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Chapter 1

A giant burden

The musculoskeletal system is the organ system that gives humans the ability
to move. Bones are the frame and muscles are the motors. To allow for motion
between bones, joints are essential. They cover boney ends and allow for low
friction movement under heavy loads, whilst warranting stability. Worldwide,
musculoskeletal diseases are the second cause of years lived in disability after
mental and substance use disorders.! These numbers are rapidly increasing due to
aging and an uprise of obesity.

In musculoskeletal diseases, osteoarthritis (OA) is the second biggest culprit, after
neck and lower back pain. OA causes pain, stiffness and loss of function in the joints
of patients and impairs their quality of life. A disease modifying drug for OA does
not exist. Non-surgical therapy strategies are limited to patient education, exercise
therapy, pain medication and bracing. Additionally, a range of intra-articular
injections is available. Unfortunately, with limited or only temporal effects. For
a selected group of patients, joint preserving surgery is an option. However, most
patients with end-stage OA are condemned to surgical joint replacement. In 2018,
77,521 joints were surgically replaced in the Netherlands, mostly due to OA.? As
younger and younger patients are implanted with artificial joints, the need for
revision surgery, with a much higher complication and lower success rate, will be
a future problem.’

The definition of OA

The OARSI, the main research foundation in OA, defines the disease as
follows:

“OA is a disorder involving movable joints characterized by cell stress and extracellular
matrix degradation initiated by micro- and macro-injury that activates maladaptive
repair responses including pro-inflammatory pathways of innate immunity. The
disease manifests first as a molecular derangement (abnormal joint tissue metabolism)
followed by anatomic, and/or physiologic derangements (characterized by cartilage
degradation, bone remodeling, osteophyte formation, joint inflammation and loss of
normal joint function), that can culminate in illness.”

This definition shows that OA is no longer viewed as a simple wear-and-tear
disease of the cartilage. Furthermore, it shows that it is difficult to grasp all facets
of the disease in an easy to comprehend definition. The joint is formed by more
tissues than cartilage alone and a homeostasis between these tissues is essential to
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General introduction and thesis outline

prevent deterioration. Joint homeostasis is acquired and preserved by mechanical
and chemical interaction between the tissues of the joint and the body.* We will
elaborate on the main tissues in the joint.

Tissues of the joint

Cartilage is the smooth and resilient tissue, which provides low friction
movement between the bones. It comprises a network of type II collagen arches
and proteoglycans that attract water. The attraction of water is the main driver of
compressive strength of the cartilage. Within this avascular and aneural network,
the cartilage houses a small number of cells “trapped” in lacuna. Due to these
properties, the regenerative capacity of cartilage is limited.

The synovium forms the joint capsule and controls synovial fluid volume and
composition. Additionally, it nourishes the chondrocytes and expresses both pro
and anti- inflammatory cytokines via the synovial fluid.

Ligaments made of collagenous fibers bridging the joint and connecting the bones.
The connections are mobile, but only allow for movement in a defined range of
motion. Together with the muscles and tendons, ligaments stabilize the joint and
protect the cartilage from exorbitant loads. Additionally, some joints contain a
labrum or menisci, made from fibrous cartilaginous tissue, that provide further
structural integrity to the joint.

An often-neglected tissue is the subchondral bone, a rigid tissue that supports the
cartilage both mechanically and chemically. It is highly vascularized and houses
nerves. However, the osteochondral junction, the transitional zone between soft
cartilage and rigid subchondral bone, seals off the cartilage from nerves and
vessels. This makes joint loading a painless process. The vertical part of the arches
of collagen type II pass through it, anchoring the cartilage. The superficial cartilage
is mainly nourished by the synovium and synovial fluid. The deeper parts however,
are nourished by the subchondral bone, as cytokines transfer through the junction.

Pathologic mechanisms in OA

Initial damage to any tissue of the joint, due to excessive or erroneous loading,
hypoxia or inflammation (albeit infectious) starts an active response in the joint. A
joint in healthy hemostasis may have sufficient repair capacity to repair the damage.
When hemostasis is frail, repair reactions may overshoot, damaging the joint
further than the initial damage. When this process is repeated and inflammation,
necrosis, and structural deterioration accumulate (as seen in Figure 1), OA
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becomes a fact. OA is a heterogeneous cascade of pathophysiological mechanisms
and in every patient some of these mechanisms are more important than others.
Recently, theories on phenotypes in OA emerged in literature. These phenotypes
try to describe clusters of pathophysiologic mechanisms in OA patients. However,
these phenotypes are not yet clear-cut and there will be gray areas between them.
Below, the main pathophysiologic mechanisms in OA are outlined.

Healthy Loading of the joint is essential for keeping the joint healthy. By loading
and unloading, synovial fluid is being circulated, nutrients are being pumped into
the cartilage and degradation products out.>® The joint tissues can be trained to
withstand high loading. A striking example was published by Schiitz et al..” Ultra-
long-distance runners competing in the TransEurope FootRace were followed
by a mobile MRI in their 64-day race over 4,486-kilometer. In the first 1,100
kilometers, an increase in T2-mapping values was found, corresponding with
cartilage degradation and/or softening. After a stable phase between 1,100 and
2,800 kilometers, a decrease of T2 values was found at the 3,700 km mark. Seven
months after the endurance race, T2 values decreased even further returning
to their original ranges. This study clearly shows the adaptive capabilities of the
cartilage in highly trained individuals and that cartilage does not simply wear out.

Trauma is a short moment of overload, most often during sports, that may cause
damage to the joint tissues and initiate osteoarthritic cascades. Meniscal tears,
cruciate ligament tears and focal cartilage defects are frequent and well-known
examples. These injuries will give an eight times higher risk for OA on average
within 19 years.?

Chronic overload poses another threat to the joint. For example, certain
occupations may be strenuous on specific joints. Mining involves a fair amount of
squatting and lifting weight while squatted. These movements increase the risk for
knee OA to such a degree that the term Miners knee was proposed in literature.’
Of course, many other causes for chronic overloading exists.

Morphology is a result of genetics and loading. Already at a young age, excess
loading can alter the joints morphology. In a cohort study on young pre-
professional soccer players, a third of the participants between 12 and 13 years
old developed an irregular osseous prominence at the antero-superior head-neck
junction of the hip joint, named Cam-lesion.'’ In later life, these Cam-lesions may
lead to excessive forces on the labrum, acetabular rim and cartilage This makes hips
with a Cam-lesion highly susceptible to OA.'"'* Other morphological variations
that predispose for OA have been explored using Statistical Shape Modelling.
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A technique that can accurately quantify shape variations in 2D radiographs or
3D scans. For the hip, a narrower and longer neck and a shallower (dysplastic)
acetabulum are other examples of morphological variations that predispose for
OA." OA knees are characterized by widening and flattening of the femur and
tibia and narrowing of the notch."* These characteristics seem to be more of a result
of the disease as opposed to risk factors. Shape variations predisposing for knee OA
have been described less extensively.

Joint malalignment causes an unequal distribution of loads within the joint and
is another risk factor for OA. The relationship between varus/valgus alignment of
the lower extremity and knee OA is the best studied example.'>"'8 There is a natural
variance of the leg alignment in the general population. Most healthy knees have
an alignment between 3 degrees of varus and 1 degree of valgus, with an average
of two degrees of varus.'*? In that average situation, 65 to 80 percent of the load
during gait is transferred through the medial compartment.” Malalignment of
the lower limb causes the cartilage, meniscus and subchondral bone in the medial
(varus) or lateral (valgus) compartment of the knee to endure higher stresses.' %
Consequently, malalignment is strongly related to symptomatic unilateral knee OA
and radiographic progression *!. As cartilage and meniscal tissue in the stressed
compartment degrade, the angle of malalignment further increases, amplifying
pathological loads. This vicious circle may be ended by an orthopedic surgeon in
three ways which are discussed later in the general introduction.

Obesity is an important risk factor for OA. Cartilage surface and volume are
strongly correlated to the height, but not the weight of a person.?>** Furthermore,
cartilage thickness is not correlated to any anthropomorphic metrics.? The weight
of a child does not affect the amount of cartilage formed in childhood, however
activity does.” On the other hand, each kilo of body weight strains the cartilage
with a four unit increased load during walking.?® Obesity is the main modifiable
risk factor for knee OA, however the relation with hip OA isless clear. Furthermore,
obesity is a risk factor for OA in non-weight-bearing joints, such as the hands. This
is caused by the dyslipidemia and general inflammatory state of adipose tissue in
obesity which will be discussed later.”

Cytokines are immunomodulating proteins and are key in regulating inflammatory
processes in the joint. Broadly speaking they can be divided into catabolic
or proinflammatory (like Interleukine-1 and TNF-a) and anabolic or anti-
inflammatory cytokines (like Insulin-Like Growth Factor 1). The balance between
catabolic and anabolic cytokines will change as a reaction to damage of the intra-
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articular tissues. Elaborating each cytokine is outside the scope of the present
thesis. However, it is important to mention the role that two important risk factors
for OA, namely aging and obesity, have on the inflammatory balance. Aging itself
does not cause OA, however it makes the joint more susceptible for homeostatic
imbalances. Of course, the cumulative chance for damage grows with time, but
this does not explain exponential growth in prevalence starting from the age of
50. The shear modulus of cartilage decreases with age, making it more susceptible
to harmful loading.” Oxidative stress, compromised autophagy of chondrocytes,
a buildup of senescent chondrocytes, a decrease of Sirtuins, mitochondrial DNA
damage and accumulating AGEs are all factors that potentially disrupt the balance
between catabolic and anabolic cytokines. The homeostatic buffer is smaller in
older individuals, the risk for a catabolic synovial environment and irreversible
structural damage is higher. Obese individuals generally have more subcutaneous
and visceral fat tissue. This tissue contains adipocytes and activated macrophages,
which release inflammatory cytokines and adipokines systemically, causing a low-
grade systemic inflammation, contributing to an increased inflammatory response
in joints.’® Additionally, high systemic levels of triglycerides and ox-LDL, and
perturbations in the HDL metabolic pathways found in obesity may disrupt the
joint homeostasis.” Fat tissue can also be found inside joints. The infrapatellar
(Hofta’s) fat pad is the most prominent example. Hofta’s fat pad has been researched
extensivelyasa cause for anterior knee pain and degenerative joint disease. However,
the role of articular fad pads in normal joint homeostasis remains to be elucidated.
Fat pads are present in multiple joints, including in the metacarpal and hip
joints.*** Fat pads may excrete multiple growth-factors, cytokines and adipokines
into the joint. The levels of adipokines in synovial fluid are correlated to body mass
index (BMI) as well as knee OA severity.* Interestingly, the structure of Hoffa’s
fat pad does not fluctuate with caloric intake, even in extreme cases like obesity
and cachexia.®® However, in end-stage OA the functionality of the adipocytes is
decreased, and fibrosis and macrophage infiltration in Hoffa are increased.* As
Hoffa’s fat pad, and other articular fat pads, contain abundant sensory nerves and
can produce inflammatory proteins, they may be a key communicator between the

biomechanical and inflammatory homeostasis.

Integrity of the subchondral bone Due to animal studies and advanced MRI, we
now have understanding of the role of periarticular bone in early OA. Excessive
forces on the subchondral bone cause microfractures. In a joint with signs of early
OA these microfractures trigger an inflammatory response and neovascularization.
The balance between osteoblasts and osteoclasts is disturbed and hypo-mineralized,
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porous, vascularized and nerve rich fibrous tissue is formed.”* As nerves and
vessels breach the osteochondral junction, pain stimuli and inflammatory cytokines
can be transferred from cartilage to bone.*

During menopause hormone levels of women drastically change. Especially
estrogen levels decrease strongly. Sex differences in the prevalence of OA are site
specific." The risk for knee OA sky-rockets after menopause. A decrease in estrogen
may cause pro-inflammatory cytokine expression. This effect may be abated by
hormone supplementation.*? Furthermore, a decrease in estrogen impairs the bone
mineralization units and shifts the bone remodeling balance towards resorption.*
This process may have harmful effects the subchondral bone integrity.

Angiogenesis is an important factor in OA. Harrison and colleagues described
already in 1953 that OA may be primarily caused by the reaction of juxta-chondral
blood vessel on cartilage damage.* The growth of osteophytes is preceded by
vascular ingrowth in the joint. Hypervascularity of the joint weakens the structure
of the bone and lowers the load capacity.* This enlarges the chance on further
damage. Due to increased vascularization, catabolic cytokines reach the joint more
easily, propelling the detrimental attempt of repair. The condition of the supplying
vessels is also important for the joint. Atherosclerosis has a strong connection
to OA.* The supplying vessel needs a minimal throughput to nourish the joint
and prevent hypoxia and malnourishment. Additionally, cytokines released by
the vascular wall of supplying vessels may impact joint. In atherosclerosis, VEGF
and InterLeukin-6 are examples of upregulated cytokines."”*® Both cytokines are
associated with OA. If they are upregulated in the supplying vessels they will pass
through the joint and possibly disrupt the pro-, anti-inflammatory balance.**** It is
difficult to study the relationship between vascular disease and OA, as risk factors
strongly overlap. Furthermore, immobility and inflammation caused by OA may
have an aggravating effect on vascular damage. Therefore, it will be hard to define
causal pathways.

Heredity has a strong influence on the risk for OA, with an estimated heritability of
different types of OA ranging between 45 and 75%.> Until now, 30 genomes have
been identified.>** These genomes give insights into possible molecular pathways
in OA, and may also be used in stratifying OA patients.
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Figure 1. A schematic illustration of structural changes in the different tissues involved in OA. From
left to right, a healthy, early OA and end-stage OA joint are depicted. In early OA, initial cartilage (blue)
and meniscal damage (gray) induces angiogenesis (red) and synovitis (pink). Inflammatory cytokines
disrupt the joint homeostasis. Microcracks in the subchondral bone (yellow) cause the bone to remodel,
resulting in a thinner and more porous subchondral plate. As a reaction to angiogenesis and erroneous
loading, osteophytes grow. In end-stage OA, the cartilage is damaged further by a combination of
erroneous loading and catabolic cytokines. Regions of bare subchondral bone result and intra-osseous
cysts (white) develop. The meniscus is extruded from the joint, osteophytes further develop along with
tendinitis (purple). The joint widens and range of motion is limited. As physical activity declines, the
bones become osteopenic.

Phenotyping in OA

Phenotypes may be used to stratify patients based on both pathological pathways
and distribution of OA throughout the body. The idea of phenotypes in OA is
becoming more and more accepted, but definitions of phenotypes are still in
their infancy. An example of an OA phenotype is the active subchondral bone
phenotype. A proposed candidate biomarker for active structural degradation of
the subchondral bone is the bone marrow lesion (BML). BMLs can be visualized
on MRI scans as hyperintense lesions in the subchondral bone on T2-weighted
sequences. Only little is known on what BMLs are exactly. They are associated to
the presence of pain in OA and are highly predictive of future cartilage loss and the
need for surgical joint replacement.>**> BMLs show angiogenesis and high bone
turn-over in histology.*® Therefore, BMLs may be indicative for a phenotype of
OA in which structural degradation of the subchondral bone is a driving pillar.
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Laslett et al. used this phenotype in a RCT testing the effect of bisphosphonates on
knee OA.”” A single infusion of 5mg of zoledronic acid reduced pain and BML size
compared to placebo at 6-month follow-up.

Phenotypes as suggested by Karsdal et al in 2014 divide OA patients based on
the main pathologic driver: cartilage; bone and synovitis.”® However, they pose
the problem that phenotypes may rather stratify disease stages as opposed to
difference between pathological pathways. Herrero et al. suggest in their 2016
review, that four clinical phenotypes of OA exist: biomechanical; osteoporotic
(estrogen dependent); metabolic and inflammatory.”® Dell'Isola et al. wrote a
systematic review on evidence for phenotypes in 2016 and suggests six phenotypes,
namely chronic pain; inflammatory; metabolic syndrome; bone and cartilage
metabolism; mechanical overload and minimal joint disease.® In a subsequent
study, their group managed to phenotype 84% of 599 knee OA patients of the
OsteoArthritisInitiative Database. 20% of the cases fitted into multiple phenotypes
and were labelled “complex” OA. This shows the feasibility of phenotyping in knee
OA in a longitudinal database." Mobasheri et al. suggest that phenotyping alone
might not be enough and that aim should be to find endotypes for OA.®> Endotypes
differ to phenotypes, as an endotype is also a subtype of a disease or condition, but
is defined by a distinct functional or pathobiological mechanism. A phenotype
that starts as biomechanical driven, may transfer into a more inflammatory
phenotype in later stages of the disease, particularly in obese individuals. Such
complete disease pathways may define OA endotypes. Patients within certain
endotypes may present themselves at different disease stages in clinical care, and
phenotypic characteristics may overlap at that point. Therefore, it will be a major
challenge to define endotypes in OA. The first step will be studying the natural
course of different phenotypes in OA and develop selection and follow-up criteria
for OA phenotypes. It will be important to position the pathophysiological
mechanisms within a specific joint in relation to age, sex, and systemic conditions
or comorbidities, but also to OA in other joints.

Diagnosis

In clinical care, knee and hip OA are mainly diagnosed through anamnesis, physical
examination and standard radiography. An age of 45+ years, activity related pain
and morning stiffness are the most important hints.®* A decline in range of motion,
crepitation, tenderness of the joint line and broadening of the joint can be assessed
during physical examination. Imaging plays a key role in the diagnosis, research
and treatment of OA. On standard radiographic exams the classic signs of OA are
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joint space narrowing, osteophytes, subchondral sclerosis and in later stage joint
deformation. Standard radiography is the most widely used modality for OA. It
is a quick and cheap technology, easy to acquire and easy to interpret. Additional
imaging in the form of MRI scans, CT scans or ultrasound are usually not routinely
used in clinical care to evaluate OA, but may help in diagnosing ligamentous or
meniscal lesions.

In research, the radiographic criteria described by Kellgren and Lawrence are
the most popular with a cut-oft point of 22 resembling OA.®* The drawback of
this and similar criteria is that they are very well at defining end-stage disease,
where different pathological pathways eventually come together. However, in early
disease, where patients may still be phenotypable, these systems lack in sensitivity
and specificity.®** These radiographic scores have a limited reproducibility,
are insensitive to changes, and have a moderate correlation to arthroscopically
assessed cartilage damaged.®” Furthermore, the correlation between clinical and
radiographic criteria is not always consistent.®® Criteria that combine clinical
criteria with radiographic features, such as the ACR criteria, suffer from similar
problems as their radiography-only counterparts.® MRI based scores such as the
semi-quantitative MOAKS, quantitative cartilage volume and T2-mapping are
promising techniques that can adequately measure degradation of the joint, but cut-
offs for disease vs healthy/normal do not exist. OA is often a polyarticular disease
and OA criteria focus only on one joint or group of joints. Altman et al. proposed a
grading system for hand, knee and hip OA, using similar criteria based on standard
radiography.”” However, many joints are not included in their criteria. Information
on the burden of OA in different joints within a patient, using a standardized and
uniform method, can be very valuable in the process of phenotyping OA patients.
Especially, when systemic biochemical markers are used, as the levels of these will
be influenced by the OA process in all joints.

Treatment

The treatment of OA should have a holistic approach.®*”" OA has a different impact
on each individual. The disease may affect a range of different joints, follow different
pathological pathways, and vary between stable and fast progressive phases. On
the other hand, each patient has different demands of their joints. For example.
a 28-year-old, elite athlete with post-traumatic OA symptoms will have different
requirements of his knee compared to an 88-year-old pensioned epicurean.

Evidence-based non-surgical therapies in OA are self-management and education,
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weight loss, supervised exercise therapy, injury prevention, walking aids, pain
medication, oral, topical and intra-articular anti-inflammatory drugs.”> All these
therapies have proven to lower symptoms and increase physical functioning.
However, these are mainly based on a one-size-fits-all principle, and do not
tackle specific pathogenic mechanism in the OA cascade. Subsequently, structural
degradation of the joint is not prevented. Bracing may slow structural progression
by unloading the diseased part of a joint, for instance the medial compartment in
varus knee OA. 7 However, functional braces are often uncomfortable and irritate
the skin, causing non-compliance in patients.” No true disease modifying drug for
OA exists today.

Surgical treatment may alter the structural progression of OA. In the previous
century, many arthroscopic surgeries were performed in OA knees. Degenerative
meniscal tears were excided in addition to debridement and lavage. An RCT in
2002 was a big game changer, showing no beneficiary effect of these interventions
as opposed to sham surgery.”” Later studies confirmed that a partial meniscectomy
in OA patients shows no benefit over physical therapy.’>”” Prevention of knee OA
in patients with cartilage defects may be reached by surgical therapies as micro
fracture or autologous chondrocyte implantation.”® In patients with instability of
the knee due to an ACL tear, ACL reconstruction may reduce the risk for OA, but
will not fully eliminate the increased risk. 7 In patients with femoral acetabular
impingement (FAI) due to a Cam or pincer lesion, it is thought arthroscopic
resection of the bone may postpone the onset of OA.** However, trails to back
this theory are still lacking. A specific subpopulation with OA symptoms may
benefit from correctional osteotomies. These are performed for malaligned
hips, ankles, feet and knees and are one of the few options to intervene with the
structural degradation in a partly OA joint. The osteotomy aims to partially unload
the diseased part of the joint, and transfer more load through the healthy part
of the joint. High tibial valgus osteotomies for unicompartmental medial knee
OA was the most popular osteotomy for OA in recent years.® This procedure is
mainly useful for active young non-obese patients with early OA of the medial
knee, a healthy lateral compartment and varus alignment of the lower extremity.
The alignment is measured on a Whole Leg Radiograph (WLR) and the surgical
procedure is planned to correct to knee to a certain amount of valgus alignment.
The amount of correction should be planned according to the type of patient.
Early OA patients with a high demand sports activity may benefit from a smaller
correction as opposed to more progressed OA patients with sports activities being
limited to walking and cycling. In nine out of ten patients a surgical replacement
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of the joint can be prevented for over ten years.*” However, the post-operative
recovery is challenging with a minimal period of 6 weeks of partial and an average
return to work at 17 weeks.®

Most surgical procedures in OA joints involve replacing (a part of) the joint. While
joint replacements have a very good effect on patient reported outcomes, they can
also be seen as an internal amputation.> While low in prevalence, complications
can have devastating consequences including 2-stage revisions, in which the
patient will live with a temporal joint made from cement for 6 weeks. Furthermore,
the joint prosthesis will wear over time and the only solution to fix wear is revision
surgery. Revision surgery is accompanied with higher complication rates, higher
costs and longer recovery periods compared to initial joint replacement surgery.

Challenges

Due to a great socioeconomic impact and a lack of disease modifying drugs for
OA, there is a major unmet need. Pharmaceutical companies gave up on OA due
to many costly development lines that resulted in failed trials. Four underlying
problems hamper efficient treatment trials in OA.

First, OA progression rates are very heterogeneous. Symptoms and structural
radiographic parameters slowly progress over years. Some patients will experience
sudden rapid progression, but it is very hard to predict which patients progress
and during what period. Biomarkers to select candidates that will show diseases
progression within a manageable trail duration of several years are lacking.** When
only a small portion of trail candidates will progress without treatment, it is hard to
show a treatment effect. Furthermore, accurate progression of OA progression may
help to indicate “early OA” patients, without evident structural damage. In general,
treatments are more effective in early disease.

Second, clinical trials rely on insensitive outcome measures. The journey from the
first OA symptoms to a destructed joint might take decades. For example, the FDA
does not accept surrogate biomarkers for structural progression of OA outside
of radiographic joint space narrowing. Joint space narrowing is insensitive for
change over a period of one or two years. Work has to be done to validate surrogate
biomarkers for structural OA that allow trials of manageable duration.®

Third, our understanding of the pathology is limited. While important risk factors
and disease processes are elucidated, many remain to be explored. New techniques
in genetic sequencing, transcriptomic, proteomic, metabolomic analyses, 7 Tesla

20



General introduction and thesis outline

MRI, gait analysis etcetera give us the opportunity to further enlighten pathological
pathways. However, innovative use of existing techniques to explore the disease
should not be abandoned.

Fourth, development plans frequently used a one-size-fits-all principle. While the
clinical and structural presentation of end-stage OA is fairly uniform, heterogeneous
pathological mechanisms are active in earlier disease stages. Most pre-clinical
studies focus on treating only a single or a small number these mechanisms. If
only a specific mechanism is countered and the treatment is tested in a clinical
study using a “generic OA” population, it will have no effect in participants with
different pathophysiologic mechanisms. This will dilute the true treatment effect.
A solution would be to cluster pathophysiologic mechanisms into phenotypes (i.e.
trauma induced, deteriorating subchondral bone, inflammatory induced etc) and
test treatments only in patients with the corresponding phenotype. However, to
date we do not have clear-cut phenotypes, let alone biomarkers to identify these
phenotypes.

The APPROACH project aims to tackle these four problems for knee OA. This
project is a cooperation between pharmaceutical companies, the European Union
and university research teams. First, the data of big OA cohort studies was bundled
for data mining. The goal of the data mining process was to develop an algorithm
to select patients with a high probability of structural and/or pain progression.
This algorithm was then used to include patients into a prospective cohort that
includes almost all established biomarkers and heaps of novel biomarkers. These
biomarkers will be collected together with patient reported outcome measures,
physical exams and function tests during a two-year period. First at baseline,
later at six-month follow-up and finally at two years. The period between baseline
and six months will be used to find rapidly changing surrogate biomarkers for
structural and pain progression at two-year follow-up. The prediction algorithm
for structural and pain progression will be validated and refined. Furthermore, OA
phenotypes based on the biomarkers will be described and biomarkers to select
these phenotypes in future trials will be validated. Finally, it will be an enormous
library with state-of-the-art data. An incredible chance to answer the abundance of
research questions that remains.
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Outline of this thesis

There remains much to be studied and learned in OA. In a single thesis, we will
not cure the disease, but hopefully make steps forward. This thesis has two parts.
First, we focus on new imaging techniques to add to our toolbox for studying OA
in patients. Second, we look into less studied pathological mechanisms in OA and
try to find overlap with other diseases.

Part I: Developing new imaging techniques to analyze OA in patients

Alignment of the lower extremity plays a pivotal role in knee OA. The alignment is
historically measured as the mechanical Hip-Knee-Ankle angle (HKAA) on Whole
Leg Radiographs (WLR). An easy to use, validated protocol to assure reproducible
and accurate WLRs is lacking. In Chapter 2, we study the importance of patient
positioning and X-ray beam height on the measured HKAA. Additionally, we
propose a protocol for reproducible WLRs based on our findings. In Chapter 3, we
study the reproducibility of the proposed protocol. While HKAA measured from
WLRSs is the gold standard for measuring lower extremity alignment, many OA
cohorts lack this information. This is because WLRs require specialized equipment,
trained personnel and cost more money compared to standard radiographs. In
Chapter 4, we demonstrate how the Femoral-Tibial angle can be used to assess
lower extremity alignment when WLRs are missing.

Uniform criteria to quantify OA throughout the body are lacking. However,
information on total body OA status in research participants can be valuable. For
instance, when studying the relationship between systemic biochemical markers
and the progression of knee OA. Systemic biochemical markers are not joint specific.
Once they are in the bloodstream, degradation markers origination from the hip
are inseparable from degradation markers originating from the knee. Comparably,
patient reported outcomes (e.g. EQ5D) and performance test (e.g. Timed Up and
Go test) do not discriminate a bottle neck joint. In Chapter 5 we describe how
we developed and tested the OACT-score (OsteoArthritisComputedTomography-
score) in order to quantify structural OA throughout all large joints and the spine.

Part Il: The multifactorial pathways to OA

Plain radiography is a cheap, fast and widely available modality to image joints.
Standard radiography mainly excels in depicting boney changes in OA, but
surrogate measures like joint space narrowing may give additional information on
other tissues. Therefore, results of OA are cleary visualized on standard radiographs.
However, it would be very worthwhile to be able to predict structural OA before
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classic radiographic changes are visible. A tool used to predict the incidence of
knee OA, in such cases, is bone texture analysis.®* Additionally, bone texture
can be used to predict progression of knee OA in defined OA cases.®”%* Texture
is a property that is hard to comprise in words, but seen intuitively in images as
being coarse, grainy, rough, smooth or homogenous (Figure 2). Bone texture
analysis can be used to quantify the subchondral bone and the resulting numbers
are correlated to the density, arrangement, porosity and integrity of the trabecular
bone.”**” Only a small (n=14) study was performed using bone texture analysis
in hip OA. Papaloucas et al. showed that bone texture parameters change in 18
months in hip OA patients.”® In contrast to knee OA, the value of bone textures
parameters in predicting the incidence or progression of hip OA was not studied.
In Chapter 6, we test the added value of bone texture parameters next to classic OA
predictors to predict hip OA at ten-year follow-up.

Figure 2. Differences in textures can be seen intuitively.

Baseline morphological variations of the hip are associated with the incidence of
hip OA. However, the progression of hip OA changes the shape of the hip joint. We
know that some morphological variations, such as the cam-lesion and hip dysplasia,
originate in children.”'® Therefore, they can be seen as predictor or initiator of
pathophysiologic mechanisms in hip OA. However, for other morphological
variations, such as a varus femur or pincer impingement, it is unclear whether
the morphological variation initiates the OA cascade or is a result of it. A classic
chicken and egg dilemma. In Chapter 7, we try to unravel which morphological
variations originate before structural changes of OA and which morphological
variations can be deemed as a result of OA.

The spine, pelvis, hip and knees are connected as a chain and transfer loads
from the head and torso to the lower extremities. The spinopelvic alignment and
morphology will impact the loading and shear stress on the intervertebral discs
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and the hip joints. Additionally, if the pelvis is tilted, the acetabular joints coverage
of the hip joint may change, together with the subsequent risk for impingement.
Pelvic tilt may also affect the location of loads in the hip joint. In Chapter 8, we
study the role of the sagittal spinopelvic alignment and morphology in hip and knee
OA and lumbar spine degeneration. In Chapter 9, we explore the role of sagittal
spinopelvic alignment and morphology on clinical and radiographic parameters of
hip joint impingement.

Multiple studies showed associations between morphological variations of the
hip and the incidence of hip OA."" However, the added value of morphological
variations on top of classic predictors of hip OA remains to be determined. In
Chapter 10, we develop the Shape-Score, a score based on the morphology of the
hip on standard radiograph, to predict hip OA. We test the added value of the
Shape-Score besides baseline characteristics, clinical parameters and standard
radiographic scores to predict hip OA at eight-year follow-up.

Tissue vascularization plays an important role in many diseases. As stated earlier,
pathological mechanisms in atherosclerosis and OA overlap. Arterial calcifications
in the lower extremity are clearly visualized on standard radiography. They are
related to cardiovascular morbidity and mortality on a patient level and the severity
of local atherosclerosis.''®® Understanding the relationship between vascular
health and OA may guide towards new treatment targets for OA. In Chapter 11,
we investigate the association between incidence of arterial calcifications and
incidence of radiographic knee and hip osteoarthritis. This study was performed
on both a patient-level and local-level per joint.

Pseudoxanthoma Elasticum (PXE) is a rare genetic disease caused by mutations in
the ABCC6-gene. It causes skin lesions, retinal cracks, and vascular calcifications.
In our hospital we noticed multiple patients were complaining about pain in
their joints. As OA is the most common cause for joint symptoms, we aimed to
study whether PXE patients have a higher prevalence of OA compared to hospital
controls. Validating this clinical finding may open up a new research possibility
towards pathways in OA. In Chapter 12, we investigate whether patients with PXE
are more at risk for developing osseous signs of OA.
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Table 1. Research aims

Part I
Developing new imaging techniques to analyze OA in patients

Chapter 2

Chapter 3

Chapter 4

Chapter 5

(I) To find the effects of leg rotation, knee flexion and altering X-ray beam heights on
the measured Hip-Knee-Ankle angle.
(IT) To implement these findings into a new Whole Leg Radiography protocol.

To test the reproducibility of the newly implemented Whole Leg Radiography
protocol, using a test-retest principle.

(I) To develop an automated image analysis pipeline to measure the Femoral-Tibial
angle from a standard knee radiograph.

(IT) To analyze the performance of various Femoral-Tibial angle definitions in
predicting the Hip-Knee-Ankle angle as measured on a full-limb radiograph.

(I) To develop a reliable scoring system for assessing structural osteoarthritis burden
in large joints and the spine.
(IT) To demonstrate the inter-observer reliability of said scoring system.

Part I1
The multifactorial pathways to OA

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

Chapter 12

To assess the ability of radiography-based bone texture variables in proximal femur
and acetabulum to predict incident radiographic hip OA over a ten-year period.

To investigate morphological variations of the hip joint and to explore whether they
are the cause or a result of hip OA.

To explore the relationship between sagittal pelvic morphology and the development
of the most common degenerative lumbar, hip, and knee pathologies, and the
corresponding clinical outcome scores.

To evaluate the relation between sagittal pelvic morphology in relation to hip-joint
anatomy and range-of-motion, and the onset of radiographic signs of FAI and hip OA

To develop an automated workflow based on hip shape to improve personalized risk
prediction for hip OA.

To investigate the association between incidence of arterial calcifications and
incidence of radiographic knee and hip OA.

To investigate whether patients with Pseudoxanthoma Elasticum are more at risk for
developing osseous signs of OA.
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Abstract

Background and aim

Lower limb malalignment is a major risk factor for knee osteoarthritis (OA)
and is mainly diagnosed using the Hip Knee Ankle Angle (HKA). Therefore,
accurate HKA measurements are indispensable. We aimed to study the effects of
knee flexion, leg rotation, and X-ray beam height on the accuracy of the HKA
measurement. We aimed to convert our findings into a guideline for obtaining
whole leg radiographs (WLR) in favour of accuracy and reproducibility.

Methods

An in vitro experiment was designed using sawbones (in 5° varus) of the whole
lower limb, fixated in different leg rotation angles, knee flexion angles, HKAs and
three different X-ray beam heights.

Results

The HKA measurement error was 1° per 20° of leg rotation without flexion
(p<0.01). When 5° of flexion was added, the HKA measurement error was 0.8° per
20° rotation (p<0.01). When the leg was in 15° flexion, the HKA measurement error
was 4° per 20° rotation (p<0.01). X-ray beam height did not cause any significant
measurement errors (p=0.348).

Conclusion

This study showed that leg rotation only can lead to clinically relevant measurement
errors when exceeding 9°. When there is 15° of knee flexion and leg rotation the
error becomes approximately 3°. Varying X-ray beam heights within a range of 10
cm does not affect the accuracy. Based on these findings, we propose guidelines for
system setup and patient positioning during a WLR that is easy to apply and aims
at minimizing errors when measuring the HKA.

38



The Need for a Standardized Whole Leg Radiograph Protocol

Introduction

Osteoarthritis (OA) is a common and disabling condition, with worldwide
estimates suggesting that 500 million people are currently affected.! OA is a
multifactorial joint disorder, associated with changes to all tissues in the knee joint,
causing pain, stiffness, deformity, and disability.” Malalignment of the lower limb
(varus or valgus) is an important aetiology of OA. The gold standard for diagnosing
malalignment is weight-bearing whole leg radiography (WLR), on which the hip
knee ankle angle (HKA) can be measured.** Accurate leg alignment diagnosis is
of most importance when OA patients are indicated for total knee arthroplasty or
realignment surgery.>® WLRs form the basis for a reliable pre-operative plan for
osteotomies.’

Patient positioning during WLRs is an inducer of HKA measurement errors. Known
affecters are: knee flexion and extension, foot rotation, hip rotation, weight-bearing,
and foot positioning.”** Multiple WLR protocols have been suggested, the one by
Paley and Herzenberg being the most popular.*>!*'* In this protocol, the patellae is
used as key landmark to determine the true antero-posterior (AP) plane. Heavily
relying on the skillset of each X-ray technician, pointing a slightly convex patella
bone straightforward.>'¢ Other important aspects such as upper body positioning,
imaging system setup (X-ray source height, distance, and calibration tools), and
patient instructions (foot positioning and weight-bearing) are not described by the
protocol.® This method is even more difficult after total knee arthroplasties, with
reported HKA measurement errors up to 3.5°.!*!” Thereby, patellar malalignment
is quite common in cases of arthritic knees with a varus malalignment, biasing the
HKA measurement when aligned on the patella.'®

Reproducibility of HKA measurements performed on WLRs is very high.”
However, there is little evidence on the test-retest reproducibility of obtaining
WLRs. Odenbring et al. performed a test-retest study of the measured HKA on
a very small scale including 8 lower limbs, with a mean difference of 1.3°.*° Even
this group made use of a meticulous method to determine the AP plane in every
individual, by obtaining a lateral radiograph where the posterior aspects of the
femoral condyles should be superimposed. *

Next to patient positioning, the height of the X-ray beam may also impact on HKA
accuracy.” Katsui et al. reported measurement errors of the tibial medial malleolus
angle and the tibial bimalleolus angle (ankle joint) on weight-bearing radiographs,
due to different positioning of the X-ray beam angles.?? Errors could be up to 2.4°
when the projection angle differed 10°.%
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Inaccurate HKA measurements caused by the lack of standardization can result
in misdiagnosis, inaccurate preoperative planning, and erroneous assessment
of achieved surgical corrections (rubbish in is rubbish out). The radiographic
technique should be consistent and accurate, with a desired accuracy of 0.45°,
reported by Jones et al., as the needed wedge accuracy to achieve target corrections
in high tibial osteotomy.?

Therefore, the purpose of the current study is to find the effects of leg rotation, knee
flexion and altering X-ray beam heights on the measured HKA. These results can
be used to improve current guidelines for obtaining WLRs with improved accuracy
and reproducibility of the measured HKA.

Methods

Materials

Solid foam sawbones (Sawbones Europe AB, Malmoe, Sweden) representing a left
leg, including one femur, tibia, fibula, talus, calcaneus, and forefoot were used.
The model had mean femoral anteversion of 15° and tibiofibular torsion of 30°.2+*
Metal spheres of 4 mm were placed in the femoral head, tibial spines, and talus,
representing the landmarks for HKA measurement to ensure reproducible image
analysis. Two Kirschner wires were implanted in the tibia and femur representing
the Akagi line and the transepicondylar line (Figure 1), used as landmarks for the
AP plane.”

Akagi’s line
PT
attachment

il

Medial PCL attachment Lateral

Figure 1: Akagi line runs from the centre of the posterior cruciate ligament (PCL) insertion to the
medial border of the tuberosity. The femoral transepicondylar (TEA) is projected on the tibial surface.*
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An Ilizarov frameset fixated the sawbones in a predetermined position, in such a
way that the HKA was 5° varus or valgus and the knee flexion could be adjusted
between 0 to 15°.% The setup is illustrated in Figure 2.

Figure 2: Measurement setup in the projection radiography room.

Radiography system

This study used a Philips DigitalDiagnost v4.0, with a fixed X-ray beam height
during acquisition where the source pivoted and aimed towards the upper, middle,
and lower parts of the limb. The fixed distance between the detector plate and
X-ray beam source was set to 265 cm. The X-ray settings were equal to the protocol
for scanning patients with kV set at 81 and varying mAs. The radiographic
system contained a laser pointer (at the X-ray beam source) directed to the lead
measurement tape indicating the X-ray beam height.

First a reference radiograph, as shown in Figure 3, was made with the sawbone
model set to 5° varus, 0° leg rotation, and 0° knee flexion, with X-ray beam height
centred on the joint space. From this reference position, different combinations of
leg-rotation (from -10° to 10°), knee flexion (from 0° to 15°) and X-ray beam height
(from 0 cm to 10 cm) were applied. Rotation of the leg was described as positive
(external) and negative values (internal). The different parameter variations are
listed in Table 1.
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Figure 3: Whole leg radiographs exported from PACS image viewer.

Table 1. Parameter variations in the experiment.

Varus/Valgus  Leg rotation Knee flexion  X-ray beam height
5° varus 0° 5% 10°-5% -10° 0% 5°%15° Knee-joint, 5cm above, 10cm above
5° valgus 0% 5° 10° -5° -10° 0° Knee-joint, 5cm above, 10cm above
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Hip-Knee-Angle measurement

HKAs were measured with one decimal place, using PACS IDS7 19.3 (Sectra AB,
Linképing, Sweden) by annotating the metal spheres in the femoral head, tibial
spine, and talus. Mechanical lateral distal femoral angle (mLDFA) is the lateral
angle formed between the mechanical axis line of the femur and the knee joint line
of the femur in the frontal plane.’ This study did not include mechanical medial
proximal tibial (mMPTA) angles for analyses. The setup did not allow the tibial
sawbone to flex.

One observer (CN) rated the images twice randomly on independent moments
with one week in between, to obtain intra-observer reliability. A second observer
(WG) measured the HKAs of the 5° varus radiographs to obtain inter-observer
reliability.

Statistical analysis

The relationship between the measured HKA and knee flexion and/or leg
rotation was determined using multivariable and univariable linear regression
(SPSS version 25.0, Chicago, IL, USA). The intra-observer reliability was tested
for agreement using a two-way mixed Intraclass Correlation (ICC) for absolute
agreement. A two-way random ICC for absolute agreement was used to test the

inter-rater agreement.

Results

Intra- & inter-rater reliability

The HKA ICC for intra-observer reliability was perfect 1.000 (95% CI 0.999 -
1.000) and excellent for the mLDFA 0.993 (95% CI 0.986 - 0.996). The HKA inter-
rater reliability was nearly perfect with an ICC of 0.999 (95% CI 0.998 - 0.999).

Effects of beam height, knee flexion and leg rotation

Multivariable linear regression analyses of leg rotation and knee-flexion on the
measured HKA and mLDFA resulted in excellent significant correlations. Both
knee flexion (within the range 0° to 15°) and leg rotation (within range -15° to 10°)
showed a linear relationship with the measured HKA and mLDFA (Figures 4 and 5).
Knee flexion and leg rotation had a significant interaction (p<0.001), meaning that
the effect of leg rotation is affected by the amount of knee flexion and vice versa.
External leg rotation in combination with flexion caused the HKA and mLDFA to be
overestimated with greater errors under higher flexion (Figure 4 and 5). Leg rotation
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Figure 4: Scatterplot of the measured HKA (on 5° varus model) for knee flexion angles (upper figure)
and leg rotation angles (lower figure). Each measurement was performed using three different X-ray
beam heights, which are the different markers on the same leg rotation and knee flexion combinations.
Multivariable linear regression analyses of leg rotation and knee-flexion on the measured HKA showed
excellent significant correlations (p<0.001). Leg rotation alone affected the measured HKA significantly

(p<0.001).
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Figure 5: Scatterplot of the measured mLDFA (on 90° mLDFA model) for knee flexion angles and
leg rotation angles. Each measurement was performed using three different X-ray beam heights,
which are the different markers on the same leg rotation and knee flexion combinations. Multivariable
linear regression analyses of leg rotation and knee-flexion on the measured mLDFA showed excellent
significant correlations (p<0.001). Leg rotation alone affected the measured mLDFA significantly

(p<0.001).
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height of 5 cm (p = 0.695) and 10 cm (p = 0.424) above knee joint did not influence the measured HKA
on a significant scale. Also, X-ray beam height of 5 cm (p = 0.549) and 10 cm (p = 0.093) above knee
joint did not influence the measured mLDFA on a significant scale.
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alone affected both the measured HKA and mLDFA significantly (p<0.001). X-ray
beam height of 5 cm (p = 0.695) and 10 cm (p = 0.424) above knee joint did not affect
the measured HKA and mLDFA on a significant scale (Figure 6). Also, X-ray beam
height of 5 cm (p = 0.549) and 10 cm (p = 0.093) above knee joint did not affect the
measured mLDFA on a significant scale.

Discussion

This study showed that leg rotation alone can lead to clinically relevant measurement
errors when exceeding 9°. When 15° knee flexion was combined with 15° leg
rotation the HKA measurement error became 3°, thereby grossly exceeding the
desired osteotomy accuracy of 0.45° of wedge opening.” Different X-ray beam
heights did not affect the measured HKA, regardless of flexion and rotation.

Significant effects of leg rotation on the measured HKA were expected and our
results correspond with previously published literature.*>'° Radtke et al. conducted
a study using sawbones and found a similar effect of leg rotation, with 0.0558°
measurement error as a result of 1° leg rotation, which is about the same as the 1°
measurement error per 20° of leg rotation reported in our study.'® Brouwer et al.
conducted a comparable study investigating the relationship between leg rotation,
knee flexion and their effect on the measured HKA. Knee flexion was manipulated
to a cadaver leg with a transepicondylar rod to control leg rotation.® They concluded
that the measured HKA is only significantly affected when leg rotation and knee-
flexion are combined.® But our research showed that there are already clinically
relevant effects of leg rotation even with full knee extension. Indeed, when knee
flexion was combined with leg rotation the HKA measurement error turned out
to be huge. The difference could be explained by the fact that Brouwer et al. only
described the HKA in whole degrees.® But we aimed to be precise on a tenth of a
degree, which means that the desired osteotomy accuracy of 0.45° is achievable.”

Both Radtke et al. and Brouwer et al. did not report the possible effect of different
X-ray beam heights on the HKA measurement error.*'* We investigated the possible
effects of using different X-ray beam heights on the measured HKA, which showed
no significant effects. Meaning in clinical care it is not necessary to standardize
X-ray Beam Heights to obtain reliable and reproducible WLRs.

Pre-operative planning of lower limb osteotomy surgery requires insight in the
mechanical medial proximal tibial angle (mMPTA) and the mechanical lateral
distal femoral angle (mLDFA).? This study analysed the behaviour of mLDFA, and
the results were comparable to the HKA measurement errors. Greatest mLDFA
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measurement errors occur when the knee is flexed in 15° and combined with 10°
leg rotation, with approximately the same 3° discrepancy. Unfortunately, due to the
hinge setup used in this study, only the femur could move in the sagittal plane and
therefore mimic knee flexion. The tibia was fixed in the sagittal plane, leading to the
exclusion of mMPTA measurements in knee flexion and leg rotation conditions.
This study also included measurements performed on a 5° valgus stance. The same
effect was observed in terms of the effect of knee flexion, leg rotation, and X-ray
beam height on the measured HKA when the model was in 5° varus.

Cooke and Sheehy proposed a WLR protocol with the purpose of eliminating leg
rotation, at the same time accounting for torsional deformity of the tibia."* They
proposed that practitioners align each leg using a rotating platform for each foot.
Each platform would be fixed to a certain amount of rotation, determined by flexing
the knee and observing the frontal plane while making sure that the flexion plane
is in line with the X-ray beam." Making it very time-consuming and impractical,
while this method heavily relies on the skillset of each practitioner.”” The Paley
and Herzenberg protocol is prone to non-reproducible radiographs, as it relies on
the skillset of different X-ray technicians to rotate the knee (using the patellae)
the same way as in clinical care.?® Also, patellar malalignment is quite common
in arthritic knees, especially in cases with varus deformities.'"® The Paley and
Herzenberg protocol is even more difficult in cases with total knee arthroplasties,
with HKA measurement errors up to 3.5°.!” Probably postoperative swelling and
misleading surgical incisions, caused technicians difficulties to exactly centre the
patella. Another important finding of this study is the overall average internal
rotation of the lower limbs on WLRs, as the patella is located slightly lateral.
Centring the patella as instructed in the Paley and Herzenberg protocol requires
an internally rotated lower limb."”

WLR acquisition guidelines should focus on eliminating leg rotation to minimize
the possible effect of knee flexion and account for the mean tibial rotation. It
should deliver reproducible radiographs, while being quick and easy to perform
by X-ray technicians with fixed positioning for the feet and leg rotation. Firstly,
a consensus is needed on which anatomical about which anatomical landmark is
easy to define and useable for knee joint rotation assessments. A viable landmark to
define proximal tibial rotation on CT scans is the Akagi line, which can represent
the antero-posterior alignment of the knee joint.* Unfortunately, this line cannot
be determined during a physical examination. But the angle between the Akagi
line and longitudinal axes of the feet in neutral stance is around 10°.>%%3* We
believe that aligning each knee straightforward using anatomical landmarks as the
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patella, malleoli, or condyles based on experiences of the x-ray technician is very

prone to inconsistencies and will result in measurement errors.'*!”!8

For reproducible WLR acquisition, we propose that patients are positioned in
maximum knee extension, which is more straightforward to apply by X-ray
technicians compared to a certain knee flexion angle. The feet are pointed outwards
with 10° of rotation and with 10 centimetres between the centre of their heels. The
angle of 10° is situated between the longitudinal axes of the foot.?**-** Practitioners
thereby control the hip rotation, by placing the upper body in a straightforward
position.”®**"* No handlebars or supports are allowed to ensure full weight-
bearing. **** The practitioners additionally instructs the patient to distribute the
weight equally over both leg.”** Each WLR is made bilaterally and remarks about
the acquisition should be annotated in the radiograph. We started a test-retest
study, aiming to describe the scan rescan reproducibility of the proposed WLR
positioning protocol.

