages of the register-based cohort design employed
throughout this thesis.

Biological gradient. A clear dose-response relationship was observed across
several analyses: fractures classified as more severe were consistently associ-
ated with higher conversion rates to TKA. This gradient strengthens the argu-
ment for a structural causal chain, in which greater intra-articular damage ac-
celerates post-traumatic joint degeneration and ultimately increases the likeli-
hood of joint replacement.

Plausibility. There is strong biological plausibility supporting a causal expla-
nation. TPFs disrupt the articular surface, impair load transmission, and may
result in chondral damage, chronic instability, and altered joint biomechanics.
These pathological changes are well-established risk factors for post-trau-
matic OA, which often culminates in TKA. Furthermore, numerous biome-
chanical and imaging studies have documented progressive cartilage deterio-
ration following intra-articular fractures **#>°%6>87.112114 "thereby reinforcing
the plausibility of a causal link.

Coherence. The observed associations are coherent with broader clinical under-
standing and align with established biological and clinical principles. Clinicians
frequently witness post-traumatic degeneration following TPFs, and the ele-
vated requirement for secondary procedures—including TKA—is widely rec-
ognised in clinical practice. This coherence between empirical findings and clin-
ical experience reinforces the credibility of a causal interpretation.

Experiment. 1deal experimental evidence is inherently lacking, as random as-
signment of individuals to sustain a fracture is neither feasible nor ethical. An
RCT directly comparing early versus delayed arthroplasty would, in principle,
provide the most rigorous evidence and remains a warranted avenue for future
research. In the absence of such trials, alternative methodologies, such as tar-
get trial emulation, offer promising strategies for approximating experimental
reasoning in observational datasets **°.
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Analogy. Analogous clinical scenarios provide supportive evidence. Other in-
tra-articular fractures, such as those affecting the proximal humerus, the el-
bow, or the femoral neck **'*!'6, demonstrate similar patterns of post-trau-
matic degeneration that frequently culminate in surgical intervention. These
parallels reinforce the plausibility of a causal relationship between TPFs and
subsequent TKA.

Severity of TPFs and Progression to Arthroplasty

Severity emerged as a key determinant of long-term outcomes in this thesis.
More complex TPFs were consistently associated with an increased risk of
conversion to TKA. This hierarchical risk pattern reinforces both the biologi-
cal gradient and plausibility criteria, suggesting that greater intra-articular dis-
ruption leads to irreversible cartilage damage and altered joint mechanics,
thereby initiating a degenerative cascade. Nonetheless, fracture severity may
also correlate with unmeasured confounders, such as surgeon experience, re-
habilitation quality, or patient-specific factors, which must be acknowledged
when interpreting these associations.

Early versus Delayed TKA: Causation or Confounding
by Selection?

A further question arises regarding outcomes of early versus delayed TKA
following TPF. Patients undergoing early arthroplasty may represent those
with severely damaged joints or complex fracture patterns for whom recon-
structive surgery is unlikely to be successful. Conversely, delayed arthroplasty
may reflect initial preservation efforts in younger patients or fractures with
characteristics more amenable to reconstructive efforts. Therefore, differences
in outcomes between early and delayed TKA could be partially attributed to
confounding by indication. While we report differences in outcome trajecto-
ries across timing groups, we cannot definitively ascertain whether timing per
se influences prognosis or merely reflects underlying clinical complexity.

Strengths and Limitations

The primary strength across all studies is the substantial sample size, provid-
ing the necessary statistical power to detect meaning clinical associations. In
Study 1, the use of nationwide NPR data—encompassing both inpatient and
outpatient care—ensures virtually complete population coverage of proximal
tibia fractures in Sweden. Given the NPR’s high validity and completeness,
the reported incidence rates are highly likely to represent true national figures
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rather than regional variations, thereby enhancing the generalisability of the
findings.

Several limitations must be acknowledged. First, comorbidity data (e.g., dia-
betes, osteoporosis) were unavailable, restricting the ability to account for pa-
tient-related risk factors that may influence fracture risk or treatment selection.
Second, ICD-10 coding does not differentiate among subtypes of proximal
tibial fractures, even though fracture morphology is likely to affect both treat-
ment strategies and long-term outcomes.

