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Abstract: The aim of this narrative review is to summarize the current pharmacotherapeutic treatment
options for osteoarthritis (OA). Is therapy still mainly symptomatic or does the pill against arthrosis
already exist? Causal and non-causal, as well as future therapeutic approaches, are discussed. Various
surgical and non-surgical treatment options are available that can help manage symptoms, slow down
progression, and improve quality of life. To date, however, therapy is still mainly symptomatic, often
using painkilling and anti-inflammatory drugs until the final stage, which is usually joint replacement.
These “symptomatic pills against” have side effects and do not alter the progression of OA, which
is caused by an imbalance between degenerative and regenerative processes. Next to resolving
mechanical issues, the goal must be to gain a better understanding of the cellular and molecular basis
of OA. Recently, there has been a lot of interest in cartilage-regenerative medicine and in the current
style of treating rheumatoid arthritis, where drug therapy (“the pill against”) has been established to
slow down or even stop the progression of rheumatoid arthritis and has banned the vast majority of
former almost regular severe joint destructions. However, the “causal pill against” OA does not exist
so far. First, the early detection of osteoarthritis by means of biomarkers and imaging should therefore
gain more focus. Second, future therapeutic approaches have to identify innovative therapeutic
approaches influencing inflammatory and metabolic processes. Several pharmacologic, genetic, and
even epigenetic attempts are promising, but none have clinically improved causal therapy so far,
unfortunately.

Keywords: osteoarthritis; cartilage; chondroprotectors; platelet rich plasma; NSAIDs; mesenchymal
stem cells

1. Introduction

Osteoarthritis (OA) is a disease with a degenerative and inflammatory component that
affects a large proportion of the ageing population [1]. The joints of the lower extremities are
particularly affected, especially the hip and knee. Cartilage loss is the most visible change,
but all joint structures are affected, some occurring quite a bit earlier than cartilage, such
as the synovia or subchondral bone. OA involves a variety of factors, such as mechanical
loading, ageing, inflammation, and metabolic changes, and the activation of different
signaling pathways and enzymatic processes, ultimately leading to a progressive loss of
joint function. Consequently, osteoarthritis is a heterogeneous disease with a common
end route but many different starting points. Accordingly, there are diverse treatment
modalities. They can either be conservative such as thermal, pharmacological, orthotic
or physiotherapeutic, or surgical. The latter can be reconstructive, such as in cartilage
stimulation or cartilage transplantation, load allocating, such as in osteotomies, or finally
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replacing, such as in terms of artificial joint replacement. However, especially in the early
stages, the therapeutic approach often remains purely symptomatic. Currently, there is
no causal drug for the treatment of OA. The most common treatment form is the use of
painkilling and anti-inflammatory drugs until the final stage of treatment, which is usually
joint replacement. However, the actual cause of OA is often not being treated. Another
recent narrative review summarized the guidelines and symptomatic pharmacotherapeutic
treatments [2].

The current review’s aim is to describe future perspectives. In recent years, the patho-
genesis of osteoarthritis has become increasingly well understood, and new therapeutic
approaches are emerging. There are clear similarities to rheumatoid arthritis, which led to a
large number of rapid and severe joint destructions several decades ago. Today, those cases
are rare due to new medical approaches, mainly the so-called biologicals [3]. The goal is to
implement causal therapy and to abandon singular symptomatic therapy in OA as well.
By influencing the underlying signaling pathways of OA or by using stem cells, attempts
have been made to prevent the destruction of cartilage or to reduce the pain-triggering
inflammatory reaction. The development of OA pharmacotherapies is primarily focused
on the protection or even the regeneration of cartilage tissue, led by the assumption that the
protection of cartilage structure also influences the clinical symptoms. Contradictorily, an
MRI-based study has shown that a loss of cartilage thickness is associated with only a small
amount of worsening knee pain, an association mediated in part by worsening synovitis [4].
Possible therapeutic approaches are, therefore, in addition to chondroprotection, the causal
treatment of synovitis.

The aim of this narrative review is to summarize the current pharmacotherapeutic
treatment options for OA therapy beyond the solely symptomatic attempts. Causal and
non-causal, as well as future, therapeutic approaches are discussed below. This review
attempts to think outside the box by also mentioning the approaches in the field of gene
therapy and epigenetics. OA therapies that are not drug therapies are not addressed in
this review. Lifestyle modifications, such as a change in eating habits and dietary weight
management, as well as activity, physiotherapy, and mechanical issues also play a large
part in successful therapy. A claim to the completeness of all possible therapy alternatives
for OA can therefore not be made. The question addressed here is whether OA therapy
will remain mainly symptomatic or if the pill against arthrosis already exists?