Aligning the feet at 10° to define the antero-posterior alignment does not account
for individual variances in tibiofibular torsion and femoral anteversion. However,
the standard deviation of tibiofibular torsion and femoral anteversion within the
population of both angles is below 9°, which means that approximately 68% of the
patients show rotational variances below 9°.*** Our results show that leg rotation
up to £9° causes a +0.45° difference in measured HKA, which is an acceptable
error in a medial open wedge high tibial osteotomy.®'**** This rule of thumb is also
substantiated by results of Kawahara et al. and Jud et al.*** But with the proposed
guidelines we aim on a more reproducible basis for obtaining WLRs. This benefits
the post-operative assessment of realized lower limb osteotomies and future studies
relying on reproducible WLRs.

When there is a suspicion of a large lower limb torsional deformity (tibia and/
or femur), we suggest using 3D imaging techniques in the work-up. Indications
for rotational errors on an AP knee radiograph are no (or too much) tibia-fibular
overlap and femoral condyle asymmetry.”” When using the proposed protocol
with fixed feet, the left and right knee should be presented in the same manner.
In cases with differences between left and right, further analyses for possible
rotational deformities should be conducted. Also, when there is a suspicion of a
hyperextension or a fixed flexion deformity during physical examination, the WLR
becomes unreliable.

Our study has many limitations. First, our model could not represent the knee
joint kinematics in terms of soft tissue compression and tension. During knee
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flexion, knee joint kinematics are complex due to muscle contractions and
ligament tensions. Our sawbone model did not incorporate these parameters
and the influence of weight-bearing. However, we tried to mimic the knee-joint
articulation by positioning the hinge points of the Ilizarov frame slightly above
the knee-joint (on Blumensaat line).*® We checked every position with a frontal
antero-posterior for varus alignment and a sagittal radiograph for flexion. Future
research should also consider the role of hyperextension in lower limb alignment
measurement errors. Second, leg rotation was simulated by rotating the whole
sawbone model. In reality, the lower limb has multiple bones and joints which
can cause or compensate for leg rotation. Both the ankle and femoral joint can
rotate internally/externally. Third, we did not include the mechanical tibia angle
as described by Paley, due to model limitations.” Future studies should investigate
the reproducibility of positioning protocols, including the standard measurement
protocol proposed by Paley. Fourth, our model did not include the patella, which
is important in the WLR protocol of Paley.

Conclusion

This study showed that leg rotation only can lead to clinically relevant measurement
errors when exceeding 9°. When there is 15° of knee flexion and leg rotation the
error becomes approximately 3°. Varying X-ray beam heights within a range of 10
cm does not affect the accuracy. Based on these findings, we propose guidelines for
system setup and patient positioning during a WLR that is easy to apply and aims
at minimizing errors when measuring the HKA.
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Abstract

Background and aim

Whole Leg Radiographs (WLR) are the gold standard for diagnosing malalignment
and for pre-operative osteotomy planning. A widely accepted standardized
protocol for patient positioning during WLRs does not exist. Positioning can affect
the reproducibility of the measured hip knee angle (HKA), resulting in insufficient
diagnostics and preoperative plans. We developed an easy-to-use WLR protocol by
standardizing patient positioning and focusing on reproducibility. This study aims
on testing this reproducibility.

Patients and methods

This study enrolled 30 patients for a test-retest analysis. Each patient underwent two
bilateral WLRs on the same day using the investigated positioning protocol. Three
observers measured the HKA, mechanical medial proximal tibial angle (mMPTA),
mechanical lateral distal femoral angle (mLDFA), and joint line convergence angle
(JLCA) on the two radiographs. Twice each, with one week between.

Results

The intra-observer and inter-observer reliabilities were excellent, with intraclass
correlation coefficients (ICCs) between 0.990 and 0.996. The ICCs between the
measured HKA (0.985), mMPTA (0.922), and mLDFA (0.903) on the two separate
radiographs were excellent. The ICC between the JLCA measured on the first and
second WLR was moderate with 0.632. The mean absolute error between the HKA,
mMPTA, mLDFA, and JLCA measurements on the first and second WLR were
respectively: 0.442°, 0.783°, 0.828°, and 0.794°.

Conclusion

The investigated novel WLR positioning protocol produced excellent and
reproducible HKA measurements, with clinically acceptable degrees of error.
We recommend applying this easy-to-use protocol when obtaining WLRs for
osteotomy planning.
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Introduction

Osteoarthritis (OA) is one of the most common chronic pathologies and a leading
cause of disability and pain.! Among adults above 60 years of age, the prevalence
of symptomatic knee OA is around 10% in men and 13% in women.” Worldwide
estimates suggest that 250 million people are currently affected, with substantial
associated socioeconomic costs.’?

An important aetiology of knee OA is a varus or valgus malalignment, causing
progressive unicompartmental knee pathology.** Given this, young and active
patients with malalignment benefit particularly from corrective osteotomies as it
concerns.® A corrective osteotomy is a joint preserving technique that can postpone
joint replacement surgery for up to 10 years in more than 85% of patients.>” By
proceeding with corrective osteotomy, the age of the patient at primary total knee
arthroplasty potentially significantly increases, resulting in decreased likelihood of
revision surgery later in life.®

Diagnosing and planning corrective osteotomies requires whole leg radiographs
(WLR).> It is important that the radiographic technique is consistent and accurate.
Jones et al. reported a desired accuracy of 0.45° as the needed wedge accuracy to
achieve target corrections in high tibial osteotomy (HTO).!

But to the best of our knowledge, no widely accepted standardized protocol
for patient positioning during WLRs has been reported.'*'? This is of clinical
importance given that the reproducibility of the measured hip knee angle (HKA)
on a WLR is influenced by positional differences of patients, like foot positioning,
knee flexion, leg rotation, and weight-bearing.”*'® This results in insufficient
preoperative planning and assessment of achieved surgical corrections (rubbish in
is rubbish out). Causing under- and severe overcorrections, which leads to failing
HTO treatments with reported surgical accuracies of £3°.19-!

Odenbring et al. performed a test-retest study including only 8 patients using a
WLR protocol (which was clinically not viable), resulting in a mean error of 1.3°

and exceeding the desired surgical accuracy.'**

A new easy to use WLR positioning protocol was developed and introduced in
clinical care, with a focus on standardizing patient positioning and reproducibility.
This study aims on testing the reproducibility of the implemented WLR protocol,
using a test-retest principle. We hypothesize that with this new protocol, WLRs are
reproducible and within the desired published osteotomy accuracy of 0.45°.
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Methods

This prospective explorative study was approved by the ethics board of the UMC
Utrecht hospital (METC number 19-474) on 27 November 2019. Patients were
recruited at the Mobility Clinic of the UMC Utrecht, which is a tertiary orthopaedic
referral centre for knee joint preserving treatments, including cartilage repair
techniques, osteotomies, and knee joint distraction”*. Patients were eligible
when they had an appointment at the outpatient’s clinic with a scheduled WLR.
Exclusion criteria were; age under 18 years, inability to read, communicate, and/
or speak the Dutch language, pregnancy, and patients incapable of providing
informed consent. When willing to participate, patients signed an informed
consent. Included patients underwent a second WLR after their appointment at
the outpatient clinic, minimally half an hour after the initial examination. Both
acquisitions followed the same standardized, novel positioning protocol. Resulting
in two separate episodes of positioning and acquisition within the same day.

Patients were positioned with their knees in full extension. Feet were positioned
with a distance of 10 centimetres between the heels, and aligned in 10 degrees of
external rotation. This is achieved by placing the feet on the positioning template
(Figure 1). X-ray technicians subsequently adjusted the hip rotation, by aligning
the upper body and pelvis in a straightforward (AP) position. No handlebars or
supports were employed and patients were asked to place their hands alongside
their body to ensure full weight-bearing. The X-ray technicians additionally
instructed the patient to distribute their weight equally to each leg. All WLRs were
performed with the bilateral lower extremities captured on the radiographs, with a
radiopaque measurement tape positioned behind the patients for subsequent image
calibration. Figure 2 illustrates a patient undergoing WLR with our standardized
positioning protocol.

Each WLR is obtained using the Philips DigitalDiagnost v4.0 (Philips, Amsterdam,
the Netherlands). The fixed distance between the detector plate and X-ray beam
source was set to 265 cm. The X-ray settings were kept the same for each patient,
with kV set at 81 and varying mAs.

Radiographic measurements of the HKA were done for each leg separately by
three observers in PACS IDS7 19.3 (Sectra AB, Linképing, Sweden), with the
module OrthoStation. Two orthopaedic surgeons (RC&NE) and a researcher
(CN) performed the measurements twice, with one week in between. The two
radiographs of each patient were analysed separately and in a random order.
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Straightforward
upper body .

Hands alongside
body

Knee maximum
extension

Weight equally
distributed

Figure 1. Template for feet
positioning during a WLR, as
part of the WLR positioning
protocol. Feet are pointed
outwards in 10 degrees
between the midlines and
placed 10 from each other
from the centre of the heels.
This template is engraved
onto a durable Trespa® board
(right picture).

Figure 2. Patient positioning
following WLR protocol.
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HKA was determined as the angle between the line from the middle of the femoral
head to the middle of the trochlea, and the line from the centre of the tibial spines
to the centre of the talus (Figure 3). The HKA was measured with one decimal place
accuracy.

OrthoStation provides a semi-automatic method to determine the joint line
convergence angle (JLCA), mechanical medial proximal tibial angle (mMPTA),
and mechanical lateral distal femoral angle (mLDFA). The tool requires input
from the observers, selecting the centre of the femoral head and talus, followed by
marking the joint lines of the tibia and femur (Figure 3). The mMPTA, mLDFA,
and JLCA were provided in whole numbers.

£

N
179,2°(0,89);

Figure 3. Leg geometry measurements on a WLR in PACS IDS7 19.3 (Sectra AB, Linképing, Sweden).
Left image illustrates the Hip Knee Angle (HKA) measurement, the right image illustrates the
mechanical medial proximal tibial angle (nMPTA), mechanical lateral distal femoral angle (mLDFA),
and the joint line convergence angle (JLCA).

Statistical analysis

Intra-observer reliability was tested using a two-way mixed Intraclass Correlation
(ICC) for absolute agreement. The inter-observer reliabilities were tested using a
two-way random ICC for absolute agreement. Test-retest agreement was calculated
using a two-way random ICC and Bland-Altman analyses. The errors between the
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measured parameters on the two WLRs and different observers were reported as
mean (95%-CI interval). Due to a non-normal right skewed distribution of the
absolute errors, these values were reported as mean (bootstrapped resampled
95%-CI intervals). Statistical significance was set at alpha = 0.05. All statistical
calculations were performed in SPSS Statistics (IBM, version 25.0.0.2.).

Power calculations for reproducibility studies are not straightforward and ill-
studied26. Following the guideline as proposed by Bujanga and Baharum, we
need only 14 legs to find a significant difference between an ICC of 0.7 and 0.9.
We however deemed this number as very small and aimed to reach a narrower
confidence interval27. Following the advice of Cicchetti we used three highly
skilled readers to assess 60 legs in 30 patients, allowing us to include a range of
alignments, male and females 28.

Results

For this study 31 patients signed an informed consent. We had to exclude 1 patient
due to a no show for the retest radiograph. Therefore, 30 patients with 30 bilateral
WLRs taken on two separate time-points (60 measured WLRs, 120 legs in total)
were included in this study. The study included 15 males and 15 women, with a
median age of 34.5 (18-61) years, and mean BMI of 25.8 (SD 3.2). Mean HKA was
179.25°, mean mMPTA was 87.06°, mean mLDFA was 87.31°, and mean JLCA was
1.32° (Figure 4).

Test results of the intra-observer and inter-observer reliabilities are listed in Table 1.
Intra-observer and inter-observer reliabilities of the HKA, mMPTA, and mLDFA
were excellent. Intra-observer and inter-observer reliabilities of the JLCA were fair
to good.

The mean absolute differences between the three observers of the measured HKA,
mMPTA, mLDFA, and JLCA were respectively: 0.491° (CI 0.430° - 0.552°), 0.889°
(CI0.761° - 1.013°), 0.922° (CI 0.806° - 1.056), and 0.931° (CI 0.805° — 1.069°).

Allresults of the test-retest analyses are listed in Table 2. The test-retest ICCs between
the measured HKA, mMPTA, and mLDFA on the first and second radiograph
were excellent. The ICC between the measured JLCA on the first and second WLR
was moderate. The mean absolute test-retest errors were for the measured HKA
0.442° (CI 0.387°-0.498°), mMPTA 0.783° (CI 0.683°-0.878°), mLDFA 0.828° (CI
0.722°-0.944°), and JLCA 0.794° (CI 0.683°-0.911°).
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Mean = 17925
Std.Dev. = 3,352
H=80

Frequency

Frequency

Frequency

Frequency

0 -

mLDFA

Figure 4. Histograms of the population mean measured HKA, mMPTA, mLDFA, mLDFA, and JLCA.
Reported normal distributions according to Bellemans et al. are: HKA = 178.67 + 2.34, nMPTA = 87.04
+2.07, mLDFA = 87.90 + 1.74, and JLCA = 0.51 + 1.0538.

Table 1: Intra-observer and inter-bserver reliabilities for the different measurements.

ICC 95% confidence interval

HKA

Observer 1 0.990* 0.986-0.993
Observer 2 0.977* 0.968-0.984
Observer 3 0.996* 0.994-0.998
Inter-observer reliability (1, 2, & 3) 0.982* 0.973-0.988
mMPTA

Observer 1 0.974* 0.964-0.982
Observer 2 0.903* 0.864-0.932
Observer 3 0.945* 0.922-0.961
Inter-observer reliability (1, 2, & 3) 0.906* 0.861-0.936
mLDFA

Observer 1 0.912* 0.874-0.939
Observer 2 0.850* 0.791-0.893
Observer 3 0.925* 0.895-0.947
Inter-observer reliability (1, 2, & 3) 0.871* 0.824-0.907
JLCA

Observer 1 0.629* 0.507-0.726
Observer 2 0.463* 0.300-0.599
Observer 3 0.676* 0.565-0.763
Inter-observer reliability (1, 2, & 3) 0.507* 0.395-0.611

Inter-observer and intra-observer reliabilities with significant (*) p-values when below 0.05.
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Table 2 Calculated Test-Retest errors in mean absolute degrees and 95% Confidence Interval (CI) for

the HKA, mMPTA, mLDFA, and JLCA.

Mean

absolute error 95%- €1 fee 95%-Cl
HKA 0.442° 0.387°-0.498° 0.985* 0.980-0.989
mMPTA 0.783° 0.683°-0.878° 0.922% 0.896-0.941
mLDFA 0.828° 0.722°-0.944° 0.903* 0.871-0.927
JLCA 0.794° 0.683°-0.911° 0.632* 0.534-0.712

Intraclass Correlations between the measurements performed on the test and retest radiographs,

with significant (*) p-values below 0.05

Figure 5 illustrates the Bland-Altman test-retest analyses of the HKA, mMPTA,
mLDFA, and JLCA, measured on the first and second WLR. With no significant
systemic biases. A mean error between the HKA measurements on two separate
WLRs of 0.01°, and the 95% limits of agreement between 1.15° and -1.13°.
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Figure 5. Bland Altman analyses of the Test-Retest results of the measured HKA (A), mMPTA (B),
mLDFA (C) and JLCA (D) on two WLRs made at two different time points.
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Discussion

This study demonstrated successful introduction of an easy-to-use protocol for
obtaining WLRs in a real-world clinical setting. The objective of the present study
was to examine the test-retest reliability of our WLR positioning protocol. We
observed excellent ICCs for HKA, mMPTA, and mLDFA measured on the first and
second WLRs in this test-retest study. A moderate ICC was observed for JLCA. The
absolute errors of HKA, mMPTA, mLDFA, and JLCA between the first and second
WLR were below the inter-observer variabilities.

To the best of our knowledge, only one small study with eight participants has been
published with the aim to optimize test-retest reproducibility of WLRs. Odenbring
et al. used a protocol, positioning the patient on one leg and 10 degrees of knee
flexion. Making sure that the knee was straightforward by superimposing the
dorsal aspects of the femoral condyles, using a lateral fluoroscopic control.? This
resulted in a test-retest mean absolute error of 1.3°, which is clinically inadequate,
particularly given that many osteotomies are performed for deformities of 5° -
10°."%22 In contrast, our protocol, which is clinically readily employable, achieves a
mean reliability of 0.442°, which is well within the clinically desired accuracy for
aHTO."

Jones et al. performed an in-silico study with the objective of describing the ideal
accuracy for HTO. This was of clinical relevance given that it reported the desired
measurement accuracies for lower limb geometry used in this study. Jones et al.
found an ideal accuracy of 0.45° in order to achieve sufficient target corrections
at the time of tibial osteotomy. Their findings support that the reliability of our
WLR positioning protocol is a clinically sufficient and an employable solution
for the current clinical need for accurate and reproducible WLRs. Of note, our
WLR positioning protocol was developed with the aim on user-friendliness,
while achieving clinically sufficient reproducibility. The protocol is inexpensive to
implement and easy to perform by the X-ray technicians.

A surgical accuracy of 0.45° can be achieved when using patient specific
instrumentation (PSI) intraoperatively, however this requires an additional CT-
scan and associated radiation.”*® Further analyses of our results demonstrated
that in 59% of cases the test-retest error was <0.45° and 95% of cases had test-
retest error <1.15°. Of note, current standard HTO treatment for varus deformity
and unicompartimental OA is performed without 3D analyses or intraoperative
use of PSI, with a resulting accuracy of +3°, as reported by Van den Bempt et
al.?’. This supports that the measurement errors of the proposed WLR protocol

66



Reliability of the new Whole Leg Radiography protocol

are substantially smaller than the subsequent technical surgical accuracy of
conventional HTO, highlighting the clinical utility of the protocol.

In order to maximise user-friendliness, some positional parameters of the patients
were not controlled by the investigated protocol. Weight-bearing was based on
patient perception of equal weight distribution on both legs. This can change
between pre- and post-operative WLRs, with possible post-operative pain up to
a year present after osteotomy in a unilateral fashion®. A force plate under our
feet template could be a viable solution to this phenomenon, assisting in assessing
whether the ground reaction force is equal and at the centre of the body.*?

However, little is known about the amount of changing weight distribution
following knee surgery and associated recovery. Also, for first implementation of
our WLR protocol, this means added costs and implementation of complicated
systems at the time of otherwise standard and established care in the radiology
department. A force plate would heavily impact the user-friendliness and time
efficiency of the protocol. Our suggestion is to obtain post-operative WLRs 4
months after surgery, when most patients are able to endure full weight-bearing on
the operated limb during the radiograph moment.

Knee flexion was also only indirectly controlled in our protocol by asking patients to
stand in full knee extension. Previous studies have demonstrated that a substantial
degree of leg rotation of 10° or more is needed to alter HKA measurements in
a clinically relevant fashion.'®'®* Where isolated knee flexion did not induce
clinically relevant measurement errors."**> Our protocol therefore focuses on
obtaining WLRs with standardized and controlled leg rotation.”

However, up to one-third of knee OA patients present knee flexion contracture of
5° or higher and are unable to fully extend the knee*'. While knee flexion of only 5°
combined with 10° leg rotation can induce substantial measurement errors of 1° or
more, which pleas for controlling leg rotation during WLR acquisition.**** Of note,
controlling leg rotation using a fixed floor template is not suitable for every patient.
Patients with a high degree of rotational deformity in the femur and/or tibia are not
eligible for the WLR positioning protocol presented.

Indications for rotational errors on a AP knee radiograph are no (or too much)
tibia-fibular overlap and femoral condyle asymmetry.** When patients do show
rotational deformities above 10°, the surgeon should consider making a new WLR
with feet in a different position, compensating for the rotation deformity in the
lower limb. Additionally, we recommend to consider computed tomography (CT)
to assess lower limb rotation in such cases.
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Our results show a moderate test-retest ICC for JLCA. At the same time, the mean
absolute error in degrees (0.794°) is comparable or lower than the test-retest error
of mMPTA (0.783°) and mLDFA (0.828°). The moderate ICC for JLCA can be
explained by the normal distribution of the JLCA, which is between 0° and 2°.¥
This is narrower than the distribution of mMPTA and mLDFA suggesting that the
absolute error of 0.794° is relatively higher than that of mMPTA and mLDFA given
its narrowed underlying distribution. Furthermore, the measured angles of JLCA
in the radiologic program used are provided in round numbers, creating an even
narrower distribution for subsequent mean absolute error calculations.

This study has some limitations. First, we used whole number measurements
of mMPTA, mLDFA, and JLCA as OrthoStation provides these values in whole
numbers. Therefore, it was not possible to analyse these parameters within one
decimal place of accuracy. Nevertheless, given our excellent test-retest values,
we believe we have obtained a clinically very reliable method for making WLRs.
Second, we did not perform rotational analyses of the lower limbs. This could be
valuable in order to study the effects of rotational deformities in the lower limb
on the measured geometry. An implied limitation of employing single view,
standardized AP radiographs is the lack of 3-dimensional information regarding
the tibial and femoral rotation and knee flexion contracture.’> Future studies
should consider measuring the test-retest mMPTA, mLDFA, and JLCA at and
beyond one decimal place accuracy, understanding that further accuracy may be
mathematically significant but of clinically decreasing relevance. Additionally,
future studies should consider adding 3D analyses for the measurement of tibial

and femoral rotation.’**

Conclusion

The novel WLR positioning protocol investigated produced excellent and
reproducible HKA measurements, with clinically acceptable degrees of error.
We recommend applying this easy-to-use protocol when obtaining WLRs for
osteotomy planning.

Funding

This study was supported by a grant from the Dutch Arthritis Society (project
number: 19-2-102).

68



Reliability of the new Whole Leg Radiography protocol

References

10.

11.

12.

13.

14.

Allen KD, Golightlya YM. Epidemiology of osteoarthritis: state of the evidence. Curr Opin
Rheumatol. 2015;27(3):276-283. doi:10.1097/BOR.0000000000000161.Epidemiology

Zhang Y, Jordan J. Epidemyology of Osteoarthritis. Clin Geriatr Med. 2010;26(3):355-369.
doi:10.1016/j.cger.2010.03.001.Epidemiology

Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. Lancet. 2019;393(10182):1745-1759. doi:10.1016/
S0140-6736(19)30417-9

Palmer JS, Jones LD, Monk AP, et al. Varus alignment of the proximal tibia is associated with
structural progression in early to moderate varus osteoarthritis of the knee. Knee Surgery, Sport
Traumatol Arthrosc. 2020. doi:10.1007/s00167-019-05840-5

Issa SN, Dunlop D, Chang A, et al. Full-limb and knee radiography assessments of varus-valgus
alignment and their relationship to osteoarthritis disease features by magnetic resonance imaging.
Arthritis Care Res. 2007;57(3):398-406. doi:10.1002/art.22618

Stukenborg-Colsman C, Wirth CJ, Lazovic D, Wefer A. High tibial osteotomy versus
unicompartmental joint replacement in unicompartmental knee joint osteoarthritis: 7-10-
Year follow-up prospective randomised study. Knee. 2001;8(3):187-194. doi:10.1016/S0968-
0160(01)00097-7

Salmon JH, Rat AC, Sellam J, et al. Economic impact of lower-limb osteoarthritis worldwide : a
systematic review of cost-of-illness studies. Osteoarthr Cartil. 2020;24(9):1500-1508. d0i:10.1016/j.
joca.2016.03.012

Bayliss LE, Culliford D, Monk AP, et al. The effect of patient age at intervention on risk of implant
revision after total replacement of the hip or knee: a population-based cohort study. Lancet.
2017;389(10077):1424-1430. doi:10.1016/S0140-6736(17)30059-4

Lee YS, Kim MG, Byun HW, Kim SB, Kim JG. Reliability of the imaging software in the preoperative
planning of the open-wedge high tibial osteotomy. 2015:846-851. doi:10.1007/s00167-013-2700-z

Jones LD, Brown CP, Jackson W, Monk AP, Price AJ. Assessing accuracy requirements in high
tibial osteotomy: a theoretical, computer-based model using AP radiographs. Knee Surgery, Sport
Traumatol Arthrosc. 2017;25(9):2952-2956. doi:10.1007/s00167-016-4092-3

Sheehy L, Cooke TD V. Radiographic assessment of leg alignment and grading of knee
osteoarthritis: A critical review. World ] Rheumatol. 2015;5(2):69-81. doi:10.5499/wjr.v5.i2.69

Cooke TD V, Sled EA. Optimizing limb position for measuring knee anatomical axis alignment
from standing knee radiographs. ] Rheumatol. 2009;36(3):472-477. d0i:10.3899/jrheum.080732

Sanfridsson J, Ryd L, Svahn G, Fridén T, Jonsson K. Radiographic Measurement of Femorotibial
Rotation in Weight-Bearing. Acta radiol. 2001;42(2):207-217. doi:10.1080/028418501127346512

Brouwer RW, Jakma TSC, Brouwer KH, Verhaar JAN. Pitfalls in determining knee alignment: a
radographic cadaver study. ] Knee Surg. 2007;20(3):210-215.

69



Chapter 3

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

70

Specogna A V., Birmingham TB, Hunt MA, et al. Radiographic measures of knee alignment in
patients with varus gonarthrosis: Effect of weightbearing status and associations with dynamic
joint load. Am ] Sports Med. 2007;35(1):65-70. doi:10.1177/0363546506293024

Radtke K, Becher C, Noll Y, Ostermeier S. Effect of limb rotation on radiographic alignment in
total knee arthroplasties. Arch Orthop Trauma Surg. 2010;130(4):451-457. doi:10.1007/s00402-
009-0999-1

Lee YS, Lee BK, Lee SH, Park HG, Jun DS, Moon DH. Effect of foot rotation on the mechanical
axis and correlation between knee and whole leg radiographs. Knee Surgery, Sport Traumatol
Arthrosc. 2013;21(11):2542-2547. d0i:10.1007/s00167-013-2419-x

Cho YM, Ko Y], Lee W. Relationships among foot position , lower limb alignment , and knee
adduction moment in patients with degenerative knee osteoarthritis. J Phys Ther Sci. 2015;27(1):1-
4.

Ollivier B, Berger P, Depuydt C, Vandenneucker H. Good long - term survival and patient -
reported outcomes after high tibial osteotomy for medial compartment osteoarthritis. Knee
Surgery, Sport Traumatol Arthrosc. 2020. doi:10.1007/s00167-020-06262-4

Van den Bempt M, Van Genechten W, Claes T, Claes S. How accurately does high tibial osteotomy
correct the mechanical axis of an arthritic varus knee? A systematic review. Knee. 2016;23(6):925-
935. doi:10.1016/j.knee.2016.10.001

Gao L, Madry H, Chugaev D V., et al. Advances in modern osteotomies around the knee: Report
on the Association of Sports Traumatology, Arthroscopy, Orthopaedic surgery, Rehabilitation
(ASTAOR) Moscow International Osteotomy Congress 2017. J Exp Orthop. 2019;6(1):1-14.
doi:10.1186/s40634-019-0177-5

Odenbring S, Berggren AM, Peil L. Roentgenographic assessment of the hip-knee-ankle axis in
medial gonarthrosis. A study of reproducibility. Clin Orthop Relat Res. 1993;289:195-196.

Korpershoek J V., Vonk LA, Kester EC, et al. Efficacy of one-stage cartilage repair using allogeneic
mesenchymal stromal cells and autologous chondron transplantation (IMPACT) compared
to nonsurgical treatment for focal articular cartilage lesions of the knee: Study protocol for a
crossover randomiz. Trials. 2020;21(1):1-11. doi:10.1186/s13063-020-04771-8

Jansen MP, Mastbergen SC, van Heerwaarden R]J, et al. Knee joint distraction in regular care for
treatment of knee osteoarthritis: A comparison with clinical trial data. PLoS One. 2020;15(1):1-15.
doi:10.1371/journal.pone.0227975

van Egmond N, van Grinsven S, van Loon CJM, Gaasbeek RD, van Kampen A. Better clinical
results after closed- compared to open-wedge high tibial osteotomy in patients with medial knee
osteoarthritis and varus leg alignment. Knee Surgery, Sport Traumatol Arthrosc. 2016;24(1):34-41.
doi:10.1007/s00167-014-3303-z

Kottner J, Audigé L, Brorson S, et al. Guidelines for reporting reliability and agreement studies
(GRRAS) were proposed. ] Clin Epidemiol. 2011;64(1):96-106. doi:10.1016/j.jclinepi.2010.03.002



Reliability of the new Whole Leg Radiography protocol

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bujang MA, Baharum N. A simplified guide to determination of sample size requirements for
estimating the value of intraclass correlation coefficient: a review. Arch Orofascial Sci. 2017;12(1):1-
11.

Cocchetti D V. Sample size requirements for increasing the precision of reliability estimates:
Problems and proposed solutions. J Clin Exp Neuropsychol. 1999;21(4):567-570. doi:10.1076/
jcen.21.4.567.886

Jacquet C, Chan-Yu-Kin J, Sharma A, Argenson JN, Parratte S, Ollivier M. “More accurate
correction using “patient-specific” cutting guides in opening wedge distal femur varization
osteotomies. Int Orthop. 2019;43(10):2285-2291. doi:10.1007/s00264-018-4207-1

Victor J, Premanathan A. Virtual 3D planning and patient specific surgical guides for osteotomies
around the knee: a feasibility and proof-of-concept study. Bone Joint J. 2013;95-B(11):153-158.
doi:10.1302/0301-620X.95B11.32950

Jansen MP, Besselink NJ, van Heerwaarden RJ, et al. Knee Joint Distraction Compared with
High Tibial Osteotomy and Total Knee Arthroplasty: Two-Year Clinical, Radiographic, and
Biochemical Marker Outcomes of Two Randomized Controlled Trials. Cartilage. 2019;100.
doi:10.1177/1947603519828432

Struzik A, Zawadzki J. Leg stiffness during phases of countermovement and take-off in vertical
jump. Acta Bioeng Biomech. 2013;15(2):113-118. doi:10.5277/abb130213

Nguyen HC, Gielis WP, van Egmond N, et al. The Need for a Standardized Whole Leg Radiograph
Protocol: the Effects of Knee Flexion, Leg Rotation, and X-ray Beam Height. J Orthop Res.

2020;(under review).

Ritter MA, Lutgring JD, Davis KE, Berend ME, Pierson JL, Meneghini RM. The Role of Flexion
Contracture on Outcomes in Primary Total Knee Arthroplasty. J Arthroplasty. 2007;22(8):1092-
1096. doi:10.1016/j.arth.2006.11.009

Jud L, Trache T, Tondelli T, Fiirnstahl P, Fucentese SE, Vlachopoulos L. Rotation or flexion alters
mechanical leg axis measurements comparably in patients with different coronal alignment. Knee
Surgery, Sport Traumatol Arthrosc. 2019;(0123456789). doi:10.1007/s00167-019-05779-7

Maderbacher G, Schaumburger J, Baier C, et al. Predicting knee rotation by the projection overlap
of the proximal fibula and tibia in long-leg radiographs. Knee Surgery, Sport Traumatol Arthrosc.
2014;22(12):2982-2988. doi:10.1007/s00167-014-3327-4

Paley D. Normal Lower Limb Alignment and Joint Orientation. In: Principles of Deformity
Correction. Berlin, Heidelberg: Springer Berlin Heidelberg; 2002:1-18.

71






CHAPTER 4

Predicting the mechanical
Hip-Knee-Ankle angle accurately
from standard knee radiographs,
a cross-validation experiment

in 100 patients

Acta orthopaedica,
June 2020, doi.org/10.1080/17453674.2020.1779516

Willem Paul Gielis, Hassan Rayegan, Vahid Arbabi,
Seyed Y. Ahmadi Brooghani, Claudia Lindner , Tim F. Cootes,
Pim A. de Jong, Harrie Weinans, Roel J.H. Custers



Chapter 4

Abstract

Background and aim

Being able to predict the hip-knee-ankle angle (HKAA) from standard knee
radiographs allows studies on malalignment in cohorts lacking full-limb
radiography. We aimed to develop an automated image analysis pipeline to
measure the femoro-tibial angle (FTA) from standard knee radiographs and test
various FTA definitions to predict the HKAA.

Patients and methods

We included 110 pairs of standard knee and full-limb radiographs. Automatic
search algorithms found anatomic landmarks on standard knee radiographs.
Based on these landmarks, the FTA was automatically calculated according to 9
different definitions (6 described in the literature and 3 newly developed). Pearson
and intra-class correlation coefficient (ICC)) were determined between the FTA
and HKAA as measured on full-limb radiographs. Subsequently, the top 4 FTA
definitions were used to predict the HKAA in a 5-fold cross-validation setting.

Results

Across all pairs of images, the Pearson correlations between FTA and HKAA ranged
between 0.83 and 0.90. The ICC values from 0.83 to 0.90. In the cross-validation
experiments to predict the HKAA, these values only decreased minimally. The
mean absolute error for the best method to predict the HKAA from standard knee
radiographs was 1.8° (SD 1.3°).

Conclusion

We showed that the HKAA can be automatically predicted from standard knee
radiographs with a fair accuracy and high correlation compared to the true
HKAA. Therefore, this method enables research of the relationship between
malalignment and knee pathology in large (epidemiological) studies lacking full-
limb radiography.
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Introduction

The mechanical axis of the lower limb, which determines the knee (mal)alignment,
is historically measured using the hip-knee-ankle-angle (HKAA), an angle between
the mechanical axes of the femur and tibia. The femoral axis runs through the
centers of the femoral head and knee joint. The tibial axis runs through the centers

of the knee and the ankle joints (Figure 1).

Figure 1. Measurement of the Hip-Knee-Ankle angle on full limb
radiograph

The Hip-Knee-Ankle angle (HKAA, in green) is measured between
two axes (in red). One axis runs from the middle of the femoral
head to the middle of the femoral notch, and a second axis from the
middle of the tibial notch, to the middle of the talar head.
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A standard knee radiograph is one of the primary tools in the diagnostic process
of knee complaints and it is made for a majority of patients. Correspondingly,
many epidemiological studies focusing on the knee include standard knee
radiographs. However, to verify and measure involvement of malalignment
in the pathophysiology, the HKAA should be measured. This requires a full-
limb radiograph (Figure 1). Compared to a standard knee radiograph, full-limb
radiography involves higher costs, the need of specialized equipment and a larger
effective radiation dose for the patient. These are important reasons for knee OA
cohort studies to not include full-limb radiographs. As standard knee radiographs
are available for the majority of patients with knee complaints and participants of
epidemiological knee focused studies, it is desirable to have a method for defining
knee (mal)alignment from a standard knee radiograph.

The femoral-tibial angle (FTA), an angle between the anatomic axes of the femur
and tibia (Figure 2), can be used to predict the mechanical axis from a standard
knee radiograph. The FTA, is an important measurement that can predict the
development of knee OA."* Multiple definitions for the FTA have been proposed
(Table 1).>'2 However, a direct comparison between all FTA definitions on the
same data is lacking. Additionally, no studies used cross- or external validation to
confirm results. As such, there is no consensus on which FTA definition should be
used to predict the HKAA.

In addition to morphological measurements, statistical shape modelling is used in
OA research to quantify variation in joint shape. Multiple studies showed the shape
of ajoint is a major factor in the incidence and progression of OA."*""> A key step in
the statistical shape modelling process is to outline the structures of interest in the
medical images (e.g. radiographs) using anatomical landmarks. Manually placed
landmarks on a set of radiographs can be used to train automated search models to
automatically place the respective points on new unseen images, paving the road to
analyzing large datasets. ' Furthermore, the landmark positions obtained by the
search models can easily be used to calculate morphological measurement such as
joint space width or the FTA.

The ability to predict the HKA A using automated FTA measurements from standard
knee radiographs, would make studies on malalignment feasible in large cohorts
that lack full-limb radiography. This study aimed (i) to develop an automated
image analysis pipeline to measure the FTA from a standard knee radiograph; and
(ii) to analyze the performance of various FTA definitions in predicting the HKAA
as measured on a full-limb radiograph.
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Table 1. Correlations between femoral-tibial angle and hip-knee-ankle angle as reported in the
literature

Pearson
Landmarks Radiograph Correlation Authors Year
Fem3 + Tib3 AP extended 0.26 Zampogna et al. 2015
Fem1 + Tib1l AP extended 0.71
Fem3 + Tib3 AP extended 0.81 Colebatch et al. 2009
Fem2 + Tib2 PA semiflexed * 0.50 Mc Daniel et al. 2010
Fem3 + Tib3 PA semiflexed * 0.65
Fem4 + Tib4 PA semiflexed * 0.55
Fem3 + Tib3* PA semiflexed * 0.64
Fem2 + Tib3 PA semiflexed * 0.59
Fem3 + Tib3 PA semiflexed * 0.86 Issa et al. 2007
Fem2 + Tib3 PA semiflexed * 0.66 Felson et al. 2009
Feml1 + Tib1* PA semiflexed * 0.76 Iranpour-Boroujeni et al. 2014
Fem3 + Tib3 PA semiflexed * 0.68
Fem3 + Tib3 PA semiflexed * 0.75 Kraus et al. 2005
Fem3 + Tib3 Full limb radiograph 0.65
Fem3 + Tib3 Full limb radiograph 0.88 Hinman 2006
Fem2 + Tib3 Full limb radiograph 0.34 van Raaij et al. 2009
Fem1 + Tib1l Full limb radiograph 0.65
Fem?2 + Tib3 Full limb radiograph 0.88 Sheehy et al. 2012
Fem3 + Tib3 Full limb radiograph 0.93 Navali et al. 2012

*Positioning aided with Synaflexer frame

*Slight variation where the tips of the tibial spines are used instead of the base.

*Slight variation where the bottom point at the femur is determined using the middle femoral
condyls instead of the shaft

Methods

Patients

We included 100 full-limb (50 males) radiographs, acquired for clinical care at
the department of Orthopaedic Surgery of the UMC Utrecht, the Netherlands,
in a consecutive series between March and November 2017. All patients were 40
years or older. For inclusion at least 1 standard knee radiograph made on the same
day had to be available. We excluded patients with femoral and tibial deformities
due to fractures, surgeries (including joint replacement of knee, hip or ankle and
osteotomies) and developmental disorders. When radiographs of both legs were
available for 1 subject, both were included in the study.
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Radiographic acquisition

Weight-bearing extended anteroposterior full-limb radiographs, with the patella
facing straight towards the X-ray tube were made. On the same day, weight-bearing
extended anteroposterior knee radiographs with the patella facing forward were
made. Standard knee radiographs were assessed by a medical researcher (WPG)
for Kellgren-Lawrence (KL) grades. Before the assessment, the rater completed
the tutorial for KL grading by Hayes et al..’* The tutorial includes 19 cases and an
answer sheet to test the effect of the tutorial. The square weighted kappa for inter-
rater reliability between WPG and the answer sheet was 0.969.

Alignment measurements

The mechanical HKAA was used as gold standard and was measured on the full-
limb radiographs . An axis was drawn from the middle of the femoral head to the
center of the femoral notch. A second axis was drawn from the base of the tibial
spines to the center of the ankle joint. The HKAA was defined as the angle between
these axes (Figure 1).”!

The FTA was measured on standard knee radiographs as the angle between the
axis of the femur and tibia. We used a bespoke search model in BoneFinder® (www.
bone-finder.com, Centre for Imaging Sciences, The University of Manchester, UK)
to automatically outline the distal femur, patella and proximal tibia using 111
landmarks.'” All automatically obtained landmarks were checked and manually
corrected if needed. The identified landmarks were used to automatically calculate
the FTA. For measuring the femoral and tibial axes, four definitions each were
considered based on previous literature (Figure 2).>'! Nine combinations between
the femoral and tibial axes measurements were used to calculate the FTA
(Fem1Tibl, Fem1Tib3, Fem1Tib4, Fem2Tibl, Fem2Tib2, Fem2Tib3, Fem2Tib4,
Fem3Tib3, Fem4Tib4). A varus angle is displayed as a negative number, a valgus
angle as a positive number. As the standard knee radiographs were not calibrated
for absolute distance, we used the width of the femoral condyles and tibial plateau
to place circles needed for FTA measurements at approximately 10 cm from the
joint line (Figure 2). Based on data from previous work we used a ratio of 1.52
for the femur and 1.42 for the tibia. * We used the center of a circle touching the
medial and lateral cortex to determine the mid-shaft points.

Statistical analysis

We used Pearson correlation coeflicients to study which FTA method has the
strongest correlation with the HKAA. Across all image pairs, we predicted the
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HKAA from the FTA using linear regression models. A simple model using only
one FTA predictor, a model including a quadratic term and a model including
sex were considered. Using these predictions, we calculated two-way mixed single
measures intra-class correlation coefficients for absolute agreement (ICC) between
predicted HKAA and observed HKAA.

For the four FTA definitions with the strongest correlation to the HKAA, we
performed 5-fold cross-validation experiments on the same data set. We randomly
distributed the dataset in five parts, each accounting for 20% of the cases. In each
fold, we calculated a linear regression formula to predict the HKAA based on the
FTA using 80% of the data and used it to predict the HKAA in the remaining 20%
of the cases. We repeated this process 5 times, so each case will have a predicted
HKAA. For this dataset, we present the Pearson correlation and ICC between the
predicted HKAA and gold standard. In addition, we present a Bland-Altman plot
displaying absolute measurement errors of predicted HKAA vs the gold standard
in our cross-validation experiments. As no similar experiment was published
previously, a valid sample size calculation was not possible and we applied the
minimum of 100 cases as suggested by Vergouwe et al.. * We chose to include 50
males and 50 females, to account for sex-specific differences.

Ethics, funding, and potential conflicts of interest

All radiographs were anonymized, and a waiver of consent was obtained from the
local medical ethical committee (no. 17-760/C). This work was supported by Reuma
Nederland (LLP-22) and the APPROACH project. APPROACH has received
support from the Innovative Medicines Initiative Joint Undertaking under Grant
Agreement n°115770, resources of which are composed of financial contribution
from the European Unions Seventh Framework Programme(FP7/2007-2013)
and EFPIA companies’ in kind contribution. See www.imi.europa.eu. C. Lindner
and T.E Cootes were funded by the Engineering and Physical Sciences Research
Council, UK (EP/M012611/1) and by the Medical Research Council, UK (MR/
S00405X/1). Drs. Cootes and Lindner have a patent US 9928443, EP 2893491
issued.

Results

Of 100 full-limb radiographs, 11 had radiographs of both knees available and 89
had only 1 knee radiograph available. 1 knee radiograph was of insufficient quality
to perform FTA measurements and was excluded, resulting in 110 full-limb /
standard knee radiograph pairs. The mean age was 54 (SD 7.4) and 53 knees were
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male. Of all knees, 9 were KL 0, 23 were KL 1, 30 were KL 2, 36 were KL3 and 12
were KL 4.

Correlation between FTA and HKAA measurements across all pairs of
images.

Across all pairs of images, the Pearson correlations between FTA and HKAA
ranged between 0.83 and 0.90 (Table 2). The ICC values from 0.83 to 0.90. The best
correlations between HKAA and FTA measurements were found using the FTA
defined as a femoral axis between the mid-shaft of the femur (approximately 10
cm above the joint line) and the femoral notch (Fem2), and a tibial axis running
through 2 points in the mid-shaft of the tibia (approximately 4 cm and 10 cm
beneath the tibial plateau (Tib1). Linear regression to predict the HKAA using the

Table 2. Pearson correlation coeflicients and intra-class correlations (ICC) between FTA and HKAA
measurements (across all pairs of images)

Method Pearson correlation ICC 95%-CI

Fem1Tibl 0.88 0.87 (0.82-0.91)
Fem1Tib3 0.86 0.86 (0.80 - 0.90)
Fem1Tib4 0.86 0.86 (0.80 - 0.90)
Fem2Tibl 0.90 0.90 (0.85-0.93)
Fem2Tib2 0.87 0.860 (0.80 - 0.90)
Fem2Tib3 0.89 0.89 (0.84 - 0.92)
Fem2Tib4 0.89 0.89 (0.84 -0.92)
Fem3Tib3 0.84 0.83 (0.76 - 0.88)
Fem4Tib4 0.83 0.82 (0.74 - 0.87)

Table 3. Pearson correlation coefficients and intra-class correlations (ICC) between FTA and HKAA
measurements (cross-validation experiments)

Method Pearson correlation ICC 95%-CI

Fem1Tibl 0.88 0.87 (0.82-0.91)
Fem2Tibl 0.90 0.90 (0.85-0.93)
Fem2Tib3 0.89 0.89 (0.84-0.92)
Fem2Tib4 0.89 0.87 (0.80-0.91)
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optimal FTA method (Fem2Tib1) produced the formula: HKAA = -2.182 + FTA
*0.995. The mean absolute error between the predicted HKAA and the observed
HKAA was 1.7° (SD 1.2°, range 0.1 - 5.4).

Correlation between FTA and HKAA predictions in cross-validation
experiments.

The correlation statistics found in the cross-validation setting were comparable with
those found across all pairs of images, albeit minimally weakened (Table 3). Again,
the combination of femoral axis 2 and tibial axis 1 showed the best correlation
(Pearson correlation 0.90, ICC 0.90). The mean absolute error between the
predicted HKAA and the observed HKAA was 1.8° (SD 1.3° range 0.1 - 5.3) in
the cross-validation setting. The Bland-Altman plot depicts the error between the
observed HKAA (gold standard) and the predicted HKAA in the cross-validation
setting (Figure 3). No systematic errors or outliers were found in this plot. Although
females were more probable to have a valgus alignment compared to males, the
error between observed HKAA and predicted HKAA was similar between sexes

Sex
Female
°
5,00 o Male
,,,,,,,,, ~ o -
° °
° °
°
° °
2,50 . °
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° ° ®® o
)
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S 00 e o o
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Mean between observed HKA and predicted HKA

Figure 3. Bland-Altman plot depicting the error between the observed HKAA (gold standard) and
the predicted HKAA in the cross-validation setting. Negative numbers represent the degree of varus
alignment and positive numbers represent the degree of valgus alignment.
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(p = 0.9). Linear regression models containing an interaction between FTA and
sex, or a quadratic term, performed slightly better across all pairs of images, but
performed slightly worse in the cross-validation experiments (data not shown).

Discussion

This study showed that the mechanical HKAA can be predicted from a standard
knee radiograph using our automated pipeline. We used several FTA definitions and
compared their performance in predicting the HKAA. The best performing FTA
definition used a femoral axis between the mid-shaft of the femur (approximately
10 cm above the joint line) and the femoral notch, and a tibial axis running through
2 points in the mid-shaft of the tibia (approximately 4cm and 10 cm beneath the
tibial plateau). This combination to measure FTA had not been reported in the
literature.

Compared to previous work, the Pearson correlation coeflicient between FTA and
HKAA measurements (0.83 to 0.90) was high across all pairs of images (Tables 1).
12 The results of the cross-validation can be used to estimate the performance of
the HKAA predictions in new cases (Table 2). In the cross-validation the Pearson
correlation between the automatically calculated FTA and the predicted HKAA
was 0.90. The mean absolute error was 1.8° (SD 1.3°). To the best of our knowledge
the performance of the predicted HKAA based on FTA has not been reported in
any cross- or external validation studies.

The automatically calculated FTA provides an easy tool to study the influence
of varus/valgus malalignment in OA cohorts or trials for which standard knee
radiographs are available. We only tested the FTA produced by our automatic
analysis pipeline to predict mechanical HKAA. However, the pipeline may be
used to collect other measurements automatically and enables the rapid analysis
of a collection of measurements for a large number of radiographs. The search
algorithms we used were trained on only a small database (293 knees). Small
corrections to the landmarks had to be made, costing approximately 1 minute per
radiograph. In the future we expect the search model to have sufficient accuracy
to run fully automatically without the need for manual correction. A database
containing around 1000 knees should be sufficient to achieve this.**

While the standard AP radiograph is most often used in the clinics, numerous
OA studies use a radiograph or use semi flexed PA radiographs. This technique
aims to compensate for the tibial slope and give a more accurate read on the joint
space width. The generalizability of our methods to PA radiographs should be
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checked, and the formula to calculated the predicted HKAA may need adaption.
Additionally, some of the FTA definition may be applied in knees with a prosthesis.
Notably the definition using only landmarks in the femoral and tibial shafts.
However, due to prosthesis placement, translation between the joint center and
the femur and/or tibia or changes of the joint angle might occur. This has not been
validated as we only studied native knees.