Injury misclassification may still have occurred, even after excluding the 2010
injury year to minimise the risk of follow-up visits being misclassified as new
events. Misapplication of fracture diagnosis codes (e.g., S82.1) for procedures
addressing non-union or post-traumatic conditions could have contributed to
an overestimation of TKA rates. In addition, the NPR does not capture later-
ality, making it impossible to distinguish between refractures and contralateral
injuries and potentially leading to undercounting.

Mortality data were not available in our dataset for Study I, preventing assess-
ment of competing risks or survival following a proximal tibia fracture. Pre-
vious studies have reported elevated standardised mortality ratios of 1.7-2.3
in elderly patients with such fractures '*, consistent with patterns observed in
other fragility fractures of the hip, pelvis *', and proximal humerus ''. These
findings highlight the need to regard proximal tibia fractures not only as mark-
ers of skeletal fragility but also as potential indicators of overall frailty.

The data collection methods and stratification by preoperative patient and in-
jury characteristics were major strengths of Studies II and III. Study II com-
prised 439 patients, a smaller cohort compared with larger observational reg-
ister-based studies previously conducted by Wasserstein et al., Elsoe et al.,
Vestergaard et al., and Tapper et al. **'**14¢150 Nevertheless, a notable
strength of study II was the availability of both pre- and postoperative radio-
graphs, enabling detailed radiographic assessment.

Wasserstein et al. utilised hospital billing codes from Ontario, Canada, to iden-
tify patients and track subsequent conversion to TKA. In this study, neither
pre- nor postoperative characteristics were investigated. Furthermore, the
TKA endpoint remains subject to uncertainty, as procedures performed out-
side Ontario were not captured; additionally, the laterality of the TKA could
not be confirmed '*°. Elsoe et al. and Vestergaard et al. used the Danish Patient
Register, which identifies fractures and conversions via ICD codes. However,
this administrative dataset lacks granular fracture or injury characteristics, and
surgical laterality remains unavailable*>'*®. Tapper et al. employed the Finnish
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Hospital Discharge Register and encountered the same data shortcomings as
the previous studies '

In study II1, fractures were identified using the SFR. A primary advantage of
the SFR, as discussed earlier in this thesis, is the granularity of its data regard-
ing fracture morphology and injury characteristics, coupled with direct report-
ing of both primary and secondary (if registered) interventions. When supple-
mented by linkage to the SAR for additional information on prospective con-
versions not captured in the SFR, the accuracy of endpoint measurement is
substantially reinforced, leaving little uncertainty regarding its validity.

Previous studies investigating the impact of fracture classification and severity
on TKA conversion have often been limited by small cohort sizes or ambigu-
ity regarding the definition of the TKA endpoint "*'%’. Assink et al ’. con-
ducted a multicentre study involving 862 patients with operatively treated
TPFs, in which rigorous preoperative radiograph measurements were per-
formed. However, the endpoint ‘conversion to TKA’ was assessed through a
mailed query— ‘Do you still have your native knee? *—which yielded only a
55% response rate, thereby restricting the reliability of conclusions regarding
the true conversion rate.

Study II included 439 patients; however, the low number of conversions
within the first two postoperative years limited the statistical power to estab-
lish a definitive association between fracture type and TKA conversion. Ad-
ditionally, neither the injury mechanism nor patient comorbidities were eval-
uated. Notably, many patients were younger than 55 years, a cohort in which
surgeons are generally more hesitant to perform early TKA due to concerns
regarding long-term implant longevity.

Study III employed a substantially larger national cohort; however, the absence
of a single observer to classify all fractures introduces some uncertainty regard-
ing data accuracy. Both studies are observational in nature and therefore subject
to inherent limitations, including the potential influence of unidentified con-
founders. Important key potential confounders, including smoking status, BMD,
and pre-existing OA, were not captured in our dataset. Consequently, we were
unable to adjust to these factors, which may have led to residual confounding,
as they may have influenced both the exposures and outcomes.

Study IV provides novel insight by directly comparing early and delayed TKA
following fracture—an evaluation not previously conducted in a nationwide
setting. Nonetheless, several limitations should be acknowledged. While revi-
sions were clearly defined and reliably captured, other reoperations are re-
ported less consistently in the SAR and may be underrepresented. The classi-
fication of revision and reoperation is based on whether the procedure
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involved insertion, exchange, or removal of prosthetic components. Given that
the distributions of revisions and other reoperations were similar across
groups, the risk of major bias is considered low.