2. Symptomatic OA Therapy
2.1. Pain Killers

The most common therapy for OA is still the use of painkillers. In principle, there are
different classes of substances available. These drugs are a purely symptomatic therapy
that can alleviate but cannot influence the progression of OA. As this topic has been well
described in several guidelines and in a recent narrative review [2], just a short summary
of the most used painkillers will be presented in the following.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most commonly used and pre-
scribed pain medications in the treatment of OA and are routinely recommended in clinical
practice guidelines [5]. Pain management is an essential part of OA treatment. Inflammation
occurs in all joint tissues and is thus an essential target of drug therapy. Inflammation leads
to the release of various neuromodulatory mediators such as cytokines and prostaglandins
which are synthesized by the enzyme cyclooxygenase (COX). The release of proinflamma-
tory mediators leads to the classic symptoms of synovitis, joint swelling and hyperthermia.
Furthermore, inflammation can induce joint tissue damage [6–8].

NSAIDs can counteract these processes by reducing the corresponding inflammatory
cascades by inhibiting the COX enzyme. Additionally, NSAIDs can reduce the sensation of
pain relief by desensitizing nociceptors and are thus effective drugs in the symptomatic
therapy of OA [9]. Smith et al. and Stewart et al. report in their meta-analysis that oral
NSAIDs are similarly effective as opioids in relieving pain in patients with OA [10,11].
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However, the use of NSAIDS is limited due to their known but rare risk of gastrointestinal,
cardiovascular, and renal adverse events [12].

Studies have concluded that the oral use of NSAIDs is mainly recommended for short-
term or intermittent therapy, rather than prolonged treatment [13]. Osani et al. reported in
their meta-analysis that the therapeutic peak of NSAID-induced benefits in patients with
knee OA was reached after 2 weeks and decreased over time, while cardiovascular and
gastrointestinal side effects were already significantly increased after 4 weeks of treatment.

The usage of selective COX-2 inhibitors has increased in the past decades, due to their
benefit of combining both anti-inflammatory and analgesic properties, while providing
better gastrointestinal tolerability and a reduction in gastroduodenal ulcers in comparison
with non-selective COX inhibitors [14].

Coxibs, however, have been associated with an increase in cardiovascular events
due to a reduction in prostaglandin synthesis [15]. On the contrary, in a meta-analysis
conducted by Cooper et al., recent data has shown that celecoxib does not significantly
increase cardiovascular risk when compared with conventional NSAIDs and placebos,
regardless of the dose and the duration of treatment [16]. However, recommendations on
the analgesic use of various NSAIDs for patients with underlying health conditions remain
conflicting. When prescribing any type of NSAIDs, all risk factors (age, gastrointestinal,
cardiovascular, and renal events) should be taken into account. Due to adverse effects,
NSAIDs are not intended for long term treatment.

A simple and effective way to reduce the risk of gastrointestinal side effects is the
topical application of NSAIDs. Amemiya et al. compared the effects of esflurbiprofen
patches versus flurbiprofen tablets in patients with gonarthrosis in 2021. Maximum esflur-
biprofen concentrations were observed in the synovium, synovial fluids, and plasma after
esflurbiprofen plaster (SFPP) application for 12 h. The numeric rating scale (NRS) results
indicated a long-lasting effect of SFPP. Through transdermal application, a continuously
high drug effect level was achieved. Overall, no dose peaks need to be accepted to achieve
the same effect as with repeated daily oral administration [17].

Depending on the risk profile and the patient’s pain perception, it must be decided on
a case-by-case basis whether oral or topical application is preferable.

Opioids are an alternative for more severe pain states when usual pain medication or
other pain treatments are not sufficient or may not be used. In a direct comparison with
NSAIDs, tramadol was inferior in terms of analgesia [18]. When prescribing opioids, the
side effect profile, such as central nervous effects with fatigue, dizziness, and impaired
balance, should be taken into account. This is where opioids differ adversely from NSAIDs.
Opioids such as tramadol should not be prescribed as a first-line therapy. If other drugs
are not used due to their side effect profile or if a non-drug therapy (e.g., surgery) is not
currently available, they should be used. Opioids are not used long-term or routinely for
osteoarthritis. However, they may be indicated for short-term therapy [2].

2.2. Symptomatic OA Therapy with Potentially Causal Impact
2.2.1. Hyaluronic Acid (Intra-Articular)

Hyaluronic acid (HA) is reduced in both concentration and molecular size in patients
with osteoarthritis; hence, the intra-articular injection of HA aims to substitute the phys-
iological synovial HA. The individual hyaluronic acid (HA) products differ in terms of
production, molecular weight, degree of cross-linking, viscosity, and frequency of applica-
tion per series. Despite a large number of scientific studies, the effectiveness of this therapy
is still disputed in the literature. While some meta-analyses show tangible benefits, they
often include studies with a high risk of bias. When meta-analyses are restricted to studies
with a low risk of bias, the effect of IAHA is similar to that of saline injections [2,19]. There
is a growing amount of literature demonstrating that product differences, particularly
HA molecular weight, may have a significant effect on treatment outcomes, with a higher
molecular weight showing better results [19]. Due to the invasive mode of application,
the indication for intra-articular HA injection should, however, only be made when the
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prescription of NSAIDs is not possible due to side effects or contraindications or when these
are not sufficiently effective. The possible side effects such as joint infection or irritation
of the knee joint must be discussed with the patient in advance; severe adverse events
are rare.