Clinically, a validated method to measure leg malalignment from standard knee
radiographs would be very useful, as this would make a large proportion of full-
limb radiographs unnecessary. A full-limb radiograph has several disadvantages,
such as higher costs, more radiation, and the need for specialized equipment.
However, it is important to question whether the mean observed error of 1.8° is of
sufficient accuracy for clinical applications.” suggested that a 3-degree accuracy in
measuring the mechanical HKAA is sufficient, as this resembles the precision of
a correction osteotomy. To our knowledge the scan-rescan error for determining
the HKAA using full-limb is only described in one study including 8 cases. The
authors reported a mean error of 1.3°, but their measurements are rounded to
the full degree.®® found a correlation of 0.91 when comparing standard HKAA
radiography to the novel QUESTOR method (using a specific positioning platform
and software to perform and analyze the full limb radiography). A statistically
significant mean difference of 0.7° in HKA A between double and single leg weight-
bearing full-limb radiographs was reported by Yazdanpanah et al. but they did not
report the mean absolute error.”” More research is needed to investigate the scan-
rescan reliability of the HKAA from full-limb radiographs.

Our study has a number of strengths. We used standardized clinical radiographs,
with a protocol feasible in clinical care. We included an equal number of males
and females. We tested a large number of FTA definitions using the same set of
radiographs to directly compare their performance. Finally, we used a cross-fold
validation experiment to test our predictions in unseen radiographs. The main
limitation of our study is that the reliability of the gold standard (the HKAA) is
poorly studied. However, the HKAA is the most commonly used measurement
to determine the mechanical angle of the lower extremity in both research studies
and clinical care.
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Conclusion

We have developed an automated image analysis pipeline to calculate the FTA
from standard knee radiographs. We directly compared multiple FTA definitions
and tested their performance in predicting the HKAA, as measured from full-
limb radiographs. The best performing FTA definition correlated strongly with the
HKAA and predicted it with high accuracy. The proposed image analysis pipeline
can be used for epidemiological research on lower-limb alignment in cohorts with
standard knee radiographs.
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Abstract

Background and aim

A standardized method to assess structural osteoarthritis (OA) burden thorough
the body lacks from literature. Such a method can be valuable in developing
personalized treatments for OA. We developed a reliable scoring system to evaluate
OA in large joints and the spine —the OsteoArthritis Computed Tomography
(OACT) score.

Patients and Methods

We used a convenience sample of 197 whole-body low-dose non-contrast CTs. We
created an atlas, containing example images as reference points for training and
scoring. Each joint was graded between 0-3. The total OA burden was calculated
by summing scores of individual joints. Intra- and inter-observer reliability was
tested 25 randomly selected scans (N = 600 joints). Intra-observer reliability and
inter-observer reliability between three observers was assessed using intraclass
correlation coeflicient (ICC) and square-weighted kappa statistics.

Results

The square-weighted kappa for intra-observer reliability for OACT-score at joint-
level ranged from 0.79 to 0.95; the ICC for the total OA grade was 0.97 (95%-CI,
0.94 to 0.99). Square-weighted kappa for interobserver reliability ranged from 0.48
to 0.95; the ICC for the total OA grade was 0.95 (95%-CI, 0.90 to 0.98).

Conclusion

The OACT score, a new reproducible CT-based grading system reflecting OA
burden in large joints and the spine, has a satisfactory reproducibility. The atlas
can be used for research purposes, training, educational purposes and systemic
grading of OA on CT-scans.
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Introduction

Osteoarthritis (OA) is a leading cause of disability worldwide, with the estimated
socioeconomic burden being 1%-2.5% of the gross national product in Western
countries." Until now, the search for a disease modifying drug for OA has
failed. A key factor for this failure is the use of a one-size-fits-all principle in
the development and testing of potential treatments. End-stage osteoarthritis is
a fairly uniform disease, but etiological pathways in early disease vary strongly.
There is a desire to group OA patients into phenotypes, with the ultimate aim of
finding the right treatment for the right patient.? The APPROACH study aims to
describe these different phenotypes for knee OA and validate models to predict
disease progression within these phenotypes.’ This allows for more patient specific
treatments and more efficient clinical trials. The APPROACH study includes knee
specific parameters, including patient reported outcome measures (e.g., knee
specific questionnaires), physical examination (e.g., knee range of motion), and
imaging features (e.g., knee MRI). Additionally, more generic parameters are
measured, such as general quality of life, physical performance (e.g., 40 m fast
paced walk test) and biochemical marker levels in serum and urine. OA is often a
polyarticular disease and the relationship between the latter parameters and knee
OA will be heavily influenced by the overall OA burden in the body. However,
there is no efficient and standardized method to assess this burden.**

Radiography is widely used for visualizing and grading structural OA. However,
it has limited sensitivity for detecting structural damage because of its projectile
nature; repeatability is also an issue as positioning errors are common (e.g., wide
variations in joint space measurements due to inconsistent flexion of the knee).®
Magnetic resonance imaging (MRI) is excellent for visualizing the different tissues
within a joint, but it is expensive and time consuming; for example, to obtain
good-quality MRI images of multiple joints, the patient would need to lie still for
hours. However, CT has several advantages. It uses ionizing radiation to produce a
three-dimensional (3D) tomographic images, without the projection limitations of
radiography, and is known for its excellent visualization of bone. Advances, such as
iterative reconstruction have substantially reduced exposure to ionizing radiation
and scanning time.”® Low-dose CT scans provide valuable information on the
bony aspects of the joints, with a relatively high signal-to-noise ratio. Whole-body
Low-dose CT (WBLDCT) scans, with a scan time of less than one minute and an
effective radiation dose <3 mSv for a 70 kg adult male, are increasingly used for

evaluation various conditions.
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In this study, we aim to develop and describe a WBLDCT-based scoring system
to quantify OA burden throughout the body. We believe that the score—the
OsteoArthritis Computed Tomography (OACT) score—will be especially useful
for research towards personalized OA treatments. We assess the inter- and intra-
reader agreement of the new score and present an atlas, with extensive image
examples, that can be used for training and educational purposes, for uniform
grading of OA on CT-scans.

Methods

Patients and image acquisition

The scoring system was developed using a convenience sample of 197 WBLDCTs
acquired for diagnosis or for attenuation correction in PET/CTs in the UMC
Utrecht, Utrecht, The Netherlands, between June 2011 and November 2015; the
scanning was performed as part of workup for suspected cancer and vascular or
infectious disease. Scans were acquired in the supine position without any contrast
enhancement, with 64 x 0.625-mm collimation, 120 kV, and dose modulation with
a reference of 40 mAs; the estimated effective dose was <3.0 mSv for a 70-kg adult
male. Reconstructions in the axial plane were made with 1-mm slices and 0.7-mm
increments. Joints with metallic implants were excluded. This study was approved
by the local institutional review board (protocol number 15/446-C), with waiver of
the need for informed consent.

Image assessment

The Picture Archiving and Communication System (PACS IDS7 19.3.12; SECTRA)
was used to produce multiplanar view reconstructions. Using the 197 scans we
created a feasible and reproducible system for grading the severity of OA in each of
the major joints. Then, a reference atlas was composed that could be used to teach
new readers the scoring definitions. Finally, we tested intra- and inter-observer
reproducibility on a subset of 25 randomly selected scans (which included a total
of 600 joints).

We aimed to grade all large synovial diarthrodial joints, intervertebral discs (IVD),
and facet joints. The elbow was frequently positioned outside the field of view
and was therefore excluded. Degenerative disc disease (DDD) of the IVD differs
from OA, as IVDs are fibrocartilaginous and not synovial joints. However, the
biochemical and radiological features of DDD closely resemble those of OA.* Many
previous OA studies have assessed the lumbar spine but, as other researchers have
suggested, DDD in the cervical and thoracic spine also needs to be considered.”'
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We first performed a thorough literature search to locate CT-based scoring systems
for OA of different joints. If no viable CT-based scoring system was found, we
modified the standard radiography-based scores for use on CT images. If no
viable scoring system was available for a joint, we developed a new system using
the classic radiographic OA characteristics (joint space narrowing, osteophytosis,
sclerosis, and subchondral cysts). Each joint was graded on a scale of 0 to 3;
thus, four grades were possible. The goal was to develop a scoring system that
could be used to score all joints in a single patient within 15 min. The process of
development of the scoring system for each joint is described below. The scoring
of each joint was discussed in multiple sessions between a group consisting of a
MD researcher with 5 years of experiences in medical imaging of OA (WPG), a
radiologist in training with a subspecialization in musculoskeletal radiology (WF),
and a fellowship-trained musculoskeletal radiologist with 6 years of experience
(FJN) and an associate professor, section chief of Musculo-Skeletal Research and
attending Radiologist with extensive experience in developing radiologic scores
(FWR) The supplementary atlas (supplementary materials), which contains
extensive examples, can be used for training and also serves as a reference for
scoring. Figure 1 presents an overview of the tibiofemoral joint, and Figure 2 shows
different grades of tibiofemoral OA.

Patellofemoral joint (PF)
[ [ Patclofemoraijoine (knes) |

Predominant  Axialand saggital
view

d Settings Multiplanar view, minimal slice thickness,
bone window
/ Sections Leftand Right
! [ Grading 1 grades per section
/ CEN T

0 No osteophytes or sclerosis
\ 1 Small osteophyte/lipping, but no sclerosis
““Rﬁ 2 Moderate osteophytes and mild sclerosis
\ Large osteophytes, (near) boney contactand
3 definiete sclerosis

Rotate the MPR so that the saggital
plain runs trough the middle of the
patellaand the coronal plainis parallel
to the posterior aspect of the condyls

llustration from Gettylmagas

Figure 1. An example from the atlas showing the overview for scoring tibiofemoral osteoarthritis.
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O

0 No osteophytes or sclerosis

1 Small osteophyte/lipping, but no sclerosis
2 d h f o
3

Patellofemoral joint

andmildscl

Large hytes, (near) boney and definiete sclerosis

Grade 0 Grade 2

Figure 2. Example images from the atlas showing different grades of tibiofemoral osteoarthritis.

Upper Extremity

Acromioclavicular Joint

Our literature search located a single grading system for acromioclavicular joint
degeneration.' Using 108 cadaveric joints, Stenlund et al. created a radiographic score
that demonstrated satisfactory correlation with macroscopic morphological grade.
However, this system was not tested for reproducibility. We used the radiographic
characteristics identified by Sterlund et al. to create four grades (Table 1).

Glenohumeral Joint

We did not find a validated CT-based grading system for glenohumeral OA.
Therefore, we based our score on the widely used and reliable system proposed
by Samilson and Prieto that scores OA according to the size of inferior humeral
osteophytes on radiographs (Table 1).'*"* As CT images offer 3D visualization of
the joint, we considered osteophytes everywhere in the glenohumeral joint, i.e.,
inferior, anterior, and posterior humeral and glenoidal.
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Table 1. Definition of OACT scores for individual joints.

Acromioclavicular joint

0 No osteophytes or joint space narrowing (JSN)

1 Lipping and/or possible JSN

2 Definite osteophytes and/or JSN

3 Definite osteophytes and/or JSN and sclerosis and/or cysts and/or bony deformities

Glenohumeral joint
0 No osteophytes or definite JSN
1 Osteophyte measured less than 3 mm

2 Osteophyte measured between 3 and 7 mm, slight joint irregularity
3 Osteophyte measured more than 7 mm, definite JSN and/or irregularity.

Degenerative disc disease

0 Score 0-2 (Based on disc space narrowing, osteophytes, end plate regularity and sclerosis)
1 Score3-5

2 Score 6-8
3 Score 9-10
Facet joint

0  Normal facet joint space width (JSW) (2-4 mm)

1 Narrowing of facet JSW (<2 mm) and small osteophytes and/or mild hypertrophy of the
articular process

2 Narrowing of facet JSW (<2 mm) and moderate osteophytes and/or moderate hypertrophy of
the articular process and/or mild subarticulare bone erosions

3 Narrowing of facet JSW (<2 mm) and large osteophytes and/or severe hypertrophy of the
articular process and/or severe subarticulare bone erosions and/or subchondral cysts

Hip joint

0 Score 0-1 (Based on joint space narrowing, osteophytes, and cysts)
1 Score2-3

2 Score 4-5

3 Score 6-7

Tibiofemoral joint

0  Score 0-1 (Based on joint space narrowing, osteophytes, and cysts)
1 Score2-3

2 Score 4-5

3 Score 6-7

Patellofemoral joint

0 No osteophytes, joint space narrowing (JSN)/sclerosis

1 Small osteophyte/lipping and mild JSN, but no defined sclerosis
2 Moderate osteophytes, moderate JSN and possible sclerosis

3 Large osteophytes, (near) boney contact and defined sclerosis
Ankle joint

0 No clinical evidence of OA; joint space integrity fully intact

1 Mild; osteophyte formation/lipping, possible joint space narrowing
2 Moderate; joint space narrowing evident, obvious osteophyte formation and some sclerosis/
cystic changes

3 Severe; near absence of joint space, severe osteophyte/cyst formation, deformity of bone
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Spine

Degenerative Disc Disease

The system proposed by Lane et al. for grading degenerative disease of the thoracic
and lumbar spine is convenient and reliable.'*"* We modified it for use on CT
images of the cervical, thoracic, and lumbar spine (Table 1). In addition to sclerosis,
we considered endplate irregularity, which can be evaluated on CT, as a sign of
disease involvement of cartilaginous and bony endplates. Extensive grading 21
spinal levels would be too time consuming, thus, a concise screening of the spine
is performed to identify the two most affected levels within the cervical, thoracic,
and lumbar regions. For these levels the extensive grading is performed. If these
scores are low, this means that degenerative changes in the whole spinal region and
therefore we expect limited impact on on systemic biomarker levels and quality of
life measurements.

Facet Joint OA

We incorporated the grading system created by Weishaupt et al. for the lumbar
facet joint OA (an adaption of the original scoring system proposed by Pathria et
al.) in our score, extending its application to the cervical and thoracic spine also.'>"”
We recommend the sagittal view for an easier, faster and more reproducible
evaluation. Only the two most affected levels within each region are extensively

graded (Table 1).
Lower Extremity

Hip

Turmezei et al. published a CT grading system for hip OA."® This system is highly
detailed and time-consuming. In our experience, it takes about 5-10 min for an
experienced reader to score 2 hips. The learning curve was long for new readers.
We did not find any other grading systems for hip OA on CT and modified the
score of Turmezei et al. it to obtain a more straightforward four-grade score based
on their principles (Table 1).

Knee—Tibiofemoral

We found no validated CT-based grading system for knee OA. A combination
of characteristics of radiographic OA as described by Kellgren and Lawrence
and, more recently, by Altman et al. (joint space narrowing, osteophytosis, and
subchondral cysts) was used to create the four-grade score (Table 1).%
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Knee—Patellofemoral

Scoring of patellofemoral joint OA was based on the grades described by Jones
et al.?! CT is acquired with extended knees, causing the patella to be located
proximal to the femoral notch; in this position, it is difficult to accurately measure
joint space narrowing. Therefore, we opted for a combined score that considered
osteophytosis, sclerosis, and diminishment of the joint space (Table 1).

Ankle
The CT scoring system and atlas as published by Cohen et al. was used for grading
ankle OA (Table 1).2

Total OA Grade

To test the eliability of a total score for OA in the large joints and the spine, a total
OA score was calculated by summing the scores of the individual joints. Therefore,
with each joint scored on a scale of 0-3, the total score could range from 0 to 72.
(Table 1).

Testing Reproducibility

To test intra-observer reproducibility, a medical doctor and researcher with 4 years
of experience (WPG) scored the same subset of 25 randomly selected WBLDCTs
twice, with an interval of at least 1 week in between. To test inter-observer
reproducibility, a radiologist in training, with a subspecialization in musculoskeletal
radiology (WF) and a fellowship-trained musculoskeletal radiologist with 6 years
of experience (FJN), scored the same random sample of 25 scans independently.
The atlas was used as reference for the grading system. In accordance with the
Guidelines for Reporting Reliability and Agreement Studies, reliability was tested
using Cohen’s kappa for binominal grade, squared weighted kappa for ordinal
grade, and two-way intraclass correlation coefficient (ICC) for consistency for
the total OA score.”** Kappa values were interpreted according to Landis and
Koch: i.e., 0-0.20 slight agreement; 0.21-0.40 fair agreement; 0.41-0.60 moderate
agreement; 0.61-0.80 substantial agreement; 0.81-1 almost perfect agreement.”
Agreement was tested using absolute agreement percentages for binominal and
ordinal grades and Bland-Altman and Jones plots for continuous values.>?” All
analyses were carried out in R version 3.4.4 (https://cran.r-project.org/) using the
irr package, version 0.84.

99



Chapter 5

Results

The 197 scans used for the development of the atlas were acquired from a sample
comprising 43% males (85/197). The mean age (SD) of the patients was 54 (+15)
years. Indications for scanning included vasculitis (n = 106), suspected infection (n
= 57), and suspected malignancy (n = 34). The 25 scans included in the reliability
analyses were from a patient subset that comprised 44% males (11/25). The mean
age (SD) of the patients was 54 (+17) years. Indications for scanning were vasculitis
(n = 15), suspected infection (n = 8), and suspected malignancy (n = 2). Within
the test set, OA grades 0 to 3 were found in all joints, except for the hip and ankle,
where only grades 0 to 2 were found (Table 2). Most joints were graded as having
no OA or only mild OA, which is to be expected in a random sample of hospital.
One ankle could not be scored due to beam-hardening artifacts caused by screws.

Table 2. Frequency of grades per joint (n= 25 patients)

Joint 0 (No) 1 (Mild) 2 (Moderate) 3 (Severe)
Acromioclavicular, N(%) 24 (48) 10 (20) 5 (10) 11 (22)
Glenohumeral, N(%) 37 (74) 7 (14) 3 (6) 3 (6)
Intervertebral Disc, N(%) 48 (32) 47 (31) 33 (22) 22 (15)
Facet, N(%) 91 (61) 37 (25) 7 (5) 15 (10)
Hip, N(%) 33 (66) 13 (26) 4 (8) 0 (0)
Knee, N(%) 25 (50) 13 (26) 8 (16) 4 (8)
Patellofemoral, N(%) 25 (50) 15 (30) 5 (10) 5 (10)
Ankle!, N(%) 26 (54) 19 (38) 4 (8) 0 (0)

All subscores are presented in the atlas.

Intra- and Interobserver Reliability for Total OA Grade

Intra-observer reliability for total OA grade was excellent, with an ICC of 0.97
(95% CI, 0.93 to 0.99). The Bland-Altman plot showed an even spread of errors
between the first and second observation, with a mean error of —3.5 (SD, 3.4).
Inter-observer reliability for total OA grade was also excellent, with an ICC of 0.94
(95% CI, 0.86 to 0.98). ICCs for inter-observer reliability were comparable between
observer pairs of different proficiency levels, 0.95 between WPG and WE, 0.93
between WPG and FJN, and 0.97 between WF and FJN. The Jones plot showed
an even spread of errors between all observers, with WF giving grades around
the mean, FJN giving lower grades on average, and WPG giving higher grades on
average (Figure 3).
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Figure 3. Jones plot depicting the difference between each observation of the different readers and the
mean observed score for the total OA grade. The interrupted lines show the 95% limits of agreement.

Intra- and Interobserver Reliability for OACT Scores for Individual Joints

Intra-observer reliability of the OA grades for individual joints was substantial
to almost perfect, with the kappa values ranging from 0.79 to 0.95 and absolute
percentage agreement, ranging from 67% to 92% (Table 3). Inter-observer reliability
of the OA grades for individual joints was moderate to almost perfect, with the
kappa values ranging from 0.48 to 0.95 and absolute percentage agreement ranging
from 36% to 90% (Table 3). Table A1 shows the intra- and inter-observer reliability
for grading of individual OA characteristics (joint space narrowing, osteophytosis,
and so on).
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Table 3. Intra- and interobserver reliability as weighted kappa (percentage of absolute agreement) for
OACT scores for individual joints.

Joints Reader 1 Reader 1 vs. Reader 1 vs. Reader 2 vs.
(intra) Reader 2 Reader 3 Reader 3
Acromioclavicular 0.84 (80) 0.87 (74) 0.75 (62) 0.82 (68)
Glenohumeral 0.95 (92) 0.69 (72) 0.58 (38) 0.50 (48)
Intervertebral Disc 0.85 (67) 0.80 (61) 0.80 (68) 0.77 (53)
Facet 0.90 (85) 0.68 (64) 0.66 (57) 0.66 (57)
Hip 0.85 (88) 0.53 (68) 0.65 (64) 0.48 (64)
Knee 0.84 (72) 0.85 (68) 0.73 (50) 0.64 (36)
Patellofemoral 0.94 (88) 0.95 (90) 0.79 (60) 0.78 (64)
Ankle 0.79 (84) 0.74 (80) 0.56 (65) 0.49 (63)

Reader 1: Medical doctor and researcher; Reader 2: Radiologist in training with a subspecialization
in musculoskeletal radiology; Reader 3: Fellowship-trained musculoskeletal radiologist with five
years of experience.

Discussion

The OACT score described here—a new reproducible WBLDCT-based grading
system for OA in large joints and the spine—was developed for research purposes.
In this first step, we introduce the scoring methods and present a reference atlas
with multiple example images. The atlas can be used as a reference for training
new readers, educational purposes and systemic grading of OA on CT-scans. We
demonstrated a satisfactory intra-observer reliability and decent inter-observer
reliability. The use of WBLDCT for this goal is associated with short scanning time
with comparatively low-level exposure to ionizing radiation (effective radiation
dose <3 mSv for a 70-kg adult male). Furthermore, with this newly developed
grading system, it is possible to reliably assess overall structural burden of OA in a
patient within 15 min.

There is still no disease modifying drug for OA, mainly because drug development
focused on finding a one-size-fits-all drug. Drug development and evaluation will
have a higher chance of success if it is focused on specific structural phenotypes
of OA. The selection criteria for these OA phenotypes has to be determined. The
APPROACH study uses a combination of established and novel biomarkers to
develop stratification models that can help select the appropriate therapy for each
knee OA patient.* Many parameters, such as quality of life, physical performance
and biochemical markers levels in serum or urine are affected by the disease
burden of other joints.****! These parameters potentially impact the efficacy of
drug development and evaluation in OA. In the APPROACH study, the OACT
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score helps to phenotype OA patients and correct for confounding at the patient
level when assessing the relation between systemic biomarkers, and e.g., knee OA.
Besides structural progression, disease burden is an important marker for treatment
success. Eventually the OACT-score will help improve patient selection for OA
observational studies and clinical trials that include clinical outcome parameters.
The clinical relevance needs to be established before clinical application may
be considered. This has been the case for many other scoring-based assessment
instruments in the field of OA that were primarily developed in the context of MRI
evaluation.’>*® Future studies should test the validity of the OACT-score against
clinical outcome parameters and other biomarkers.

In our sample the total OACT score showed excellent intra- and inter-observer
reliability (ICC, 0.97, and 0.94, respectively). To our knowledge, this is the first
study test to reliability for an OA grade at patient level. However, we would like to
stress that summing separate ordinal grades has limitations; for example, this would
result in multiple low-grade joints being equivalent to a single high-grade joint.
For future studies, the weighting factors for composing a total score, reflecting OA
throughout the body, should be altered to the goal of the specific study. Systemic
cartilage degradation markers or global quality of life measurements could be
used to assess the influences of the different joints on the total OA burden in
future studies. Adding the OA scores of the joints of the hands and feet would
undoubtedly improve the value of the scoring system; however, we did not do so
because of the variable positioning of the hands and feet in the CT images in our
study. Validated radiographic scores for OA of the hands and feet could be used
in combination with the OACT score for a more complete assessment of total OA
burden in the body.*

The reliability results are in the expected range for a semi-quantitative radiological
score for OA. For the acromioclavicular joint, we found substantial to almost
perfect reliability. No other CT-based study is available for comparison. For the
glenohumeral joint, inter-observer reliability was moderate to substantial, while
the intra-observer reliability was almost perfect. We expect the moderate intra-
observer reliability to be caused by the high prevalence of no and mild glenohumeral
OA, as this emphasizes the decision between the presence of no, or a small (<3 mm)
osteophyte. Again, no CT-based studies are available for comparison. We found
almost perfect intra-observer reliability and substantial to almost perfect inter-
observer reliability for DDD. No CT-based studies are available for comparison.
While, OA and DDD are different entities, the response to mechanical loading,
symptoms and matrix degradation pattern are highly correlated.”® Therefore, we
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chose to include DDD in our score. Based on the aim of their study, researcher may
decide to in- or exclude DDD.

Pathria et al. tested the inter-observer reliability of their CT-based scoring system
for facet joint OA and reported a kappa value of 0.46, while Weishaupt et al. reported
a weighted kappa of 0.60; the overall percentage agreement was 63%, and 51%,
respectively.'®'” These results were comparable to our results, where the weighted
kappa values ranged from 0.66 to 0.68 and absolute percentage agreement ranged
from 57% to 64%.

Turmezei et al. tested the reliability of their CT grading system for hip OA and
reported a weighted kappa of 0.74 and 0.75 for intra- and inter-observer reliability,
respectively. '* We simplified their scoring system to enhance grading speed and
reliability for new readers and found a weighted kappa of 0.85 for intra-observer
reliability and between 0.48 and 0.65 for inter-observer reliability. The lower inter-
observer reliability in our study may be due to the very low prevalence of hip OA
in our study population (8% with moderate OA or higher) compared to the study
population of Turmezei et al., which was selected to include the full spectrum of
hip OA.

For both patella and knee OA, we found almost perfect intra-observer reliability
and substantial to almost perfect inter-observer reliability. For the ankle joint, we
found moderate to substantial inter-observer agreement. Cohen et al. introduced
an atlas for grading ankle osteoarthritis on CT and reported an ICC of 0.851 and
unweighted kappa of 0.582 in a population of specifically selected scans. As such, a
valid comparison with our results is not possible.

Our scoring system has several limitations. First, it does not consider OA in
the elbows, hands, and feet. The elbow was not included in our score as it was
positioned outside the field of view in a large number of scans. However, it should
be noted that elbow OA is rare, with a prevalence of only ~2%.% Second, we used
semi-quantitative grades. However, it must be noted that semi-quantitative grading
enabled scoring a full WBLDCT in 15 min. Third, WBLDCT is obtained with the
patient lying supine; assessment of joint space is influenced by the lack of weight
bearing. The development of weight-bearing CT-scan will hopefully counter this
problem in the near future. Fourth, WBLDCT can clearly visualize bony changes,
but soft tissue degeneration (e.g., meniscal and capsule tears) will be missed. Fifth,
concurrent pathology such as diffuse idiopathic skeletal hyperostosis may aggravate
OA scores. Grading systems for such concurrent diseases could be used along with
the OA scores to further characterize individuals.*”** Sixth, CT involves exposure to
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possibly harmful ionizing radiation. Due to technical advances, including iterative
reconstruction, the effective radiation dose of the WBLDCT was around <3 mSy,
which approximates one year of background radiation.” The exact risk for excess
death by cancer to a given effective radiation dose is difficult to determine. Using
the rule of 5% excess mortality per 1 Sv, each WBLDCT may be accompanied by
a 0.00015% excess risk for cancer mortality.* Determining the sample size for a
reproducibility study using weighted kappa statistics is not straightforward.* We
deemed a sample of 25 as appropriate since this results in a minimum of 50 joints
per analysis and a total time invested for training and scoring of ~10 h per reader.
For the analysis of the total OA grade, only 25 cases were available, which partly
explains the high standard deviations in the Bland—Altman and Jones plots.

Conclusions

To summarize, we introduce the OACT score, a WBLDCT-based reproducible
grading system for large-joint OA burden in the body. The OACT score can be
used as an outcome measure in OA research or to correct for the influence of total
OA burden on patient reported outcomes and biochemical marker levels.

Supplementary Materials

The reference atlas is available by scanning the QR code below:
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Abstract

Background and aim

To assess the ability of radiography-based bone texture variables in proximal femur
and acetabulum to predict incident radiographic hip osteoarthritis (rHOA) over a
10 years period.

Patients and methods

Pelvic radiographs from CHECK (Cohort Hip and Cohort Knee) at baseline (987
hips) were analyzed for bone texture using fractal signature analysis in proximal
femur and acetabulum. Elastic net (machine learning) was used to predict the
incidence of rHOA (including Kellgren-Lawrence grade (KL) > 2 or total hip
replacement (THR)), joint space narrowing score (JSN, range 0-3), and osteophyte
score (OST, range 0-3) after 10 years. Performance of prediction models was
assessed using the area under the receiver operating characteristic curve (ROC
AUC).

Results

Of the 987 hips without rHOA at baseline, 435 (44%) had rHOA at 10-year follow-
up. Of the 667 hips with JSN grade 0 at baseline, 471 (71%) had JSN grade > 1 at
10-year follow-up. Of the 613 hips with OST grade 0 at baseline, 526 (86%) had
OST grade > 1 at 10-year follow-up. AUCs for the models including age, gender,
and body mass index to predict incident rHOA, JSN, and OST were 0.59, 0.54, and
0.51, respectively. The inclusion of bone texture variables in the models improved
the prediction of incident rHOA (ROC AUC 0.68 and 0.71 when baseline KL was
also included in the model) and JSN (ROC AUC 0.62), but not incident OST (ROC
AUC 0.52).

Conclusion

Bone texture analysis provides additional information for predicting incident
rHOA or THR over 10 years.
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Introduction

Plain radiography is a cheap, fast and widely available imaging method for
osteoarthritis (OA). Bony changes can be clearly seen on plain radiographs and
provide useful information about bone deformities, density, and structure. A plain
radiograph is a projection (summation) through a three-dimensional structure
and this is one main limitation of this imaging method. However, it has been
shown that radiography-based bone texture is significantly related with the three-
dimensional structure of bone.'?

Medical image analysis often involves interpretation of tissue appearance, e.g.,
smooth, grainy, rough, or homogenous. These image properties are related to
the spatial arrangement of pixel intensities in images, i.e., image texture, and can
be quantified using texture analysis®. Radiography-based texture analysis of the
proximal femur has been applied for example in osteoporosis and in the assessment
of femoral neck fracture risk.”®* However, in OA research, the majority of studies
analyzing bone texture are concentrated on the knee, using mostly fractal-based
texture analysis methods."*"* There is evidence that tibial trabecular bone texture
can be used to predict both development and progression of OA as well as total
knee replacement."*?' Only one study applied fractal signature analysis (FSA) on
hip radiographs to quantify trabecular bone changes in subjects with prevalent hip
OA and reported changes in fractal dimension of femoral head between baseline
and 18 months follow-up.”> However, the sample size of that study was relatively
small (14 subjects) and the follow-up rather short.

Given the previous results showing that FSA can be applied on hip radiographs®
and that bone density related variables from dual energy X-ray absorptiometry
(DXA) contribute to the risk and progression of hip OA,*?% we hypothesize
that radiography-based bone texture gives additional information in predicting
the development of radiographic hip OA (rHOA). Consequently, our aim was
to create a method for automated assessment of bone texture in proximal femur
and acetabulum from plain hip radiographs and to assess the ability of these bone
texture variables to predict incident rHOA.

Methods

Study cohort

Data from CHECK (Cohort Hip and Cohort Knee) cohort was used in this
study.” CHECK is a prospective cohort study of 1002 subjects initiated to study
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the course of early knee and hip OA. Data was collected in ten medical centers
in The Netherlands. Subjects were recruited by general practitioners and via
advertisements. At baseline, subjects were aged 45-65 years, had first onset of pain
or stiftness in hip(s) and/or knee(s), and had never or not longer than 6 months ago
consulted a physician for these complaints. Subjects with a pathological condition
other than early OA that could explain symptoms were excluded. The study was
approved by medical ethics committees of all ten participating centers and written
informed consent was obtained from all participants.

Plain pelvic anterior-posterior radiographs and clinical data at baseline and
10-year follow-up were used in the current study. Subjects with missing data
(radiographs, demographics, clinical examination), KL grade > 2 at baseline, and/
or with insufficient radiograph quality (artefacts or underexposed) were excluded
(Figure 1). As such, the final subset for assessing incident rHOA (KL grade > 2 or
total hip replacement (THR)) within the period from baseline to 10 years included
987 hips from 601 subjects (Table 1).

CHECK cohort baseline: | .

2004 hips (1002 subjects) 1 652 hips excluded due to e.g., wrong imaging i
I | protocol (hip radiographs instead of pelvic !
' 1 radiographs), missing radiographs, or insufficient !

Landmark data available at | image quality for landmark detection !
baseline: 1352 hips b 265 hips excluded due to |
; ! osteoarthritis at baseline (97 hips had .
v KL2 and 5 hips KL3) or missing data E

Hip KL grades and covariate
data available: 1087 hips P e T \

I 1 100 hips excluded due to poor image quality at !

* | baseline (e.g., artefacts or underexposed image) !

Radiographs with sufficient
quality: 987 hips (601 subjects)

Figure 1. Flowchart of the selection of CHECK subjects and hips for the current study.

Acquisition and grading of the radiographs

Weight-bearing, anterior-posterior pelvic radiographs were acquired according to
a standardized protocol. A wedge was used to assure 15-degree internal rotation in
feet. The source — detector distance was 120 cm, and the X-ray beam was centered
on the superior part of the pubic symphysis.
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Table 1a. Characteristics of the subjects included in the study.

Baseline 10-year
Anthropometric variables
Age [years] 55.7 (5.2)
BMI [kg/m?] 25.9 (3.8)
Male Sex 160 (16.2%)
KL grade distribution
0 720 (72.9%) 131 (13.3%)
1 267 (27.1%) 421 (42.7%)
2 389 (39.4%)
3 15 (1.5%)
4 -
THR 31 (3.1%)
JSN grade distribution
0 667 (100%) 196 (29.4%)
1 438 (65.7%)
2 21 (3.1%)
3 2(0.3%)
THR 10 (1.5%)
OST grade distribution
0 613 (100%) 87 (14.2%)
1 348 (56.8%)
2 167 (27.2%)
3 5 (0.8%)
THR 6(1.0%)
Table 1b. Characteristics of the subjects per outcome group.
Variable Incident OA (KL >2) Incident JSN (grade >1) Incident OST (grade >1)
Controls OA Controls JSN Controls OST
(n=552) (n=435) (n=196) (n=471) (n=87)  (n=526)
Age [years] 55.0 (52)  56.5(5.1) 55.1(5.0)  56.0 (5.1) 553 (5.6) 55.2(5.1)
BMI [kg/m?] 25.9(3.9) 25.9(3.6) 255(3.2) 25.9(3.8) 25.5(3.5)  26.0(3.8)
Male Sex 71(12.9%) 89 (20.5%) 23 (11.7%) 67 (14.2%) 9(10.3%) 74 (14.1%)

BMI = Body mass index, KL = Kellgren-Lawrence, JSN = joint space narrowing, OST = osteophyte.
All values are given as mean (standard deviation) or n (%), THR = Total hip replacement.

Hips were classified according to the KL grading scale®® at baseline and 10-year

follow-up. Superior and medial joint space narrowing (JSN) and superior and

inferior osteophytes (OST) in acetabulum/femur were classified according to the

Osteoarthritis Research Society International (OARSI) grading scale.” The scale

for classifying the changes in JSN and OST was from 0 (normal) to 3 (severe
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change).” Highest JSN and OST grades of the analyzed regions were used in the
analyses. Table 1 summarizes the distribution of the KL, JSN, and OST grades of
included hips at baseline and 10-year follow-up.

Selection of regions of interests

Prior to extraction of the regions of interests (ROIs), all images were resampled
to have the same femoral head diameter in pixels as the smallest femoral head
diameter on the data. Bicubic interpolation was used to ensure comparability of
the structural variables, without producing as much artefacts as bilinear or nearest
neighbor interpolation algorithms. The resampling was also needed because part of
the baseline radiographs were digitized and saved in TIFF images (501 hip images
were in DICOM and 486 in TIFF format) and the actual pixel size on the detector
was not available. After resampling, to assess bone texture from the radiographs,
41 circular ROIs with 70 pixels diameter were extracted from femoral head and
acetabulum (25 on femoral head and 16 on acetabulum) (Figure 2). Although
previous studies have typically used rectangular ROIs, circular ROIs were used in
the current study to better cover femoral head and acetabular area and to enable
bone texture assessment in many different directions inside the ROI without losing
pixels when rotating the ROI. ROI selection procedure was based on 14 out of 75
landmarks, which were manually placed on the proximal femur and pelvis in a
previous study (Figure 2).* Two circles were fitted in femoral head and acetabulum
for ROI placement using Least Squares Optimization algorithm, which calculates
the center and radius of best fitting circle in an iterative process. Locations of the
ROIs were determined after a robustness assurance step which guarantees that the
same ROI number selects the same corresponding pixels on images despite the
size and rotation differences among the images. Locations of the ROI1, ROI17,
ROI25, and ROI26 were defined based on the center of the femoral head and the
second-most lateral landmark on the acetabular rim (Figure 2). Other ROIs were
automatically placed based on the locations of those ROIs.

Bone texture analysis

Before texture analysis, images were median filtered with a 3x3 pixels filter to remove
high-frequency noise and grayscale values were expanded to full dynamic range
(0 - 255). Bone texture was assessed using the FSA method." > FSA produces
fractal dimension values that are related to the roughness and complexity of the
image. To calculate the fractal dimensions, the image was dilated and eroded with a
rod-shaped, horizontally oriented, one-pixel wide structuring element. After that,
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Figure 2. Location of regions of interest (ROIs). Landmarks that were
used when fitting circles to the femoral head and acetabulum are

w »

indicated with white “x”. The white dashed line shows the centers of the

femoral head, ROI1, ROI25 and ROI26. Other ROIs were automatically
placed based on the locations of those ROIs.

the volume, V, between dilated and eroded images was calculated. Calculations
were repeated by varying the element length r from 2 to 5 pixels. The surface area,
A(r), was obtained from the Equation 1:

A(r) = (V(r)=V(@r—-1))/2 (1)

Subsequently, a log-log plot was constructed by plotting log of A(r) against log
of r. Finally, the fractal dimension was estimated by the slope of regression line
that fitted the three points in the log-log plot. High fractal dimension values are
associated with high complexity of the image, whereas low complexity results in
low fractal dimension values.

Because the orientation of the bone structures in femoral head and acetabulum
varies, we assessed fractal dimensions in 18 different angles, i.e. from 0 to 170
degrees with 10 degrees increments, by rotating the ROI. To reduce the number of
fractal dimension values (18 values for 41 ROIs = 738 features per hip), minimum
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(FD,_, ) and maximum (FD__) fractal dimension values and their respective angles

(Angles ., Angles ) per ROI were selected. Consequently, 164 texture features

min

were used in the analyses.

Statistical analyses

Logistic regression with generalized estimating equation (GEE) was used to
assess the association of each baseline covariate (age, gender, body mass index
(BMI), and baseline KL grade (KL 0 or KL1)) as well as bone texture variable with
incident rHOA (KL grade > 2 or THR), incident JSN (JSN grade > 1 or THR), and
incident OST (OST grade > 1 or THR). GEE was used to take into account the
potential correlation between bilateral measurements. Odds ratios (OR) and 95%
confidence interval of the univariable models were reported. It should be noted
that the OR is not directly interpretable as a relative risk, because the OR most
likely overestimates the relative risk. The analyses were performed using IBM SPSS
Statistics (version 25, IBM Corp., Armonk, NY, USA).

To prevent overfitting, machine learning was used for dimensionality reduction and
to assess the predictive ability of the bone texture variables and baseline covariates.
For the dimensionality reduction and prediction, a regularized logistic regression
method called elastic net was used.’"** The elastic net linearly combines the L, and
L, penalties of lasso and ridge regression methods.*"** The samples were randomly
divided into a training and validation set (790 hips, 80% of the data) and a hold-out
test set (197 hips, 20% of the data) by stratifying the proportion of the controls and
subjects with incident rHOA at follow-up in each set. To optimize the ratio of the
L, and L, penalties (a) and the strength of the penalty parameter (A) of the elastic
net, 10-fold cross-validation was performed. When «a is close to zero, the elastic
net approaches ridge regression, while when a is 1, lasso regression is performed.
The combination of the a- and A-parameters that had the highest area under
the receiver operating characteristics curve (ROC AUC) in the cross-validation,
was selected. After optimizing elastic net parameters, the predictive ability of 1)
covariate model, 2) texture feature model, 3) covariate + baseline KL (KLO or KL1)
model, and 4) model with covariates, baseline KL, and texture features combined
in the test set were assessed using ROC AUC value. The agreement between
observed outcomes and predictions in the test set were assessed using calibration
plots.”> Analyses were repeated to predict incident rHOA among subjects with only
KLO or KL1 at baseline separately. Furthermore, incident JSN (JSN > 1 or THR)
among subjects with JSN grade 0 at baseline and incident OST (OST grade > 1
or THR) among subjects with OST grade 0 at baseline were predicted with the
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elastic net. Distribution of the proportion of incident rHOA cases was different
between imaging centers. To remove the potential effect of imaging center to
fractal dimension values, the variables were standardized with mean and standard
deviation values of the center where the imaging was performed (z = (x - {1)/SD,
where x is the value of each measurement, pt and SD are the average and standard
deviation of the variable at the center where the imaging was performed). Statistical
analyses were performed using R (version 3.4.1) software with Caret* (version 6.0-
47), pROC?* (version 1.13.0), glmnet®' (version 2.0-16), and CalibrationCurves®
(version 0.1.2) packages.

Results

Of the 987 hips without rHOA at baseline, 435 (44%) had developed incident
rHOA (KL > 2 or THR) at 10-year follow-up (Table 1). Of the 667 hips with JSN
grade 0,471 (71%) had JSN grade > 1 or THR at 10-year follow-up. Of the 613 hips
with OST grade 0, 526 (86%) had OST grade > 1 or THR at 10-year follow-up.

The GEE models for covariates showed that higher age (OR: 1.06) and baseline KL
grade (OR: 3.80) were associated with significantly (p<0.05) higher odds (Table 2).
Female gender (OR: 0.54) was associated with lower odds of incident rHOA at
the 10-year follow-up (Table 2). When looking at the univariable texture models,
ORs for minimum fractal dimension (FD_. ) variable models were statistically
significant in 11/41 ROIs (OR range: 0.71 - 1.15), the maximum fractal dimension
(FD__) in 8/41 ROIs (OR range: 0.83 - 1.11), the angle associated with FD__
(Angles ) in 5/41 ROIs (OR range: 0.96 - 1.02), and the angle associated with
FD__ (Angles ) in 12/41 ROIs (OR range: 0.93 - 1.05) (Table 3). For incident
JSN grade > 1, ORs for 9 texture variables (OR range: 0.64 — 1.43) were significant
(Supplementary Tables 1 and 2). For incident OST grade > 1, ORs for 5 texture
variables (OR range: 0.78 - 1.08) were significant (Supplementary Tables 3 and 4).

The selected elastic net parameters and ROC AUC values for the covariate model,
texture model, covariate + baseline K. model, and for the combined covariate,
baseline KL, and texture feature model from 10-fold cross-validation are shown
in Table 4. The model that included covariates, baseline KL, and texture features
had the highest ROC AUC (0.73 [95% CI: 0.70 - 0.76]) in cross-validation. The
variables that were selected based on the 10-fold cross-validation of the elastic net
are listed in Supplementary Table 5 and visualized in Figure 3. BMI was not selected
in any of the models by the algorithm.
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Table 2. Odds ratios (95% confidence interval) of the univariable covariate models to assess incident
rHOA (KL > 2 or THR).

Predictor Oddsratio (95%-Confidence interval)
Age (years) 1.06 (1.03 - 1.09) *

Female sex 0.54 (0.37 - 0.80) *
Baseline KL grade 3.80(2.79 - 5.16) *

BMI (kg/m2) 1.00 (0.96 - 1.04)

*p < 0.05, BMI = Body mass index, KL = Kellgren & Lawrence

Table 3. Odds ratios (95% confidence interval) of univariable texture models to assess incidence of

rHOA (KL > 2 or THR).

ROI FDmin FDmax Anglesmin Anglesmax

1 0.84 (0.74 - 0.96)* 0.88 (0.78 - 1.01) 1.02 (1.00 - 1.05)* 0.93 (0.90 - 0.97)*
2 0.84 (0.73 - 0.96)* 0.88 (0.76 - 1.01) 1.00 (0.97 - 1.04) 0.98 (0.95 - 1.01)
3 0.96 (0.85 - 1.09) 0.88 (0.78 - 0.99)* 0.98 (0.94 - 1.02) 1.02 (0.99 - 1.05)
4 1.01 (0.89 - 1.15) 0.97 (0.86 - 1.10) 0.97 (0.94 - 1.00)* 1.00 (0.97 - 1.03)
5 0.99 (0.87 - 1.13) 1.00 (0.89 - 1.13) 0.97 (0.94 - 0.99)* 0.99 (0.95 - 1.03)
6 0.83 (0.73 - 0.95)* 0.87 (0.77 - 0.99)* 0.99 (0.97 - 1.02) 0.99 (0.96 - 1.02)
7 0.95 (0.84 - 1.08) 1.00 (0.88 - 1.13) 0.99 (0.97 - 1.01) 1.00 (0.96 - 1.03)
8 1.02 (0.89 - 1.16) 1.04 (0.92 - 1.18) 1.00 (0.98 - 1.02) 0.98 (0.95 - 1.01)
9 1.01 (0.89 - 1.14) 1.05 (0.93 - 1.19) 0.99 (0.97 - 1.02) 0.98 (0.96 - 1.00)
10 0.81 (0.72 - 0.93)* 0.88 (0.78 - 1.01) 1.01 (0.98 - 1.05) 0.96 (0.94 - 0.98)*
11 0.89 (0.79 - 1.01) 0.95 (0.84 - 1.07) 1.01 (0.98 - 1.04) 0.95 (0.93 - 0.98)*
12 0.97 (0.85 - 1.09) 1.04 (0.92 - 1.18) 1.02 (0.99 - 1.04) 0.95 (0.92 - 0.98)*
13 0.94 (0.82 - 1.07) 1.01 (0.89 - 1.15) 1.01 (0.99 - 1.03) 0.98 (0.94 - 1.01)
14 1.03 (0.91 - 1.17) 1.11 (0.98 - 1.26) 1.02 (1.00 - 1.03) 0.96 (0.93 - 0.99)*
15 0.97 (0.85 - 1.10) 0.96 (0.85 - 1.09) 0.99 (0.97 - 1.01) 1.02 (0.98 - 1.05)
16 1.06 (0.93 - 1.20) 0.92 (0.81 - 1.03) 0.96 (0.93 - 0.98)* 0.97 (0.93 - 1.02)
17 1.03 (0.90 - 1.17) 1.03 (0.91 - 1.17) 1.00 (0.97 - 1.02) 0.93 (0.90 - 0.97)*
18 0.88 (0.77 - 1.00) 0.92 (0.81 - 1.04) 0.97 (0.94 - 1.01) 0.98 (0.96 - 1.01)
19  0.81(0.71 - 0.93)* 0.87 (0.76 — 0.99)* 1.02 (0.99 - 1.06) 0.99 (0.96 — 1.02)
20 0.92 (0.81 - 1.04) 1.00 (0.88 - 1.12) 1.01 (0.98 - 1.04) 0.98 (0.96 - 1.00)
21 1.03 (0.91 - 1.17) 0.97 (0.85 - 1.10) 1.00 (0.96 - 1.04) 0.98 (0.96 - 1.01)
22 0.93 (0.83 - 1.05) 0.88 (0.77 - 0.99)* 0.97 (0.93 - 1.01) 0.97 (0.94 - 0.99)*
23 0.88 (0.78 - 1.00) 0.92 (0.82 - 1.04) 1.03 (0.99 - 1.06) 0.95 (0.92 - 0.98)*
24 1.05 (0.92 - 1.19) 1.09 (0.96 - 1.24) 1.01 (0.99 - 1.04) 0.93 (0.90 - 0.97)*
25 0.98 (0.87 - 1.12) 1.01 (0.90 - 1.14) 1.00 (0.94 - 1.05) 0.95 (0.92 - 0.99)*
26 0.96 (0.84 - 1.09) 1.01 (0.90 - 1.15) 1.03 (1.00 - 1.06) 1.03 (0.99 - 1.07)
27 0.79 (0.70 - 0.90)* 0.85 (0.75 - 0.96)* 1.00 (0.97 - 1.03) 0.99 (0.97 - 1.00)
28 0.78(0.69 — 0.90)* 0.89 (0.78 - 1.02) 1.03 (1.00 - 1.06) 0.99 (0.98 - 1.01)
29 0.78 (0.68 - 0.89)* 0.95 (0.84 - 1.08) 0.98 (0.95 - 1.01) 1.01 (0.99 — 1.04)
30 0.84 (0.75 - 0.95)* 0.98 (0.87 - 1.11) 1.00 (0.97 - 1.03) 0.99 (0.96 - 1.02)
31 1.00 (0.88 - 1.13) 0.97 (0.85 - 1.10) 0.99 (0.96 - 1.01) 0.99 (0.96 - 1.02)
32 1.13 (0.99 - 1.30) 0.92 (0.81 - 1.04) 0.99 (0.97 - 1.01) 1.05 (1.00 - 1.09)*
33 1.14 (1.00 - 1.30) 1.07 (0.94 - 1.22) 0.98 (0.96 - 1.01) 0.96 (0.90 - 1.03)
34 1.09 (0.96 - 1.24) 1.12 (0.98 - 1.28) 1.00 (0.98 - 1.02) 1.00 (0.89 - 1.14)
35 1.00 (0.88 - 1.13) 1.02 (0.90 - 1.16) 1.02 (1.00 - 1.04) 1.01 (0.90 - 1.13)
36 1.01 (0.89 - 1.15) 0.95 (0.84 - 1.08) 1.02 (1.00 - 1.03) 0.93 (0.81 - 1.07)
37 1.02 (0.90 - 1.15) 1.03 (0.91 - 1.17) 1.01 (0.99 - 1.03) 0.92 (0.80 - 1.05)
38 1.00 (0.87 - 1.14) 1.09 (0.96 — 1.24) 0.99 (0.97 - 1.01) 0.99 (0.93 - 1.06)
39 1.15(1.01 - 1.32)* 1.07 (0.94 - 1.22) 0.99 (0.97 - 1.01) 0.99 (0.95 - 1.03)
40 0.92 (0.81 - 1.04) 0.86 (0.76 — 0.98)* 0.98 (0.96 - 0.99)* 1.04 (1.01 - 1.07)*
41 0.71 (0.63 — 0.81)* 0.83 (0.73 — 0.94)* 0.98 (0.96 — 1.00) 1.01 (0.98 — 1.03)
*p <0.05
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Figure 3. Location of regions of interest (ROIs) selected to the final elastic net model.