Confounding by indication remains a potential concern, as primary TKA in
the acute fracture setting is uncommon and likely reflects selective surgical
decision-making influenced by unmeasured clinical factors. In addition, no
minimum follow-up duration was applied. Although 329 of 1,102 patients had
less than 2 years of follow-up, the mean follow-up time was 5.2 years. Im-
portantly, previous studies indicate that most complications occur during the
early postoperative period, suggesting that the majority of clinically relevant
events were nonetheless captured '.
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Conclusion

This thesis provides an epidemiological perspective on TPFs, including
trends, treatment strategies, and the risk of progression to TKA. The incidence
of TPFs in Sweden has increased modestly over the past decade, particularly
among women in both younger and older age groups, while rates of surgical
management have remained stable. Despite the rising fracture burden, conver-
sion to TKA following ORIF remains relatively uncommon.

Failure risk was not influenced by sex or trauma mechanism but was strongly
associated with joint surface comminution and advanced age. The importance
of achieving adequate articular surface reduction was highlighted by the find-
ing that insufficient reduction increased the likelihood of later TK A more than
eightfold. Nevertheless, no fracture type or classification demonstrated a 5-
year conversion rate exceeding 12%, indicating that most patients do not ulti-
mately require arthroplasty.

Taken together, these results suggest that while certain factors are linked to an
increased risk of failure, a clearly defined subgroup that consistently benefits
from primary TKA in the acute setting remains to be established.

A novel key contribution of this thesis is the direct comparison of acute versus
delayed TKA following fracture within a nationwide cohort. While overall
revision and reoperation rates were comparable between the two approaches,
their underlying causes differed: prosthetic loosening and instability were
more frequent after acute TKA, whereas prosthetic joint infection was more
common after delayed procedures. Importantly, patients who underwent acute
TKA reported superior general health and knee-related outcomes, including
reduced pain and improved QoL, suggesting that surgical timing may influ-
ence functional recovery in selected cases.

The overall findings of this thesis indicate that while most TPFs can be suc-
cessfully managed with ORIF, certain patient- and fracture-related character-
istics are associated with an increased risk of subsequent TKA. Factors such
as fracture comminution, age-related bone quality, and reduction quality in-
fluence long-term outcomes; however, these alone do not justify a systematic
shift toward primary arthroplasty. Nonetheless, the favourable functional
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outcomes observed following early TKA in selected patient groups support a
more individualised, risk-stratified approach to surgical decision-making in
the acute setting.

The findings of this thesis underscore the importance of optimising fracture
management, stratifying high-risk patients at an early stage, and mitigating the
clinical sequelae that lead to arthroplasty. Concurrently acknowledging that a
subset of patients may inevitably progress to TKA highlights the need for re-
fined decision-making regarding reconstruction versus acute arthroplasty. As
Bradford Hill emphasised, scientific conclusions should be based on the
weight of evidence rather than deferred indefinitely in pursuit of absolute cer-
tainty. In this spirit, although causation in TPF outcomes cannot be established
with complete certainty, the accumulated evidence is sufficient to guide clin-
ical practice and provides a meaningful foundation for future research aimed
at refining causal understanding and improving patient care.

Future research should focus on improving risk stratification by integrating
radiographic, clinical, and patient-related factors to better identify individuals
at increased risk of failure following ORIF. Defining such a subgroup helps
determine which patients may benefit from primary TKA at the time of injury,
thereby enabling more individualised treatment strategies and improving
long-term outcomes.

A logical next step would be the design of a RCT comparing ORIF with pri-
mary TKA in elderly patients with TPFs. Eligible participants should present
with sufficient articular comminution and depression to justify consideration
of TKA as a primary treatment option. In an initial trial setting, it may be
prudent to limit inclusion to Schatzker type II and III fractures, thereby reduc-
ing the likelihood of requiring highly constrained implants such as tumour or
hinged prostheses.