Table 4. Selected A and o parameters for the elastic net from 10-fold cross-validation and areas under
the receiver operating characteristics curve (ROC AUC) (95% confidence interval) for predicting

incidence of rHOA (KL > 2 or THR).

Model Selected A Selected a ROC AUC in validation
Covariates (age, gender, BMI) 0.096 0.15 0.61 (0.58 - 0.64)
Texture features 0.059 0.10 0.68 (0.65 - 0.71)
Covariates + KL 0.001 0.30 0.69 (0.64 - 0.74)
Texture features + Covariates + KL 0.153 0.10 0.73 (0.70 - 0.76)

*p < 0.05, BMI = Body mass index
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When assessing the performance of the optimized elastic net models in test set, the
combined covariate, baseline KL, and bone texture feature model had the highest
AUC (0.71 [95% CI: 0.63 - 0.78]). ROC curves for the 1) covariate, 2) texture, 3)
combined covariates and baseline KL, and 4) combined covariate, baseline KL, and
texture feature models in the test set are shown in Figure 4. Calibration-in-the-large
coefficients of the models varied from -0.42 to -0.31 and calibration slopes from
0.81 to 1.56 (Supplementary figure 1).
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Figure 4. Receiver operating characteristics (ROC) curves and respective area under
the curve (AUC) values for predicting incident radiographic hip osteoarthritis
(rHOA) (KL = 2 or total hip replacement (THR)) using 1) covariates (age, gender
and body mass index), 2) texture variables from fractal signature analysis (FSA),
3) covariates and baseline KL grade, and 4) texture variables combined with
covariates and KL grade.
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When assessing subjects with KLO or KL1 at baseline separately, adding the texture
variables improved model performance in the test set. ROC AUC value increased
from 0.51 [95% CI: 0.41 - 0.61] to 0.62 [95% CI: 0.53 - 0.72] among KLO subjects
(Supplementary figure 2) and from 0.54 [95% CI: 0.37 - 0.70] to 0.65 [95% CI:
0.48 - 0.81] among KLI subjects (Supplementary Figure 3). Calibration plots of
texture and covariate + texture models among KLO subjects showed an agreement
between actual and predicted risks for low-risk subjects, but failed for high-risk
subjects (data not shown). For KL1 subjects, calibration plots showed a reasonable
agreement between actual and predicted risks for high-risk subjects, but failed for
low-risk subjects (data not shown). For analyses in subjects with KLO at baseline,
ROC AUC values in cross-validation were 0.60 (95% CI: 0.55 — 0.66), 0.60 (95%
CI: 0.57 - 0.62), and 0.62 (95% CI: 0.59 - 0.64) for covariate, texture, and covariate
+ texture models, respectively. For analyses in subjects with KL1 at baseline, ROC
AUC values in cross-validation were 0.62 (95% CI: 0.56 — 0.69), 0.71 (95% CI:
0.65 - 0.76), and 0.71 (95% CI: 0.63 - 0.79) for covariate, texture, and covariate +
texture models, respectively.

When predicting incident JSN in the test set, the combined texture and covariate
model had the highest ROC AUC value of 0.62 (95% CI: 0.52 - 0.72) (Supplementary
Figure 4). Calibration plots of texture and covariate + texture models showed a
reasonable agreement between actual and predicted risks (data not shown). ROC
AUC values in cross-validation were 0.54 (95% CI: 0.50 — 0.58), 0.67 (95% CI:
0.63 - 0.71), and 0.67 (95% CI: 0.63 - 0.72) for covariate, texture, and covariate +
texture models, respectively.

Selected models performed poorly when predicting incident OST in the test
set (Supplementary Figure 5) and showed a poor calibration (data not shown).
The highest ROC AUC value (0.52 [95% CI: 0.38 - 0.65]) was obtained with the
combined texture and covariate model. ROC AUC values in cross-validation were
0.55 (95% CI: 0.45 - 0.65), 0.60 (95% CI: 0.52 - 0.68), and 0.60 (95% CI: 0.53 -
0.67) for covariate, texture, and covariate + texture models, respectively.

Discussion

In this study, we created a method for the assessment of bone texture in proximal
femur and acetabulum from plain pelvic radiographs and assessed the ability
of bone texture to predict incident rHOA (KL > 2 or THR). Fractal dimension
was measured from 41 ROIs that were placed on femoral head and acetabulum.
Inclusion of bone texture variables in the prediction model increased the ROC
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AUC value of the model during cross-validation (from 0.69 to 0.73) and in the
hold-out test set (from 0.68 to 0.71) as compared to the model with baseline patient
characteristics and baseline KL grade.

As there were no previous data for the optimal location of ROIs for bone texture
analysis in the hip, we decided to cover the whole femoral ROI and also incorporate
the acetabulum in our analyses. As shown in a previous study for the knee, areas
distal from the subchondral bone might also include relevant texture information."
Interestingly, majority of the relevant ROIs for the prediction of rHOA in our
analyses were either at or next to the principal compressive trabeculae or close
to the joint space (Figure 3). Depending on the ROI and variable, either higher or
lower values were predictive for rHOA. For example, higher values in FDmin in
ROIs 15, 24, 27, 32 and 33 and lower values in ROIs 1, 2, 6, 10, 19, 28, 29, 40, and
41 were predictive for rHOA. Lower fractal dimension values are likely associated
with trabecular thickening or a reduction in trabecular number22. Changes in the
angles associated with the fractal dimensions indicate the changes in the orientation
of the trabeculae within the ROL For example, higher Anglesmax values indicate
that the maximum fractal dimension value (FDmax) was detected from higher
angles. One possible explanation for the differences between the directions of the
predictive values in the ROIs may be the adaptation of bone according to the daily
loading of the joint. Some areas may experience higher loads whereas the loads
may be reduced in other areas. Furthermore, subchondral bone sclerosis affects the
values in areas that are near the joint space.

In a previous study assessing changes in FSA in OA hips, 14 subjects were followed 18
months. Fractal dimension of small and medium sized structures in the image were
decreased during follow-up probably due to trabecular thickening or a reduction
in trabecular number.”? However, the relationship between FSA and development
and/or progression of OA was not studied. Another study assessed texture on the
hip joint space area and reported 88.9% classification accuracy between controls and
OA subjects. However, that study was cross-sectional, did not assess femoral head or
acetabular bone texture, and had a limited sample size (n = 64).%”

In contrast to the scarce assessment of associations between bone texture and hip
OA, the association between tibial bone texture and knee OA has been described
in many papers.'*'® 221 ROC AUC values between 0.65 and 0.79 have been
reported for models predicting progression or development of knee OA using bone
texture and clinical covariates (e.g., age, BMI and gender)."'% % 2! Associations
of covariates and bone texture with incident rHOA in our study are in line with
these results. The ROC AUC to predict rHOA increased from 0.68 to 0.71 after
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including bone texture to the model that included covariates and KL grading.
Relatively low increase in ROC AUC may be because baseline KL grade alone is
already a quite strong predictor of rHOA. Bone texture does not directly provide
information about JSN, whereas JSN affects directly to KL grade, as this is included
in its definition. However, trabecular bone structure is not evaluated in KL grading
whereas bone texture analysis provides information about that.

When the ability to predict incident rHOA was compared between subjects with
KLO and KLI at baseline, ROC AUC values were higher for KL1 subjects (ROC
AUC values for the full model: 0.62 vs 0.65). These results suggest that in KLO
subjects there might not yet be changes that can be captured with bone texture
analysis and predict incident rHOA.

In this study, the ability to predict incident JSN or OST in the hip was worse than
that reported for the knee14. Our results showed that ROC AUC to predict incident
JSN (0.62) was higher than incident OST (0.52). Distribution of controls and cases
was more unbalanced for incident OST analyses, which may explain some of the
difference. Another reason might be that OSTs were assessed from four different
locations and combined into one variable, whereas JSN was assessed from two
different locations and combined into one variable. Furthermore, JSN and OST are
different characteristics of OA.

We decided to resample all images to same size (in pixels) based on the femoral
head diameter, pre-process images with median filtering, and standardize FSA
values within each center, because ten different medical centers with different
proportions of incident rHOA cases (p<0.05) participated in the data collection
and different X-ray machines were used for the imaging. We believe that the
standardization lowers the possibility that the prediction models recognize a
center based on texture values and use that information to improve the prediction.
It should be noted that the performance of the models was very similar without
pre-processing and/or standardization (0.01 - 0.03 difference in ROC AUCs, data
not shown). The resampling of the images and the lack of actual pixel size of some
images complicates the assessment of the actual scale that the FSA quantified here.
However, based on the images that had the pixel size was available, the scale was
around 600 um.

Assessment of calibration (agreement between observed outcomes and
predictions) in the test set indicated that predicted risks were on average slightly
overestimated when predicting rHOA (calibration-in-the-large coefficients < 0).
The model using only FSA variables showed some overfitting (calibration slope <
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1) and other models some underfitting (calibration slope > 1). For the elastic net
models, the combination of the a- and A-parameters that had the highest ROC
AUC in the cross-validation, were selected. We also tested selecting the largest
\-value such that error in cross-validation was within 1 standard error of the A
that had the highest ROC AUC, but calibration plots indicated that these models
were in general underfitted (data not shown). Our sample size was too low for
reliable assessment of the calibration intercept and slope when predicting other
outcomes than incident rHOA (123 controls, 74 OA in the test set), because at least
100 events and 100 non-events have been recommended® and were not therefore
calculated.

This study contains some limitations that need to be discussed. First, the relevance
of bone changes to the OA disease process might differ between HOA phenotypes.
In the current study, different phenotypes were mixed as there is no consensus on
how to define OA phenotypes yet. Second, radiographic scoring is subjective, semi-
quantitative, and a plain radiograph is a projection of 3-dimensional structure.
Therefore, some OA changes may have been missed. Third, rHOA and THR were
combined as an outcome, while they might be different. We decided to combine
these outcomes due to low number of THR subjects. Fourth, ten different medical
centers with different proportions of incident rHOA cases (p<0.05) participated in
the data collection and different X-ray machines were used for the imaging, which
may have affected texture analysis. However, FSA has been shown to be robust to the
changes in imaging settings (e.g., exposure and pixel size)11 and FSA values were
standardized within each center. We think that including data from multiple X-ray
machines increases the generalizability of our results. Fifth, training, validation,
and test sets were derived from CHECK and the model was not tested in another
cohort. However, to reduce overfitting, the hold-out test set was not used in cross-
validation and the optimal elastic net parameters were searched using 10-fold
cross-validation. Sixth, some ROIs (e.g., ROIs 32-38 in acetabulum) may contain
both cortical and trabecular bone and should be considered when interpreting
the results. Seventh, the potential correlation between bilateral measurements
was not taken into account in the elastic net analyses, which may have introduced
some bias into our analyses. However, correlation between hips was taken into the
account in the GEE analyses.

Conclusion

In conclusion, bone texture analysis in proximal femur and acetabulum provides
additional information when trying to predict incident rHOA or THR. Our results
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suggest that bone texture variables could be valuable when building prediction
tools for OA. Given the current results and the previous results on knee, a similar
analysis approach could be tested in other joints (e.g., hands) as well in the future.
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Supplementary figure 1. Calibration plots for models predicting incident rHOA (KL > 2 or THR) using
(A) covariates (age, gender and body mass index), (B) covariates and baseline KL grade, (C) texture
variables from fractal signature analysis (FSA), and (D) texture variables combined with covariates and
KL grade.
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Supplementary figure 2. Receiver operating characteristics (ROC) curves and their respective area
under the curve (AUC) values for predicting incident rHOA (KL > 2 or THR) among subjects with
KLO grade at baseline using 1) texture variables from fractal signature analysis (FSA), 2) covariates (age,
gender, and body mass index), and 3) texture variables combined with covariates.
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Supplementary Figure 3. Receiver operating characteristics (ROC) curves and their respective area
under the curve (AUC) values for predicting incident rHOA (KL > 2 or THR) among subjects with
KLI grade at baseline using 1) texture variables from fractal signature analysis (FSA), 2) covariates (age,
gender, body mass index), and 3) texture variables combined with covariates.
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Supplementary Figure 4. Receiver operating characteristics (ROC) curves and their respective area
under the curve (AUC) values for predicting incident joint space narrowing (JSN) among subjects with
JSN grade 0 at baseline using 1) texture variables from fractal signature analysis (FSA), 2) covariates
(age, gender, body mass index), and 3) texture variables combined with covariates.
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Supplementary Figure 5. Receiver operating characteristics (ROC) curves and their respective area
under the curve (AUC) values for predicting incident osteophytes (OST) among subjects with OST
grade 0 at baseline using 1) texture variables from fractal signature analysis (FSA), 2) covariates (age,
gender, body mass index), and 3) texture variables combined with covariates.
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Supplementary Table 1. Odds ratios (95% confidence interval) of univariable covariate models to
predict incident joint space narrowing (JSN grade > 1 or THR).

Predictor 0dds ratio

1.04 (0.99 - 1.08)
0.60 (0.18 - 2.04)
1.03 (0.98 - 1.08)

Age (years)
Female gender

Body mass index (kg/m2)

Supplementary Table 2. Odds ratios (95% confidence interval) of univariable texture models to predict
incident joint space narrowing (JSN grade > 1 or THR).

ROI FDmin FDmax Anglesmin Anglesmax

1 0.99 (0.71 - 1.38) 0.95(0.72 - 1.27) 1.03 (0.98 - 1.09) 1.04 (0.93 - 1.17)
2 0.83 (0.60 — 1.16) 0.88 (0.68 - 1.14) 0.96 (0.90 - 1.02) 1.00 (0.92 - 1.09)
3 0.83 (0.60 - 1.16) 0.64 (0.52 - 0.79)* 0.93 (0.86 - 1.02) 1.02 (0.95 - 1.10)
4 1.05 (0.74 - 1.50) 0.87 (0.62 - 1.21) 1.02 (0.92 - 1.12) 0.96 (0.88 - 1.04)
5 1.00 (0.74 - 1.35) 0.81 (0.63 - 1.04) 0.96 (0.87 - 1.04) 1.01 (0.91 - 1.12)
6 0.78 (0.59 - 1.02) 0.74 (0.57 - 0.98)* 1.01 (0.95 - 1.06) 1.01 (0.91 - 1.13)
7 0.93 (0.65 - 1.33) 0.83 (0.62 - 1.10) 1.02 (0.97 - 1.06) 0.98 (0.89 - 1.07)
8 1.27 (0.91 - 1.78) 0.97 (0.66 — 1.41) 0.98 (0.94 - 1.02) 0.95 (0.87 - 1.04)
9 0.95 (0.70 - 1.30) 1.20 (0.88 - 1.65) 0.99 (0.93 - 1.06) 1.03 (0.97 - 1.08)
10 0.92 (0.65 - 1.29) 0.84 (0.59 - 1.20) 1.05 (0.96 - 1.15) 0.98 (0.93 - 1.02)
11 1.03 (0.69 - 1.54) 1.01 (0.75 - 1.36) 0.97 (0.90 - 1.05) 0.96 (0.89 - 1.05)
12 0.97 (0.72 - 1.30) 1.04 (0.81 - 1.33) 0.97 (0.91 - 1.03) 0.98 (0.90 - 1.08)
13 0.87 (0.68 - 1.1) 0.95 (0.73 - 1.25) 1.00 (0.95 - 1.04) 1.16 (1.02 - 1.32)*
14 1.19 (0.81 - 1.73) 1.29(0.92 - 1.82) 1.04 (0.98 - 1.10) 1.01 (0.91 - 1.11)
15 1.43 (1.03 - 2.00)* 1.05(0.78 - 1.41) 0.94 (0.90 - 0.99)* 0.94 (0.84 - 1.05)
16 1.06 (0.73 - 1.52) 0.85 (0.63 - 1.15) 1.01 (0.95 - 1.07) 0.88 (0.81 - 0.96)*
17 0.99 (0.67 - 1.45) 0.81 (0.57 - 1.14) 1.05(0.98 - 1.13) 0.95 (0.89 - 1.01)
18 1.03 (0.72 - 1.48) 0.92 (0.70 - 1.19) 0.97 (0.89 - 1.07) 1.03 (0.97 - 1.09)
19 1.02 (0.71 - 1.45) 0.86 (0.67 - 1.09) 0.93 (0.86 - 1.02) 1.00 (0.91 - 1.09)
20 1.18 (0.87 - 1.59) 1.13 (0.7 - 1.46) 1.01 (0.91 - 1.11) 1.04 (0.98 - 1.10)
21 0.81 (0.61 — 1.08) 0.96 (0.66 — 1.38) 0.96 (0.87 - 1.06) 0.97 (0.91 - 1.04)
22 0.85(0.57 - 1.27) 0.85 (0.55 - 1.31) 1.00 (0.91 - 1.10) 0.99 (0.91 - 1.08)
23 0.86 (0.60 - 1.24) 0.83 (0.62 - 1.12) 1.01 (0.94 - 1.09) 0.96 (0.88 - 1.05)
*p < 0.05
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Supplementary Table 2. Continued

ROI FDmin FDmax Anglesmin Anglesmax
24 0.97 (0.67 - 1.40) 0.83 (0.73 - 1.29) 0.97 (0.91 - 1.03) 0.96 (0.88 - 1.05)
25 0.93 (0.67 - 1.30) 0.74 (0.58 - 0.93)* 0.94 (0.78 - 1.13) 0.98 (0.87 - 1.11)
26 1.22 (0.91 - 1.64) 1.06 (0.78 - 1.45) 1.03 (0.97 - 1.10) 1.07 (0.98 - 1.17)
27 0.98 (0.70 - 1.39) 0.93 (0.73 - 1.41) 0.96 (0.87 - 1.05) 1.02 (0.97 - 1.07)
28 0.82 (0.60 - 1.12) 0.69 (0.52 - 0.92)* 1.00 (0.92 - 1.09) 1.01 (0.97 - 1.06)
29 0.84 (0.64 - 1.10) 0.80 (0.61 - 1.05) 0.95 (0.87 - 1.03) 1.00 (0.92 - 1.09)
30 0.85 (0.64 - 1.13) 0.87 (0.63 - 1.21) 0.99 (0.92 - 1.06) 1.01 (0.95 - 1.08)
31 0.67 (0.46 - 0.98)* 0.78 (0.57 - 1.08) 1.02 (0.95 - 1.10) 1.01 (0.94 - 1.10)
32 0.93 (0.68 - 1.26) 0.95 (0.69 - 1.30) 1.01 (0.95 - 1.08) 1.08 (0.96 — 1.22)
33 1.01 (0.74 - 1.39) 1.06 (0.76 - 1.47) 0.97 (0.92 - 1.03) 1.07 (0.90 - 1.27)
34 1.01 (0.68 - 1.52) 1.30 (0.97 - 1.76) 0.96 (0.91 - 1.01) 1.16 (0.81 - 1.67)
35 0.81 (0.54 - 1.22) 1.08 (0.74 — 1.58) 0.97 (0.93 - 1.02) 0.94 (0.70 - 1.27)
36 0.91 (0.61 - 1.35) 0.99 (0.71 - 1.39) 1.02 (0.97 - 1.08) 0.65 (0.42 - 1.01)
37 1.07 (0.74 - 1.54) 1.07 (0.70 - 1.65) 0.98 (0.93 - 1.03) 1.10 (0.75 - 1.61)
38 1.08 (0.75 - 1.57) 1.12 (0.75 - 1.68) 0.98 (0.92 - 1.03) 0.94 (0.82 - 1.06)
39 1.19 (0.85 - 1.66) 1.32(0.94 - 1.85) 0.97 (0.91 - 1.04) 1.02 (0.90 - 1.15)
40 0.81 (0.58 - 1.12) 0.84 (0.58 - 1.22) 0.97 (0.92 - 1.03) 0.99 (0.92 - 1.08)
41 0.80 (0.57 - 1.14) 0.98 (0.67 - 1.43) 1.00 (0.95 - 1.06) 1.05(0.99 - 1.11)
*p <0.05

Supplementary Table 3. Odds ratios (95% confidence interval) of the univariable covariate models to
assess incident osteophytes (OST grade > 1 or THR).

Predictor 0dds ratio

1.00 (0.95 - 1.05)
0.71 (0.32 - 1.55)
1.03 (0.97 - 1.11)

Age (years)
Female gender

Body mass index (kg/m?)
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Supplementary Table 4. Odds ratios (95% confidence interval) of univariable texture models to assess

incident osteophytes (OST grade > 1 or THR).

FDmax

Anglesmin

Anglesmax

0.88 (0.66 - 1.15
0.81 (0.62 - 1.05
0.90 (0.70 - 1.16
0.99 (0.77 - 1.27
1.00 (0.80 - 1.25
0.82 (0.66 — 1.01
0.87 (0.58 - 1.11
0.87 (0.67 - 1.11
1.03 (0.80 - 1.31
0.93(0.75 - 1.15
0.89 (0.70 - 1.12
0.99 (0.79 - 1.24
1.12 (0.90 - 1.40
1.00 (0.80 - 1.24
0.95 (0.74 - 1.22
0.97 (0.75 - 1.24
0.84 (0.69 - 1.04
0.86 (0.69 - 1.08
0.87 (0.69 — 1.09)
0.88 (0.69 - 1.10)
0.95 (0.75 - 1.20)
0.84 (0.65 — 1.10)
0.89 (0.67 - 1.19)
1.08 (0.85 - 1.38)
1.04 (0.83 - 1.31)

)

)

)

)

)

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.90 (0.71 - 1.15
1.02 (0.81-1.28
0.87 (0.70 - 1.10
0.95(0.76 - 1.20
1.05 (0.82 - 1.34

0.97 (0.93 - 1.01)
1.01 (0.95 - 1.07)
0.97 (0.90 — 1.04)
1.00 (0.94 - 1.07)
0.99 (0.94 - 1.04)
1.02 (0.98 - 1.06)
0.97 (0.94 - 1.01)
1.01 (0.97 - 1.05)
0.98 (0.93 - 1.03)
0.99 (0.93 - 1.06)
1.05 (0.99 - 1.11)
0.98 (0.93 - 1.03)
1.00 (0.95 - 1.04)
1.02 (0.99 - 1.06)
1.00 (0.96 - 1.03)
0.99 (0.95 - 1.03)
1.00 (0.95 - 1.05)
0.99 (0.92 - 1.07)
1.08 (1.02 - 1.16)*
1.00 (0.94 - 1.06)
0.93 (0.85 - 1.01)
0.97 (0.89 - 1.06)
1.02 (0.97 - 1.08)
1.00 (0.95 - 1.05)
0.89 (0.79 - 1.00)*
1.04 (0.97 - 1.11)
1.05 (0.97 - 1.14)
1.01 (0.95 - 1.07)
0.98 (0.93 — 1.03)
0.99 (0.94 - 1.04)

1.04 (0.97 - 1.11)
1.02 (0.97 - 1.08)
1.00 (0.95 - 1.06)
1.03 (0.97 - 1.09
1.02 (0.94 - 1.10
1.03 (0.97 - 1.10
1.04 (0.99 - 1.09
0.98 (0.92 - 1.05
0.99 (0.95 - 1.03
0.97 (0.93 - 1.02
0.99 (0.95 - 1.03
1.00 (0.94 - 1.06)
0.99 (0.93 - 1.05
1.03 (0.95 - 1.11
1.07 (0.99 - 1.16
1.05 (0.95 - 1.16
1.00 (0.94 - 1.06
1.02 (0.96 - 1.08
1.01 (0.96 - 1.07)
1.04 (0.99 - 1.09
1.02 (0.96 - 1.08
0.98 (0.93 - 1.04
1.03 (0.97 - 1.10
1.03 (0.96 - 1.10
0.99 (0.93 - 1.06
0.98 (0.92 - 1.05)
0.98 (0.95 - 1.02)
1.01 (0.98 - 1.05)
0.99 (0.95 — 1.04)
0.99 (0.94 - 1.05)

)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)
)
)
)
)

ROI FDmin

1 1.02 (0.80 — 1.28)
2 1.09 (0.88 - 1.36)
3 1.06 (0.80 — 1.40)
4 1.10 (0.85 - 1.42)
5 0.94 (0.74 - 1.21)
6 0.84 (0.66 - 1.08)
7 0.99 (0.77 - 1.26)
8 0.88 (0.69 — 1.11)
9 1.00 (0.80 - 1.26)
10 0.80 (0.64 — 1.01)
11 0.90 (0.70 - 1.16)
12 0.96 (0.76 — 1.21)
13 0.92(0.72 - 1.19)
14 0.97 (0.78 - 1.22)
15 0.92 (0.74 - 1.14)
16 0.96 (0.76 - 1.21)
17 0.83 (0.66 — 1.04)
18 0.97 (0.76 - 1.23)
19 0.87 (0.68 - 1.11)
20 0.84 (0.66 - 1.06)
21 0.82 (0.66 — 1.04)
22 0.85 (0.67 - 1.08)
23 0.78 (0.62 - 0.99)*
24 0.98 (0.78 - 1.22)
25 1.01 (0.81 - 1.25)
26 0.99 (0.78 — 1.25)
27 0.93 (0.74 - 1.16)
28 0.86 (0.69 - 1.07)
29 0.91 (0.73 - 1.15)
30 0.95 (0.74 - 1.20)
*p < 0.05
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Supplementary Table 4. Continued

ROI

FDmin

FDmax

Anglesmin

Anglesmax

31
32
33
34
35
36
37
38
39
40
41

0.88 (0.71 - 1.11)
1.05 (0.82 - 1.35)
1.01 (0.79 - 1.29)
1.10 (0.84 - 1.45)
1.00 (0.79 - 1.27)
1.01 (0.82 - 1.24)
1.09 (0.86 - 1.39)
1.13 (0.86 - 1.48)
1.37 (0.97 - 1.93)
1.17 (0.90 - 1.52)
0.87 (0.67 - 1.13)

0.83 (0.65 - 1.06
0.88 (0.71 - 1.08
1.10 (0.86 - 1.42
1.10 (0.87 - 1.41
1.10 (0.84 - 1.45
0.95 (0.75 - 1.21
0.79 (0.62 - 0.99)*
1.05 (0.82 - 1.34
1.11 (0.87 - 1.42
1.03 (0.82 - 1.28
0.89 (0.69 - 1.15

)
)
)
)
)
)

)
)
)
)

1.00 (0.96 - 1.04)
0.99 (0.94 - 1.04)
1.02 (0.99 - 1.06)
0.99 (0.96 - 1.03)
0.99 (0.96 - 1.03)
1.06 (1.02 - 1.11)*
1.02 (0.99 - 1.06)
1.01 (0.98 - 1.05)
0.99 (0.95 - 1.04)
0.97 (0.92 - 1.03)
1.01 (0.96 - 1.05)

1.01 (0.95 - 1.06)
0.99 (0.91 - 1.08)
0.99 (0.80 - 1.22)
1.08 (0.92 - 1.27)
0.96 (0.77 - 1.19)
0.91 (0.73 - 1.13)
0.85 (0.58- 1.23)
0.87 (0.71 - 1.05
0.92 (0.83 - 1.01
1.01 (0.96 - 1.06

)
)
)
1.00 (0.95 - 1.04)

*p < 0.05
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Supplementary Table 1. Variables in the final elastic net model to predict incident rHOA (KL > 2 or

THR).

Variable Coeficient Variable Coefficient
Intercept -0.47 Anglesmin ROI7 0.00
FDmin ROI1 -0.04 Anglesmin ROI15 -0.01
FDmin ROI2 -0.04 Anglesmin ROI16 -0.01
FDmin ROI6 -0.05 Anglesmin ROI18 -0.01
FDmin ROI10 -0.03 Anglesmin ROI22 -0.01
FDmin ROI15 0.01 Anglesmin ROI26 0.00
FDmin ROI19 -0.08 Anglesmin ROI28 0.01
FDmin ROI24 0.01 Anglesmin ROI29 0.00
FDmin ROI27 0.00 Anglesmin ROI36 0.00
FDmin ROI28 -0.03 Anglesmin ROI38 0.00
FDmin ROI29 -0.05 Anglesmin ROI41 0.00
FDmin ROI32 0.03 Anglesmax ROI1 -0.02
FDmin ROI33 0.01 Anglesmax ROI3 0.01
FDmin ROI40 -0.02 Anglesmax ROI4 0.00
FDmin ROI41 -0.08 Anglesmax ROI6 -0.01
FDmax ROI2 -0.05 Anglesmax ROI9 0.00
FDmax ROI3 -0.04 Anglesmax ROI10 -0.01
FDmax ROI6 -0.03 Anglesmax ROI11 -0.01
FDmax ROI14 0.05 Anglesmax ROI12 -0.02
FDmax ROI15 0.01 Anglesmax ROI14 -0.01
FDmax ROI19 -0.03 Anglesmax ROI15 0.00
FDmax ROI21 -0.01 Anglesmax ROI17 -0.02
FDmax ROI22 -0.09 Anglesmax ROI20 0.00
FDmax ROI23 -0.04 Anglesmax ROI23 -0.01
FDmax ROI24 0.04 Anglesmax ROI24 -0.01
FDmax ROI30 0.01 Anglesmax ROI27 -0.01
FDmax ROI33 0.05 Anglesmax ROI28 0.00
FDmax ROI34 0.06 Anglesmax ROI29 0.00
FDmax ROI35 0.04 Anglesmax ROI31 0.00
FDmax ROI37 0.04 Anglesmax ROI32 0.00
FDmax ROI38 0.07 Anglesmax ROI40 0.01
Anglesmin ROI1 0.01 Age 0.03
Anglesmin ROI3 0.00 Baseline KL 0.69
Anglesmin ROI4 0.00 Gender -0.22
Anglesmin ROI5 -0.01
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Abstract

Background and aim

To investigate if morphological variations of the hip joint and/or a change over
time in these morphologies are associated with progression of osteoarthritis (OA).

Patients and methods

We quantified hip morphology on pelvic radiographs at five time points during
ten-year follow-up in CHECK (n=1.002), a cohort focused on hip/knee OA. From
a Statistical Shape Model, 12 major hip shape modes (HSMs) were identified. We
tested if HSMs and/or changes over time in HSMs (AHSMs) predicted a subsequent
period of radiographic OA activity; joint space narrowing (JSN (decrease in joint
space width)) and osteophytosis (osteophyte growth). These HSMs and AHSMs
were considered a risk factor. Additionally, we tested which AHSMs are associated
with simultaneous JSN and/or osteophytosis and were considered a result of OA.

Results

AHSMs describing a decreased size of the lesser trochanter were associated with
simultaneous JSN and/or osteophytosis and thus considered a result of OA.
HSMs and/or AHSMs describing pincer morphology (acetabular overcoverage,
head medialization, shorter neck), cam morphology (Aspherical femoral head),
decreased neck-shaft angle and small greater trochanter predicted subsequent JSN
and/or osteophytosis and are considered a risk factor for OA. These AHSMs were
also associated with simultaneous JSN and/or osteophytosis. Thus, OA activity may
increase morphological features further driving the risk for disease progression.

Conclusion

We showed that HSMs and AHSMs can identify different morphological OA
phenotypes. These can be a result of OA disease activity, be dynamic risk factors
for OA, but are mainly both and interact with OA to drive further progression as
a mediator.
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Introduction

Osteoarthritis (OA) is a cascade of events involving different joint tissues. Currently,
no disease-modifying drug for OA exists. In early OA, pathophysiological pathways
vary and different phenotypes have been proposed.’” Each phenotype may benefit
from different treatments. Clinical trials in OA historically failed partially because
OA was regarded as a uniform disease, rather than selecting specific phenotypes
for the treatment tested. In the hip, clear morphological phenotypes exist. Some
of these, like cam morphology and acetabular dysplasia, are apparent before the
onset of hip OA.*® Genetic predisposition may cause an increased risk for OA due
to morphological variations.” Therefore, some morphological variations are most
likely causative risk factors for hip OA. The osteoarthritic process also causes bony
morphological changes. Kellgren and Lawrence described radiographic features
of OA as osteophyte growth, subchondral sclerosis, and ‘bone end deformity’®
Osteophytes and sclerosis are clearly defined, but bone end deformities can be subtle
and hard to define. Recently, a study quantified these subtle bone end deformities
using Statistical Shape Modeling (SSM) and found significant morphological
changes in osteoarthritic hips during a one-year follow-up.’ Therefore, hip
morphology can be both a cause and result of OA. To the best of our knowledge,
no previous studies aimed to differentiate which morphological variations are
a cause and which are a result of OA. The ability to differentiate between them
will help to define phenotypes in hip OA with a large morphological aspect.
These phenotypes may benefit from specific non-surgical or surgical treatments,
including specialized physical therapy, arthroscopic reduction of morphological
abnormalities, or acetabular or femoral osteotomies.!®""* Morphological changes
that result from OA could function as sensitive outcome markers for clinical trials
focusing on specific morphological phenotypes of hip OA.° Therefore, in this study,
we aimed to investigate morphological variations of the hip joint and to explore
whether these are a cause for or a result of OA.

Methods

Participants

We used data from Cohort Hip and Cohort Knee (CHECK), a prospective cohort
initiated to study early knee and/or hip OA. CHECK was described in detail
previously." In short, 1002 participants, aged between 45 and 65 years, with a first
episode of clinically relevant knee and/or hip pain were included between October
2002 and September 2005 and followed for 10 years. Participants had never or
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only recently (<6 months) visited a physician for these symptoms. Participants
were recruited by general practitioners and/or via local media and included in
ten centers throughout the Netherlands. Exclusion criteria included pathology
other than OA causing hip/knee symptoms, co-morbidities precluding follow-
up or clinical examinations, and inability to understand Dutch. Standardized AP
pelvic weight-bearing radiographs, with the feet alongside a wedge in 15° internal
rotation were collected at: recruitment (T0), two, five, eight and ten-year follow-up
for both hips. For each participant both hips were included. The period between
two time points for a single hip was deemed a “hip-period”. Each hip with adequate
radiographs for all timepoints contributes four hip-periods: from T0 to T2, from
T2 to T5, from T5 to T8, and from T8 to T10.

Assessment of morphology

We used SSM with 75 landmarks to annotate radiographs using BoneFinder®
(Manchester, United Kingdom).'*'¢ The landmarks do not include evident
osteophytes. Radiographs with a prosthesis and/or previous hip fracture, or missing
anatomical landmarks (caused by the field of view or an inadequate signal-to-noise-
ratio) were excluded from the SSM. We included a total of 7,682 radiographs over five
time-points to build the SSM (supplementary table). Based on landmark positions,
an SSM quantifies all morphological variations present in the studied population
sample. Using principle component analysis, all morphological variations are
“bundled up” in so-called hip shape modes (HSMs). Each HSM describes distinct
morphological variations from the population mean. Each HSM is statistically
independent of other HSMs. A value per HSM is defined for each hip at each time-
point using + standard deviations (SD). The value describes the deviation from
the mean morphology in that specific HSM. Each HSM describes a part of the
total morphological variation, with the percentage described decreasing as HSM
numbers increase (e.g. HSM 1 describes the largest part of the total variation). We
used all HSMs that described 1% of the total morphological variation, resulting in
12 HSMs that together described 86% of the total morphological variation.

For one hip we regarded each period between two time-points as a separate entity,
a hip-period, with a baseline and a follow-up moment. The HSM values for the
baseline moment define morphological variations. We subtracted the HSM value of
the follow-up moment from the value at the baseline moment, resulting in AHSM
between the two time-points defining the change in morphology. Thus, for each hip-
period both a morphological variation (HSM) and a change in morphology (AHSM)
are available. The HSM and AHSM could be defined for 5,516 paired radiographs
(Supplementary Table).
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Assessment of radiographic hip OA

The CHECK database provides radiographic features of hip OA scored at T0, T2,
T5, T8, and T10 using the atlas by Altman et al'” Trained readers scored sets of
radiographs aware of the chronological order. We selected joint space width (JSW)
and osteophytosis to define radiographic disease activity. JSW is a radiographic
measure of the space between the femur and acetabulum, reflecting cartilage
thickness, and may act as surrogate outcome marker for future hip arthroplasty.'
Two JSW scores were available: medial and superior. Osteophytes are bone spurs
that grow along joint margins, and are also indicative of the future need for hip
arthroplasty.” Four osteophyte scores were available: medial and superior for both
acetabulum and femur. All scores ranged from 0 (normal) to 3 (severe). Reliability
for scoring JSW progression and osteophytes cross-sectionally were reported as
almost perfect.” We defined an increase of >1 for JSW score (medial or superior)
within a hip-period as joint space narrowing (JSN). We defined an increase of >1
for osteophytes score (medial/superior acetabulum or femur) within a hip-period
as osteophytosis. If a hip had a baseline score 3 for either JSW or osteophytes in any
area, or a joint replacement in situ, it was excluded.

Statistical analyses

Frequencies are given as number (percentage), continuous variables as mean
(£SD). We used logistic mixed-effect model regression to test the association
between independent variables (HSM and AHSM) and dependent variables
(JSN or osteophytosis). Mixed-effect models correct for the correlation between
multiple measurements within a participant (left and right, different time-points)
and missing data. A model was built using values for morphological variations
and change in morphology described by a single HSM. Corrections were made
for sex, age, and BMI. A p-value of <0.05 was deemed statistically significant. We
performed two analyses (Figure 1):

1) “Morphological variations and changes in morphology predict radiographic
disease activity” To test this hypothesis, we used HSM and AHSM during a hip-
period as predictor variables and JSN or osteophytosis in the subsequent hip-
period as outcome variables. For example, when the morphological parameters are
determined for between T2 and T5, the change in radiographic features of OA will
be determined between T5 and T8. In this analysis, the AHSM can be seen as a risk
factor for JSN and/or osteophytosis.
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2) “Radiographic disease activity results in simultaneous changes in morphology”
To test this hypothesis, we determined HSM and AHSM during each hip-period as
predictor variables and JSN or osteophytosis as outcome variables. In this analysis,
the AHSM can be seen as a result of radiographic disease activity.

Morphological variations described by HSMs are included in both analyses and
should be seen as a risk factor for JSN and/or osteophytosis during follow-up.

Increase in
JSW [ osteophytose grade?
Increase in
JSW [ osteophytose grade?

Increase in
JSW [ osteophytose grade?

<Hip-period> T2  <Hip-period> T5  <Hipperiod> T& <Hip-period> T10

Increase in
JSW [ osteophytose grade?
Increase in
JSW / osteophytose grade?
Increase in
JSW / osteophytose grade?
Increase in
JSW [ osteophytose grade?

TO <Hipperiod> T2  <Hip-period> T5 <Hipperiod> T& <Hip-period> T10

Figure 1. Diagram A (analysis 1) and diagram B (analysis 2) show a visualization of how predictors
Hip Shape Modes (HSM) and change in Hip Shape Modes (AHSM) (morphological parameters) and
outcome parameters (JSN and osteophytosis) are coupled in time within the analyses. Predictors and
outcome parameters that are coupled in the analyses are coupled in the figure using colors, light for
predictors, dark for outcome parameters. In the first analysis (A), the predictors are determined within
the hip-period prior to the hip-period in which the outcome parameters are determined. In the second
analysis (B), the predictors and outcome parameters are determined within the same hip-period.
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Results

Of the 1,002 participants at recruitment, 145 participants dropped out of the study
(14%); 31 at two-year; 51 at five-year; 41 at eight-year and 22 at ten-year follow-up.
792 (79%) of the 1,002 participants were female. Mean age and BMI at baseline
were 56 (£5.2) years and 26.2 (+4) kg/m?, respectively. An increase of 21 score for
JSN was present in 1,549 of 6,526 (24%) hip-periods, and for osteophytosis in 2,798
of 6,144 (35%) hip-periods (supplementary table).

Morphological variations described by HSMs

The HSMs are visualized by depicting hip joints that fit +2.5 SD and -2.5 SD for
each HSM (Table 1 and Figure 2). This allows visual interpretation of morphological
variations described by each HSM. Below, we describe the morphological variation
described by each HSM based on the +2.5 SD HSM value (blue in Figure 2).

Table 1. Textual description of hip shape modes (HSMs).

HSM % of total Description
shape variation
1 27 Increased neck-shaft angle in the femur; larger lesser trochanter;

narrower pelvis.

2 17 Smaller greater and lesser trochanter with a different shape; smaller
frontal aspect of the pelvis

3 11 More spherical femoral head; smaller aspect of the proximal femur
(including both trochanter complexes); narrower femoral neck; more
medially placed femoral head; smaller aspect foramen obturatorium

4 11 Longer femoral neck; decreased acetabular coverage superiorly

5 4 Shallower acetabulum; less acetabular coverage; proximal position of
lesser trochanter; slightly more distal greater trochanter

6 4 Cam-like asphericity of the superior femoral head; decreased
Wiberg angle; shorter neck; larger greater trochanter

7 2 Smaller femur, primarily evident in the inferior femoral head, calcar
and shaft

8 2 Less pointy aspect of the lateral edge of the acetabular roof

9 2 A lateral position of the acetabulum within the pelvis; decreased

coverage superior and posteriorly; narrower aspect of greater and
lesser trochanter; shorter neck; valgus neck-shaft angle

10 1 Concave increase of posterosuperior coverage of the acetabulum; a
smaller lesser trochanter

11

—

Longer greater trochanter

12 1 Decreased posterior coverage; slimmer inferior head; slightly
smaller lesser trochanter

Each HSM is described based on a +2.5 SD mode value increase (Blue in figure 2)
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Figure 2. The SSM produced 12 hip shape modes (HSMs) that each describes more than 1% of the
total shape variation. These HSMs are depicted from left to right as -2.5 SD, mean, +2.5 SD, and the
combined +/- 2.5 SD.

JSN

HSM-3 predicted JSN at two/three-year follow-up. HSM-5 and HSM-11 values
predicted JSN not only at two/three-year follow-up, but also at five-year follow-
up (Table 2). AHSM-2, AHSM-4, AHSM-5, and AHSM-7 predicted JSN in the
subsequent hip-period (Table 3). AHSM-3, AHSM-6, AHSM-8, AHSM-11, and
AHSM-12 are associated with JSN during the same hip-period.
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Figure 2. Continued

Osteophytosis

HSM-1 predicted osteophytosis at two/three-year follow-up (Table 2). AHSM-
4, AHSM-6, and AHSM-9 predicted osteophytosis in the subsequent hip-period
(Table 3). AHSM-1, AHSM-2, AHSM-3, AHSM-5, AHSM-7, AHSM-8, AHSM-10,
and AHSM-12 are associated with osteophytosis during the same hip-period.
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Table 2. Association between the baseline hip shape modes (HSM) and joint space narrowing (JSN) /
osteophytosis

OA activity in subsequent period OA activity in same period
(predictor) (result)
OR 95%-CI p-value OR 95%-CI p-value

JSN

HSM-3 0.91 0.83 - 0.99 0.032
HSM-5 0.90 0.82-0.98 0.020 0.88 0.81-0.94 0.001
HSM-11 0.90 0.82-0.99 0.027 0.90 0.83 -0.98 0.010
Osteophytosis

HSM-1 0.93 0.86 - 0.99 0.031

Odd ratios represent the change in odds for JSN and osteophytosis per 1 SD in AHSM

Table 3. Association between the delta hip shape modes (AHSM) and joint space narrowing (JSN) /
osteophytosis

OA activity in subsequent period OA activity in same period
(predictor) (result)

OR 95%-CI p-value OR 95%-CI p-value
JSN
AHSM-2 1.11 1.01 - 1.22 0.037
AHSM-3 0.88 0.82-0.95 0.001
AHSM-4 0.89 0.81-0.97 0.011
AHSM-5 0.90 0.82 -0.99 0.023
AHSM-6 1.08 1.00 - 1.17 0.040
AHSM-7 1.14 1.03 -1.25 0.009
AHSM-8 0.85 0.78 - 0.93 <0.001
AHSM-11 0.87 0.80 - 0.94 0.001
AHSM-12 0.89 0.82-0.97 0.005
Osteophytosis
AHSM-1 0.89 0.84 - 0.95 <0.001
AHSM-2 1.08 1.01-1.15 0.024
AHSM-3 0.90 0.85-0.96 0.002
AHSM-4 0.74 0.59 -0.91 0.005
AHSM-5 0.93 0.88 - 0.99 0.029
AHSM-6 1.25 1.07 - 1.47 0.005
AHSM-7 1.16 1.09-1.24 <0.001
AHSM-8 0.79 0.73-0.85 <0.001
AHSM-9 0.85 0.75-0.98 0.020
AHSM-10 0.92 0.87 - 0.99 0.019
AHSM-12 0.91 0.85-0.97 0.006

Odd ratios represent the change in odds for JSN and osteophytosis per 1 SD in AHSM
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Discussion

We investigated morphological variations of the hip and their temporal relation to
radiographic hip OA. Changes in morphology described by AHSM-4 and AHSM-9
predicted JSN and/or osteophytosis in the subsequent period and may be regarded
as a risk factor. The changes in morphology described by AHSM-1, AHSM-2,
AHSM-3, AHSM-5, AHSM-6, AHSM-7, and AHSM-11, were associated with
simultaneous JSN and/or osteophytosis, but HSM-1, AHSM-2, HSM-3, HSM-5,
AHSM-5, AHSM-6, AHSM-7, and HSM-11 also predict JSN and/or osteophytosis.
These HSMs characterize changes in morphology that result from osteoarthritic
activity. However, these HSMs also describe morphological risk factors for OA.
Therefore, aggravation of morphological characteristics described by these HSMs
may be a mediator of OA progression. Below we discuss the morphological
variations described by the (A)HSMs and their temporal relation with hip OA in
more detail.

Interpreting the association between the HSMs and OA poses some challenges.
The SSM bundles morphological variations in an unsupervised manner. Therefore,
parts of previously described and well-known morphological variations, such
as the neck-shaft angle, cam morphology or acetabular coverage, may end up in
various HSMs. Additionally, the relationship between the HSMs and OA might
not be linear. For example, HSM-6 shows increased acetabular coverage (fitting
to pincer morphology) in low HSM values and decreased acetabular coverage
(fitting to acetabular dysplasia) in high HSM values. Lastly, a perfect differentiation
between true morphology and osteophyte growth or positioning artefacts is not
possible on radiographs. To try to overcome these issues, we looked for similarity
between previously described morphological variations and the HSMs produced
by our SSM.

Neck-shaft angle

In our study, low baseline HSM-1 predicted osteophytosis at two/three-year
follow-up. A positive AHSM-2 (decrease in neck-shaft angle) also predicts JSN
in the subsequent period. AHSM-1 and AHSM-2 changed simultaneously with
osteophytosis in such way that the neck-shaft angle decreased.

Recently, Abdulrahim et al. found an association between high and low neck-shaft
angles and hip OA in a case-control study (n=1674).?' Castaiio et al. used baseline
HSMs and predefined geometry measures to predict incident hip OA at 6.5 years
follow-up in 688 participants.”? Neck-shaft angle was no linear risk factor for hip
OA. Barr et al. studied changes in hip morphology (AHSM) resulting from OA
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between baseline, 6-month and 12-month follow-up (n=62).° They found the neck-
shaft angle to decrease in OA hips compared to controls. Combining our findings
with previous publications suggests that a decrease in neck-shaft angle is a dynamic
risk factor for hip OA, aggravated by the OA process itself. Orthopedic surgeons
may account for this when planning to restore natural offset in hip arthroplasty.”
Future studies may incorporate 3D imaging to elaborate which patients with this

morphological phenotype would benefit from osteotomies.'' -

Acetabular coverage

In our study, a negative AHSM-4 (increased superior acetabular coverage;
shortening of the femoral neck) predicted a period of JSN and/or osteophytosis.
A negative AHSM-9 (medialization of the femoral head; shortening of the
femoral neck; increase acetabular coverage) predicted osteophytosis. A negative
AHSM-5 (deep acetabulum resulting in more coverage) predicted JSN and was
associated with simultaneous osteophytosis. Additionally, low baseline HSM-5
values predicted JSN at 5-year follow-up. A negative AHSM-8 (apparent superior
acetabular osteophyte growth) and negative AHSM-12 (increase of medio-inferior
coverage) were associated with simultaneous JSN and osteophytosis.

It was described previously that acetabular undercoverage (dysplasia) may cause
OA at later age.*>*"**» However, overcoverage, as seen in pincer impingement,
was not a risk factor for subsequent OA in previous studies.’ Eijer and Hogervorst
argue that true pincer morphology is a combination of a larger femoral head, wider
and shorter neck, deeper acetabulum and increased posterior coverage. The head
migrates posteriorly and medially towards the damaged labrum and cartilage,
resulting from repeated impact from the femur onto the acetabular rim.* Our
data reflects this dynamic theory. As the femoral neck shortens, the femoral head
medializes and acetabular coverage increases (negative AHSM-4, AHSM-5 and
AHSM-9), the risk for OA activity increases. In turn, the osteoarthritic process
aggravates the acetabular overcoverage (negative AHSM-5, AHSM-8, and AHSM-
12), which may in turn drive further OA progression (low HSM-5).

Aspherical femoral head

In our SSM, HSM-3 and HSM-6 include asphericity of the femoral head. Low
baseline HSM-3 values (wider femoral neck; lateralization of head; extra bone
formation at superior head-neck junction) predicted JSN at two/three-year
follow-up. A negative AHSM-3 was associated with simultaneous JSN and/or
osteophytosis. A positive AHSM-6 (growing bone spur at the superior head-neck
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junction; lateralization of the femur) was associated with simultaneous JSN. A
positive AHSM-6 also predicted osteophytosis.

Previous research showed that cam morphology develops during adolescence and is
a major risk factor for future hip OA.>*~" Barr et al. showed that cam morphology,
but also osteophytes at the head-neck junction grow faster in hips with OA
compared to healthy controls.” We add to this knowledge that cam morphology
grows during the OA process (negative AHSM-3, and positive AHSM-6) and that
this growth may drive disease progression (positive AHSM-6).

As both pincer and cam morphology seem to be evolving morphological
variations that drive OA activity as a risk mediator, arthroscopic removal of the
cam and pincer lesion may prevent OA progression by disrupting vicious cycles.
Longitudinal ideally sham-controlled studies should be performed to characterize
the disease-modifying effect of hip arthroscopy in OA.

Size of the greater and lesser trochanter

Low baseline HSM-11 (smaller greater trochanter) predicted JSN at two/three-year
and five-year follow-up. A decreasing AHSM-11 was associated with simultaneous
JSN. Lynch et al. and Nelson et al. found a larger greater trochanter as risk factor
for incident hip OA.*"* Barr et al. found 3 HSMs describing the greater trochanter,
but didn’t report any interpretation on greater trochanter size changes in OA hips
compared to controls. The hip abductors insert at the greater trochanter. Reduced
tension stress from the hip abductors may cause bone loss at the greater trochanter.*®
Hip OA tends to change the gait of patients. Duchenne gait is an extreme example,
where the trunk is bent laterally to the afflicted hip during the stance phase to
relieve the hip adductors.*® A smaller greater trochanter may indicate muscle
weakness and is a risk factor for hip OA. OA activity in its turn may affect gait,
decreasing hip abductor activity, further decreasing the greater trochanter bone
stock. This process may cycle and drive OA progression.

Negative AHSM-12 (growth lesser trochanter) was associated with simultaneous
JSN. Negative AHSM-10 and AHSM-12 (growth lesser trochanter) were associated
with simultaneous osteophytosis. Faber et al. associated a larger lesser trochanter
in 2D radiographs with radiographic hip OA in a large cross-sectional study.*
Furthermore, 3D CT scans confirmed that their findings were based truly on
trochanter size, rather than an artefact due to differences in positioning during
radiographic acquisition. The OA process may cause a hip to be less stable, requiring
increased forces of the musculus iliopsoas for stabilization.* The iliopsoas inserts at
the lesser trochanter and increased forces may induce bone synthesis. The growth
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of the lesser trochanter seems to be a result of OA activity. It would be interesting
to combine gait analysis, muscle strength measurement and (subregional) SSM in
future research to validate these hypotheses.””

Strengths and limitations

CHECK encompasses a ten-year follow-up with five standardized radiography
moments. CHECK included people far before end-stage OA was present, allowing
radiographic scores to worsen during ten years. Risk factors for the incidence
and progression of OA may vary.®* No clear criteria exist to define the start
of pathophysiologic mechanisms in hip OA. As there is no clear differentiation
between healthy and OA hips based on Altman grades for radiographic features
of OA, we did not differentiate between the incidence and progression of OA.
There is a discrepancy between radiographic OA and OA symptoms. As CHECK
did not include hip-specific symptom severity at TO and T2, we did not include
clinical OA in the present study. We did use radiographic outcomes related to the
risk for hip arthroplasty, a defined clinical end-point in OA.'®" Future studies
should incorporate clinical OA, as hip morphology may differentiate between
hips with radiographic progression vs. clinical progression.”” We did not use
statistical corrections for multiple testing, but rather looked for consistency
among morphological variations between HSMs, AHSMs and their time-specific
association with OA.* Uncorrected confidence intervals and p-values are presented
to enable the reader to assess the significance of the results. With the current data,
we cannot exclude that within a hip-period the morphological variation precedes
the OA activity as a fast-acting risk factor. Future studies may incorporate more
rapidly changing biomarkers (MRI and biochemical markers) to explore the
relationship during shorter intervals.

Conclusion

In conclusion, our study shows that morphological variations are important in hip
OA. Instead of unravelling morphological variations that cause OA from those
that result from OA, we found that most morphological variations are both and
act as a dynamic mediator of OA risk and activity. Novel insights on patterns of
development in morphological variations and their time-specific relation with the
osteoarthritic process may help towards phenotyping in hip OA. For the latter to
succeed a uniform shape model should be developed and tested on a multitude of
hip OA populations. Future studies should consider 3D imaging and biochemical
markers to further validate our findings.
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Abstract

Background and aim

The aetiologies of common degenerative spine, hip, and knee pathologies are still
not completely understood. Mechanical theories have suggested that those diseases
are related to sagittal pelvic morphology and spinopelvic-femoral dynamics. The
link between the most widely used parameter for sagittal pelvic morphology, pelvic
incidence (PI), and the onset of degenerative lumbar, hip, and knee pathologies has
not been studied in a large-scale setting.

Patients and methods

A total of 421 patients from the Cohort Hip and Cohort Knee (CHECK) database,
a population-based observational cohort, with hip and knee complaints <
6 months, aged between 45 and 65 years old, and with lateral lumbar, hip, and
knee radiographs available, were included. Sagittal spinopelvic parameters
and pathologies (spondylolisthesis and degenerative disc disease (DDD)) were
measured at eight-year follow-up and characteristics of hip and knee osteoarthritis
(OA) at baseline and eight-year follow-up. Epidemiology of the degenerative
disorders and clinical outcome scores (hip and knee pain and Western Ontario
and McMaster Universities Osteoarthritis Index) were compared between low PI
(< 50°), normal PI (50° to 60°), and high PI (> 60°) using generalized estimating
equations.

Results

Demographic details were not different between the different PI groups. L4 to L5
and L5 to S1 spondylolisthesis were more frequently present in subjects with high
PI compared to low PI (L4 to L5, OR 3.717; p = 0.024 vs L5 to S1 OR 7.751; p =
0.001). L5 to S1 DDD occurred more in patients with low PI compared to high PI
(OR 1.889; p = 0.010), whereas there were no differences in L4 to L5 DDD among
individuals with a different PI. The incidence of hip OA was higher in participants
with low PI compared to normal (OR 1.262; p = 0.414) or high PI (OR 1.337; p
= 0.274), but not statistically different. The incidence of knee OA was higher in
individuals with a high PI compared to low PI (OR 1.620; p = 0.034).

Conclusion

High PI is a risk factor for development of spondylolisthesis and knee OA. Low
pelvic incidence is related to DDD, and may be linked to OA of the hip.

164



Pelvic morphology and degenerative knee, hip, and spine disorders

Introduction

Hip and knee osteoarthritis and low back pain are a major burden for individuals as
well as the global health and socioeconomic system. Since they affect a considerable
part of the older adult population, they are one of the most expensive medical
conditions and a significant burden to society.! Theylead to pain and loss of function
and can present with a variety of symptoms.>* Last decades, the etiopathogenesis
of those common degenerative diseases has been studied extensively, but is still
not fully understood. It is generally accepted that their multifactorial aetiology
includes a mixture of mechanical and biological factors.

In 1992, Duval-Beaupére demonstrated the importance of the pelvis as a key
regulator of sagittal spino-pelvic-femoral balance’. Since then, sagittal pelvic
morphology has been recognized in relation to normal functioning of the human
spinopelvic complex as well as in the onset of different degenerative spinal diseases
and spinal deformities. Pelvic incidence (PI) was introduced as a parameter for

sagittal pelvic morphology and pelvic tilt (i.e. spino-pelvic tilt, PT) and sacral slope
(SS) for sagittal pelvic orientation (Figure 1).* In this, pelvic morphology refers to
the orientation of the sacral plate within the pelvic ring, which is not position, but
morphology dependent and therefore considered to be fixed during adult life.> On
the contrary, PT and SS are adaptive and depend on the pelvic positioning in space
with respect to the rest of the anatomy and thus change during locomotion. In the
sagittal plane, PI is defined as the angle between the line connecting the femoral
centre of rotation with the midpoint of the sacral plate and a perpendicular line
on the sacral endplate and can be easily measured on lateral pelvic radiographs. In
humans, PI has a large range and varies from 33°-85°, increases during childhood
and becomes constant when reaching adolescence.®” Measurement of PI on
radiographs has shown a variability of 3°-6°, influenced by rotation. PI measured
on CT scans is more precise, but assessment of pelvic orientation in the upright
position is impossible.?

Therefore, the aim of this epidemiological study is to explore the relation between
sagittal pelvic morphology and the development of the most common degenerative
lumbear, hip and knee pathologies, and the corresponding clinical outcome scores.
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L1

L3

L4

Figure 1. Schematic drawing showing pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS).

Methods

Study population

This study utilized data from the CHECK database (Cohort Hip and Cohort
Knee), a multicentre population-based prospective observational cohort with
1,002 participants, initiated by the Dutch Arthritis Foundation to study early hip
and knee OA. The database collects clinical, radiological, and biochemical data
from patients, presenting for the first time with hip or knee pain in the previous
six months, and aged between 45 and 65 years old. They underwent clinical and
radiological follow-up of their hips and knees over the next ten years. Exclusion
criteria were patients having other pathologies (e.g. rheumatic diseases, previous
hip and knee arthroplasty, hip dysplasia, Perthes’ disease, septic arthritis,
osteochondritis dissecans, intra-articular fractures, traumatic ligament or meniscus
damage, plica syndrome, or a Bakers cyst). The CHECK study was approved by
the local medical ethics committees and all participants gave informed consent
before commencement. The protocol of this study, with a detailed description of
the cohort, has been published.’
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A flowchart of the data collection is shown in Figure 2. At eight years follow-
up, clinical data and radiographs of hip and knee were available on 845 of 1,002
participants (84%). Two participants, who underwent previous lumbar spinal
fusion for unknown reasons, were excluded. Out of 843 patients, 421 had lateral
radiographs including the femoral heads (for PI and PT measurement) and were
included in this analysis. The remaining 422 participants were excluded, since
the femoral heads were not visualized. Demographic data were not significantly
different between different PI groups (Table I). Overall, 97% (n = 409) of the
subjects were Caucasian.

Radiographical parameters

Following the study protocol, lateral spinal radiographs were obtained in the
upright position at eight-year follow-up. The independent parameters were PI, PT
and SS and L1-S1 lumbar lordosis (LL) and were measured systematically by the
method of Legaye et al.'’, using in-house developed software. For comparison of
the epidemiology of the various degenerative disorders and clinical outcome scores,
three PI subgroups were compared: low PI (<50°), normal PI (50°-60°) and high PI
(>60°).1112

The outcome parameters were the presence of L4-5 or L5-S1 degenerative disc
disease (DDD) and spondylolisthesis, hip osteoarthritis and knee osteoarthritis.
The presence of DDD was scored on the lateral lumbar radiographs acquired at eight
year follow-up, by a trained orthopaedic resident using the previously validated
Lane classification, which had good (>0.9) intra- and interobserver reliability on
lumbar spine radiographs.'*'* Lane>2 was defined as the presence of DDD. On
the same radiographs, subjects were classified as the radiological presence of L4-5
or L5-S1 degenerative spondylolisthesis if the Meyerding grade was 1 or more."
Differentiation between isthmic and degenerative spondylolisthesis was not
possible, since no CT imaging was available.

For hip and knee-osteoarthritis, the development of osteoarthritis in eight years in
all hips/knees on the anterior-posterior radiographs of the pelvis and knees during
the study period had already been measured according to Kellgren and Lawrence
(KL) for previous projects, by five observers with good interobserver variability.'s
Both extremities were analyzed separately. The presence of OA (KL>2) at baseline
or development of KL>2 or a joint arthroplasty during the follow-up was considered
as significant radiographic hip or knee OA during follow-up. For each patient,
measurements of the spine were performed once, measurements for the hip and knee
were performed bilaterally and corrected for in the statistical analyses.
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Clinical parameters

The clinical parameters used were numeric rating scale (NRS) for pain intensity
in the hip and knee as well as Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) at eight-year follow-up."”

Statistical analysis

Data were processed and analyzed using Microsoft Excel 2010 and IBM SPSS
23. Demographics were compared between groups using analysis of variance.
Epidemiology of the various degenerative disorders and clinical outcome scores
were compared between groups using generalized estimating equations, accounting
for the correlation between multiple limbs in one patient. PI, PT, SS, age and
BMI were all normally distributed. Individuals with early-onset OA (significant
hip or knee OA (KL>2) at baseline) were excluded, to describe the development
of hip and knee OA after the onset of hip or knee symptoms. Odd’s ratios and
95% confidence intervals were calculated. The relation between the degenerative
diseases and SS and PT were analyzed as continuous parameters, using generalized
estimated equitation. A correction for potential confounders (age, BMI and sex)
was performed by adding them as independent variables to the models. Finally,
subanalyses were performed to evaluate whether clinical parameters differ between
subjects with significant radiological OA and different degrees of PI. The level of
statistical significance was set at 0.05.

Results

Demographics

A flowchart of the data collection is shown in figure 2. At eight-years follow-
up, clinical data and radiographs of hip and knee were available in 845 of 1002
participants (84%). Two participants, who underwent previous lumbar spinal
fusion for unknown reason, were excluded. Out of 843 subjects, 421 subjects had
lateral radiographs including the femoral heads (for PI and PT measurement) and
were included in this analysis. The remaining 422 participants were excluded, since
the femoral heads were missing, Demographics did not significantly differ between
the different PI groups (Table 1). 97% of the subjects were Caucasian.

Spondylolisthesis

The prevalence of L4-5 and L5-S1 spondylolisthesis were 6% (n=27) and 9%
(n=39), respectively. All spondylolistheses were classified as Meyerding Grade
I or II. Statistical comparison showed more L4-5 spondylolisthesis in high PI
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Lost to follow-up at t=8
157 participants

Underwent lumbar surgery
) 2 participants

1002 participants

Completed follow-up at =8

845 participants

421 participants with: 422 participants with:

- lumbar radiagraphs - lumbar radiagraphs
(appropriate for Pl measurement) (inappropriate for Pl measurement)
-Hip radiographs -Hip radiographs
-Knee radiographs -Knee radiographs
-Clinical scores -Clinical scores

421 participants (842 extremities)
available for analysis

Figure 2. Flowchart of the Cohort Hip and Cohort Knee (CHECK) study participants available for the
purpose of this study. P, pelvic incidence.

subjects versus low PI (p=0.024, OR=3.717, 95%-CI 0.086-0.839), but there were
no significant differences when compared to the normal PI group (Table 2). At
L5-S1, spondylolisthesis was more prevalent in high PI versus low PI (p=0.001,
OR=7.761, 95%-CI 0.038-0.434) or normal PI (p=0.018, OR=2.732, 95%-CI 0.160-
0.840). PT and SS were not related to the prevalence of spondylolisthesis at L4-5,
but at L5-S1 there was a significant correlation (p=0.004; Table 3).

Degenerative disc disease

The prevalence of significant DDD on level L5-S1 was higher in participants
with a low PI (p=0.010, OR=1.889, 95%-CI 1.163-3.069) or low PT and SS versus
high PI, PT and SS, respectively. At L4-L5 the differences did not reach statistical
significance (Table 2 and 3).
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Table 1. Characteristics of subjects with low, normal and high pelvic incidence (PI).

Low PI Normal PI High PI Total p-value
(<50°, n=124) (50°-60°, n=120) (>60°,n=177) (n=421)

Females, n(%) 89 (73%) 88 (73%) 128 (73%) 305 (73%) Low vs. normal: 0.960
Low vs. high:0.994
Normal vs. high: 0.980

Age in years 56.4%5 56.7+5 55.5%5 56.1+5  Low vs. normal: 0.919

at t=0, meanxsd Low vs. high: 0.288
Normal vs. high: 0.135

Body mass index 26.2+4 26.8+4 26.7+5 26.6+4  Low vs. normal: 0.524

att=0 Low vs. high: 0.600
Normal vs. high: 0.135

PI 43.0+6 55.1+3 70.6+8 58.1+13

PT 16.6+£9 23.8+7 30.7+10 24.6+11

SS 26.5+£9 31.3+8 40.9+11 33.9+11

L1-S1LL 34.0£10 39.3+11 50.0+13 42.3%13

PT=pelvic tilt, SS=sacral slope, LL=lumbar lordosis.

Table 2: Comparison of the prevalence of radiographic signs of degenerative lumbar in individuals
with different pelvic incidence (PI). N (%)

Low PI Normal PI High PI Total p-value
(<50°, n=124) (50°-60°, n=120) (>60°,n=177) (n=421)
Spondylolisthesis 4(3%) 6(5%) 17 (10%) 27 (6%) Low vs. normal: 0.546
L4-L5 Low vs. high: 0.024*
Normal vs. high: 0.072
Spondylolisthesis 3(2%) 8(6%) 28(16%) 39(9%) Low vs. normal: 0.129
L5-S1 Low vs. high: 0.001*

Normal vs. high: 0.018*

L4-5DDD 24 (19%) 25 (21%) 28(16%)  77(18%) Low vs. normal: 0.835
Low vs. high: 0.492
Normal vs. high: 0.365

L5-S1 DDD 59(48%) 53(44%) 57(32%)  169(40%) Low vs. normal: 0.508
Low vs. high: 0.010*
Normal vs. high: 0.067

DDD = Degenerative disk disease

Hip osteoarthritis

At eight-year follow-up, 137 of the 651 (21%) hips had developed significant
radiological OA. The incidence of hip OA during 8 years follow-up was 25% in
participants with low PI as compared to 21% and 19% in participants with normal
or high PI, respectively. This however, did not reach statistical significance. The
same trend, more hip OA in lower PT and SS, was observed (Table 3 and 4).
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Table 3. Relation between pelvic orientation parameters (sacral slope (SS) and pelvic tilt (PT)) and the
prevalence of lumbar, hip and knee degenerative diseases is shown for 10°.

B P-value OR 95% Confidence interval
Spondylolisthesis L4-L5
Sacral slope 0.262 0.134 1.299 0.917-1.825
Pelvic tilt 0.245 0.196 1.277 0.882-1.857
Spondylolisthesis L5-S1
Sacral slope 0.686 <0.001* 1.985 1.484-2.701
Pelvic tilt 0.471 0.004* 1.602 1.164-2.238
DDD L4-L5
Sacral slope -0.125 0.286 0.883 0.698-1.107
Pelvic tilt 0.000 0.998 1 0.784-1.273
DDD L5-S1
Sacral slope -0.335 0.001* 0.715 0.587-0.865
Pelvic tilt -0.118 0.246 0.889 0.727-1.083
Hip osteoarthritis
Sacral slope -0.068 0.590 0.935 0.731-1.195
Pelvic tilt -0.060 0.594 0.941 0.754-1.175
Knee osteoarthritis
Sacral slope 0.173 0.068 1.188 0.988-1.430
Pelvic tilt 0.161 0.089 1.175 0.976-1.415

DDD = Degenerative disk disease

Table 4. Comparison of the prevalence of radiographic signs of knee and hip osteoarthritis and clinical
outcomes in individuals with low, normal and high pelvic incidence (PI).

Low PI Normal PI High PI Total p-value
(<50°, n=193) (50°-60°, n=264) (>60°, n=194) (n=651)

Low vs. normal: 0.414

Radiological hip L high: 0.274
48(25%) 40(21%) 49(19%) 137(21%) “ow vs. high: 0.
0A (KL>2), n(%) Normal vs. high: 0.837
. . Low vs. normal: 0.843
Radiological knee 5 ) 59(31%)  108(41%) 225(35%) Low vs.high: 0.034*
0A (KL>2), n(%) Normal vs. high: 0.025%
Low vs. normal: 0.286
WOMAC (0-100), 24£16 21£14 2415 2315 Lowvs. high: 0.818
meanzsd Normal vs. high: 0.577
) . Low vs. normal: 0.990
NRS for hip pain 1.6+2 1.742 1.822 1742  Low vs. high: 0.627
Intensity (0-10) Normal vs. high: 0.720
Low vs. normal: 0.949
NRS for knee 2.1%2 2142 232 22+2 Lowvs high:0.374
pain intensity (0-10) Normal vs. high: 0.224

OA = Osteoarthritis, KL=Kellgren and Lawrence.
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At eight-year follow-up, no significant difference in the NRS for hip pain and
WOMAC were observed between groups. Subanalysis showed that in the presence
of significant radiological hip OA, there were no significant differences in the NRS
for hip pain or WOMAC between PI groups.

Knee osteoarthritis

314 (42%) of the 743 knees had significant radiological OA at eight-year follow-
up. A significantly higher incidence of knee OA during 8 years of was observed
in subjects with a high PI, compared to subjects with normal PI (p=0.025, OR
1.701, 95%-CI 1.068-2.710) or low PI (p=0.034, OR 1.620, 95%-CI 1.037-2.531).
PT and SS were also correlated with radiological knee OA (Table 4 and 5). Similar
to the clinical scores of the hip, no significant differences were seen in knee pain
intensity between individuals with different pelvic morphology. When the knee
pain intensity scores were compared between individuals with knee OA KL>2
and different degree of PI, individuals with high PI had significantly higher scores
compared to low PI (p=0.049; Table 5).

Table 5. the presence of knee and hip pain in individuals with significant radiographic knee or hip OA,
with different grades of pelvic incidence (PI).

Low PI Normal PI High PI Total
(<50°) (50°-60°) (>60°)
Knee Pain Yes 50.5% 58.0% 41.7% 48.6%
No 49.5% 42.0% 58.3% 51.4%
Hip Pain Yes 70.6% 70.1% 75.9% 72.8%
No 29.4% 29.9% 24.1% 27.2%

Discussion

Human spino-pelvic-femoral alignment is unique and different from any other
species.”® Humans are able to stand in the fully upright position with extended
knees and hips. This is a result of an evolutionary lordotic angulation between the
ischiac and iliac bones in the pelvis, also known as the pelvic lordosis, in order to
keep the centre of gravity in the upright position straight above the pelvis. This
sagittal pelvic morphology has been recognized in relation to normal functioning
of the human spinopelvic complex as well as in the onset of different degenerative
spinal diseases and spinal deformities. Study groups of Roussouly", Mac-Thiong"
and Le Huec® demonstrated that, by anterior and posterior pelvic tilt, the pelvis is
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a key regulator of the sagittal configuration of the spine in order to keep the centre
of mass of the body and the head straight above the femoral heads, and that by
posterior pelvic tilt, the pelvis can compensate for delordosing degenerative lumbar
deformation.'>*** PI was introduced as a parameter for sagittal pelvic morphology
and PT and SS for sagittal pelvic orientation (Figure 1).* Due to the more horizontal
position of the sacrum within the pelvic ring, in a pelvis with high PI, there is an
increased ability for posterior pelvic tilt and compensation of kyphogenic spinal
pathology.®

Previous studies have shown that the PI increases during paediatric growth and
remains more or less constant during later life.° The only variation at later life
can be attributed to body positioning: due to the minor range-of-motion in the
sacro-iliac joints there is a 2-3° difference in PI between different body positions.*'
In the present study, PI was measured on lumbar radiographs in the upright
position available at 8 years follow-up. Based on the existing literature, however,
we assume that an individual’s PI has not significantly changed from adolescence
until adulthood, and thus also not within the study period. Therefore, this can be
considered a pre-existent morphological parameter that can indicate the sagittal
biomechanical loading of the spino-pelvic-femoral articulations during later
life. Therefore, we believe that the potential etiological conclusions on the role of
sagittal pelvic morphology and the onset of certain spinal, hip or knee pathologies
hold true. In contrast to PI, the sagittal pelvic orientation parameters (PT and
SS) could have changed during the study period as a result of the onset of certain
degenerative pathologies.

For degenerative spondylolisthesis, there is already clear evidence that it occurs
more in individuals with a relatively high PI and SS, as a result of greater anteriorly
directed shear forces at the L4-L5 and L5-S1 level®. Our results are in line with the
data from previous studies, as the prevalence of L4-L5 and L5-S1 spondylolisthesis
was higher in individuals with a high PT and SS.°

For DDD, it can be expected that, due to increased axial loading in the anterior
spinal elements in low PI and SS, intervertebral disc pathology or degenerative
scoliosis is more prevalent in adults with low PL>? Previously, Barrey et al
observed that patients with DDD on level L4-L5 and L5-S1 had the same PI (52°)
as a control group. However, in patients <45 years old, differences in PI were more
expressed and demonstrated a significantly lower PI of 48.3° in individuals affected
by DDD compared to a control group.” Yang et al. described a lower (P<0.05) PI
and SS in patients with DDD, compared a the control group, and stated that low

173



Chapter 8

PI plays a predisposing role in the pathogenesis of DDD.? Furthermore, Strube
et al. compared patients with degenerative spondylolisthesis and DDD and found
that the PI was higher in spondylolisthesis compared to DDD (p<0.001).** In our
prospective study, DDD was more present in patients with a low PI, but solely on
the level L5-S1, there was no effect of low PI on the level L4-L5.

Other, more recent studies found that due to pelvic-femoral dynamics sagittal
pelvic morphology cannot only be related to degenerative lumbar pathology, but
may also have important biomechanical consequences for the hips and knees.?>***
In a recent systematic review by Saltychev et al., the evidence for a relation between
PI and hip OA from ten studies was summarized as inconclusive.'? No relation was
found, but the overall methodology of the included studies and sample sizes for
epidemiological data (19-150 subjects) was poor.'* Furthermore, no earlier study
described the relation between PI and knee OA. To the best of our knowledge, the
potential link between sagittal pelvic morphology and hip/ knee OA has not yet
been studied systematically in a large scale prospective setting.'?

In the present study, we systematically explored the influence of sagittal pelvic
morphology on the development of different degenerative diseases of hip and
knee or spine. For this purpose, an existing prospective cohort of 1002 patient
presenting with hip and knee pain that underwent extensive radiological follow-
up was used. Lateral lumbar radiographs for measurement of PI, and PT and SS,
were only available at eight-year follow-up. Based on previous studies, however,
it can be assumed that the PI did not change in individuals during the follow-up
period, since it is constant after the adolescent growth spurt.’**® From the data,
we can conclude that low PI was a risk factor for development of L5-S1 DDD,
while spondylolisthesis was associated with high PI. Interestingly, we also observed
more hip OA in individuals with low PI, whereas knee OA was significantly more
prevalent in individuals with a high PI.

From a biomechanical point of view, differences in sagittal pelvic morphology lead
to differences in global alignment, spinopelvic-femoral dynamics and compensatory
mechanisms, and therefore different mechanical loading of the femoro-acetabular
joints and lumbosacral junction. It can be inferred that the hip joints in patients with
alow PI are loaded more towards their limit of extension, which could theoretically
pose high loads on the cranial and anterior labrum and impingement on the posterior
labrum. Conclusions on cause-and-effect of hip and knee OA versus pelvic anatomy,
however, cannot be drawn based on the present study.
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Potentially, as low PI patients are more prone to development of DDD, and have
less ability in the pelvis for compensation of kyphogenic lumbar degenerative
pathology, the femoro-acetabular configuration will be not severely affected due
to the lack of posterior pelvic tilt. Meanwhile, the consequences of major posterior
pelvic tilt in patients with high PI on the biomechanical loading of the hip joint are
also unknown.

In contrast to previous theory of Roussouly et al.>, who expected more hip OA in
case of a high PT and PI, we observed a trend of more hip OA in patients with low
PIbut this did not reach statistical significance. This finding is in line with Bakouny
et al.”’, who observed in 91 asymptomatic young adults that individuals with a
Roussouly type 2 spinopelvic alignment had a gait pattern with relatively more
hip extension and less hip flexion. This altered pelvic orientation may result in
different mechanical loading of the coxo-acetebular joints and femoro-acetabular
impingement, and with this hip OA.? To shed further light on the biomechanical
relations between the pelvis and the femoro-acetabular junction, future studies
could focus on the anatomical relations between the 3D morphology of the hip
joint versus the sagittal pelvic morphology, taking into account the biomechanical
loading and orientation of the pelvis.

Clinicians are often confronted with patients suffering from a knee-hip-spine
trilemma. In 2003, Murata et al. labelled the knee-spine syndrome, an association
between limited extension of the knee and reduced lumbar lordosis.*® Lee et al.
observed that during knee flexion, lumbar lordosis decreases and the sagittal
balance is shifted anteriorly, which might give complaints of the lumbar spine,
whereas PT and SS rarely changed during knee flexion. The influence of PI in the
onset of knee OA has not been explored before.

Since the majority of the excluded patients were excluded related due to local
imaging differences in participating centres, we don't believe this process has
excluded patients with a different phenotype. This could however, have resulted
in under powering of the analysis of the relation between PI and hip OA, which
is a weakness of this study. Another weakness is the relative short period of eight-
year follow-up to observe the onset of degenerative diseases, since it takes for
several decennia to develop most degenerative diseases. This could have resulted
in the observation of progression of radiological OA, but this might be too early to
correlate this with clinical outcomes, as was seen in this study.
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The present study demonstrated that due to the sagittal pelvic morphology
and consequent biomechanical loading, individuals may be at higher risk for
development of a spectrum of degenerative disorders of the lower extremities or
lumbar spine.

Conclusions

From an etiological perspective, this study provides evidence on the role of
sagittal pelvic morphology and the onset of the most common lumbar, hip and
knee degenerative pathologies. It can be concluded that high PI is a risk factor for
development of degenerative spondylolisthesis and knee osteoarthritis. Contrarily,
low PI is a risk factor for degenerative disc disease. Low PI may also be associated
with the development of osteoarthritis of the hip. From the observed correlations
between the different pathologies and pelvic anatomy, we anticipate that further
research on the anatomical and biomechanical knee-hip-spine relations provides
more insight into the aetiology and pathogenesis of the most common degenerative
spinal, knee and hip disorders.
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Abstract

Background and aim

To date the aetiology of femoroacetabular impingement (FAI) is still not completely
understood. There are mechanical theories that suggest that development of
symptomatic FAI is linked to sagittal pelvic morphology and spinopelvic-femoral
dynamics. The aim of this cohort study is to evaluate the relation of sagittal
pelvic morphology and orientation with radiographic signs of FAIL. Additionally,
we test whether the relation between FAI and spinopelvic parameters differs in
osteoarthritic hips.

Patients and methods

From a prospective observational cohort study, 1002 patients between 45-65
years old with a first episode of knee or hip pain were followed for eight years.
All patients that had lateral lumbar radiographs and clinical and radiographic
follow-up of the hips during eight years were included in the present study. Range
of internal rotation of the hip as well as radiographic parameters for FAI (alpha and
Wiberg angle) and the presence of hip osteoarthritis (Kellgren and Lawrence) were
systematically measured at baseline. Pelvic incidence (PI), pelvic tilt (PT), sacral
slope (SS)) were measured at 8-year follow-up. Associations between PI, PT, SS and
FAI parameters was tested using generalized estimating equations.

Results

421 subjects, 842 hips, were included. No significant relation between PI, PT or
SS and alpha or Wiberg angle was found. Comparison of hips with and without
radiological sign(s) of FAI showed no differences in PI, PT or SS. There was
no relation between range of internal rotation of the hip and the spinopelvic
parameters.

Conclusion

Sagittal pelvic morphology and orientation are not related to the presence of
radiological signs of FAI in this study population.
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Introduction

Femoroacetabular impingement (FAI) is a well-known cause of hip pain in young
adults and is strongly related to the development of hip osteoarthritis (OA)"2 It is
believed to originate from pathologic contact between skeletal prominences of the
proximal femur and the acetabular rim or labrum that limits hip range-of-motion,
mostly flexion, adduction and internal rotation. Based on the radiographic signs
of FAI, the pathoanatomy can be divided in three types: Cam, pincer or combined
impingement. Cam deformities are characterized by aspherical deformation of
the anterolateral caput-column junction that mostly develops in young men, who
practice contact sports during adolescence, like rugby, soccer or hockey**, which
can result later on in an symptomatic FAI Pincer-type deformities are characterized
by focal or general over-coverage of the femoral head and can become symptomatic
in woman in their 40s.°

There is recent evidence that demonstrates that the likelihood of damage to the
joint cartilage or labrum in FAI is related to the shape and orientation of the
pelvis, and the individual’s spino-pelvic-femoral dynamics.”® In 1992, Duval-
Beaupere introduced the “pelvic incidence® as a key parameter for sagittal pelvic
morphology, and pelvic tilt (PT) and sacral slope (SS) for pelvic orientation’
(Figure 1). PI represents the orientation of the sacrum within the pelvic ring in the
sagittal plane, and is defined as the angle between the line connecting the hip-axis
to the midpoint of the sacrum and a line perpendicular to the sacral endplate. PT
and SS represent the pelvic and sacral endplate orientation, relative to the vertical
and horizontal, respectively. PI varies enormously within the human population
(from 33°-85°) and is highly related to one’s sagittal pelvic orientation.”” By
anterior and posterior PT around the hips, the pelvis plays a fundamental role
in regulating sagittal spino-pelvic-femoral alignment and the onset the most
common lumbar degenerative pathologies.'"'> Patients with relative low PI or
with lumbar degeneration have limited ability for posterior PT when changing
from standing to sitting". Anterior and posterior pelvic rotations around the hip
axis will have important consequences for the biomechanical loading and range-
of-motion of the hips as well. A low PI and PT limits the anterior ‘opening’ of
the acetabular cavities when changing from standing to sitting, with a higher
likelihood of impingement. Recently, this hypothesis has been confirmed in two
cross-sectional studies that compared the PI of symptomatic FAI patients with a an
asymptomatic control group.'*** They describe that the PI is on average 4-6° lower
in symptomatic FAI patients compared to asymptomatic controls.'*'"> To date, no
large-scale prospective cohort study explored the relation between sagittal pelvic
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Figure 1. Schematic drawing showing pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS).

parameters, hip range-of-motion and the presence of radiological signs of FAI and/
or development of hip OA.

The aim of this study is to evaluate the relation between sagittal pelvic morphology
and radiographic parameters of FAI and range-of-internal rotation. Additionally,
we test whether the relation between FAI and spinopelvic parameters differs in
osteoarthritic hips. For this purpose, data from the prospective CHECK-study
(Cohort Hip and Cohort Knee), initiated by the Dutch Arthritis Foundation, was
used.'®

Methods

Study population

For this study, all patients in the CHECK-database for which pelvic and lateral
lumbar radiographs were available and completed eight-year follow-up, were
included. CHECK is a multicentre population based, prospective observational
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cohort study on 1002 patients between 45 and 65 years old that presented
themselves with <6 months pain of the hip- or knee that were yearly clinically
and radiographically followed for ten years'®. Patients with previous hip or knee
surgery, rheumatic diseases, treatment for developmental dysplasia of the hip,
osteochondritis dissecans, intra-articular fractures, Perthes disease, traumatic
ligament or meniscus damage, plica syndrome or a Bakers cyst were excluded in the
original study. For this study, we also excluded patients of which the pelvic or lateral
lumbar radiographs did not include the full pelvis or femoral heads. CHECK was
approved by the medical ethic committee and all participants provided informed
consent, before inclusion in the study.

Radiographic analyses

By protocol, lateral standing spine radiographs were obtained at eight-year follow-
up. These were used for assessment of PI, PT and SS.” Anterior-posterior pelvic
radiographs collected at baseline were used in this study to assess the presence of
a cam deformity (alpha angle >60°) or pincer deformity (Wiberg angle >40°) and
the presence of hip OA of both hips.'® Both hips were assessed separately, but we
corrected for intra-person correlations in the statistical analysis. The following hip
parameters were semi-automatically measured in a special developed tool in PSF
Python 3.6:

+ Alphaangle
«  Wiberg angle

The alpha angle is the angle between a centred line through the femoral shaft axis
and a line from the centre of the femoral head to the point where the femoral
head becomes aspheric. The Wiberg angle is the angle between a perpendicular
line between both femoral heads and a line between the centre of the femoral head
and the lateral acetabular border. The presence of hip OA was classified according
to Kellgren and Lawrence (KL) for previous projects, by five observers with an
intraclass correlation coeflicient for inter-observer reliability of >0.9.19%

Clinical parameters

At baseline, all individuals underwent clinical assessment by a trained health
professional. The clinical parameters used for this study were the range of internal
rotation of the left and right hip. Anterior impingement test (FADIR) was not
systematically performed.
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Statistical analysis

Data were processed and analyzed using Microsoft Excel 2010 and IBM SPSS
23. The alpha angle showed a strong bimodal distribution and was therefore
dichotomized according to literature (<60°/>60°)."® The association between PI
and the alpha angle, Wiberg angle, and internal hip rotation was tested using
generalized estimating equations for logistic or linear regression, accounting for
the correlation between both hips within each patient. All analyses were also
adjusted for age and sex, to prevent for confounding. Additionally, the effect of SS
and PT on the same outcomes were tested in separate models. An a of 0.05 was
used to test for statistical significance.

Results

In CHECK, 1002 subjects were included. After eight years, clinical data and
radiographs of the hip were available for 845 participants (84%), 157 were lost
to follow-up. For 421 participants, 842 hips, an appropriate spinal and pelvic
radiograph was available for measurement of the PI, PT, SS and FAI parameters and
they were included in the present study. Of the majority of the excluded subjects,
the lateral lumbar spinal radiographs did not include the femoral heads making PI
and PT measurement impossible. 308 (73%) of the included subjects was female.
The mean age of the participants was 565 years, mean BMI was 27+4. 409 (97%)
were Caucasian. Spinopelvic parameters are shown in (Table 1).

Table 1. Prevalence of radiological signs of femoroacetabular impingement and hip osteoarthritis and
pelvic parameters in the study population.

Hip osteoarthritis, percentage (KL>2) 89%
Alpha angle, mean SD 54 +23
Percentage (=60°) 80%
Wiberg angle, mean SD 36+7
Percentage (=40°) 30%
Hip internal rotation, mean SD 31+£8
Pelvic incidence, mean SD 58+13
Pelvic tilt, mean SD 25+11
Sacral slope, mean SD 34+11
Lumbar lordosis, mean SD 42+ 13

KL=Kellgren and Lawrence
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Pelvic parameters versus alpha and Wiberg

Analyses between pelvic parameters and the alpha angle and Wiberg angle showed
no statistically significant correlation (Table 2, Figure 2 and 3).

Table 2. Relation between pelvic parameters and femoroacetabular impingement and internal hip
rotation.

B p-value 95% Confidence interval
Alpha
Pelvic incidence 0.996 0.680 0.975-1.017
Pelvic tilt 0.997 0.840 0.972-1.023
Sacral slope 0.999 0.930 0.972-1.026
Wiberg angle
Pelvic incidence -0.023 0.455 -0.085-0.038
Pelvic tilt -0.023 0.579 -0.105-0.059
Sacral slope -0.026 0.459 -0.094-0.043
Hip internal rotation
Pelvic incidence 0.047 0.067 -0.003-0.097
Pelvic tilt 0.051 0.088 -0.008-0.110
Sacral slope 0.038 0.253 -0.027-0.104

*OR instead of B due to logistic regression analysis

Pelvic parameters versus hip range-of-motion

Analyses between pelvic parameters and clinical hip internal rotation showed no
correlation between pelvic parameters and internal hip rotation (Table 2).

Pelvic parameters in FAI

The pelvic parameters of patients with or without radiological signs of FAI are
shown in Table 3 and 4. No correlation was found between pelvic parameters and
radiological signs of FAIL

Pelvic parameters in relation to hip OA

94 (11%) hips had radiological evidence of hip OA (KL>2). Comparisons of the
pelvic parameters between subjects with and without OA and radiological signs of
FAI are shown in Table 4.
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Table 3. Pelvic parameters for patients with or without a radiographic signs of femoroacetabular
impingement (FAI), with exclusion of patients with significant hip osteoarthritis (OA) at baseline
(Kellgren and Lawrence >2), presented as mean + SD(°)

No FAI Cam deformity Pincer deformity Mixed

(n=263) only (n=84) only (n=84) (n=21)
Pelvic incidence 59,1+13,7 56,0+13,0 56,3+13,4 61,7124
Pelvic tilt 25,7+11,0 23,4£10,6 23,9+10,6 27,249,6
Sacral slope 34,0+11,2 33,3+12,2 32,5+£12,3 35,5+£13,0

Table 4. Pelvic parameters for patients with or without hip osteoarthritis (OA) at baseline (Kellgren and
Lawrence >2) and a radiographic signs of femoroacetabular impingement (FAI), presented as mean +
SD(°)

Hip without OA Hip with OA
FAI No FAI P-value FAI No FAI P-value
(n=219) (n=263) (n=57) (n=20)
Pelvic incidence 56,7+13,1 59,1£13,7 0,153 59,3£13,1 55,3£10,0 0,340
Pelvic tilt 24,0£10,5 25,7£11,0 0,264 23,6£11,9 23,4+7,7 0,811
Sacral slope 33,1£12,2 34,0£11,2 0,432 36,0£10,7  33,1t11,6 0,369

Discussion

The role of sagittal pelvic morphology and orientation on the development of FAI
was systematically studied in a cohort of 1002 patients between 45 and 65 years old
that presented themselves with <6 months pain of the hip or knee. Interestingly, in
contrast to previous case-control studies on symptomatic FAT patients, we found
no correlation between radiological signs of FAI and sagittal pelvic parameters in
this cohort. Furthermore, we found no relation between range of internal rotation
and sagittal pelvic parameters. These results suggest that in our cohort, there is
limited etiological relevance of sagittal pelvic morphology for development of a
symptomatic cam deformity or pincer lesion.

Humans have unique spino-pelvic-femoral alignment, different from any other
bipedal mammal. It enables to stand fully upright with extended knees and hips.
As a result of a lordosis within the pelvis, humans are able to keep the centre of
gravity of the trunk and head straight above the pelvis in the upright position .
The pelvis has been recognized in relation to normal functioning of the human
spinopelvic complex, because by anterior and posterior pelvic tilt, it is a key
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regulator of the sagittal configuration of the spine.”>'>* The ‘PI’ was introduced
as a parameter for sagittal pelvic morphology and PT and SS for sagittal pelvic
orientation.’ Sagittal pelvic morphology and orientation varies widely within the
human population and plays a significant role in the onset of different degenerative
spinal pathologies.'?"*»* Variation in sagittal pelvic morphology and orientation
relative to the femoral heads does not only lead to differences in the spinopelvic
configuration, but also to different mechanical loading of the femoroacetabular
joints. Patients with a low PI as well as patients with degenerative pelvic disorders,
have less ability to retrovert the pelvis when changing from standing to sitting. It
can be inferred that in those patients the hip joints are loaded more towards their
limit of extension in the standing position. The relative anterior over-coverage of
the acetabulum could pose higher joint-reaction forces on the cranial and anterior
labrum as well as cause anterior impingement.

The pathomechanism of symptomatic FAI remains controversial.** Acquired causes
as well as genetic predisposition have been implicated in its aetiology.”” Most of the
research on FAI etiopathogenesis has been on the femoral head-neck deformity,
acetabular coverage and mechanical impingement. Acquired factors involved in
the development of cam-type deformities are repetitive injury of the physis of the
femoral head during adolescence. This is supported by the high incidence of cam-
type deformities in adolescents participating in high intensity and frequency sports
such as soccer, skiing and ice-hockey.**** From a genetic perspective, acetabular
overcoverage has been associated with certain genotypes. This may also represent
the genetic inheritability of certain sagittal spinopelvic alignment.*

In the sagittal plane, the motion of the spine has a close relationship with the pelvic-
femoral joint. In a study of Grantham et al. individuals, with radiographic signs of
FAI had a more rigid spine, but were able to establish more hip flexion compared
to controls. This increased amount of required hip flexion, might result in more
events of impingement, and development of symptomatic FAI. The asymptomatic
individuals with radiological signs of FAI, had a higher ability of spine flexion,
but similar hip flexion, so more mechanisms for compensation.”” Symptomatic
patients had more hip flexion in sitting position, due to their lack of compensation
in the lumbar spine. More anterior pelvic tilt is required then, which may lead to
impingement between the acetabulum and proximal femur. Femoral retroversion
might contribute to the development of symptomatic FAI as well, since the anterior
neck of a retroverted hip easily collides with the acetabulum labrum in slight
degrees of internal rotation. Variations in spinopelvic dynamics between subjects
with radiographic FAI may lead to symptoms of FAL>

191



Chapter 9

In the present study, 22% of the study population presented with a first episode
of hip or knee pain demonstrated radiographic signs of a cam deformation. In
comparison, a systematic review demonstrated a prevalence of 5-75%, varying
between 30 studies.’® In this review, it was unable to demonstrate a higher
prevalence in certain subgroups, such as athletes or patients with hip pain. This
indicates that radiographic signs of FAI often occur in asymptomatic individuals,
so possibly other factors (such as certain acetabular/ proximal femoral morphology
or developmental axial rotational deformity of the lower limb are required to
develop symptomatic FAL

Previous studies on sagittal spinopelvic alignment in FAI patients showed that FAI
is more prevalent in individuals with a low PI or low SS. This lead to the hypothesis
that FAI is a result of different mechanical loading on lumbosacral junctions®’.
Hellman et al., recently studied a retrospective cohort of 40 patients with
symptomatic FAI, and found a significant lower PI compared to asymptomatic
subjects'. It was stated that individuals prone for FAI only become symptomatic
when the pelvic-femoral compensation mechanism is insufficient. Our study
confirms the high prevalence of radiographic signs of FAI (cam and pincer) in
the population, instead of the theory that these signs are a result of developing,
symptomatic FAIL Differences in spinopelvic morphology in individuals with
cam lesions might result in symptomatic FAL It can be stated that a cam lesion,
combined with a low PI, might result in symptomatic FAIL

In earlier studies, based on the same CHECK-cohort, a relation was found between
FAI and hip OA. Recently, from the same cohort the possible relation between
pelvic morphology and hip OA was explored. There was a trend towards lower
PI (and PT) in patients with significant hip OA", a higher prevalence of FAI in
subjects with a low PI might explain this phenomenon. Pelvises with low PI, may
cause increased force on the anterior labrum of the hip during hip flexion, which
enables FAI to develop during adolescence, resulting in early OA of the hip.