However, such a trial cannot feasibly be conducted within a register-based
RCT framework, as existing fracture classification systems are too crude to
ensure sufficiently precise inclusion criteria. Instead, such an investigation
would require a multicentre prospective design, involving institutions with es-
tablished expertise in both complex fracture fixation and primary TKA for
TPFs.
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Sammanfattning

Frakturer i 6vre delen av skenbenet, sa kallade tibiaplatafrakturer, dr allvarliga
knéskador som kan variera fran enkla sprickor till mycket komplexa ledenga-
gerande frakturer. Dessa skador drabbar bade yngre personer efter hogenergi-
vald, till exempel trafikolyckor, och aldre personer efter fall i vardagen. Pa
langre sikt kan frakturerna leda till bestdende besvar i knét, framfor allt i form
av ledforslitning — artros, vilket i vissa fall gor att patienten senare behdver en
knéprotes.

I takt med att befolkningen blir allt dldre forvantas antalet benskorhetsrelate-
rade frakturer oka, vilket innebér att &ven problemen med knéledsartros efter
tibiaplatafrakturer sannolikt kommer att bli allt vanligare. Trots forbéttrade
operationsmetoder finns det fortfarande osdkerhet kring vilka patienter som
16per storst risk att utveckla svara kndbesvér och i forlangningen behdva en
knéprotes.

Syftet med denna avhandling var att studera de langsiktiga konsekvenserna av
tibiaplatafrakturer, med sarskilt fokus pa hur ofta patienter senare behdver
opereras med knéprotes och vilka faktorer som paverkar denna risk. Studierna
bygger pa bade kliniska patientmaterial och stora nationella register, daribland
Patientregistret, Svenska Frakturregistret och Svenska Ledprotesregistret.

I studie I undersokte vi forekomsten av frakturer 1 6vre delen av skenbenet i
Sverige. Vi anvinde socialstyrelsens Patientregister for att fa fram hur vanlig
denna diagnos &r. Vi ville dven ta reda pd om behandlings-algoritmerna har
andrats over tid. Det visade sig att frakturer i 6vre delen av skenbenet har 6kat
senaste 10 aren, men hur dessa behandlas i vardagen &r visentligen oforandrat.

I studie II och III undersokte vi — med hjélp av en lokal och en nationell
kohort, frdn Svenska Frakturregistret — hur ofta en tibiaplatafraktur leder till
efterfoljande knéprotes. Vi undersdkte dven hur patient- och fraktur-karakti-
ristika paverkar risken for att utveckla svéra knébesvér som kraver knéprotes-
forsorjning. Vi fann att mer komplexa frakturer och stigande &lder var associ-
erade med en 6kad risk for senare knéprotes.
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I studie IV anvinde vi oss av Svenska Ledprotesregistret for att identifiera
patienter som blivit opererade med en knéprotes som primédr behandling av en
tibiaplatafraktur. Dessa jamfordes med patienter som blivit behandlade med
ledbevarande metoder som sedan pa grund av svara kniabesvir behdvt byta sin
knéled. Vi fann att riskerna for om operation eller revision ej skilde sig mellan
dessa grupper, men att komplikationsprofilen skilde sig nagot. Knéprotesop-
erationer som forsta behandlingsval hade fler sena revisioner pa grund av pro-
teslossning — medan sena knéprotesoperationer hade fler revisioner pa grund
av infektion.

Resultaten visar att de flesta patienter som opereras med plattor och skruvar
far ett gott langsiktigt resultat utan behov av knédprotes. Samtidigt finns en
tydlig hogriskgrupp bestdende av édldre patienter med svara frakturer. Hos
dessa patienter dr risken for senare protesoperation betydligt hogre. Avhand-
lingen visar ocksa att en knédprotes efter en tidigare fraktur ofta 4r mer kom-
plicerad &n en vanlig protesoperation och liknar mer en revisionsoperation.
For vissa noggrant utvalda patienter kan darfor en tidig protesoperation redan
vid frakturtillfallet vara ett rimligt behandlingsalternativ.

Sammanfattningsvis bidrar avhandlingen med ny kunskap om hur kniskador
efter tibiaplatafrakturer utvecklas dver tid. Resultaten betonar vikten av god
kirurgisk teknik, tidig identifiering av hdgriskpatienter och individanpassade
behandlingsbeslut for att forbéttra patienternas langsiktiga livskvalitet.
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