This study has a few limitations. FADIR/FABER tests of the hip were not
systematically performed. These are described as reliable tests with high diagnostic
accuracy to assess symptomatic FAI*> We explored, however, the relationship
between decreased ROM of internal rotation (<20°), another typical finding in
patients with FAI*? and PI (Table 2), but could not find a relationship. Another
limitation is that lateral lumbar radiographs were only available at eight-year
follow-up. Based on previous studies, however, it can be assumed that the PI did
not change in individuals during the study, since it remains constant after the
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adolescent growth spurt, the same period cam deformities develop*'®. Before the
inclusion, some patients may have developed significant hip OA. Because the
development of osteophytes might complicate measurements of the alpha angle
and Wiberg angle, we chose to exclude patients with significant OA. This might
have introduced selection bias.

In future studies the relation between individual varieties in pelvic morphology
and the prevalence of (symptomatic) FAI should be further explored. To better
understand the development of FAI, dynamic imaging might be required in
individuals with different pelvic morphology, to study the 3D orientation between
the pelvis and the proximal femoral in movements which might elicit FAL
Clinical findings of large prospective cohorts of patients should be combined with
radiographic signs of FAI in relation to pelvic parameters on radiographs, or more
precise, CT or MR imaging.

Conclusion

In the present study, no evidence was found for a relation between pelvic
parameters (PL, PT and SS) and femoroacetabular impingement of the cam-type
FAI nor pincer. Sagittal pelvic morphology and orientation are not directly related
to the presence of radiological signs of FAI, which has a high prevalence in the
general population. However, individuals with low pelvic tilt may be more at risk
for development of symptoms of FAL
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Abstract

Background and purpose

To design an automated workflow for hip radiographs focused on joint shape and
tests its prognostic value for future hip osteoarthritis.

Patients and methods

We used baseline and 8-year follow-up data from 1,002 participants of the
CHECK-study. The primary outcome was definite radiographic hip osteoarthritis
(rHOA) (Kellgren-Lawrence grade >2 or joint replacement) at 8-year follow-up.
We designed a method to automatically segment the hip joint from radiographs.
Subsequently, we applied machine learning algorithms (elastic net with automated
parameter optimization) to provide the Shape-Score, a single value describing the
risk for future rHOA based solely on joint shape. We built and internally validated
prediction models using baseline demographics, physical examination, and
radiologists scores and tested the added prognostic value of the Shape-Score using
Area-Under-the-Curve (AUC). Missing data was imputed by multiple imputation
by chained equations. Only hips with pain in the corresponding leg were included.

Results

84% were female, mean age was 56 (£5.1) years, mean BMI 26.3 (+4.2). Of 1,044
hips with pain at baseline and complete follow-up, 143 showed radiographic
osteoarthritis and 42 were replaced. 91.5% of the hips had follow-up data available.
The Shape-Score was a significant predictor of rHOA (odds ratio per decimal
increase 5.21, 95%-CI (3.74-7.24)). The prediction model using demographics,
physical examination, and radiologists scores demonstrated an AUC of 0.795,
95%-CI (0.757-0.834). After addition of the Shape-Score the AUC increased to
0.864, 95%-CI (0.833-0.895).

Conclusion

Our Shape-Score, automatically derived from radiographs using a novel machine
learning workflow, may strongly improve risk prediction in hip osteoarthritis.
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Introduction

Hip osteoarthritis (HOA) is often diagnosed relatively late in the disease process
and currently there are no drugs available to modify disease progression. Therefore,
initial HOA treatment is necessarily restricted to education, exercise, weight loss and
analgesics. Total hip replacement (THR) often follows when these do not suffice.!

To guide current care and develop interventions to modify the disease course,
accurate prediction of HOA development in patients presenting with hip complaints
is important. Many risk factors for HOA are reported in the literature. However, no
established risk prediction tool for HOA is currently available. The rise of automated
image processing techniques using artificial intelligence, offers the possibility to
extract information from images beyond traditional visual interpretation. For
example, deep neural networks can be used on computed tomography scans to
classify arterial calcifications or pulmonary peri-fissural nodules. »*

Shape variations in the hip play a role in the development of HOA.** Geometric
measurements for assessing hip dysplasia or cam morphology are used as clinical
tools®, but only describe particular components of the hip shape. Statistical Shape
Models (SSMs) have the potential to quantify the overall shape variation of the
bone, including more subtle variations.”** However, SSMs require labor-intensive
manual input to outline (i.e. segment) shapes with landmark points, hampering their
use in large study populations. Therefore, we developed a segmentation software
system to automatically extract hip shape from standard pelvic radiographs.'*2

This study describes the development and validation of a prediction tool for future
HOA in a large cohort of patients with hip pain that had never or only recently (<6
months) consulted a physician for their complaints. Our prediction tool, Shape-
Score, utilizes overall hip shape based on SSMs, using our segmentation software
system on standard pelvic radiographs. Moreover, we quantified the added
predictive value of our tool over clinically available predictors alone.

Methods

Participants

Cohort Hip and Cohort Knee (CHECK) aimed to examine the course of early
OA in the hip and/or knee.”” Between October 2002 and September 2005, 1002
participants were enrolled in 10 participating centers throughout the Netherlands.
Potential candidates were approached by their general practitioner and/or recruited
via local media. Participants were aged 45-65 years at the time of inclusion and
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had pain and/or stiffness in at least one knee and/or hip. They had not, or only
recently (<6 months) consulted a physician for these complaints. Exclusion criteria
were (i) pathology other than OA explaining symptoms, (ii) expected inability to
complete 10-year follow-up, and (iii) inability to sufficiently understand Dutch.
Radiographic knee OA (defined as KL 2 or higher) was not present in patients at
baseline.

Measurements

Demographics

Age, gender, BMI and current smoking (yes/no) were registered. Highest education
level was scored on a scale from 1 to 8, as a proxy for socio-economic status. The
scale is described in Table 1.

Table 1. Baseline characteristics (n=1140 painful hips)'

(Data based on N=)

Demographics

Age in years, mean (SD) 55.9 (5.1) 1140
BMI in kg/m?, mean (SD) 26.3 (4.2) 1119
Highest education, median (IQR)? 5 (4to7) 1109
Female sex, N (%) 954 (87.3) 1140
Current smoking, N (%) 158 (14.2) 1115
Clinical examination

WOMALC total score, mean (SD) 249 (16.3) 1113
Pain located around hip, N (%) 673 (59.4) 1133
Pain located around knee, N (%) 961 (84.5) 1137
Analgesic use, N (%) 387 (34.5) 1123
Morning stiftness, N (%) 423 (38.3) 1104
Range of motion hip, mean (SD) 30.6 (8.7) 1134
Pain on internal hip rotation, N (%) 342 (30.2) 1134
Basic radiographic parameters

Hip Joint space narrowing, N (%) 367 (32.8) 1108
Hip Osteophytosis, N (%) 374 (33.8) 1118
Hip Buttressing, N (%) 64 (5.7) 1118
Hip KL grade 1, N(%)* 434 (38.6) 1118
Knee KL grade 1, N(%)? 266 (23.8) 1140
Shape-Score

Shape-Score, mean (SD) 0.18 (0.066) 1140

! As missing values are drawn from a distribution in multiple imputations, the number of included
hip joints (range 1140 to 1143) differed per imputed dataset.

% 1= no school, 2= primary school, 3= basic vocational education, 4= secondary education,
5=secondary vocational education, 6= Higher and university preparatory education, 7= higher
professional education, 8= university), IQR = interquartile range

*Kellgren and Lawrence grade for radiographic osteoarthritis, all hips and knees were graded 0 or 1
at baseline
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Clinical examination

Trained health professionals registered hip pain, when pain was present around the
groin/buttock/upper leg. Additionally, knee pain was registered if pain was present
around the knee (possible referred pain). The Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) total score was used to summarize
pain, stiffness, and physical function. Analgesic use and morning stiffness were
registered as present or absent. Active internal hip rotation was measured using a
goniometer, according to Norkin and White'". Pain during internal rotation was
registered (yes/no).

Basic radiographic parameters

Standardized weight-bearing anteroposterior pelvic radiographs, with 15-degree
internal hip rotation were made. The presence of joint space narrowing (JSN),
osteophytes and thickening of the femoral calcar (buttressing) were scored (yes/
no) on baseline radiographs by five trained observers as previously described.'>'¢

Automatic quantification of subtle shape variations

Statistical shape models (SSMs) provide a global representation of shape rather
than reducing shape to a set of geometric measurements, enabling quantification
and analysis of complex and subtle shape aspects. Using predefined (anatomical)
landmark points, an object, such as the bones of the hip joint, can be outlined and
segmented. Based on all landmark points across a set of images, an SSM can be
generated by applying principal component analysis to the aligned shapes.” The
SSM then describes every shape by the combination of a mean shape and a linear
combination of a number of shape modes. Each mode describes a distinct shape
aspect. The first shape mode explains the highest proportion of variation across
the dataset and each additional mode explains a smaller part of the total variation.

We developed a fully automatic segmentation system (FASS) to segment the hip
using 75 landmark points (Supplementary text and supplemenatry figures
1 and 2).'"'>'8 We used all 1373 baseline pelvic radiographs of sufficient quality
with manual segmentations available from previous work, enabling to compare
the predictive value of the data produced by the FASS to the data produced by
manual segmentations '%. Below, we give a concise overview of the development of
the Shape-Score using FASS/SMM shape modes. More detailed information and a
comparison between Shape-Scores from manual versus automatic segmentations
is provided in the Supplementary text.
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We used the first 26 SSM modes, explaining 90% of the overall shape variation
across our dataset to develop the Shape-Score. While individual shape modes are
independent by the nature of SSMs, the simultaneous effect of two (or more) shape
modes on the risk for OA may interact (e.g. be multiplicative instead of additive).
For example, a mode describing cam morphology may strengthen the effect of a
mode with increased acetabular coverage (i.e. pincer morphology). The theoretical
explanation would be that an increased acetabular coverage causes cam morphology
to impinge earlier against the acetabulum, which might increase the risk of labral
damage and subsequent HOA (Figure 1)." Considering interactions between all
26 modes produces 325 combinations (the sum of the arrhythmic row from 1 to
25 with a common difference of 1). Adding the 26 separate modes would produce
a total of 351 variables, a number too large for standard regression techniques.
Therefore, we used a penalized regression technique (an elastic net) suited for high
dimensional data to relate all these variables to the incidence of HOA and produce
a single score representing HOA risk based on hip shape (Supplementary text).
The resulting Shape-Score ranges between 0 and 1, and contains various clear and
subtle aspects of hip geometry. Compared to the low-risk shape, the high-risk shape
shows a cam morphology (an aspherical femoral head-neck junction), a narrower
superior joint space, decreased acetabular depth in combination with lateralization
of the femur. Additionally, the femoral shaft is narrower, while the femoral neck is
wider. However, these shape variations do not have to coincide within a patient
and a single high risk shape variation may increase the Shape-Score (Figure 2).

Prediction model development and performance testing

To develop the prediction model we only used data of hips with pain around the
hip and/or the knee of the respective leg (possible referred pain) as these are the
joints where this prediction will most likely be used for in clinical practice. This
is in contrast to the development of the shape model itself, in which all available
baseline pelvic radiographs with data on hip osteoarthritis on follow-up were used.
Furthermore, for a hip to be included in the prediction model a baseline radiograph
of sufficient quality had to be available. Depending on these criteria, one or both
hips of a participant were included in the analyses. Baseline predictors were used
to predict the outcome, rHOA at 8-year follow-up, defined as a Kellgren-Lawrence
grade (KL-grade) >2, or THR.'®* All predictors were measured at baseline and
categorized as demographics, clinical examination, basic radiographic parameters,
or Shape-Score. To account for missing predictor and outcome data, we imputed 15
datasets using predictive mean matching and logistic regression ?'. We performed a
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Figure 1. Interaction between shape modes. The risk for HOA produced by a shape mode may depend
on the presence of other shape features. In this hypothetical example, shape mode A represents
cam morphology (Aspherical femoral head-neck junction), the shape mode B represents increased
acetabular coverage. Both shape modes have a risk factor for OA. When both features coincide in one
hip, the risk for OA may be greater than the sum of two risk factors from shape modes A and B. In C
we combine the femur of mode A with the pelvis of mode B and simulate hip motion by applying 15
degrees of abduction to the femur. The risk for femoroacetabular impingement becomes clear and is
very plausible. Femoroacetabular impingement may increase the risk of labral damage and subsequent
HOA.

Figure 2. High vs low risk Shape-Score. The left shows a schematic representation of the mean shape
of the 5% highest Shape-Score (high risk for future HOA, in red) and 5% lowest shape-score (low risk
for future HOA, in green). Compared to the low-risk hip, the high-risk hip is characterized by a cam
morphology (femoral head-neck asphericity), a narrower superior joint space, and decreased acetabular
depth in combination with lateralization of the femur and a higher neck-shaft angle. Additionally, in
the high-risk hip the femoral shaft is narrower, while the femoral neck is wider. These shape variations,
however, do not have to coincide within a patient and a single high risk shape variation may increase the
Shape-Score. In the middle and on the right, a real radiograph of a low risk and high-risk hip are shown.
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sensitivity analysis only including hips with complete data using logistic regression
and generalized estimating equations (GEE).

To develop the prediction model, logistic regression was used and predictors were
added per category. First demographics were added, secondly variables from the
clinical examination, thirdly basic radiographic parameters, and finally the Shape-
Score. After each step (addition of a category of predictors) we simplified the model
by removing redundant predictors from the added category only, using backwards
selection with a pooled alpha-level of 0.15.2"** To optimize parameter estimates
for predictors and avoid overfitting, we used logistic ridge regression on each
imputed dataset separately. Optimal penalties were based on corrected Akaike’s
Information Criteria.”? When using multiple imputation, the imputed values per
imputed dataset may differ, as they are drawn from a distribution. We averaged
the intercepts and parameter estimates of the ridge regression models from all
imputed datasets, to obtain formulas to calculate individual risks for rHOA or
THR in future research or clinical work (Supplementary text).”*** We calculated
predicted risks and stratified all hips into arbitrary risk categories of <20%, 20-50%
and >50% risk for OA. We calculated positive and negative predictive value for the
low (<20%) and high risk (>50%) categories. For the low-risk category the absence
of OA at 8-year follow-up was considered a positive gold standard. For the high-
risk category the presence of OA at 8-year follow-up was considered a positive gold
standard.

Performance of the model was further assessed in terms of calibration, i.e. the
agreement between predictions and observed outcomes, as well as discrimination,
i.e. the ability of a model to differentiate hips with developing hip OA from those
which will not.” To assess calibration of the model, we plotted the percentage of
observed OA cases in groups of hips with increasing predicted risk (n= 23 per
group to create 50 data points in the plot). Using a lowess smoothing function, we
visualized the calibration of the model. We assessed discrimination by calculating
Area Under the Curve (AUC) statistics with bootstrapped 95% confidence intervals
pooled over the 15 imputed datasets. Any prediction model will perform better in
the dataset used to train the model compared to a dataset containing new patients.
Therefore, performance measures based on training data will be over-optimistic,
also known as overfitted.” To internally validate the models and estimate their
performance in new patients we used bootstrapping, a resampling method. We
drew 1000 bootstrap samples per imputed dataset and pooled the AUC and
calibration plots to test for over-optimism of both calibration and discrimination.*
All data analyses were performed using R v3.3.1. with MICE v2.30, caret v6.0 — 73,
rms v5.1-0, and glmnet v2.0-5.
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Results

Baseline characteristics can be found in Table 1. Of 1044 hips with data on KL-
grade or THR at 8-year follow-up, 143 showed KL-grade 2 or higher and 42 had
undergone THR. Among the demographics included as predictor in the initial
model, smoking status was non-significant (p-value 0.74) and removed from
the model. Among the predictors from clinical examination, morning stiffness
(p-value 0.46) and pain on internal rotation (p-value 0.17) were removed. All
basic radiographic parameters were significant (at the alpha level of 0.15) and were
retained. Predictors that were retained in the models are shown in Supplementary
Table 1 with their respective unpenalized odds ratios. The formulas used to calculate
the predicted risks are given in Supplementary text.

Model performance

The discriminative ability of the models improved each time an additional category
of predictors was added, meaning that the models’ ability to separate cases from
non-cases increased (Figure 3, Table 2). A model containing only the Shape-
Score discriminated comparable to a model combining demographics, clinical
examination and basic radiographic parameters (AUC 0.798 vs 0.795). Adding
the Shape-Score to the latter model improved the discriminative ability from an
AUC of 0.795 to an AUC of 0.863. Adding the Shape-Score also improved the
calibration of the prediction model (Figure 4). The calibration curve is very close
to the diagonal representing optimal fit, meaning that the predicted risk closely
resembles the observed risk for rHOA or THR.

Table 2. Discriminative ability

Model AUCl in AUClin  95%-confidence interval of
development  validation AUC in validation

Demographics 0.634 0.635 (0.596 to 0.675)

Demographics and 0.710 0.710 (0.668 to 0.751)

Clinical examination

Demographics, 0.795 0.795 (0.757 to 0.834)
Clinical examination and
Standard radiographic examination

Demographics, 0.863 0.864 (0.833 t0 0.895)
Clinical examination,

Standard radiographic examination

and Shape-Score

Shape-Score only 0.798 0.798 (0.762 to 0.833)

! Area Under the Curve or C-statistic
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Figure 3. Discrimination of the prediction models. The ability to separate cases from non-cases is
visualized as area under the curve with the 95%-confidence interval. Sensitivity and specificity of the

model improved for all cut-off points after adding the Shape-Score to the model.

Calibration slopes and AUCs in internal-validation based on bootstrapped samples
differed minimally from those in development, indicating that the predictive
models are not overoptimistic (AUC 0.795 and 0.864 respectively (Table 2 and
Figure 4). The distributions of predicted risks resulting from each of the models
show that adding the Shape-Score helps to stratify more medium-risk patients
into low and high-risk categories (Table 3). In the sensitivity analysis, using both
logistic regression and GEE on hips with complete data only, AUC values were
within 0.01 of the values found using the imputed datasets, and calibration plots

were comparable.
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Figure 4. Calibration plots in validation. Figure 4 shows the predicted probabilities plotted against
the observed outcomes in internal validation. This is used to assess the calibration for five different
models. The striped black line represents a perfect match between predicted probabilities and observed
outcomes, and thus perfect calibration. The dotted black line represents the calibration in training data.
The colored lines each represent a different imputed dataset, and represents the mean calibration in
validation, using a 1000 bootstraps. A. Demographics. B. Demographic and clinical examination. C.
Demographics, clinical and standard radiographic examination. D. Demographics, clinical, standard
radiographic examination and Shape-Score produced using the fully automatic search model.
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Table 3. Distribution in risk categories with negative (NPV) and positive predictive value (PPV) for
low risk (0-20 %) and high risk (50-100%) categories.

Model 0-20% Low-Risk  20-50%  High-Risk 50 - 100%
N (%) NPV PPV N (%) NPV PPV N (%)

Demographics 682 (60) 0.27 0.86 459 (40) - - (0)

Demographics

+ Clinical examination 719 (63) 031 0.88 395(34) 0.82 0.66 27 (2)

Demographics

+ Clinical examination
+ Basic radiographic parameters 768 (67) 0.40 091 288(25) 0.85 0.67 86 (8)

Demographics

+ Clinical examination

+ Basic radiographic parameters

+ Shape-Score 800 (70) 048 093 215(19) 087 0.71 126 (11)
Shape-Score 810(71)  0.42 090 243(21) 0.85 0.68 88 (8)

The numbers given are averages over 15 imputed datasets. For the low-risk category, absence of OA
at 8-year follow-up was seen as a positive gold standard. PPV should be interpreted as the probability
of not developing OA when being classified as low-risk (< 20 % chance). For the high-risk category,
presence of OA at 8-year follow-up was seen as a positive gold standard. PPV should be interpreted
as the probability of developing OA when being classified as high-risk (> 50 % chance).

Discussion

We developed and internally validated models to predict incident rHOA or THR
over 8 years in persons with first onset hip pain. Until now, no predictive model
for HOA is widely used. We built a prediction model that combines innovative
automated analysis of plain radiographs using machine learning, with clinical data
that can easily be obtained (Figure 5). The discriminative ability of the final model
was high (AUC 0.863) given the relatively early stage of possible HOA at baseline
and rHOA or THR as outcomes at 8-year follow-up.

In the literature, multiple prediction models are available for HOA. However,
most are actually diagnostic models, aiming to diagnose HOA cross-sectionally,
situated in a population or end-stage OA cohort. Saberi Hosnijeh et al. recently
developed a prediction model for HOA in the Rotterdam cohort.” Their model
uses demographics, urinary CTX-II levels and radiographic parameters including
the Wiberg-angle and alpha-angle (to quantify acetabular coverage and cam
morphology, respectively), but no parameters from the physical examination
or SSM. Their model showed an AUC of 0.82 in the Rotterdam cohort and 0.71
when validated in CHECK. Furthermore, calibration in CHECK was far off the
perfect slope, with observed risks being 2.5 times higher than predicted risks.
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Figure 5. Workflow to calculate personalized risk for future hip osteoarthritis. A standard weight-
bearing pelvic radiograph is made in the anteroposterior direction with 15-degrees internal rotation.
B. The fully automatic segmentation system (FASS) annotates the anatomical landmarks on the
radiograph. C. Statistical shape modelling (SSM) quantifies hip shape. D. The machine learning
algorithm produces the Shape-Score, a single value representing the risk for incident HOA based on hip
shape. E. Demographics, questionnaires, clinical examination, and basic radiographic parameters are
assessed by trained personnel. F. Data from demographics, questionnaires, and physical examination
and basic radiographic parameters are combined with the Shape-Score in easy to calculate formulas to
produce accurate personalized risk for future hip osteoarthritis.

Developing the model in a general population cohort and testing it in a target
population with hip pain likely caused this. Our prediction model was developed
in CHECK, which represents our target population, and includes parameters from
physical examination and the Shape-Score. External validation was not performed
as most cohorts focus on OA in later stages and/or do not have pelvic radiographs
of sufficient quality available. Nevertheless, internal bootstrap validation suggested
that our model is not overoptimistic.”® In the future, external validation should be
performed, preferably in a cohort with symptomatic patients prone to HOA.

Strengths of this study include the use of a large prospective cohort with clinical
complaints and inclusion criteria that allude early-stage knee and/or hip OA, with
an adequate follow-up time and a sufficient number of incident rHOA or THR after
8 year (185) to test the 16 predictor candidates for the prediction models.?® We
used backward selection on clusters of predictors to mimic the flow of information
in clinical care. While this may produce a slight reduction in absolute performance
of the models compared to a fully data driven method, it improves the applicability
of the models in clinical care and reduces the chance of overfitting. We tested the
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association between the Shape-Score and baseline clinical OA characteristics. The
Shape-Score was related to hip OA characteristics but not knee OA characteristics
(Supplementary text). Furthermore, follow-up data were rather complete and we
used multiple imputation to reduce bias and increase precision of our analyses.
Finally, we used optimism-adjustment methods throughout the development
and validation of the models to reduce overfitting and overoptimistic results. By
using bootstrap validation instead of multi-fold cross-validation we used the data
available more efficiently.””

Combining rHOA (KL-grade >2) and THR as disease outcome may be debatable.
The severity of clinical and radiographic symptoms correspond poorly in HOA,
so that rHOA and THR may not always represent similar processes.” However,
THR most often results from both clinical symptoms and radiographic signs. For a
number of participants we included both hips. We used logistic regression analysis,
which does not incorporate intra-participant correlation. However, GEE was not
applicable in combination with the statistical packages used in the analysis, and
mixed models regression had problems to converge when used on the available
data. In the sensitivity analysis on the hips with complete data, the results between
logistic regression analysis and GEE were very comparable.

The relationship between sex and HOA is less clear. In our models, female sex was
initially associated with an increased risk of rHOA or THR, but with a decreased
risk after adding the Shape-Score. This suggests that gender differences in OA risk
may be related to hip shape. Higher BMI is a well-known risk factor for knee and
hand OA, but its relationship with HOA is less clear.’’** In our models, a higher
BMI had even a mild preventive effect for HOA. Education served as a proxy for
socio-economic status in our study. Higher educated persons had a lower risk for
HOA or THR, in line with literature.’* Smoking did not predict rHOA or THR.
Although some studies show a protective effect of smoking, this effect may be
caused by selection bias.*

Pain in the hip area (groin/buttock/upper thigh) increased the risk for HOA, which
is in correspondence with literature.® Pain around the knee sometimes directs
a physician to search for a diagnosis in the knee only. However, hip OA should
always be considered as a source of the pain.”” Limited or painful internal rotation
are clinical signs that suggest HOA and may predict THR.*** In the present
study, pain with/during internal rotation had a significant univariate relation
with OA on follow-up (OR 1.7, 95% CI(1.3 - 2.3), but was eliminated from the
prediction models as the p-value was 0.17. However, the range of internal rotation
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was included in the prediction models, perhaps overrunning the weaker predictive
effect of pain on internal rotation. The WOMAC is a tool to measure pain, stiffness
and physical functioning in patients with knee and/or hip OA. While it is widely
used, its predictive value for incident rHOA is unknown.*! In this study, baseline
WOMAC score was associated with future rHOA or THR. Morning stiffness is
included as a diagnostic criterion for HOA in the widely used Altman criteria for
HOA, and showed a high sensitivity, but low specificity.® Its predictive value as a
risk factor for HOA is doubtful and in the present study it did not add predictive
value to the models, perhaps because morning stiffness is a non-specific symptom.?
Surprisingly, the use of analgesics was negatively associated with the future risk for
rHOA or THR. Possibly, this is the case because analgesics are used more often
in acute pain caused by transient disorders compared to the more elongated pain
trajectory in OA.

Joint space narrowing and osteophyte formation may be present before definite
rHOA (defined as KL-grade >2) can be confirmed. These radiographic signs are
known risk factors for progression to definite rHOA and indeed were strong risk
factors in the present study.”. Buttressing, thickening of the medial femoral neck,
is a radiographic sign associated with rHOA.* The predictive value of buttressing
has not been described before but it showed to be a significant risk factor for
future rHOA or THR in this study. The Shape-Score may also include joint space
narrowing and osteophyte formation, characteristics used to define KL-grades.
However, the current study shows that the Shape-Score has added predictive values
on top of traditional radiographic characters alone.

Our Shape-Score incorporates (i) cam morphology (Aspherical femoral head-neck
junction) (ii) decreased acetabular depth, and (iii) a higher neck-shaft angle as risk
factors for OA. Cam morphology, decreased acetabular depth and a higher neck-
shaft angle have been shown to increase risk for OA in large cohorts before.”*

Currently, it is challenging for clinicians to predict future hip OA in patients with
early-stage joint pain that cannot be explained otherwise, especially for patients
who don’t have definite signs of OA on the radiograph. Some of these patients will
develop OA, while other might have (had) hip pain for other reasons and will not
develop OA. The proposed prediction model could help clinicians to optimally
inform patients about their personalized future risk for disease and to choose
appropriate treatment (intensity) and may boost treatment adherence.

In the future, the proposed FASS and prediction model could be integrated into
a software package that can be linked to the electronic patient record (including
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PACS for radiographic images). This way, the Shape-Score could be derived fully
automatically to assist clinicians in estimating the risk for future hip osteoarthritis.
Of note is that the implementation of the proposed prediction model is not
dependent on time-consuming visual methods that may be subject to inter-/intra-
observer variations. However, variation in positioning during image acquisition
may cause differences in Shape-Score values and a standardized acquisition
protocol, as used in the current cohort, is necessary. Unfortunately, no data was
available to assess the effect of variation in positioning.

Clinical trial inefficiency plays a major role in the current absence of disease-
modifying OA drugs (DMOADs). By specifically selecting participants at an
increased risk of incident OA, potential DMOADs have more potential to
demonstrate detectable effects in a clinical trial. By adding the Shape-score or by
using the Shape-Score only, we were able to stratify people for the risk of future
rHOA or THR. When the Shape-Score is added to a screening with demographics,
physical examination and basic radiographic parameters, 47% more patients
could be stratified into the high-risk category (>50% risk), potentially improving
screening efficiency.

We have developed an automatic Shape-Score tool, using machine learning
algorithms, to optimally predict the risk for incident rHOA or THR based on hip
shape as given by a pelvic radiograph. We demonstrated the added value of our
Shape-Score in prediction models using easily obtainable parameters in patients
with hip pain. Models including the Shape-Score had superior discriminative
ability over models without and showed very good calibration. The Shape-Score
may therefore prove to be a valuable tool for both patient care and research.
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Supplementary data
Automatic search algorithm

We have followed the approach in [1], [2] to develop a fully automatic segmentation
system (FASS) for segmenting the shape of the hip joint. Our FASS identifies 75
landmark points outlining the structures of the hip joint in AP pelvic radiographs
(Supplementary Figure 1). The FASS was trained using manual ground truth
segmentations which were available from previous work for 1373 hips of the
participants in this study. [3]

We evaluated the performance of the FASS in two ways: (i) by comparing the
automatically obtained segmentations to the manual ground truth segmentations;
and (ii) by comparing the performance of the prediction model using an SSM
generated from the fully automatic segmentations to using an SSM generated from
the manual ground truth segmentations.

Manual vs automatic segmentations

We performed two-fold cross-validation experiments to analyze the difference
between manual and fully automatically obtained segmentations. We randomly
split the radiographs in two groups and trained a separate FASS in each group. The
FASS trained on one group was used to segment radiographs in the other group, so
that radiographs were seen for the first time by the FASS. All results were averaged
over the performance in both cross-validation groups (Supplementary Figure 2).
The results are reported as the point-to-curve error which describes the Euclidean
distance between an automatically identified landmark point and a curve fitted
to the manual ground-truth segmentations. For every image, the point-to-curve
error was calculated for each landmark point and then averaged over all points per
image. Due to the range of image resolutions and the lack of pixel size information
for the images used in this study, we reported the averaged point-to-curve error
as a percentage of the shaft width (defined by the two femoral shaft landmark
points highlighted in red in Supplementary Figure 2), allowing comparability across
images.

Data reduction

Including all 26 or 24 SSM modes, for SSM modes produced by FASS and manual
ground truth respectively, and interaction terms between each set of two SSM
modes in the prediction model, would have meant to include 351 or 300 predictors.
Such model would be prone to overfitting with our data. Therefore, we used a
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Supplementary Figure 1. 75-point segmentation model. The 75-point model based on anatomical
landmarks of the hip joint.
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Supplementary Figure 2. Point-to-curve error. Performance of the fully automatic segmentation
system. The results show the point-to-curve error between the automatically obtained segmentations
and the manual ground truth in two-fold cross-validation experiments. All error values were averaged
over all 75 points per image and are given as the cumulative distribution over all images. All results were
averaged over both cross-validation FASSs, and error bars show the 95% confidence interval.
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penalized regression technique that simultaneously fitted a model and reduced the
number of predictors, a so called elastic net (penalized regression), to obtain the
Shape-Score for each hip. [4] The result can be considered a prediction model for
hip OA based only on the optimal combination of shape modes. The data of all
participants with both a baseline and eight-year follow-up radiograph of sufficient
quality (n= 1262) was used to develop the Shape-Score.

We performed an iterative grid search in which 10000 combinations of alpha
and lambda parameters were tested in ten-fold cross-validation to obtain the
combination with the highest accuracy for distinguishing cases from non-cases.
Alpha resembles the elastic net mixing parameter, where 0 resembles ridge
regression and 1 lasso regression. Any value between 0 and 1 represents an elastic
net, mixing properties of ridge and lasso regression. Lambda resembles the
shrinkage coefficient which refers to the penalty used to prevent overfitting. In our
experiments, the optimal alpha was 0.1 and the optimal lambda was 0.0658899. The
Shape-Score is calculated using a formula, which can be applied to new patients.
The value of the Shape-Score ranges between 0 (lowest risk for OA) and 1 (highest
risk for OA).

Formula for calculating the Shape-Score based on the shape mode values produced
by the FASS. M_# is the mode value as produced by the SSM.

-1.5568902 + M_20*M_25 * -287.959541 + M_13*M_15 * 262.1913582 +
M_5*M_21%210.1067346+M_1*M_2*-21.4053887 + M_21*M_24*1078.570449
+ M_13*M_16 * 635.6871083 + M_5*M_22 * -33.987232 + M_1*M_23 *
-32.1682874 + M_22*M_25 * -86.2056066 + M_13*M_19 * 615.7970254 +
M_5*M_24*-4.4039672+M_1*M_26*-217.3489381 + M_23*M_24*-199.576888
+M_13*M_22*-536.674347 + M_5*M_25*-98.1444219 + M_1*M_3 * -12.79741
+ M_24 * -1.5482276 + M_14*M_15 * 107.2634382 + M_5*M_8 * -57.970354 +
M_1*M_4 * 26.329696 + M_25 * -6.1161671 + M_14*M_17 * 0.1416411 + M_6
*-3.703353 + M_1*M_6 * -49.9387397 + M_3 * -2.7287343 + M_14"M_18 *
1120.833495 + M_6*M_18 * 549.9824169 + M_1*M_7* -40.6936973 + M_3*M_11
*203.1342221 + M_14*M_19 * 326.3590625 + M_6*M_19 * -420.5872139 +
M_1"M_9*-6.9882447 + M_3*M_14*249.9283829 + M_14*M_20 * 737.4339839
+ M_6*M_22 * 176.2472787 + M_10 * -3.6186784 + M_3*M_16 * -61.0959496
+ M_15 * 3.6787325 + M_6*M_7 * -87.9910941 + M_10*M_11 * -61.6171982
+ M_3*M_18 * 150.1872388 + M_16 * 17.3717681 + M_6*M_8 * 285.226913
+ M_10*M_12 * 193.2207746 + M_3*M_22 * -169.8342171 + M_16*M_20 *
743.3275762 + M_6*M_9 * 10.7397399 + M_10*M_17 * 44.4460214 + M_3*M_25
* 181.9545524 + M_16*M_24 * -352.0308105 + M_7*M_11 * -13.3992776 +
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M_10*M_18*1302.190357 +M_3*M_4*-1.0007214+M_16"M_25*-949.4162743
+M_7*M_21%*49.987956 + M_10*M_21*985.7811976 + M_3*M_6*114.9578101
+ M_17*M_18 * 509.3953662 + M_7*M_9 * -133.7137365 + M_11"M_13 *
32.8321238 + M_3*M_8 * 44.2613325 + M_17*M_19 * -368.8290594 + M_8 *
-4.4170317 + M_11*M_15 * 18.7267828 + M_3*M_9 * 94.2119748 + M_17*M_23
*37.7878678 + M_8*M_10* -178.7084949 + M_11*M_18* -363.9381869 + M_4 *
0.2812895 + M_17*M_24 * 2.7494028 + M_8*M_11 * -44.5584662 + M_11*M_20
* 62.7098343 + M_4*M_10 * 174.195207 + M_18*M_19 * -89.2712441 +
M_8*M_13 * -132.8111248 + M_11*M_22 * -63.7140257 + M_4*M_11 *
-81.7705555 + M_19 * 8.0303025 + M_8*M_16 * -229.041809 + M_11"M_24
* -408.8633874 + M_4*M_20 * 218.5554976 + M_19*M_23 * 68.4249181 +
M_8*M_18*166.2689009 + M_11*M_26*292.6358193 + M_4*M_26 * 40.673264
+ M_19*M_25 * -725.9103928 + M_8*M_21 * 354831362 + M_12*M_16 *
190.1231435 + M_4*M_6 * 93.3678123 + M_19*M_26 * -31.2212137 + M_8*M_9
* -315.0005546 + M_12*M_17 * 206.9152064 + M_4*M_7 * -18.6135705
+ M_2*M_17 * 9.8960661 + M_9*M_22 * 501.5647865 + M_12*M_18 *
127.9878676 + M_4*M_9 * 63.6571854 + M_2*M_18 * -38.2547196 + M_9*M_24
*-479.4677671 + M_12*M_22 * 253.3392333 + M_5 * -0.7726085 + M_2*M_20
*166.8343537 + M_9*M_25 * 837.2001561 + M_12*M_24 * 834.4582995 +
M_5*M_15*-236.409445 + M_2*M_23*77.5097166 + M_9*M_26 * 448.4389367
+ M_13*0.4418048 + M_5*M_20 * 296.1666966 + M_2*M_24 * 234.9528434

Prediction models with manual vs automatic SSM

We built two SSMs, one using the manual ground truth segmentations and another
one that used the automatically generated segmentations. The automatically
obtained segmentations of both cross-validation groups were combined for
generating the automatic SSM. The SSM produced with the automatic segmentations
needed 26 SSM modes to explain 90% of the shape variation across our dataset.
The SSM produced with the manual ground truth segmentations needed 24 modes
to describe 95% of the shape variation. All prediction analyses as described in the
paper were mimicked with Shape-Scores derived from the manual ground truth.

The performance of the prediction model using the automatically generated SSM
was comparable to using the SSM based on the manual ground truth data. The
AUC (95% confidence interval) in our internal validation were 0.86 (95%-CI 0.83
to 0.89) and 0.86 (95%-CI 0.83 to 0.89) for the final prediction models including
automatic shape analysis and manual shape analysis, respectively. The calibration
of the models including the automatic shape analysis and the manual shape analysis
was comparable (Supplementary Figure 3).
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Supplementary Figure 3. Calibration plots in validation. S3 figure shows the predicted probabilities
plotted against the observed outcomes in internal validation. The striped black line represents a perfect
match between predicted probabilities and observed outcomes, and thus perfect calibration. The dotted
black line represents the calibration in training data. The colored lines each represent a different imputed
dataset, and represents the mean calibration in validation, using a 1000 bootstraps. A. Demographics,
clinical, standard radiographic examination and Shape-Score produced using the fully automatic search
model. B. Demographics, clinical, standard radiographic examination and Shape-Score produced using
the manual ground-truth segmentations.

Formulas to calculate personalized risk score for hip osteoarthritis

All formulas calculate the log odds for OA. To obtain the predicted probability, first
the log odds should be exponentiated to obtain the odds. Than the probability can
be calculated by the formula: probability = odds / (1+ odds)

Demographics only:

Log odds = -0,730517982 + (Age in years— 45) * 0,052634143 + male sex *
0,716753641 + education level * -0,137110459 + BMI * -0,029671982
Demographics and Clinical examination:

Logodds=1,026356634 + (Age in years — 45) * 0,05260851 + male sex * 0,646366906
+ education level * -0,154305156 + BMI * -0,037547738 + Painkiller usage *
-0,554981525 + Pain located around the hip * 0,403591597 + Pain located around
the knee * -0,879734629 + Range of internal rotation in degrees * -0,038447494 +
WOMAC total score * 0,012128268

Demographics, Clinical and standard radiographic examination:

Log odds = -0,488998048 + (Age in years — 45) * 0,030190881 + male sex *
0,244676271 + education level * -0,13939754+ BMI * -0,030841726 + Painkiller
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usage * -0,350981376 + Pain located around the hip * 0,325403163 + Pain
located around the knee * -0,713907091 + Range of internal rotation in degrees *
-0,017635736 + WOMALC total score * 0,0103843 + Osteophytes * 1,266730608 +
Joint Space Narrowing * 0,627093864 + Buttressing * 0,626788051

Demographics, Clinical and standard radiographic examination and
Shape-Score:

Log odds = -2,638948514 + (Age in years — 45) * 0,022390868 + male sex *
-0,185755848 + education level * -0,19549462 + BMI * -0,059268856 + Painkiller
usage * -0,301113741 + Pain located around the hip * 0,242689642 + Pain
located around the knee * -0,668297092 + Range of internal rotation in degrees *
-0,00966605 + WOMAC total score * 0,005827585 + Osteophytes * 1,279103437 +
Joint Space Narrowing * 0,636889009 + Buttressing * 0,339347062 + Shape-score
*16,36836904

Associations between the Shape Score and baseline OA characteristics

The Shape Score, defined on baseline radiographs is used in the current study
to predict future rHOA. Additionally, we explored the association between the
baseline Shape Score and clinical OA parameters, using a linear regression model
with the Shape Score as dependent variable, and clinical parameters as independent
variable. We saw a relationship between the shape score and baseline pain, stiffness
and limitations (WOMAC), the range of internal hip rotation and the baseline KL
grade. However, no relation between the shape score and pain on internal rotation
and baseline KL grade for knee OA was present.

Supplementary Tablel. Association between Shape Score and baseline OA characteristics

Parameters Beta 95%-Confidence Interval ~ P-value
Female Sex 0.02797 (0.01760 to 0.03835) >0.001
WOMAC score 0,00027 (0,00003 to 0.00051) 0.026
Range of internal rotation hip -0.00079 (-0.00124 to -0.00034) >0.001
Pain on internal rotation hip -0.00729 (-0.00114 to 0.01572) 0.090
Baseline Kellgren Lawrence grade Hip (1 vs 0) 0.03456 (0.00463 to 0.02549) >0.001
Baseline Kellgren Lawrence grade Knee (1 vs 0) ~ 0.00060 (0.00396 to -0.00715) 0.879
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Abstract

Background and purpose

There is sparse evidence for a relationship between cardiovascular disease and
osteoarthritis (OA). We investigated the association between incidence of arterial
calcifications and incidence of radiographic knee and/or hip OA.

Patients and methods

We used baseline and eight-year follow-up data of Cohort Hip and Cohort
Knee (CHECK). Knees and hips were either Kellgren-Lawrence grade 0 or 1 at
baseline. Arterial calcifications were scored on hip and knee radiographs using
a four-grade scale. Scores were summed for patient-level analyses. To investigate
incidence, participants with arterial calcifications at baseline or missing follow-up
were excluded. Incident OA was defined per joint as KL >2 or prosthesis at year
eight. The association between incidenct arterial calcifications and incident OA
was studied using mixed-effects logistic regression.

Results

Of 763 participants included, 623 (82%) were women. Mean (sd) age was 56
(5.1) years, mean (sd) BMI 26.2 (4.1) kg/m®. Arterial calcifications developed
in 174 participants (283 joints). OA developed in 456 participants (778 joints).
Sex modified the association between arterial calcification and OA. In women,
incident arterial calcification around a joint was positively associated with incident
OA in that joint (adjusted OR 2.51 (95%-CI 1.57 to 4.03)). In men, no association
was observed on joint-level, but at patient-level the arterial calcification sum score
was negatively associated with incident OA (adjusted OR per point increase 0.70
(95%-CI 0.54 to 0.90)) indicating a systemic effect.

Conclusion

We observed sex-dependent associations between incident arterial calcification
and incident radiographic knee and/or hip OA, which differ between joint- and
patient-level.
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Introduction

Cardiovascular diseases (CVD) is a major cause of disability and caused nearly
one third of the world deaths in 2010. The global economic burden of CVD was
estimated at 836 billion US dollar for 2010 and is expected to rise beyond a trillion
US dollar in 2025." Calcification in the intimal or medial layer of the arteries can
be assessed on radiographs.’> Presence of arterial calcifications on radiographs
strongly predicts cardiovascular events and correlates with the calcification burden
as measured by microscopic histology.**

It is becoming widely accepted that osteoarthritis (OA) is a heterogeneous disease
with different phenotypes resulting through different pathways. Amongst possible
pathways, multiple epidemiologic studies demonstrate an association between
CVD and OA. The diseases co-occur more often than would be expected based
on the incidence of each disease, and this increases with age.”® Remarkably, the
association between CVD and OA seems to be more evident in women.®”*""' Both
diseases show a peak incidence in women around menopause.'*** Establishing an
association between OA and arterial calcification may help to discover pathways
and related etiology or bring forward new treatment targets for both CVD and OA.

Different working mechanisms for an association between CVD and OA have been
suggested. Firstly, the association may be related to chronic inflammation and the
metabolic syndrome.**** This is supported by similar mediators in CVD and OA,
which mainly are drivers of the metabolic syndrome as well as inflammation (e.g.
adipokines and cytokines).">' Second, the disability caused by OA may be a driver
for CVD.® Hoeven et al. suggest that disability and not OA itself may predict the
excess of CVD events, probably through physical inactivity.'” Third, local vascular
abnormalities may drive degenerative joint changes. These vascular abnormalities
result from repair mechanisms in a joint and lead to poor perfusion of the joint."*2
Gosh and Cheras denominate synovitis as a cause for a state of hypercoagulation,
hypofibrinolysis, and thrombosis in the subchondral bone vasculature. Such a state
may result in subchondral bone necrosis and subsequent OA.* Following a large
number of post-mortem examinations, Harrison et al. suggest that hypervascularity
of the subchondral bone as a reaction to joint damage, may be a main cause of the
change in bone metabolism, as seen in the early development of OA.*

Depending on the hypothesized working mechanism the association between CVD
and OA would be expected to be mainly present on either patient-level (first and
second mechanisms) and/or joint-level (third mechanism). The present research
aims at studying the association between incidence of arterial calcifications as a
marker of CVD development and incidence of knee and/or hip OA, distinguishing
between both patient- and joint-level.
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Methods

Study participants

We used data and radiographs from the Cohort Hip and Cohort Knee (CHECK).
CHECK is a prospective cohort initiated to study early OA in the knee and/or
hip described in detail elsewhere.”? From October 2002 untill September 2005,
1002 participants were approached by their general practitioner and/or recruited
via local media and included in one of 10 participating centers throughout the
Netherlands.

Participants aged 45-65 years at the time of inclusion, were included when they had
pain and/or stiffness in at least one knee and/or hip. They had never or only recently
(<6 months) visited a physician for these symptoms. Participants were excluded if
pathology other than OA could explain these symptoms, or if they suffered from
co-morbidities precluding follow-up or precluding clinical examinations, or were
unable to understand Dutch.

Scoring of arterial calcifications

A board-certified radiologist (PJ), blinded for OA scores, assessed arterial
calcifications on baseline and eight year follow-up radiographs. Standing antero-
posterior pelvic radiographs were used to asses iliac and femoral arteries. Standing
semi-flexed antero-posterior and lateral knee radiographs were used to asses
femoral, popliteal and crural arteries. A detailed description of radiographic
acquisition can be found elsewhere.* Calcifications were scored using a four grade
scale representing absence of (grade 0), mild (grade 1), moderate (grade 2) and
severe (grade 3) calcifications (Figure 1). To reflect involvement at joint-level,
the areas surrounding the right and left hip and right and left knee were scored
separately. To reflect the total load of peripheral arterial calcifications (i.e. patient-
level) we summed the score of the four joints to obtain the arterial calcification
sum score (range 0-12).

We tested inter- and intra-observer agreement of calcification grading in 30 patients
(60 hips and 60 knees). Intra-observer (P]) agreement was tested by scoring the
sample with a one-year interval. Quadratic weighted kappa’s were 0.78 and 0.94, for
hip and knee radiographs respectively. A trained reader (WPG) scored the same
sample to assess inter-observer agreement. Quadratic weighted kappa’s were 0.78
and 0.88, for hip and knee radiographs, respectively.
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Figure 1. Radiographs of the right hip (top) and knees (bottom) which show mild (left), moderate
(middle), and severe (right) calcifications. White arrows indicate arterial calcifications, black arrows
indicate phlebolites (top), fabella (bottom middle), and calcified tendinitis (bottom right).

Scoring of osteoarthritis

Kellgren and Lawrence grades (KL) were scored by five trained observers, unaware
of the present research question, to assess structural OA features. Methods and
inter-observer agreement for scoring of OA in CHECK were reported earlier.*
CHECK aimed to include very early OA and all knees of included patients had
KL grades of 0 and 1 for hips and knees (no or doubtfull OA) at baseline. In the
present study incident radiographic OA was defined per joint as a KL >2 at eight-
year follow-up. Joint replacements were also considerd incident OA, as structural
damage visualised by radiographs plays a major role in the decision for joint
replacement.
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Other variables

Data on multiple characteristics of CHECK participants were collected. Length in
centimetres (self-reported) and weight in kilograms were measured. Information
on education level, smoking (current/non-current), and comorbidities were
collected via questionnaires.”

Statistical analysis

Participant characteristics are presented using numbers (proportions) and means
(sd). As discussed, both arterial calcifications and OA can be seen as a either local
processes or systemic diseases. Therefore, we analysed the association between
incidence of arterial calcification and OA on patient- as well as joint-level.

To identify incidence of arterial calcification we used the scores at eight years and
excluded participants that already had calcifications present at baseline around
any joint. To account for interdependence between observations on joints within
patients we used a mixed-effects logistic regression model. Using this model, we
examined the association between the arterial calcification sum score (i.e. on
patient-level) at follow-up (independent variable) and incident OA (dependent
variable) with joint as the unit of observation. For the analysis on joint-level we
used the same analysis method, but now with the occurrence of arterial calcification
defined on joint-level. As moderate and severe arterial calcifications occurred
infrequently we used the occurrence of any arterial calcifications (grade >1 yes/no)
as definition for incident arterial calcification in this analysis.

We investigated modification of the association between incident arterial
calcifications and OA by sex, joint type, and the presence of pain at baseline, by
adding interaction terms to the models. Possible confounders of the association
between incident arterial calcification and OA (age, sex, body mass index (BMI) at
baseline, difference in BMI between baseline and follow-up baseline KL, smoking
status (baseline), education level, hypertension (at baseline and follow-up), and
diabetes (at baseline and follow-up), presence of pain (at baseline), menopausal
status for women (at baseline), and joint type for the analysis on joint-level)
were investigated in both models, by adding these variables as covariates. We
used a manual backward elimination strategy removing covariates based on their
association with the outcome and change in the regression coeflicient for arterial
calcification (when Akaike’s Information Criteria lowers and/or the parameter
estimate for association changes > 5%). As both diseases are highly dependent on
age and sex, these were never eliminated from the model. P-values under 0.05 were
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considered statistically significant. All available data was used, missing data was
not imputed. We performed a sensitivity analysis to evaluate the effect of including
joint replacements as incident radiographic OA by excluding these cases from the
analysis. As KL 1 may already represent osteoarthritic changes, we performed an
additional sensitivity analysis by excluding joints with baseline KL 1. Statistical
analyses were performed using R (version 3.2.2).

Results

Participants and outcomes

Of the 1002 participants included in CHECK, 763 participants (3052 hip and knee
joints) could be included in the present study (Figure 2). Relatively more men
than women were excluded because of arterial calcifications at baseline (62 (8% of
women) vs. 49 (24% of men)). The incidence of arterial calcifications was higher
in men compared to women (Table 1 and 2). Men and women were comparable in
terms of age and BMI, but women were less likely to smoke (71 (12%) vs 23 (18%)).

778 out of 2941 joints developed radiographic OA (Table 2 and supplementary table 1).
In men incident OA occurred equally frequent in hips (68 joints (27%)) and knees
(68 joints (27%)). Women developed OA more often in their knees (406 joints
(36%)) as compared to their hips (185 joints (17%)).

The association between arterial calcifications and osteoarthritis on
patient-level

Modification of the association between OA and calcification by sex was observed
(OR for interaction 0.56, 95%-CI (0.41 to 0.77)) and results are therefore presented
separately for men and women (Table 3). Modification by joint type was not
observed.

In men, the sum score of arterial calcification showed a negative association with
the development of OA. This effect became slightly more evident after adjustment
for confounders (age, sex, body mass index (BMI), menopausal status at baseline,
difference in BMI between baseline and follow-up baseline KL, smoking status
(baseline), education levelhypertension (baseline and follow-up), and diabetes
(baseline and follow-up), presence of pain at baseline,). In women, the sum score
of arterial calcifications was positively associated with developing OA in the crude
analysis. However, this effect was no longer statistically significant after adjustment
for confounders (Table 3). Higher age and a higher baseline KL grade increased the
odds of incident OA.
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1002 participants (4008 joints)
Included in CHECK

12 participants (48 joints)
Missing baseline radiographs

990 participants (3960 joints)

111 participants (444 joints)
Excluded for baseline arterial
calcification

879 participants (3516 joints)

116 participants (444 joints)
Loss-to-follow-up

763 participants (3052 joints)
Included in present study

Figure 2. Flowchart of participants included in the present study.

The association between osteoarthritis and arterial calcifications on joint-
level

Also, for the analysis on joint-level, modification by sex was observed (OR for
interaction 0.34, 95%-CI (0.14 to 0.82)) and results are therefore presented
separately for men and women. Modification by joint type was not observed. In
men, incident arterial calcification was not associated with incident OA in either
crude or adjusted analysis (Table 4). In women, local incident arterial calcification
was associated with incident OA, also after adjustment for confounders (Table 4).
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Table 1. Characteristics

Baseline Total N! Men N! Women N!

Age in years, mean (SD) 56 (5.1) 763 55 (5.3) 140 56 (5.0) 623
BMI in kg/m? mean (SD) 262 (41) 749 265 (33) 136 262 (43) 613
Currently smoking, N (%) 97 (13.0) 747 23 (16.9) 136 74 (12.1) 611
Hypertension, N(%) 148 (19.7) 750 23 (16.8) 137 125 (204) 613
Diabetes, N(%) 18 (2.4) 750 3 (2.1) 137 15 (2.4) 613

Menopausal status 620
Pre-menopausal, N(%) 128 (20.6)
Post-menopausal, N(%) 397 (64.0)
Hormone usage, N(%) 14 (2.3)
Unknown, N (%) 81 (13.1)

KL for osteoarthritis’ 740 134 606
KL-1in 1 joint, N (%) 204 (27.6) 38 (28.4) 166 (27.4)

KL-1 in 2 joints, N (%) 167 (22.6) 28 (20.9) 139 (22.9)

KL-1 in 3 joints, N (%) 63 (8.5) 17 (12.7) 46 (7.6)

KL-1 in 4 joints, N (%) 39 (5.3) 9 (6.7) 30 (5.0)

8-year follow-up Total N! Men N! Women N!
Change in BMI, mean (SD) 0.24 (2.1) 749  0.07 (1.9) 135 0.28 (2.1) 608
Currently smoking, N (%) 66 (8.8) 748 18 (12.9) 139 48 (7.7) 609
Hypertension, N(%) 208 (27.5) 756 32 (23.0) 139 176 (28.3) 617
Diabetes, N(%) 43 (5.6) 756 10 (7.2) 139 33 (5.3) 617

1 Number of the in total 763 included participants, for whom data on the specific variable was
available. 2 All joints were graded 0 or 1 as described by Kellgren and Lawrence at baseline. Here the
number of KL 1 joints in one patient is given.

A higher age and higher baseline KL were associated with a higher incidence of OA.
Current smoking was associated with a lower incidence of OA. In women, joint
type was a significant confounder. Hips were less likely to develop OA compared
to knees.

Sensitivity analysis

Results were not significantly altered (<10% change in parameters and same
conclusions) by excluding joint replacements or baseline KL 1 joints from the
analysis.
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Table 2. Incidence of osteoarthritis and arterial calcifications

Total Men Women
Osteoarthritis 2941 joints 541 joints 2400 joints
No osteoarthritis, N (%) 2163 (73.5) 391 (73.0) 1772 (73.8)
Incident osteoarthritis, N (%) 778 (26.5) 150 (27.0) 628 (26.2)
Joint-level arterial calcifications 2958 joints 542 joints 2416 joints
None, N (%) 2675 (90.4) 454 (82.9) 2221 (91.9)
Mild, N (%) 219 (7.4) 65 (12.5) 154 (6.4)
Moderate, N (%) 58 (2.0) 21 (4.2) 37 (1.5)
Severe, N (%) 6 (0.2) 2 (0.4) 4 (0.2)
Patient-level arterial calcifications 731 participants 134 participants 597 participants
Sum score =0, N (%) 557 (76.2) 85 (63.4) 472 (79.1)
Sum score 21, N (%) 174 (23.8) 49 (36.6) 125 (20.9)
Sum score >3, N (%) 34 (4.7) 15 (11.2) 19 (3.2)
Sum score =26, N (%) 8 (1.1) 2 (1.5) 6 (1.0)

The category score 21 includes all participants with an arterial calcification sum score of one or more.
Therefore, this category includes partly the same participants as categories >3 and >6. For some patients
the arterial calcification score could not be calculated due to missing information for one or more joints.
However, the data of available joints of these patients were used in the analysis on joint-level.

Table 3. Association between incident arterial calcification on patient-level and incident osteoarthritis.

Crude model Adjusted model

OR 95% CI OR 95% CI
Men
Arterial calcification sum score (Points) 0.74 (0.58 to 0.95) 0.71 (0.55 t0 0.92)
Age (Years) 1.06 (1.00 to 1.13)
‘Women
Arterial calcification sum score (Points) 1.14 (1.00 to 1.29) 1.09 (0.96 to 1.24)
Age (Years) 1.05 (1.02 to 1.08)

'Kellgren-Lawrence grade for osteoarthritis
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Table 4. Association between incident arterial calcification on joint-level and incident osteoarthritis

Crude model Adjusted model

OR 95% CI OR 95% CI
Men
Arterial calcification (Present) 0.91 (0.46 to 1.81) 0.83 (0.41 to 1.68)
Age (Years) 1.03 (0.97 to 1.09)
Smoking (Current) 0.47 (0.19 to 1.09)
Baseline! KL (1 vs 0) 3.25 (1.96 to 5.40)
Women
Arterial calcification (Present) 2.00 (1.36 to 2.93) 2.51 (1.57 to 4.03)
Age (Years) 1.05 (1.01 to 1.09)
Smoking (Current) 0.61 (0.35 to 1.07)
Joint type (Hip) 0.31 (0.25 to 0.39)
Baseline KL * (1 vs 0) 6.96 (5.27 t0 9.18)

'Kellgren and Lawrence grade for osteoarthritis

Discussion

Within CHECK, a large prospective cohort of middle-aged Dutch participants
with complaints of early hip and/or knee OA, we found sex-dependent associations
between incidence of peripheral arterial calcification and hip and/or knee OA.
Arterial calcification and OA were measured using radiographic criteria, both
showing good inter and intra-observer reliability. In men, the extent of incident
arterial calcifications was negatively associated with the incidence of OA (i.e. on
patient-level), but there was no association between local arterial calcifications and
OA (i.e. joint-level). In contrast, in women incident arterial calcifications were not
associated with OA on patient-level, but a positive association between incident
arterial calcifications in the proximity of a joint and incidence of OA in that joint
was observed (i.e. joint-level).

The effect of local arterial calcification on OA as we found in women, is in line with
the hypothesis that local vascular pathology is a main driver of the degenerative
joint changes leading to OA."*-?>* Remarkably, we found this effect in women only.
In men, we found a surprising negative association between incidence of arterial
calcifications and incidence of OA on patient-level. Such a negative association has
not been described previously.
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To further study the different results between analyses at joint- and patient-level,
we evaluated whether the arterial calcification sum score at patient-level had an
effect above the local (i.e. joint-level) effect of arterial calcifications. We added the
arterial calcification sum score of the other three joints (0-9) as a covariate in the
joint-level model. This did not significantly affect the local effect and again the sum
score was not related to OA in women (data not shown). In men, the effect of local
calcification diminished (OR 0.93, 95% — CI 0.46 to 1.91)) and the effect of the sum
score of the other joints showed an OR of 0.64, 95% — CI 0.46 to 0.91).

As discussed below, most papers describe a positive association between markers
of CVD and hip and/or knee OA in women, but no association in men. Hoeven et
al. studied 5650 middle-aged participants and found an independent association
between carotid intima media thickness and prevalence of knee OA in women.°
In the same cohort, the authors found an association between blood levels of
vascular cell adhesion molecule 1 and CD40L (markers of atherosclerosis) and
prevalence, but not progression of knee OA, only in women. ° In a recent cohort
study (n=2158) Veronese et al. found a higher incidence of atherosclerotic CVD
(coronary artery disease, stroke or peripheral artery disease (PAD, ankle brachial
index <0.9)) in women with baseline hip or knee OA, but not in men.” In a cohort
of 142 asymptomatic middle-aged women, Wang et al. found that higher baseline
popliteal arterial wall thickness was associated with increased loss of medial tibial
cartilage during two-year follow-up.” In a related study, they found that baseline
popliteal arterial wall thickness was associated with lower medial tibial cartilage
volume cross-sectionally and higher medial tibial cartilage loss over 2 years in 278
asymptomatic adults.! They did not mention any sex-dependent effects in either
paper. We are the first to describe not only sex-specific, but also location specific
(i.e. patient- and joint-level) associations between CVD and hip and knee OA.

The relationship between arterial calcification and OA has been studied sparsely
and results are conflicting. Karasik et al. studied lateral lumbar and hand
radiographs of 777 men and 1241 women. They found that a higher prevalence of
abdominal aortal calcification was associated with a higher prevalence of anterior
lumbar osteophytes, but not hand osteophytes. The strength of the association did
not differ between men (OR 1.20) and women (OR 1.25).% Jonsson et al. found
that in women (n=3078) both carotid plaque severity and coronary calcifications
were associated with hand OA. No associations were found in men (n=2264).” In
a longitudinal cohort study (n=1669), Hoeven et al. found an association between
neither presence nor progression of knee OA and baseline coronary artery

calcification, in men nor women.’
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Several explanations for our results in women can be hypothesized. Decreasing
estrogen levels as a consequence of menopause have a pro-inflammatory effect,
giving momentum to the atherosclerotic process.”” Of the 525 women for whom
menopausal status was determinable at baseline, 397 (76%) were postmenopausal
and 128 (24%) are expected to have passed menopause during the eight-year
follow-up (mean age of 50 years at baseline). As atherosclerosis in women is more
diffusely spread in coronary vessels as compared to the focal pattern in men %, it
is plausible that peripheral atherosclerosis is also more widespread.* In addition,
in women atherosclerosis takes place in smaller diameter vessels and calcification
starts in a later stage of the atherosclerotic process.”® Microvascular dysfunction
and thrombus formation via shear stress are main causes of disrupted blood flow
in women.?**** Thrombus formation and disrupted blood flow in the supplying
vessel of a joint may cause subchondral ischemia and initiate or undertow the
osteoarthritic process.'® Physical impairment caused by OA is a larger problem
in women, when compared to men.**** Disability is a risk factor for CVD and
development of arterial calcification, however we would expect this relationship
to act on the patient-level."” Additionally, factors other than ischemia may have a

smaller role in the development of OA in women (e.g. trauma or joint shape).>¥’

We also hypothesize about the unexpected negative association between arterial
calcification and osteoarthritis on the patient-level in men. Atherosclerosis in men
is mostly distributed in focal plaques. Calcification may stabilize these plaques
and thus prevent rupture and arterial occlusion with subsequent subchondral
ischemia and OA.***® Another explanation may lay in CVD risk awareness and
profiling. Participants might be medicalized because of complains related to OA
(CHECK inclusion criteria), which may in turn trigger CVD risk evaluation and
treatment. Resulting treatments and/or lifestyle changes may decrease the risk of
atherosclerosis and calcification. This effect may be stronger in men, as awareness
for CVD risk is still suboptimal in women.>**** There is ambivalent evidence
on a role for statins in the treatment of OA.*" However, we do not have detailed
information on drug use in this cohort.

We studied the co-occurrence of incident peripheral arterial calcification and OA
on hip and knee radiographs over eight years. This limits the causal interpretation
of the relationship and results may not be extrapolated to clinically relevant artery
disease or OA. Standard radiography is very specific, but relatively insensitive to
detect arterial calcifications.” At baseline only 184 of 3946 joints (4.6%) had arterial
calcification present on the same radiographs. We believe this number would not
give us sufficient statistical power to relate baseline arterial calcifications to the
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presence of OA at baseline or progression to OA during follow-up. Future research
aimed at studying these relationships may include tools more sensitive to detect
arterial calcification such as CT-scans.

Arterial calcifications were scored blinded for KL-grade. However, blinding for
joint appearance (joint space/osteophytes/sclerosis) was considered infeasible.
Missing data was sparse in our data set. Although no detailed information about
the causes of missing data was available, we assumed reasons for missing data were
independent of the association between arterial calcification and OA. Therefore,
we assumed data to be missing at random in which case mixed-effects models will
produce valid parameter estimates.***

Conclusion

The association between incident arterial calcification and OA in this population-
based cohort study of middle-aged participants with complaints of early hip and/or
knee OA (CHECK)), is sex-dependent and differs between patient- and joint-level.
In men, the incidence of radiographic OA is negatively associated with arterial
calcifications on patient-level, indicating a systemic effect. In women, local arterial
calcification around a joint is positively associated with incidence of radiographic
OA in that joint. The current results point to an underlying pathway between CVD
and OA that might differ between men and women. Elucidating this pathway
and knowledge about the shared features of CVD and OA is essential for finding
common targets that may lead to disease modifying treatments for both diseases.
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Supplementary material

Supplementary Table 1. Kellgren-Lawrence grades vs Arterial calcification score at follow-up

Absent Mild Moderate Severe Total

N (%) N (%) N (%) N (%) N (%)
Hip
KL 0 566 (91.6) 44 (7.1) 7 (L.1) 1 (0.2) 618 (100)
KL1 518 (89.8) 49 (8.5) 9 (1.6) 1 (0.2) 577 (100)
KL 2 178 (88.6) 20 (10.0) 3 (1.5) 0 (0) 201 (100)
KL3 10 (90.9) 1 (9.1) 0 (0) 0 (0) 11 (100)
Prosthesis 50 (86.2) 8 (13.8) 0 (0) 0 (0) 58 (100)
Total 1322 (90.2) 122 (8.3) 19 (1.3) 2 (0.1) 1465 (100)
Knee
KLO 227 (94.2) 9 (3.7) 5 (2.1) 0 (0) 241 (100)
KL1 659 (90.8) 46 (6.3) 20 (2.8) 1 (0.1) 726 (100)
KL 2 389 (89.0) 34 (7.8) 11 (2.5) 3 (0.7) 437 (100)
KL3 38 (84.4) 4 (8.9) 3 (6.7) 0 (0) 45 (100)
Prosthesis 19 (90.5) 2 (9.5) 0 (0) 0 (0) 21 (100)
Total 1332 (90.6) 95 (6.5) 39 (2.7) 4 (0.3) 1470 (100)

KL=Kellgren and Lawrence grade for osteoarthritis.
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Abstract

Background and aim

Pseudoxanthoma elasticum (PXE), is a systemic disease affecting the skin, eyes,
and cardiovascular system of patients. Cardiovascular disease is associated with
osteoarthritis (OA), the most common cause of joint pain. Systematic investigations
on joint manifestations in PXE lack from literature. In this explorative study, we
aimed to investigate whether patients with PXE are more at risk for developing
osseous signs of OA.

Patients and methods

Patients with PXE and hospital controls with whole-bodylow dose CT examinations
available were included. OA was assessed using the OACT-score, a 4-point Likert
scale, in the acromioclavicular (AC), glenohumeral (GH), facet, hip, knee, and
ankle joints. Additionally, intervertebral disc degeneration was scored. Data were
analyzed using ordinal logistic regression adjusted for age, body mass index (BMI)
and smoking status.

Results

In total 106 PXE patients (age 56 [48 — 64], 42% males, BMI 25.3 [22.7 - 28.2])
and 87 hospital controls (age 55 [43 - 67], 46% males, BMI 26.0 [22.5 - 29.2])
were included. PXE patients were more likely to have a higher OA score for the
AC joints (OR 2.00 [1.12 - 3.61]), tibiofemoral joint (OR 2.63 [1.40 - 5.07]), and
patellofemoral joint (2.22 [1.18 - 4.24]). For the other joints, the prevalence and
severity of OA did not differ significantly.

Conclusion

This study suggests that patients with PXE are more likely to have structural OA
of the knee and AC-joints, which needs clinical confirmation in larger groups and
further investigation into the mechanism.
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Introduction

Pseudoxanthoma elasticum (PXE), is a systemic disease affecting the skin, eyes,
and cardiovascular system of patients. It is caused by mutations in the ABCC6 gene
and it is associated with low levels of inorganic pyrophosphate (PPi). ! PPi is found
in bones and inhibits the precipitation and dissolution of hydroxyapatite (HA).
It is therefore thought to regulate the entry and exit of calcium and phosphate in
mineralized tissues and stabilize already formed calcifications. 2 In soft tissues,
PPi is an important inhibitor of calcification. A deficiency of PPi is characterized
by extensive arterial calcifications. The consequences of a deficiency in the PPi
homeostasis are shown in several monogenetic disorders. In Generalized Arterial
Calcification of Infancy syndrome (GACI, OMIM #208000), the complete lack
of PPi results in extensive arterial calcification at birth, but calcification of the
joints has also been described in these children.* Arterial calcification due to a
deficiency in CD73 (ACDC, OMIM #211800) typically results in both periarticular
and arterial calcification due to the increased conversion of PPi into calcification
promoting phosphate.”” The evaluation of the joints in PXE is limited to a recent
study on peri-articular calcifications around the shoulder.?

In our PXE practice, we noticed that several PXE patients complained about
painful joints. In some case reports PXE is co-existing with Rheumatoid arthritis,
cervical arthritis, and Still's disease, but we did not find systematic investigations
into structural joint disease in PXE.”"" Osteoarthritis (OA) is the main cause of
disability and joint pain in the general population.’? Furthermore, OA is related
to cardiovascular disease.”® The most important risk factors are age, body mass
index (BMI), gender, and occupation.'*® OA is a multifactorial disease with a
clear genetic component but ‘treatable’ phenotypes have not been discovered.”® A
promising potential treatment target is the remodeling of the subchondral bone.'”*

The goal of the current study was to investigate whether PXE is associated with
a higher prevalence of OA related structural bone disease compared to hospital
controls. This line of research could give insight into the origin of the joint pain in
PXE patients.

Methods

Patients

To determine the prevalence of OA in PXE patients, we used a cohort of
consecutive patients with a confirmed PXE diagnosis" from the UMC Utrecht in
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the Netherlands. At least two of the three diagnostic criteria should be fulfilled:
skin lesions; peau dorange or angioid streaks; pathogenic variants on both
ABCCE6 alleles.?® Sanger sequencing was performed to identify single nucleotide
polymorphisms (SNPs) and small deletions and insertions, and multiplex ligation-
dependent probe amplification (MLPA) was performed to screen for larger
deletions in the ABCC6 gene (reference sequence NM_001171.5, MLPA kit P092B
(https://www.mrcholland.com/). All patients with PXE received a non-contrast-
enhanced whole-body CT as part of the routine clinical workup to evaluate the
amount of vascular calcification. CT-acquisitions were low-dose (effective dose <3
mSv in a 70 kg adult male) and performed on a 64-slice CT system (Brilliance 64,
Philips). PXE Patients did not receive bisphosphonate or anti-vitamin K treatment
at the time of or before the scan.

We used a cohort of hospital controls to compare the prevalence of OA. These
patients received a whole-body low-dose CT as part of a fluorodeoxyglucose
(FDG) positron emission tomography (PET) CT examination between June 2011
and November 2015 for various medical indications. These scans were performed
on a Siemens Biograph 40 scanner (Siemens Healthcare, Erlangen, Germany).
Patients with suspicion of endocarditis, vasculitis, osteomyelitis, arthritis, or
infected osteosynthesis material were excluded. Of all patients, age, gender, BMI,
and smoking status within 6 months of the CT acquisition were extracted from the
electronic patient file. Previously, Kranenburg et al. investigated the prevalence and
severity of arterial calcifications in the same cohort, which is described in detail
elsewhere.”

Ethical approval

The need for informed consent was waived by the local institutional review board of
the UMC Utrecht, (protocol number 15/446-C) since this concerned a retrospective
analysis of data acquired in routine clinical care where clinical and radiological
data as acquired in routine clinical care were provided in an anonymized fashion
to the researchers.

Scoring

OA was assessed on the whole-body CTs using the OACT-score.?? One experienced
observer (WPG), scored all scans in random order. His intra-observer and
inter-observer reliability compared to two other trained readers are reported
previously.” Only CT images were assessed, without PET data or DICOM tags.
The acromioclavicular (AC) joints, glenohumeral (GH), hip, knee and ankle joints
were scored using a 4-grade scale with a score of 0 meaning no OA and a score
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of 3 the most advanced stage of OA (osteophytes, marked joint space narrowing,
and subchondral sclerosis/cysts). Joints with a prosthesis received the highest
score possible (score 3). Degenerative disc disease and facet joint OA were scored
separately for the cervical, thoracic and lumbar levels. For each section, only
the scores for the two most degenerated levels were given a 4-grade scale based
on disc/joint space narrowing, osteophytes, sclerosis and for degenerative disc
disease specifically; endplate irregularity. An example of the various grades in the

tibiofemoral joint is presented in Figure 1.

Tibiofemoral examples per grade

Grade 0 Grade 1

Figure 1. Examples of the different scores of osteoarthritis for the tibiofemoral joint.

Statistical analysis

Statistical analysis was performed with RStudio version 1.1.414 (RStudio Team,
Boston, USA). Normally distributed continuous variables are provided as mean +
standard deviation and non-normally distributed continuous variables as median
[interquartiles]. Categorical variables are provided as n (percentage). Multiple
imputation (number of imputations = 25) was used for missing data (R package
‘mice;, based on classification and regression trees). Overall, 2% of the data was
missing. The imputations of the missing variables were merged into a single variable
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by computing the mean of all imputed values (R package ‘sjmisc’). Therefore, the
analysis was performed on a single dataset, which is a suitable method when the
proportion of missing data is limited.* Ordinal logistic regression was applied (R
package ‘MASS’) with the OA score for each joint as outcome variable. Unadjusted
and adjusted ordinal logistic regression was performed with age, gender, BMI,
smoking status (current smoker yes or no), and group (PXE or hospital control)
as dependent variables. The chi-squared score test for the proportional odds
assumption was used to assess whether the main model assumption was violated
or not (R package VGAM’). Reported are the crude and adjusted proportional
Odds Ratios (OR’s) with 95% confidence intervals (CI). Sensitivity analysis was
performed for the hip and the knee after excluding patients with a joint prosthesis.
In joints that showed a higher prevalence of OA in the PXE group, a subgroup
analysis was performed to test the association between the genotype and the
prevalence of OA. The PXE group was stratified into the number of truncating
variants in the ABBC6 gene: 2 truncating; 1 truncating and 1 non- truncating; 2
truncating variants. A similar ordinal logistic regression model was used to test

the association between the number of truncating mutations and the prevalence
of OA.

Results

In total 106 patients with PXE and 87 hospital controls were included. Baseline
characteristics are provided in Table 1. The median age was 56 [48 — 64] years in
PXE patients and 55 [43 - 67] years in hospital controls. Almost half of the patients
were male (42% of PXE patients; 46% of hospital controls) and the median BMI
was 25.3 [22.7 - 28.2] in PXE patients and 26.0 [22.5 — 29.2] in hospital controls.
The indication for the FDG PET-CT in the hospital controls was suspicion of
infection (n=53, 61%), malignancy (n=33, 38%) or lymphadenopathy (n=1, 1%).
Overall, 2% of the data was missing with a maximum of 11 (12%) missing scores
per variable for the ankle. The number of missings per variable are provided in
Supplementary Table 1. Missing scores were caused by poor image quality or the
lack of coverage of a joint in the field of view. Several patients in the control group
had a joint prosthesis of the hip (5 prostheses in 4 patients) or knee (3 prostheses
in 2 patients). We could stratify 98 patients in the PXE group based on genetic
information. Five patients had 2 non-truncating gene variants, 32 patients had one
truncating and one non-truncating variants, and 61 patients had two truncating
variants in the ABCC6 gene. The scores for each joint are provided in Figure 2. The
results of the ordinal logistic regression are shown in Table 2.

254



The risk for osteoarthritis in Pseudoxanthoma Elasticum patients

Table 1. Baseline characteristics. Data are provided as median [interquartiles] and n (%). BMI = body
mass index. * missing in 7 patients, ** missing in 9 patients.

Control group (N = 87) PXE group (N=106)

Age (years) 55 [43 - 67] 56 [48 - 64]
Gender (male) 40 (46%) 44 (42%)
BMI (kg/m2)* 26.0 [22.5 - 29.2] 25.3 [22.7 - 28.2]
Current smoking** 16 (20%) 17 (16%)
Joint prosthesis hip 4 (5%) 0 (0%)
Joint prosthesis knee 2 (2%) 0 (0%)

Table 2. Results of ordinal logistic regression analysis with each joint as outcome variable.

Crude OR (95% CI) p-value  Adjusted OR (95% CI) p-value

AC-score 1.69 [0.99 - 2.90] 0.054 2.00 [1.12 - 3.61] 0.020
GH-score 0.83 [0.41 - 1.70] 0.606 1.19 [0.49 - 2.54] 0.822
Intervertebral disc score 1.34 [0.80 - 2.26] 0.265 1.61 [0.91 - 2.87] 0.102
Facet joint score 1.08 ]0.65 - 1.83] 0.782 1.31 [0.73 - 2.38] 0.369
Hip score 0.51 [0.26 - 1.00] 0.050 0.56 [0.27 - 1.15] 0.117
Tibiofemoral score 1.83 [1.06 - 3.22] 0.033 2.63 [1.40 - 5.07] 0.003
Patellofemoral score 1.70 [0.97 - 3.02] 0.066 2.22[1.18 - 4.24] 0.014
Ankle score 0.68 [0.34 - 1.35] 0.267 0.78 [0.37 - 1.66] 0.522

Crude analysis and analysis adjusted for age, gender, BMI, smoking status (current smoker yes or
no) were performed. The hospital controls were used as a reference, therefore an OR > 1 implies that
PXE patients have a higher OA score compared to hospital controls. Patients with a joint prosthesis
received the highest score possible.

OR Oddsratio, CI Confidence interval, AC Acromioclavicular; GH glenohumeral; OR Odds Ratio;
CI Confidence Interval

The test for the proportional odds assumption was always non-significant and
therefore the assumptions for performing ordinal logistic regression were not
violated. After adjustment, PXE patients were more likely to have a higher OA
score for the AC joints (OR 2.00 [1.12 - 3.61]), tibiofemoral joint (OR 2.63 [1.40
- 5.07]), and patellofemoral joint (OR 2.22 [1.18 - 4.24]). Sensitivity analysis after
excluding joints with a prosthesis showed the same direction and effect size (Data
not shown). No differences were found between males and females. Compared
with patients with 2 truncating variants, OA scores for the AC (OR 0.154 [0.033 -
0.712]) and patellofemoral joint (OR 0.137 [0.025 - 0.739]) were lower in patients
with 2 non-truncating variants (supplementary Table 2). Compared with patients
with 2 truncating variants, OA scores for the tibiofemoral joint (OR 0.407 [0.208
- 0.797]) were lower in patients with one non-truncating and one truncating

variants.
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Figure 2. Frequencies of osteoarthritis scores for each joint for the PXE and controls. AC
Acromioclavicular; GH glenohumeral.
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Figure 2. Continued I
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Discussion

In this case-control study, we found that patients with PXE, were more likely to
have osseous signs of OA in the knee and AC joints compared to hospital controls.
Our clinicians noted that PXE patients complained of painful joints more often
than expected. This explorative study suggests that the patients may develop OA
earlier than expected. In addition, 2 truncating mutations appeared to be associated
with a higher prevalence of OA in knees and acromioclavicular joints. However,
our observations require prospective validation preferable by clinical assessment
and (magnetic resonance) imaging. If confirmed, further investigation into the
pathogenesis and possible treatment is needed.

What could be a possible mechanism? PPi is present both intracellular and
extracellular. At physiological levels, PPi suppresses HA crystal formation and is
a precursor of inorganic phosphate (Pi). In normal physiology, the Pi/PPi ratio is
precisely balanced to prevent pathologic calcification. A disbalance in this ratio
results in a calcification promoting environment, where low PPi levels result in HA
formation, whereas excess PPi results in the formation of calcium pyrophosphate
dehydrate (CPPD) crystal deposition.? Studies in ENPPI null mice and ank/ank
mice, resulting in low PPi levels, show extensive HA crystal deposits in articular
cartilage.?® Although patients with PXE have a different mutation, namely
in the ABCC6 gene, it also results in low PPi blood levels. Bisphosphonates are
nonhydrolyzable PPi analogs. A recent randomized controlled trial showed that a
bisphosphonate can limit the development of arterial calcification in patients with
PXE.” Some studies suggest that bisphosphonates are effective in subgroups of
patients with OA, specifically in patients with active remodeling of the subchondral
bone.'”*®* Whether this effect is mediated through PPi levels or due to other factors
such as suppression of bone turnover is unclear. In future research, it should be
determined whether the increased OA seen in the current study is attributable to
HA crystal formation, and it needs to be confirmed that PXE patients have low PPi
levels in synovial fluid.

Another hypothetical mechanism could be related to vascular disease. The
incidence of arterial calcifications around knees and hips is related to the incidence
of OA in the same joint, although this relationship is only described in women.*
Previous research in the present population demonstrated that PXE patients have
an increased prevalence of vascular calcifications in arm (20% vs 3%), femoro-
popliteal (74% vs 44%) and sub-popliteal arteries (84% vs 38%), but not in the
vertebral (17% vs 10%) and external iliac arteries (16% vs 30%), when compared to
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hospital controls.*! This would explain that the relationship between PXE and OA
in the AC and knee joints, but not in the hip and spine. As glenohumeral and ankle
OA have a low prevalence we had little power to detect a difference between groups
in the present study. Possibly, vascular disease at a local level is pathophysiological
related to OA in PXE patients. For future research, it would be interesting to study
this effect using mediation analysis.

Other reasons are also considered. Calcific enthesophytes are related to
tendinopathy, but also seen in abundance in PXE patients.® Tendinopathy is
associated with OA and may be an important mediator for OA in PXE patients.*
Additionally, it has been suggested that patients with PXE have lower levels of
vitamin K.>> While low vitamin K levels are also associated with an increased
prevalence of OA of the hand and knee.** Future research should show whether
arterial calcifications, enthesophytes, and low vitamin K levels are a risk factor for
OA development in PXE patients.

This study has several limitations. First, due to the retrospective nature of the study
we did not have clinical data on the symptoms, such as pain and swelling. Future
studies should confirm if patients with PXE have more symptomatic OA compared
to controls. Second, the patients included in the current study were relatively
young with a median age of 56 years, while the incidence of OA is strongly age-
related. Therefore, most patients presented with a low OA score. Furthermore, the
age range in the hospital control group was larger than in the PXE group, although
we corrected for age in the regression analysis. Third, we used CT scans from 2
different vendors, but the resolution and image quality were similar. We believe
this did not influence the OA scores. The disease status was not visible for the
reader and PET data and DICOM tags were not reviewed. However, as CT scanner
brands differed for the PXE and control group, full prevention of observer bias
was not guaranteed. Fourth, a population-based sample would be the preferable
control group. However, we used hospital controls, as whole body CTs were readily
available and harmful radiation for new study participants was thus avoided. Data
on comorbidities was lacking, due to limitations posed by the ethical committee
to protect the privacy of the participants. hospital controls most likely have more
comorbidities compared to population-based controls.*® As comorbidities are
more frequent in people suffering from OA, our control group might have a higher
prevalence of OA compared to population-based controls.*® This would, however,
result in a bias towards the null hypothesis, meaning a stronger association between
PXE and OA may be observed when PXE patients are compared with population-
based controls. Finally, we did not perform a sample size calculation for the main
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analyses, as this is a first explorative study. PXE is a rare genetic disorder with an
estimated prevalence between 1:25,000 to 1:50,000. This means that there are 350
to 700 PXE patients in the Netherlands.” In our opinion, the inclusion and analysis
of 106 PXE patients is a substantial number, given the rarity of the disease. When
stratifying the PXE patients based on the number of truncating gene variants, only
five patients had two non-truncating variants. Therefore, we used the group with
two truncating variants as reference group in our analysis. Differences with the
group with two non-truncating variants should be interpreted with care. A larger
(multicenter) study including a clinical symptoms score is deemed necessary to
truly investigate the OA burden in PXE.

Conclusions

This study suggests that patients with PXE are more likely to have structural OA of
the knee and AC-joints. Several explanations for this phenomenon were discussed
that may provide new insights for future research in patients with PXE and patients
with OA in general.
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Summary

Osteoarthritis (OA) is a debilitating disease that causes a giant socioeconomic
burden. Until now, there is no drug to limit disease progression. There are important
steps towards a drug for OA. First, we need to be able to predict in which patients
the disease will progress and at what time using accurate prediction models. We
may use this knowledge to better identify “early OA” patients and include patients
who are expected to progress in clinical trials. Second, we need to select the right
patient for the right treatment. This can be achieved by defining robust pheno-
or endotypes of OA and tailoring treatments towards specific pathomechanisms
within pheno/endotypes. Third, we need a better understanding of pathologic
mechanisms in OA to identify treatment targets. Fourth, we need to develop
sensitive outcome markers for follow-up. In this thesis, small steps brought us
closer to reaching these four goals (Table 1).

Part | Developing new imaging techniques to analyze OA in patients

Malalignment of the lower extremity plays a key role in knee OA. Patients with
malalignment of the lower extremity and unicompartmental knee OA may be
treated with a correctional osteotomy. Under correction is an important cause for
failed outcomes after correctional osteotomies. Alignment is best measured using
the Hip-Knee-Ankle angle (HKAA) determined from Whole Leg Radiographs,
which is also used to plan correctional osteotomies. Only a small study with 8
participants studied the test-retest reliability of this examination and thus the
precision of pre-operative planning is precarious. In Chapter 2, we performed an
in vitro experiment using a sawbone, to test the effect of knee flexion, leg rotation,
and X-ray beam height on the measured HKAA. 20 degrees of external leg rotation
alone caused an underestimation of one degree in measured HKAA. Flexion and
X-ray beam height alone did not alter the measured HKAA. A combination of
flexion and rotations strongly effects the HKAA and makes the error difficult
to predict. We implemented these findings into a new Whole Leg Radiography
protocol, that is easy to apply and aims to minimize errors. In Chapter 3, we
tested the test-retest reliability of the proposed Whole Leg Radiography protocol
in 30 patients. Each patient underwent two radiographs on the same day. Three
observers measured the HKAA. Inter-observer reliability for measurements on the
same radiograph was excellent with an ICC of 0.982. Reliability between the two
separate radiographs was also excellent with an ICC of 0.985. The mean absolute
error between two separate radiographs of the same knee was 0.442 degrees, which
can be considered clinically acceptable.
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Table 1. Conclusions

Part1
Developing new imaging techniques to analyze osteoarthritis in patients

Chapter 2 Leg rotation alone alters the measured Hip-Knee-Ankle. Flexion and X-ray beam
height alone does not. A combination of flexion and rotations strongly effects
the measured Hip-Knee-Ankle angle and makes the error difficult to predict. We
implemented these findings into a new Whole Leg Radiography protocol.

Chapter 3 The test-retest reliability of the newly implemented Whole Leg Radiography
protocol was excellent with an ICC of 0.985 for the Hip-Knee-Ankle angle.

Chapter 4 We developed an automated image analysis pipeline to measure the Femoral-
Tibial angle from a standard knee radiograph. Using this pipeline, we could
predict the Hip-Knee-Ankle angle a Pearson correlation of 0.90 and mean
absolute error of 1.8 °.

Chapter 5 We developed a reliable scoring system for assessing structural osteoarthritis
burden in large joints and the spine and demonstrated its” inter-observer
reliability. Furthermore, we presented an atlas to train new readers.

Part IT
The multifactorial pathways to OA

Chapter 6 Radiography-based bone texture variables in proximal femur and acetabulum
help to predict incident radiographic hip osteoarthritis over a ten-year period.

Chapter 7 We could differentiate between morphological risk factors for OA and
morphological variations that result from OA. Morphological variations as cam
and pincer lesions may initiate OA. However, the osteoarthritic process may
aggravate these lesions, further increasing the risk for OA progression.

Chapter 8 High pelvic incidence is related to incident knee OA and the prevalence
of spondylolisthesis. Low pelvic incidence is related to the prevalence of
degenerative disc disease and possibly to incident hip OA.

Chapter 9 Sagittal pelvic morphology was not related to hip-joint anatomy and range-of-
motion, and the onset of radiographic signs of FAI and hip OA.

Chapter 10 We developed an automated workflow and defined the Shape-Score, a risk score
to predict hip OA based on morphology. The Shape-Score demonstrated added
predictive value on top of classic predictors for hip OA.

Chapter 11 In women, the incidence of arterial calcifications and incidence of radiographic
knee and hip osteoarthritis are related on a local level. In men, the incidence of
arterial calcifications and incidence of radiographic knee and hip osteoarthritis
are negatively related on a patient-level.

Chapter 12 Patients with Pseudoxanthoma Elasticum are more at risk for developing osseous
signs of acromioclavicular and knee OA.
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Many OA cohorts and trials do not incorporate Whole Leg Radiography as it
is expensive, requires specialized equipment, and entails additional radiation
exposure. Being able to predict the HKAA from standard radiographs would
enable researchers to study malalignment in these studies. To achieve this, the
Femoral-Tibial angle (FTA) may be used. Many definitions of the FTA exist and
it is unknown which definition is best to predict true alignment. In Chapter 4,
we developed an automated image analysis pipeline to measure the FTA using 9
different definitions. We predicted the HKAA using the automatically derived FTA
on 110 pairs of standard knee and Whole Leg radiographs in a cross-validation
experiment. The best-performing FTA definition used a femoral axis between the
mid-shaft of the femur (approximately 10 cm above the joint line) and the femoral
notch, and a tibial axis running through 2 points in the mid-shaft of the tibia
(approximately 4cm and 10 cm beneath the tibial plateau). The Hip-Knee-Ankle
angle could be predicted using this pipeline with a Pearson correlation of 0.90 and
mean absolute error of 1.8 °. The automated image analysis pipeline may be used in
existing and future studies to study alignment.

In OA research, many biomarkers are not joint specific. Examples are biochemical
marker levels in blood and urine, performance tests (e.g. timed up and go test),
and quality of life measures. The OA status of all joints in the body will have a
collective impact on these biomarkers. Until now, no standardized method is
available to assess OA throughout the body. In Chapter 5, we developed a reliable
scoring system for assessing the structural OA burden in large joints and the spine,
the OsteoArthritisComputedTomography (OACT) score. We developed the score
and an atlas to train new readers using 196 CT scans. The score incorporates the
intervertebral discs, glenohumeral, acromioclavicular, facet, hip, tibiofemoral,
patellofemoral and ankle joints. Each joint is graded on a scale from no OA (0)
to severe OA (3). A total burden of OA was calculated by summing all grades.
To test the intra and inter-observer reliability, three readers scored a random set
of 25 scans, containing 600 joints. The intraclass correlation coeflicient for intra
and inter-observer reliability of the total burden of OA was 0.97 (95%-CI, 0.94
to 0.99) and 0.95 (95%-CI, 0.90 to 0.98), respectively. Square weighted kappa’s
for intra and inter-observer reliability of the individual joint scores ranged from
0.79 to 0.95 and from 0.48 to 0.95, respectively. The OACT-score can be used to
define the structural burden of OA in joints throughout the body. The relationship
with biomarkers and symptomatic OA should be established in future research,
including the APPROACH study. The calculation of the OACT-score using the
individual joint scores should be adapted to the purpose of each study.
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Part Il The multifactorial pathways to OA

Standard radiography plays a key part in the diagnosis and follow-up of OA.
Computational analysis of radiographs may help us to better predict OA. Bone
texture analysis was already used to predict incident knee OA and follow the
progression of knee OA. In Chapter 6, we developed an automated image analysis
pipeline to extract bone texture parameters from pelvic radiographs to predict hip
OA over 10 years. We used fractal dimension from 41 regions of interest to predict
radiographic OA at follow-up, defined as a Kellgren and Lawrence grade (KL) of
2 or higher (definite moderate OA or worse) or joint replacement, in 987 hips
with baseline KL 0 and 1 (no or possible OA). The area under the curve (AUC) of
the prediction model containing baseline demographics (Sex, age, BMI) and KL
showed an AUC of 0.69 in validation. A model with the texture parameters alone,
showed an AUC of 0.68. The full model including demographics, KL and texture
parameters had an AUC of 0.73 in validation. We concluded that bone texture
parameters contain additional information on the prediction of hip OA and may
be used in prediction models. However, external validation of our findings should
be performed.

The morphology of the hip joint is known to influence the risk for OA. However,
the osteoarthritic process may also influence the morphology of the hip. In
Chapter 7, we aimed to elucidate which morphological variations are pre-existent
and a risk factor for OA, and which are a result of OA. We used a 75 landmark
statistical shape model (SSM) to annotate pelvic radiographs from five time
points during the ten-year follow-up of 1,002 participants. We included shape
modes that explained more than 1% of the total shape variance. This led to a total
of 12 shape modes. We used the grades for radiographic features of OA (joint
space narrowing (JSN) and osteophytes) as described by Altman et al. to define
worsening of structural OA. We tested which morphological variations developed
during radiographic JSN and osteophytosis and can thus be seen as a result of
the disease. Furthermore, we tested which morphological variations develop that
predict a period of radiographic JSN and osteophytosis and can thus be seen as a
risk factor for the disease. Finally, we included baseline morphology as a predictor
in our models. We found that the severity of the cam lesion increased over time,
further increasing the risk for OA progression. Additionally, we demonstrated that
Pincer morphology has a dynamic nature, as the femoral neck shortens, the head
medializes and the acetabular coverage increases, the risk for OA increases and
osteophytes grow superiorly and inferiorly as a result. Coxa vara tends to be the
result of the OA process opposed to a risk factor for OA. The greater trochanter
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seems to shrink as a result of OA, presumably due to disuse of the hip abductor
muscles. Furthermore, the lesser trochanter seems to grow as a result of OA, most
likely due to psoas activity to compensate for instability These novel insights may
help in phenotyping hip OA patients.

The alignment of the spine and pelvis impacts the shear forces in the spine and
load distribution through the lower extremity. Mechanical theories suggest that
sagittal pelvic morphology is related to common degenerative spine, hip and knee
diseases. The pelvic incidence (PI) is a commonly used measure for sagittal spine
morphology. The effect of PI on the probability of degenerative lumbar, hip and
knee disease was not studied in a large cohort. In Chapter 8, we measured the PI
from lateral lumbar radiographs of 421 participants and tested it as a predictor
for the onset of hip and knee OA and the prevalence of degenerative disc disease
(DDD) and spondylolisthesis at eight-year follow-up. The incidence of hip OA
showed a trend towards more OA in lower PI groups, but this was not statistically
significant. The incidence of knee OA was higher in participants with a high PI
compared to a low PI (Odds ratio 1.6, p = 0.03). Spondylolisthesis in L4L5 and
L5S1 was more frequent in participants with a low PI compared to a high PI (Odds
ratios 3.7 and 7.7; p = 0.02 and 0.00, respectively). Low PI was a predictor of DDD
in L5S1 (Odds ratio 1.9, p = 0.01), but not for L4L5. We concluded that high PI is
a risk factor for the onset of knee OA and the prevalence spondylolisthesis. Low PI
is a risk factor for the presence of DDD and might be linked to the onset of hip OA.
In Chapter 7 we demonstrated that cam and pincer morphology are a risk factor
for OA. As a result of OA development, the morphology changes and the chance on
impingement and subsequent OA progression further increases. The acetabulum
is part of the pelvis and the sagittal spinopelvic alignment might be related to the
acetabular coverage, which in turn plays a major role in FAL In Chapter 9, we used
the same population as in Chapter 8 to analyze the relationship between spinopelvic
alignment and radiographic and clinical signs of FAI (alpha, Wiberg angle, and
range of internal rotation of the hip). We did not find a significant relation between
PI, pelvic tilt, sacral slope and FAI parameters and concluded that sagittal pelvic
morphology is not related to FAIL

Itis very hard to predict which patients progress to end-stage OA, especially patients
with early symptoms. For hip OA, no widely implemented model to predict end-
stage hip OA in patients with a first episode of complaints existed. Hip morphology
is an important risk factor for hip OA and can be quantified on standard pelvic
radiographs, commonly used in the clinical workup of hip symptoms. In Chapter
10, we developed an automated workflow to predict hip OA at eight-year follow-
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up in patients with a first episode of symptoms around hip and/or knee. We used
an SSM similar to Chapter 7 to quantify the baseline morphology of the hip. We
used machine learning algorithms to provide a single value, the Shape-Score, that
describes the risk for hip OA at eight-year follow-up based on morphology alone.
Subsequently, we built and internally validated prediction models by adding a
category of variables to the model, starting with baseline demographics, physical
examination, radiologist scores, and finally the Shape-Score. The added value of
each category was tested using AUC. The prediction model based on demographics,
physical examination and radiologist scores predicted incident hip OA, defined as
a KL 2+ or joint replacement at follow-up with an AUC of 0.80. When we added
the Shape-Score, the AUC rose to 0.86 and we concluded that the Shape-Score may
strongly improve predictions for hip OA. However, this model should be externally
validated. The generalizability of the model may greatly increase if training data is
added from versatile cohort studies.

The risk factors and pathologic mechanisms of atherosclerosis and OA have
major overlap. In Chapter 11, we studied the simultaneous incidence of arterial
calcifications and hip and knee OA. We used baseline and eight-year follow-up
radiographs from 763 CHECK cohort participants. We define arterial calcifications
on a four-scale grade (no, mild, moderate, severe) and the presence of radiographic
OA (KL = 2 or prosthesis). We performed two mixed-effect model analyses.
One on joint-level, where the incidence of arterial calcifications was used, and a
second on patient-level, where the calcification scores were summed. As the effect
of calcifications differed heavily between male and female sex, we stratified the
analyses per sex. In women, a significant relationship between the incidence of
arterial calcification and OA (Odds ratio 2.51 (1.57-4.03)). On patient-level, the
relationship was not significant. In men, the relationship on the local level was
not significant. Surprisingly, we found a negative association between arterial
calcifications on patient-level and OA in men (Odds ratio 0.71 (0.55-0.92)). The
association at the local level in women suggests that local vascular pathology may
be a driver of knee and hip OA in women. The association found in men indicates
a systemic effect. This might be a true pathophysiologic pathway, for example, a
stabilizing effect of calcification on atherosclerotic plaques. Alternatively, this
might reflect a health care effect. Men with OA complaints seek medical help more
frequently. This potentially triggers secondary CVD risk evaluation and prevention
that in turn prevents arterial calcifications.
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Pseudoxanthoma Elasticum (PXE) is a systemic disease that affects the skin, eyes,
and cardiovascular system. In our hospital, clinicians noted that people with PXE
complain about joint pain, more often than expected. As cardiovascular pathology
may drive OA, we studied whether PXE patients are more at risk for developing
osseous features of OA in Chapter 12. Whole-body Low Dose CT scans are part
of the routine workup of PXE patients. We used a cohort of hospital controls that
underwent PET-CT scans for various indications. We graded DDD and OA in the
acromioclavicular, glenohumeral, facet, hip, knee and ankle joints using the score
presented in Chapter 5. Group differences were analyzed using ordinal logistic
regression adjusted for age, BMI, and smoking status. PXE patients were more
likely to have higher OA scores in the acromioclavicular (Odds ratio 2.00 (1.12 -
3.61)), tibiofemoral (Odds ratio 2.63 (1.40 - 5.07)), and patellofemoral joint (Odds
ratio 2.22 (1.18 — 4.24)). For other joints, OA scores did not differ significantly. We
conclude that PXE patients are more likely to have structural OA of the knee and
acromioclavicular joints. Future studies in larger groups are needed to confirm
this finding and may further investigate the pathophysiologic mechanism between
PXE and OA.

General discussion and future perspectives

OA is a debilitating disease that poses a major socioeconomic burden on society.
No disease modifying drug exists for OA. In the introduction four underlying
problems were posed.

Heterogeneous progression

OA symptoms and structural deterioration may progress slowly or remain stable
over a period of years. In such periods, it is not possible to show a treatment effect.
Novel biomarkers may help us to better predict methods. In chapter 5 we developed
and tested the reliability of the OACT-score. The OACT-score will be an important
tool in the search for novel biochemical markers related to the progression of
knee OA in the APPROACH cohort. Most research in biochemical markers uses
systemic marker levels in either urine or blood. These marker levels are then
related to OA status in a single joint or joint group. In all probability, these marker
levels will be affected by all joints throughout the body and major confounding
lurks. The OACT-score can be used to correct for such confounding and will give
future research towards the predictive value of biochemical markers more power.
However, as the hands are not included in the score, it would be prudent to add
an established radiographic score for hand OA.! Furthermore, the correlation
between the OACT-score and clinical symptoms should be investigated.
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The morphology of the hip joint and pelvis affect the probability for OA as was
described in chapters 7, 8, and 10. The morphology of the hip joint may also
be affected the osteoarthritic process as we saw in chapter 7. The morphology,
but also changes in this morphology, may be used to predict periods of disease
progression. In chapter 10, we managed accurate prediction for hip OA using
baseline characteristics, physical examination, standard radiologist scores and the
newly developed Shape-Score. This finding needs external validation, particularly
because we included mainly Caucasian women. Furthermore, shape modes defined
by the SSM are population specific and comparison to other studies is difficult. The
World COACH initiative is striving to overcome this problem by incorporating
multiple cohorts over the world and form a standardized SSM. This would provide
similar and thus comparable shape modes over the cohorts and a possibility to
validate models using different population distributions over the world. In chapter
10, we predicted hip OA at eight-year follow-up as we needed enough cases while
using a fairly insensitive outcome measure, KL >2. An eight-year medical trial
would be very expensive and ensures a long time between drug development and
market launch. This brings us to the following problem.

Insensitive outcome markers

At the moment there is no efficient outcome marker to test the treatment effect
of potential drugs. Joint arthroplasty can be seen as a hard outcome, as the
structural degradation and symptoms have reached such a level that the joint
should be replaced. However, the choice to replace a joint is heavily reliant on
both patient and surgeon. Life events or job commitments may postpone surgery
from the patients’ side. Comorbidities or lifestyle choices such as smoking may
drive a surgeon to postpone surgery. The FDA and EMA only accepted joint space
narrowing measured from standard radiographs, which is notoriously insensitive
to change. As a consequence, the FDA and EMA request a trial duration of at
least two years. While they acknowledge MRI and biochemical markers to be
promising, they request further research on the correlation with symptoms and
radiographic progression. The APPROACH project includes many novel and
established biomarkers determined on baseline and six-month follow-up. Changes
in these biomarkers will be correlated to joint space narrowing over a two-year
follow-up. Hopefully this brings forward new surrogate outcome markers, leading
to shorter and powerful trials.
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Knowledge gap

It became clear that OA is not just wear-and-tear. OA is a heterogeneous disease
with many pathological pathways and stages. By broadening our knowledge, we
may discover new treatment targets. We may better stratify patients and disease
stages into pheno- and endotypes, helping us to select the right time and patient
for the right treatment. Pathologic pathways and risk factors for cardiovascular
disease and OA heavily overlap. Oddly enough, research in this area is sparse.
In chapter 11, we studied the coincidence of arterial calcification and hip and
knee OA. This relation was heavily sex dependent. In women, the incidence of
calcifications around a joint increased the risk for OA in the same joint. In men,
the severity of calcifications on a patient-level was negatively correlated to the risk
for OA in hips and knees. As the study population was 45-65 years old during
inclusion, this difference may be explained by perimenopausal hormone level
changes.? Furthermore, the female vasculature generally has a smaller diameter and
atherosclerosis is more widespread.** When the microvasculature fails or thrombi
detach from the vascular wall, the joint may become hypovascularized causing
tissue damage and subsequent OA. In men, the vasculature has a larger diameter
and atherosclerosis forms larger focal plaques. Calcification is a sign of plaque
formation, but may also stabilize the plaques, creating a protective effect against
thrombi.® Finally, the protective effect in men may be explained by a healthcare
effect. Men with OA complaints are more prone to cardiovascular risk profiling
and prevention, compared to men without OA symptoms, but also women with
OA symptoms. This may prevent atherosclerosis to progress to calcifications in
men that develop symptomatic end-stage OA.

Asstated earlier, the risk factors and pathophysiologic mechanisms of cardiovascular
disease and OA strongly overlap. Furthermore, both diseases progress slowly
and simultaneously. Furthermore, innovative research methods are needed
that deal with confounding and mediation. PXE is a systemic disease caused by
mutations in the ABCC6 gene, affecting the skin, eyes and cardiovascular system.
The main cardiovascular symptom is calcifications in the arterial wall caused by
dysregulations in inorganic pyrophosphate (PPi) levels. In the UMC Utrecht, many
PXE patients complained about joint pain. As we found a relation between arterial
calcifications and OA and as OA is the main cause for joint pain, we performed an
explorative study to test whether PXE patients truly had more structural features
of OA compared to hospital controls. We found that PXE patients had OA more
often in the acromioclavicular and knee joints. Future research should validate
this finding, but also focus on pathological pathways such as PPi and vitamin-K
levels, cytokines affecting bone remodeling, subchondral bone integrity and
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arterial calcifications. This is just one example of a research line that may guide
us towards new endotypes in OA. With novel techniques arising in rapid tempo,
the possibilities to study pathological pathways and potential treatment targets
emerge. These novel techniques should be combined with established techniques
in large cohorts that focus on including patients that are likely to progress.

One-size-fits-all

Many trials that test the effect of a drug for OA have uniform inclusion criteria,
for example the ACR criteria for knee OA. However, due to a lack of definitions
and selection criteria for both pheno- and endotypes, it is difficult for researchers
to select the right patient for their treatment. Again, large cohorts that combine
established with novel biomarkers and contain a decent amount of progressors are
needed to stratify patients into these phenotypes. Finding phenotypes of OA is
also one of the main goals of the APPROACH project. However, we should not
stop testing potential treatments for OA until phenotypical definitions are clear
cut. Researchers should already adjust their inclusion criteria for trials towards the
hypothesized mechanism of action. An example of this is the ZOledronic acid as
DIseAse-modifying drug in Knee OA (ZODIAK) study. This study hypothesizes
that bisphosphonates may counter the loss of integrity of the subchondral
bone. OA causes the porosity of the subchondral bone to increase, nerves and
bloodvessels may grow towards the cartilage, providing a route for pain stimuli
and inflammatory cytokines. Counteracting this process by disrupting osteoclast
activity may prevent pain and structural degradation of cartilage. To select patients
with active subchondral bone remodeling, the ZODIAK study screens patients for
bone marrow lesions (BML), as they are related to bone remodeling.® By excluding
patients without BML the researchers hope to exclude patients that lack the
intended treatment target, leading to a more efficient trial design.

The future of OA

A disease modifying drug for OA will not unemploy orthopedic surgeons. The first
goal is to postpone joint arthroplasty and delay or even prevent revision surgery.
Future research in OA should focus on getting the right treatment to the right patient
at the right time. This requires large cohort studies to define endotypes of OA,
selection criteria for these endotypes and criteria to define successful treatments
within a specific endotype. Until we reach that point, potential treatments may be
tested, but researchers should select their patients carefully. Furthermore, when
blueprints emerge for endotype specific trials, we should consider retesting drugs
that failed due to bad trial design.
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Artrose, het plaatje snappen

Artrose maakt patiénten minder mobiel, geeft pijn, verminderde kwaliteit van leven
en veroorzaakt een grote sociaal-economische last. Er is momenteel geen medicijn
dat de ziekteprogressie kan remmen. Om tot zon medicijn te komen moeten we
een aantal drempels overbruggen. Allereerst moeten we de juiste patiént kunnen
identificeren. Aangezien artrose in een vergaand stadium vermoedelijk niet meer
terug te draaien is moeten we het liefst al in een vroeg stadium kunnen voorspellen
of iemand eindstadium artrose zal krijgen. Nauwkeurige voorspelmodellen
kunnen hier een grote rol in spelen, door bijvoorbeeld ‘vroege artrose’-patiénten
te identificeren. Daarnaast moeten we de juiste patiént selecteren voor de
juiste behandeling. Hiervoor dienen feno- en/of endotyperingen van artrose te
worden gedefinieerd. Per patiént moet de behandeling worden afgestemd op de
specifieke pathomechanismen binnen zijn/haar feno- en/of endotype. Tenslotte
moeten we pathologische mechanismen binnen artrose beter in kaart brengen
om behandeldoelen te vast te stellen. Om al deze doelen te bereiken moeten er
gevoelige uitkomstmarkers worden ontwikkelen voor follow-up van artrose. In dit
proefschrift komen we met kleine stappen dichter bij deze doelen.

Deel I De ontwikkeling van nieuwe beeldvormingstechnieken voor artrose

Het alignement van een been speelt een belangrijke rol in knieartrose. Mensen bij
wie de knie uit het lood staat hebben vaak last van artrose in één kniecompartiment.
Deze patiénten kunnen behandeld worden middels een correctie-osteotomie. Een
te kleine correctie is de belangrijkste oorzaak voor suboptimale resultaten na zon
ingreep. De heup-knie-enkelhoek (HKAA), gemeten van lange beenas-opnames, is
de belangrijkste maat om het alignement van een knie te bepalen en wordt gebruikt
om correctie-osteotomieén te plannen. De betrouwbaarheid van de HKAA is slecht
onderzocht. Tot nu toe is er slechts één kleine studie met 8 mensen is hiervoor
uitgevoerd.! In Hoofdstuk 2 hebben we een experiment uitgevoerd met een
kunstbeen om de meetfout veroorzaakt door flexie, rotatie en rontgenbundelhoogte
op de gemeten HKAA te testen. Bij 20 graden exorotatie wordt een onderschatting
van één graad in gemeten HKAA veroorzaakt. Flexie en rontgenbundelhoogte
op zichzelf zorgden niet voor een meetfout. Echter, een combinatie van flexie en
rotaties zorgt voor een onvoorspelbare meetfout. De bevindingen van deze studie
hebben we geimplementeerd in een nieuw protocol voor lange beenas-opnames,
dat eenvoudig is toe te passen en zich richt op het minimaliseren van meetfouten.
In Hoofdstuk 3 hebben we de betrouwbaarheid van dit nieuwe protocol bij 30
patiénten getest. Elke patiént onderging op dezelfde dag twee lange beenas-
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opnames. De HKAA werd door drie waarnemers gemeten. De betrouwbaarheid
tussen waarnemers was uitstekend met een ‘Intra Class Correlatiecoéfficiént (ICC)
van 0,982. De betrouwbaarheid tussen twee afzonderlijke lange beenas-opnames
was ook uitstekend met een ICC van 0,985. De gemiddelde absolute fout tussen
twee aparte lange beenas-opnames van dezelfde knie was 0,442 graden, wat
klinisch aanvaardbaar is.

Binnen artroseonderzoek worden lange beenas-opnames vaak niet uitgevoerd
omdat ze duur zijn, speciale apparatuur vereisen en extra blootstelling geven
aan schadelijke rontgenstraling. Als de HKAA op basis van standaard knie
rontgenfoto’s voorspeld kan worden, zouden onderzoekers de rol van alignement
binnen artrose makkelijker kunnen onderzoeken. De femoro-tibiale hoek
(FTA) kan gebruikt worden om de HKAA te voorspellen. Er bestaan echter veel
verschillende definities van de FTA en het is niet goed onderzocht welke definitie
de meest accurate voorspelling geeft. In Hoofdstuk 4 hebben we de FTA gemeten
met behulp van zelfontworpen automatische beeldanalyse software. We testten de
voorspellende waarde van 9 verschillende definities van de FTA op een set van 110
paar rontgenfoto’s (standaard knie- en lange beenasfotos) in een kruisvalidatie-
experiment. De best presterende FTA werd gedefinieerd door een femorale as
vanuit de schacht van het femur (ongeveer 10 cm boven de gewrichtsspleet) naar
de femorale inkeping, en een tibiale as die midden door de schacht van de tibia
loopt (tussen twee punten middenin het tibia op ongeveer 4 cm en 10 cm onder de
gewrichtsspleet). Met behulp van deze FTA konden we de HKAA voorspellen met
een Pearson-correlatie coéfficiént van 0,90 en een gemiddelde absolute fout van
1,8°. De geautomatiseerde beeldanalysesoftware kan worden gebruikt in bestaande
en toekomstige cohorten om de rol van alignement binnen artrose te bestuderen.

Onderzoek naar artrose maakt vaak gebruikt van biomarkers die niet specifiek
gekoppeld zijn aan veranderingen binnen één gewricht. Voorbeelden zijn
biochemische markers in bloed en urine, prestatietests (zoals de timed up and go-
test) en kwaliteit van leven. Deze biomarkers worden beinvloed door de artrose-
status van alle gewrichten in het lichaam. Tot nu toe is er geen gestandaardiseerde
methode beschikbaar om de artrose-status door het hele lichaam te meten.
In Hoofdstuk 5 hebben we een betrouwbaar scoresysteem ontwikkeld voor
structurele artroseveranderingen in grote gewrichten en de wervelkolom, de
zogenaamde OsteoArthritisComputedTomography (OACT)-score. De score
omvat de tussenwervelschijven, glenohumerale, acromioclaviculaire, facet-, heup-,
tibiofemorale, patellofemorale en enkelgewrichten. Elk gewricht wordt gescoord
op een schaal van geen artrose (0) tot ernstige artrose (3). We hebben een atlas
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ontwikkeld, op basis van 196 CT-scans, om nieuwe lezers te trainen. Om de
intra- en interobserver betrouwbaarheid te testen, scoorden drie beoordelaars
een willekeurig gekozen set van 25 scans met totaal 600 gewrichten. De totale
artrosebelasting werd berekend door de score van alle gewrichten bij elkaar op te
tellen. De ICC voor intra-observer betrouwbaarheid van de totale artrosebelasting
was 0,97 (95% -CI, 0,94 tot 0,99), de inter-observer betrouwbaarheid was
0,95 (95% -CI, 0,90 tot 0,98). Kwadraat gewogen kappa’s voor intra-observer
betrouwbaarheid van de individuele gewrichtsscores varieerde tussen 0,79 en
0,95. De inter-observer betrouwbaarheid varieerde tussen 0,48 en 0,95. Met deze
bevindingen kunnen we stellen dat de OACT-score kan worden gebruikt om de
artrose-status van grote gewrichten door het hele lichaam te meten. De relatie met
biomarkers en symptomatische artrose moet worden vastgesteld in toekomstig
onderzoek, waaronder de APPROACH-studie. Aangezien deze laatste studie zich
richt op de knie, is het hierbij van belang te weten of de systemische biochemische
markers een representatie zijn van artrose in de knie, of wellicht meer iets zeggen
over artrose in andere gewrichten.

Deel Il Er zijn meerdere wegen die naar artrose leiden

Rontgenfoto’s staan aan de basis van de diagnostiek en follow-up onderzoek
van artrose. Computergestuurde analyse van deze rontgenfoto’s zou ons kunnen
helpen om artrose beter te volgen en mogelijke progressie voorspellen. De
bottextuur is een parameter die eerder gebruikt is voor het voorspellen en
vervolgen van knieartrose. In Hoofdstuk 6, ontwikkelden we geautomatiseerd
software om bottextuur parameters uit rontgenfoto’s van de heup te halen. We
gebruikten fractale dimensies uit 41 regio’s om incidentele heupartrose na tien jaar
te voorspellen. Heupartrose definieerden we als een Kellgren en Lawrence score
(KL) van 2 of hoger, of een heupvervanging met een prothese. We gebruikten 987
heupen met een KL van 0 of 1 op baseline. De “area-under-the-curve”’(AUC) van
een model met alleen demografische informatie en de baseline KL was 0.69. Een
model met alleen bottextuur parameters toonde een AUC van 0.68. Een model dat
de bottextuur parameters combineerde met het eerste model haalde een AUC van
0.73. We concludeerden daarom dat bot textuurparameters enige extra informatie
bieden bij het voorspellen van heupartrose. Deze bevinding dient echter in een
externe validatie bevestigd te worden.

De morfologie van de heup kan het risico op heupartrose beinvloeden. Op zijn
beurt kan het artrotisch proces ook de vorm van de heup aantasten. In Hoofdstuk
7 poogden wij op te helderen welke morfologische varianten pre-existent zijn aan
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heupartrose en een risico factor vormen, en welke morfologische variantie juist
resultaat zijn van de ziekte. We gebruikten een statistical shape model (SSM) op
basis van 75 anatomische oriéntatiepunten op bekkenfoto’s en hadden hiervoor de
data van 1,002 mensen, van vijf tijdspunten over een periode van tien jaar verspreid
beschikbaar. Vanuit het SSM gebruikten we alle vormvariabelen die meer dan 1%
van de totale vormvariatie verklaren. Het voortschrijden van artrose definieerden
we op basis van de criteria voor gewrichtsspleetversmalling en osteofytose zoals
gesteld door Altman et al. We onderzochten welke vormvariaties ontstonden
tijdens het voortschrijden van de ziekte en dus als resultaat van artrose bestempeld
konden worden. Daarnaast testten we welke vormvariaties aanwezig waren
voorafgaand aan een periode van voortschrijdende ziekte, en dus een risicofactor
voor artrose vormen. Als laatste voegden we de baseline vormen toe aan de
modellen als voorspeller voor artrose. We vonden dat zogenaamde cam-laesies
over tijd verergerden, en een zichzelf versterkende risicofactor is voor artrose.
Daarnaast is de zogenaamde pincer morfologie een dynamisch proces, waarbij de
femur nek korter wordt, de femur kop medialiseert en de acetabulaire overkapping
toeneemt. Daarmee neemt het risico op artrose toe en groeien acetabulaire
osteofyten. Verder lijkt Coxa vara eerder het resultaat van artrose, dan een risico
factor. De trochanter major krimpt als een gevolg van artrose, waarschijnlijk door
het ontlasten van de heup abductoren. De trochanter minor lijkt juist te groeien
door artrose, waarschijnlijk door toegenomen acitivieit van de psoas major spier
als compensatie voor instabiliteit veroorzaakt door het artrotisch proces. Deze
inzichten in de relatie tussen morfologie en artrose kunnen ons helpen bij de
phenotypering van patiénten met heupartrose.

De uitlijning tussen de rug en het bekken beinvloedt hoe belasting door de rug en
naar debenenvloeit. Mechanische theorieén relateren desagittale bekkenmorfologie
aan veelvoorkomende rug-, heup- en knieziekten. De pelvic incidence (PI) is
een maat voor sagittale bekkenmorfologie. Het effect van PI op het risico voor
degeneratieve ziekten van rug, knie en heup werd nog niet eerder beschreven. In
Hoofdstuk 8, hebben we de PI gemeten op laterale rugfoto’s van 421 patiénten
en gebruikten dit als voorspeller voor de prevalentie van een degeneratieve discus
(DDD) en spondylolisthesis en als voorspeller voor de incidentie van heup- en
knieartrose na acht jaar follow-up. De incidentie van heupartrose leek hoger in
de groep met een lage PI, maar dat bleek niet statistisch significant. De incidentie
van knieartrose was hoger in deelnemers met een hoge PI vergeleken met een lage
PI (Odds ratio 1.6, p = 0.03). Spondylolisthesis in L4L5 en L5S1 werd meer gezien
in deelnemers met een lage PI vergeleken met een hoge PI (respectievelijke odds
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ratios 3.7 en 7.7; p = 0.02 en 0.00). Lage PI was een voorspeller van DDD in L5S1
(odds ratio 1.9, p = 0.001), maar niet voor L4L5. We concludeerden dat hoge PI
een risicofactor is voor het ontwikkelen van knieartrose en de prevalentie van
spondylolisthesis. Lage PI was een risicofactor voor de aanwezigheid van DDD
en is mogelijk gerelateerd aan heupartrose. In hoofdstuk 7 toonden we aan dat
cam- en pincermorfologie een risicofactor vormen voor artrose. Het acetabulum
is onderdeel van het bekken en de sagittale uitlijning van de rug en het bekken
speelt mogelijk een rol in de acetabulaire overkapping, die op zijn beurt weer
een rol speelt in heupimpingement (Femoral Acetabular Impingement, FAI). In
Hoofdstuk 9, gebruikten we dezelfde populatie als in hoofdstuk 8, om de relatie
tussen de sagittale uitlijning van de rug en het bekken enerzijds en radiografische
en klinische kenmerken van FAI anderzijds, te onderzoeken. We vonden geen
significant verband tussen PI, kanteling van het bekken, de lumbo-sacrale
hoek en parameters die de FAI beschrijven. We concludeerden dat de sagittale
bekkenmorfologie geen verband houdt met FAL

Het is zeer moeilijk te voorspellen welke patiénten eindstadium artrose
ontwikkelen, zeker bij patiénten met alleen vroege symptomen. Er is momenteel
geen breed geimplementeerd predictiemodel voor heupartrose in mensen
met vroege symptomen. De morfologie van de heup speelt een grote rol in de
ontwikkeling van heupartrose. Morfologie is te kwantificeren op rontgenfoto’s, die
onderdeel maken van de standaard work-up van heupartrose. In Hoofdstuk 10,
ontwikkelden we een geautomatiseerde methode om, op basis van morfologische
kenmerken, het ontstaan van heupartrose na acht jaar te voorspellen in patiénten
met een eerste episode van klachten aan heup en/of knie. We gebruikten wederom
een SSM, overeenkomend met die in hoofdstuk 7, om de ‘baseline’ morfologie
van de heup te kwantificeren. Met machine learning algoritmes konden we
een zogenaamde Shape-Score berekenen, één enkele waarde die het risico voor
heupartrose beschrijft op basis van morfologie bepaald d.m.v de vormparameters
in het SSM. Vervolgens testten we predictiemodellen op basis van interne validatie,
d.w.z. validatie op basis van experimenten in dezelfde dataset. Allereerst maakten
een predictiemodel op basis van alleen demografische variabelen. Achtervolgens
voegden we het lichamelijk onderzoek, radiologische scores en als laatste de
Shape-Score toe aan het predictiemodel. De toegevoegde waarde van iedere
groep variabelen werd getoetst middels de AUC. Het predictiemodel gebaseerd
op demografie, lichamelijk onderzoek en radiologische scores voorspelde artrose,
gedefinieerd als een KL 2 of hoger of een heupprothese na acht jaar, met een
AUC van 0.80. Na het toevoegen van de Shape-Score steeg de AUC naar 0.86. We
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concluderen derhalve dat de Shape-Score een sterk toegevoegde waarde heeft in
het voorspellen van heupartrose. Deze bevinding dient echter extern gevalideerd
te worden. Daarnaast zal de generaliseerbaarheid van het model sterk verbeteren
als data van meerdere cohorten wordt toegevoegd.

De risicofactoren en pathofysiologie binnen atherosclerose en artrose overlappen
sterk. In Hoofdstuk 11, bestudeerden we de simultane incidentie van arteriéle
verkalking en artrose van de heup en knie. We gebruikten hiervoor ‘baseline’ en
acht jaar follow-up rontgenfoto’s van 763 deelnemers van CHECK. Per gewricht
scoorden we arteriéle verkalking in vier gradaties (geen, mild, matig, ernstig)
en de aanwezigheid van artrose (KL 2 of hoger of een prothese). Er werden twee
‘mixed-effects’ modellen gemaakt. Eén op gewrichtsniveau, waarbij de incidentie
van verkalking in een gewricht werd gebruikt en één op patiéntniveau waarbij
de somscore van de verkalkingen bij beide heupen en knieén werd gebruikt. De
relatie tussen de mate van verkalking en het al dan niet ontwikkelen van artrose
verschilden sterk per geslacht, waarop we de analyses stratificeerden. Bij vrouwen
werd een significante relatie gevonden tussen de incidentie van vaatverkalking
rond een gewricht en het ontstaan van artrose in datzelfde gewricht (Odds ratio
2.51 (1.57-4.03)). Op patiéntniveau was de relatie niet significant. Bij mannen, was
de relatie op gewrichtsniveau niet significant. Echter, op lichaamsniveau vonden
we een negatieve associatie tussen de mate van de somscore voor vaatverkalking
en artrose (Odds ratio 0.71 (0.55-0.92)). De associatie op gewrichtsniveau
gevonden in vrouwen suggereert dat vasculaire pathologie op lokaal niveau, heup-
en knieartrose in de hand kan werken. De associatie bij mannen, suggereert een
systemisch effect. Dit kan berusten op een waar pathofysiologisch mechanisme,
zoals het stabiliserende effect van verkalking op atherosclerotische plaques. Echter
kan het ook een zorgeffect weerspiegelen. Mannen met artroseklachten komen
wellicht eerder bij de dokter, welke cardiovasculaire risicoanalyse kan inzetten en in
een vroeg stadium preventieve medicatie voorschrijven, waardoor vaatverkalking
voorkomen wordt.

Pseudoxanthoma Elasticum (PXE) is een systemische genetische ziekte waarbij
kalk zich opstapelt in bindweefsel waardoor er uiteindelijk er schade optreedt
aan o.a. huid, ogen, en het cardiovasculair systeem. In ons ziekenhuis merkten
doctoren op de dat mensen met PXE vaak klagen over pijnlijke gewrichten. Gezien
cardiovasculaire pathologie en artrose aan elkaar gerelateerd zijn, bestudeerden
we in Hoofdstuk 12 of mensen met PXE meer risico lopen op het ontwikkelen
van benige kernmerken van artrose. Whole-body Low Dose CT scans zijn deel
van de standaard work-up van PXE-patiénten. We gebruikten een cohort met
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controle-patiénten die voor wisselende indicaties PET-CTs ondergingen in
het ziekenhuis. We gebruikten de OACT-score beschreven in hoofdstuk 5 om
DDD en artrose in de acromioclaviculaire, glenohumerale, facet, heup, knie en
enkelgewrichten te scoren. Verschillen tussen PXE en controle-patiénten werden
getest middels ordinale logistische regressie, gecorrigeerd voor leeftijd, geslacht,
BMI en roken. PXE-patiénten hadden meer kans op hogere artrosescores in de
acromioclaviculaire (Odds ratio 2.00 (1.12 - 3.61)), tibiofemorale (Odds ratio 2.63
(1.40 - 5.07)) en patellofemorale gewrichten (Odds ratio 2.22 (1.18 - 4.24). In
andere gewrichten verschilden artrosescores niet significant. We concludeerden
dat PXE-patiénten een grotere kans hebben op artrose in de acromioclaviculaire en
kniegewrichten vergeleken met controle-patiénten. Deze bevindingen moeten in
de toekomst gevalideerd worden. Daarnaast moeten de pathofysiologische relaties
tussen PXE en artrose verder onderzocht worden.

Discussie en toekomstperspectief

Artrose is een slopende ziekte voor patiénten. Voor de samenleving brengt het
een enorme socio-economische last met zich mee. Op dit moment is er geen
medicijn om ziekteprogressie te remmen, laat staan te stoppen. Historisch gezien
falen onderzoeken naar een behandeling voor artrose door vier problemen. In dit
proefschrift hebben we aan de weg naar een oplossing voor deze vier problemen
gewerkt.

Heterogene progressie

Het eerste probleem is het wisselvallige beloop van de progressie van artrose.
Symptomen en structurele kenmerken van de ziekte verergeren langzaam over
de jaren. Sommige patiénten maken een korte periode van versnelde progressie
mee, maar het is met de huidige stand van kennis niet mogelijk zon periode te
voorspellen. Omdat een periode van progressie meestal niet wordt ‘gevangen’
binnen een gekaderd onderzoek, is het lastig een potentieel behandel effect
aan te tonen. In hoofdstuk 5 ontwikkelden we de OACT-score en testen de
betrouwbaarheid ervan. De OACT-score zal binnen de APPROACH studie een
belangrijke rol spelen in de zoektocht naar nieuwe biochemische markers die zijn
gerelateerd aan de progressie van knieartrose. Veel biochemische markers worden
namelijk gemeten in urine of bloed en vervolgens geassocieerd met artrose in één
gewricht(sgroep). Echter het markerniveau wordt hoogstwaarschijnlijk beinvloed
door alle gewrichten in het lichaam van de patiént, wat een bron kan zijn voor
‘confounding’. De OACT-score kan corrigeren voor artrosebelasting door het hele
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lichaam en zal onderzoek naar biochemische markers daarmee preciezer en sterker
maken. De handen zijn helaas niet in de OACT-score meegenomen en zullen via
één van de beschikbare gevalideerde methoden voor het scoren van handartrose
moeten worden toegevoegd.? Daarnaast moet de relatie tussen de OACT-score en
symptomen nog onderzocht worden.

In hoofdstukken 7, 8 en 10 beschreven we dat de morfologie van de heup en
het bekken de kans op artrose beinvloedt. In hoofdstuk 7 lieten we zien dat
het artrotisch proces op zijn beurt ook weer de morfologie beinvloedt. De
morfologie, maar ook veranderingen in die morfologie kunnen gebruikt worden
om artroseprogressie te voorspellen. In hoofdstuk 10 bereikten we een accurate
voorspelling van heupartrose op basis van demografie, lichamelijk onderzoek,
bestaande radiologische scores en de nieuwe ontwikkelde ‘Shape-Score. Onze
bevindingen dienen nog extern gevalideerd te worden, zeker gezien het feit dat
de studiepopulatie voornamelijk bestond uit Kaukasische vrouwen. Daarnaast is
het vergelijken van ‘shape modes’ tussen verschillende onderzoeksresultaten niet
mogelijk, aangezien deze modes athankelijk zijn van het gebruikte model en dus
studie-specifiek zijn. Het World COACH initiatief streeft er naar dit probleem
op te lossen door meerdere internationale cohorten samen te brengen en een
gestandaardiseerd model over alle data te laten draaien. Dit zou zorgen dat de
data tussen verschillende cohorten vergelijkbaar wordt en biedt de mogelijkheid
modellen te valideren in verschillende populaties over de hele wereld. In hoofdstuk
10 voorspelden we artrose gedefinieerd als KL >2, wat een uitkomstmaat is die een
lange follow-up nodig heeft om sensitief te worden. Acht jaar is veel te lang voor
een medisch onderzoek. Het zou leiden tot dure klinische studies en een veel te
lange tijd tussen uitvinding en implementatie van behandelingen. Dit brengt ons
naar het volgende probleem.

Ongevoelige uitkomstmaten

Op dit moment zijn er geen efficiénte uitkomstmaten om het behandeleffect van
een potentieel medicijn voor artrose te testen. Gewrichtsvervanging kan als harde
uitkomstmaat gezien worden voor artrose, gezien de structurele achteruitgang en
symptomen dusdanig zijn dat het gewricht vervangen moet worden. Echter is het
vervangen van een gewricht een keuze die berust bij de patiént en zijn behandelaar.
Gebeurtenissen in iemands leven, of arbeidsovereenkomsten kunnen voor uitstel
zorgen vanuit de patiént. Comorbiditeiten en levensstijl, waaronder roken,
kunnen zorgen voor uitstel of afstel vanuit de orthopedisch chirurg. De FDA en
EMA accepteren momenteel alleen gewrichtsspleetversmalling zoals gemeten
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op rontgenfoto’s als erkende uitkomstenmaat voor de structurele progressie van
artrose. Als gevolg eisen beide organisaties ook dat medicijnonderzoeken minimaal
twee jaar moeten duren. Hoewel biochemische uitkomstmaten en metingen van
MRI veelbelovend zijn, vinden de FDA en EMA dat er eerst meer onderzoek moet
plaatsvinden naar de correlatie met symptomen en uiteindelijke rontgenologische
progressie. De APPROACH studie meet bestaande en nieuwe biomarkers op
baseline en na zes maanden, met de hoop nieuwe surrogaatmarkers te vinden om
zo kortere en krachtiger geneesmiddelenonderzoeken voor artrose op te kunnen
zetten.

Kennis lacunes

Het is duidelijk geworden dat artrose niet louter slijtage omvat. Het is een ziekte met
een heterogene pathofysiologie. Door onze kennis te vergroten kunnen we nieuwe
behandeldoelen ontdekken. We kunnen patiénten beter in feno- en endotypes
indelen, wat ons helpt de juiste behandeling te kiezen op het juiste moment, bij de
juiste patiént. De pathofysiologie van artrose en cardiovasculaire ziektes overlapt
fors. Gek genoeg is er maar weinig onderzoek naar de relatie tussen beiden. In
hoofdstuk 11 bestudeerden we de coincidentie van arteriéle verkalkingen en heup-
en knieartrose. De relatie bleek zeer geslachtsathankelijk. Bij vrouwen verhoogde
het ontstaan van arteriéle verkalking rondom een gewricht de kans op heup/knie
artrose binnen datzelfde gewricht. Bij mannen was de ernst van de calcificaties op
lichaamsniveau negatief gecorreleerd aan de kans op artrose in heupen en knieén.
Gezien de studiepopulatie tussen 45 en 65 jaar oud was bij inclusie, kan het verschil
eventueel verklaard worden door hormonale veranderingen die gepaard gaan met
de menopause.* Daarnaast heeft het vaatstelsel van vrouwen over het algemeen
een kleinere diameter en komt artherosclerose meer wijdverspreid voor.** Als de
microvasculatuur faalt of thrombi loskomen van de vaatwand, kan er te weinig
bloed richting het gewricht stromen. Dit kan weefselschade en daaropvolgende
artrose in de hand werken. In mannen is het vaatstelsel over het algemeen wijder
en vormt athersclerose focale plaques. Calcificatie is een teken van plaquevorming,
maar kalk stabiliseert de plaque ook, waardoor het een beschermend effect kan
hebben tegen loskomende thrombi.® Als laatste kan de associatie in mannen een
zorgeffect zijn. Mannen met artrose komen sneller bij de huisarts. Bij mannen zal
eerder het cardiovasculair risico ingeschat worden dan bij vrouwen. Uiteindelijk kan
het zijn dat preventieve maatregelen ten aanzien van atherosclerose eerder worden
ingezet bij mannen met artroseklachten dan bij mannen zonder artroseklachten.
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Zoals hierboven vermeld is er een sterke overlap tussen de risicofactoren en
pathofysiologie van cardiovasculaire ziekten en artrose. Daarnaast ontwikkelen
beide ziekten zich traag. Daarom is het nodig om innovatieve onderzoeksstrategieén
in te zetten om met ‘confounding’ en ‘mediation’ om te gaan. PXE is een systemische
ziekte veroorzaakt door mutaties in het ABCC6 gen die leidt tot mineralisaties in
fibreus weefsel en daarmee afwijkingen van de huid, ogen en het cardiovasculair
systeem veroorzaakt. Cardiovasculair staan calcificaties in de vaatwand,
veroorzaakt door ontregeling van inorganisch pyrofosfaat (PPi) niveaus, voorop. In
het UMC Utrecht klaagden PXE-patiénten vaker dan verwacht over gewrichtspijn.
Gezien we een relatie tussen arteriéle calcificaties en artrose vonden in hoofdstuk
11 en artrose de nummer één oorzaak is van pijnlijke gewrichten, voerden we
een exploratieve studie uit om te testen of PXE-patiénten meer kenmerken van
structurele artrose hadden dan controle patiénten. PXE-patiénten bleken vaker
structurele tekenen van artrose in de acromioclaviculaire en kniegewrichten te
hebben. Deze bevinding dient in vervolgstudies gevalideerd te worden. Daarnaast
moet er onderzoek plaatsvinden naar verklarende pathofysiologische mechanismes
zoals PPi en vitamine-K niveaus, cytokines met invloed op botmetabolisme,
subchondrale botintegriteit en arteriéle verkalkingen. Dit is slechts één voorbeeld
van een onderzoekslijn die ons kan leiden naar nieuwe endotypes binnen artrose.
De snelle ontwikkeling van nieuwe technieken biedt in rap tempo nieuwe kansen
om de pathofysiologie en behandeldoelen van artrose te onderzoeken. Deze
nieuwe technieken dienen gecombineerd te worden met gevalideerde bestaande
technieken in grote cohorten die zich richten op artrosepatiénten met hoge kans
op snelle progressie.

One-size-fits-all

Veel medicijnstudies binnen artrose gebruiken uniforme inclusiecriteria, zoals
de ACR-criteria voor knieartrose. Door een gebrek aan definities en criteria
voor feno- en endotypes binnen artrose is het lastig voor onderzoekers om de
juiste patiénten voor hun behandeling te selecteren. Grote cohorten met genoeg
ziekteprogressie en een combinatie van innovatieve en bestaande biomarkers zijn
nodig om patiénten in fenotypes te kunnen stratificeren. Het lopende APPROACH
project heeft als één van haar doelen gesteld om deze fenotypes te ontdekken. Tot
deze fenotypes volledig gedefinieerd zijn moeten we echter niet wachten met het
testen van potentiéle behandelingen. Onderzoekers moeten nadenken over hun
verwachte behandelmechanisme en hun inclusiecriteria hierop aanpassen. Een
voorbeeld daarvan is de ZOleDroninezuur als behandelingen In Artrotische Knieén
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(ZODIAK) studie. Deze studie vaart op de hypothese dat bisfosfonaten de integriteit
van het subchondrale bot kunnen beschermen. Artrose veroorzaakt een toename
in porositeit van het subchondrale bot, waardoor zenuwen en bloedvaten richting
het kraakbeen groeien. Dit biedt een route voor pijnstimuli en inflammatoire
cytokines. Dit proces tegengaan, door het remmen van osteoclastactiviteit, kan pijn
en structurele achteruitgang van het kraakbeen in artrose tegengaan. Om patiénten
met activiteit in het subchondrale bot te includeren, maakt de ZODIAK-studie
gebruikt van een screenende MRI. Hierbij wordt gekeken naar BeenMergLaesies
(BML), gezien deze gerelateerd zijn aan botremodellering.” Door patiénten
zonder BML te excluderen hopen de onderzoekers patiénten zonder het beoogde
behandeldoel te excluderen. Dit zou moeten leiden tot een efficiénter onderzoek
met meer kans op een positief effect van de zoledroninezuur voor het behandelen
van artrose.

De toekomst van artrose

Een medicijn tegen artrose zal orthopedisch chirurgen niet werkloos stellen. Het
eerste doel is om gewrichtsvervangende operaties uit te stellen en daarmee ook
protheserevisies uit te stellen of te voorkomen. Onderzoek naar artrose moet zich
richten op de juiste behandeling bij de juiste patiént krijgen, op het juiste moment.
Dit vergt grote cohortstudies naar definities van endotypes binnen artrose met
goed omschreven selectiecriteria voor die endotypes en uitkomstmaten om een
behandeleffect binnen een specifiek endotype aan te tonen. Tot we dat bereikt
hebben moeten potentiéle behandeling wel getest worden, maar onderzoekers
moet kritisch kijken naar de gekozen selectiecriteria. Als blauwdrukken voor
medicijnstudies binnen endotypes van artrose uitgerold worden, moeten we
overwegen om medicijnen die eerder gefaald zijn wegens slechte studieopzetten,
opnieuw te testen.
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Een promotietraject voelt soms aan als een individuele marathon waarbij af en
toe iemand je een glas water aanreikt. Zonder water bereik je de eindstreep niet.
Zonder steun en liefde van collega’s, vrienden en familie was dit boekje niet tot
stand gekomen.

Harrie en Pim, ik had me geen fijnere promotoren kunnen wensen. De hoeveelheid
tijd en aandacht die jullie mij geschonken hebben laat menig promovendus
groen aanlopen. Elke week kon ik bij jullie terecht. Was het niet voor mijn
onderzoeksvragen, dan kon ik veel van jullie leren over management, geldstromen
en alle valkuilen van leiderschap in het ziekenhuis. In jullie zag ik de ideale
combinatie van een creatieve ideeéngenerator en een pragmaticus. Ik hoop in de
toekomst nog veel van jullie te mogen leren.

Roel en Wouter, jullie waren een ongelofelijke bron aan ervaring die ik kon
aanboren. Altijd kon ik bij jullie aankloppen om mijn vragen te stellen en altijd
kwam ik met betere plannen naar buiten. Wouter, zonder jouw adviezen was
de OACT-score waarschijnlijk een puzzel geworden voor elke radioloog. Jouw
adviezen hebben een warboel van ideeén tot een bruikbaar product gemaakt. Roel,
je kon mij altijd helpen om de klinische waarde van onderzoek te wegen. Ik heb al
veel van je mogen leren op de polikliniek van de Mobility clinic en hoop dat dit de
komende opleidingsjaren een vlucht zal nemen.

Maarten en Richard, zonder jullie waren de laatste loodjes te zwaar geweest. We
zijn nu bijna dertien jaar vrienden en uit jullie inzet de afgelopen weken blijkt
de vriendschap onvoorwaardelijk. Liever had ik meer tijd gehad om samen met
jullie te genieten van het proces, maar samen genieten zullen we nog genoeg. Ik
waardeer het enorm jullie zoveel tijd bij me te hebben.

Roy, je hebt me enorm geholpen met de eindsprint. De laatste weken waren erg druk
voor mij, maar je hebt me er doorheen begeleid. Met jouw hulp is dit geen werkstuk,
maar een mooi boek geworden. Bedankt voor je inzet en doorzettingsvermogen.

Niet achter, maar naast elke succesvolle man staat een sterke vrouw. Natali, jij
staat altijd voor mij klaar. Als geen ander kan je mij kalmeren als ik in de stress
schiet. Je ondersteunde mij in tijden dat ik druk was, maar zat ook achter me aan
als ik aan het fluimen was. We kennen elkaar al sinds het eerste moment van de
opleiding en groeiden langzaam naar elkaar toe. Van samen in de UB blokken
voor de bloktoetsen, naar samen wonen in een doorleefde antikraak woning. We
hebben veel gezien, ontdekt en geleerd, we zijn samen volwassen geworden. De
bezegeling van onze liefde raakte door COVID in het verdring, maar hoe mooi
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was het alternatief. Zo klein, zo zoet, zo lief. Het schrijven van dit boekje duurde
even, wij drie zijn voor het leven. Lieve Julia, jij hebt het afmaken van dit boekje
niet persé eenvoudiger gemaakt. Toch ben ik erg dankbaar voor je vrolijkheid en
energie. Ik geniet elke dag van de groei en ontwikkeling die je doormaakt. Ooit
hoop ik je ook te kunnen interesseren voor de wetenschap, maar eerst zal ik je uit
De Kleine Prins voorlezen.

Zonder jullie steun in mijn studententijd was ik wellicht nooit zo enthousiast
geworden voor de wetenschap. Mijn ouders gaven mij de tijd om mijn interesses
te ontwikkelen. Tijd is onvervangbaar en daarom ben ik ze enorm dankbaar. Papa,
mama, zonder jullie opvoeding had ik nooit de discipline gehad om dit af te maken.
Dit is ook jullie prestatie.

Anne Lize en Joery, Sven en Jonne, opa Cas en oma Corrie, Frederique, Lian, Djoko,
Shanomi, Mace, Jayh, Marcella, Jeremy, Tatjana, Alexander, Ilia en Annemijn, je
familie wordt voor je gekozen. Toch zou ik jullie allemaal vaker willen zien. Meer
tijd hebben om samen te zijn. De drukke levens en de afstand maken de drempel
vaak hoog om met elkaar af te spreken. Ik wil dat jullie weten dat jullie altijd in
mijn hart zijn en ik aan jullie denk. Oom Hennie, aan jou was de wetenschap niet
helemaal besteed. Je had een sterke eigen mening. Je was een bijzonder persoon en
deed je eigen ding. Ook daar heb ik van geleerd. Ik denk aan je.

Pepijn, Stefan, Wouter, Robert en Pim, ik ben jullie onwijs dankbaar voor het feit
dat er in het zuiden altijd een warm nest is om naar terug te keren. Tentje ploffen
in Renesse, pizza met hete kolen in de tent op hockeytoernooi, een eigen villa in
Chersonissos, schoenen ruilen op Dominator, samen naar Scooter en de zwarte
piste op Solar. We hebben hele mooie dingen meegemaakt, te veel om op te noemen.
We staan voor elkaar klaar in mindere tijden, dat onderscheid kennissen van echte
vrienden. Ik waardeer het enorm dat jullie altijd de moeite nemen om een klein
biertje met me te doen als ik weer in het zonnige zuiden ben. Ik ken de meesten van
jullie vanaf mijn 4¢ en kijk vol goesting uit naar de komende kinderfeestjes.

Louis, Danitscha, Florus, Thijs, Dick, Jeroen en Mingus, jullie vormen mijn warme
nest in Amsterdam. Bizar wat we met z'n allen hebben meegemaakt. De eerste keer
gele lasers in je ogen. Een bierfontijn. Uitvinden dat er naast de partyboat ook een
boozecruise bestaat. Samen verdwaald raken in de bossen van Amsterdam Noord.
Het resultaat van 60 jaar hoarden op een zolder van een sociale huurwoning
bekijken. Een liefde voor kaas. Ook bij jullie is het altijd vanouds gezellig en gaat
de vriendschap diep. Ik hoop dat ik daar nog lang van mag genieten.
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Chapter 13

Arthur, Dolf en Thomas, we hebben veel samen in een boot gezeten. Weinig
mensen kunnen dat zeggen. Als je samen in een boot zit bouw je een band op, als je
samen naar een Skadi feest gaat verbetert die band. Ik hoop dat we in de toekomst
nog een keer samen roeien.

Wouter, Merle, Eva en Anne, we hebben elkaar beter leren kennen tijdens een
onstuimig weekend in Renesse. Het werd een vriendschap vol pieken en dalen.
Van epidemiologische of anatomische vraagstukken naar de vroege uurtjes in
de Armadillo. Juist nu dat laatste toekomstmuziek is, koester ik die momenten
misschien wel het meest.

Rintje, Chien, Joost, Jukka, Vahid, Floris, Bruce, Chella, Jonneke, Koen, Jasmijn,
Rob, Jelle, Mattie, Huub, Eefje, Nick, Justin, Sebastiaan, Steven, Lorenzo, Mechteld,
Pauline en Hilde, naast veel serieus werk, cijfertjes en lange teksten heb ik ook
jullie persoonlijke kant gezien. Schreeuwend in een taxi voor een broodje doner.
Lachend over een gefrituurde sparerib na een congres. Een traantje wegpinken
voor het anthem van het Q mini-tafeltennistoernooi. Als eerste naar Taverne
vanuit Brabanthallen, omdat je je daar wel kan misdragen. Met je collega’s breng
je meer tijd door dan met je naasten. Het is fijn als die tijd dan vol avonturen en
gezelligheid zit. Daarvoor wil ik jullie bedanken.
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