2.2.2. Corticosteroids (Intra-Articular)

The intra-articular injection of a glucocorticoid for the relief of the acute inflammatory
symptoms of activated arthrosis can be a useful measure. The aim of the treatment is to
reduce pain and restore mobility. Randomised and placebo-controlled studies have shown
that the intra-articular injection of a glucocorticoid into an osteoarthritic knee joint can
significantly reduce symptoms over a period of at least 1 week. Occasionally, however,
a prolonged effect lasting 16–24 weeks is observed after the intra-articular application of
glucocorticoids [20]. They should be used in the short term at the lowest possible but
effective dosage for painful arthrosis that does not respond to other therapeutic measures.
This may be the case, for example, in inflamed arthrosis with acute pain exacerbation.

There is a lack of data on the long-term effects of cortisone injections on articular
cartilage and on a possible association with adverse joint effects. However, in some in vivo
studies, corticosteroids were found to be cytotoxic to articular cartilage [21]. In a 2-year
randomised trial, the cortisone-infiltration group showed higher cartilage loss than the
saline-injection group. Taken together, cortisone injections are still a common treatment
option, but they are not without side effects. Frequent use must therefore be considered
critically [22]. Injections at too short intervals increase the risk of infection. The patient
should be informed about the possible complications of infection and/or tissue atrophy as
well as about possible treatment alternatives.

2.2.3. Platelet-Rich Plasma (Intra-Articular)

Aside from the available oral drugs against OA, the usage of autologous growth
factors, e.g., intra-articular injections of platelet-rich plasma (PRP), can be used for OA
treatment, especially for knee OA. The autologous fluid, which is obtained by centrifuging
whole blood, is a highly concentrated cocktail of inflammatory mediators and growth
factors capable of reducing inflammatory distress and stimulating cell proliferation and
cartilaginous matrix production [16]. Between 2011 and 2021, 867 studies on the topic of
PRP were published, with an upward trend over the years [23].

Multiple studies have confirmed effective pain relief and the improvement of physical
function after PRP injections as well as an acceptable safety profile [24,25].

PRP injections also showed stronger effects compared with conventional injections
with corticosteroids and hyaluronic acid [24]. Furthermore, regular injections of intra-
articular corticosteroid can lead to the loss of cartilage structure and thus more rapid
disease progression.

Consequently, PRP injections may not only contribute to pain relief through anti-
inflammatory effects but can also provide lasting pain relief and functional restoration
through targeted structural reconstruction when used over an extended period of time.

It was shown that PRP injections significantly improved physical function and WOMAC
scores at 3, and up to 12, months [24].

Patients undergoing treatment with PRP injections experience both pain relief and
improved joint function. However, it remains unclear whether the short-term effect of
PRP injection is due to the temporary changes in the joint environment or whether PRP
injections actually lead to structural changes, thus preventing the progression of OA.
Another unresolved question surrounds which components of PRP cause this effect. In
particular, the proportion of leukocytes (leukocyte-rich or leukocyte-poor) is still the subject
of research. The first positive results have been achieved with leukocyte-poor plasma [26].
In summary, the use of PRP is showing very encouraging preliminary results; however, its
use is not yet recommended as first-line-therapy in the guidelines.
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2.2.4. Chondroitin and Glucosamine

Chondroitin and glucosamine have chondroprotective, analgesic, and anti-inflammatory
effects. They are symptomatic, slow-acting drugs used against osteoarthritis. Glucosamine
is a component of glycosaminoglycans and can be found in high amounts in articular
cartilage and synovial fluid. Chondroitin is found in the extracellular matrix of articular
cartilage and plays a role in maintaining osmotic pressure. Thus, it could improve elasticity
and the resistance of cartilage [27]. Both chondroitin and glucosamine seem to develop
their effects—partly in different forms—through the use of many different pathways.
However, only a few selected ones will be mentioned below. Glucosamine was shown
to decrease the levels of proinflammatory interleukin-1 (IL-1), interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), and C-reactive protein (CRP) in studies with rats. In contrast, the
anti-inflammatory interleukins IL-2 and IL-10 were increased [28–30]. Glucosamine also
appears to have immunomodulatory effects that affect the activity of phospholipase A2,
matrix metalloproteinases, or aggrecans [31]. Moreover, chondroitin and glucosamine block
the pathways involved in inflammation in osteoarthritis, such as the mitogen-activated
protein kinase (MAPK) pathway [32]. In addition, both chondroitin and glucosamine have
antioxidant effects [33].

In a meta-analysis by Zhu et al. from 2018, it was shown that chondroitin—via oral
administration—significantly alleviates pain and leads to an improvement in physical func-
tion compared with a placebo. Glucosamine, on the other hand, may improve stiffness [34].
A combination of glucosamine and chondroitin appears to provide better pain relief than ac-
etaminophen in hip and knee OA, but celecoxib showed the best results in this study [35]. It
was found that both chondroitin alone and glucosamine alone could significantly reduce the
decrease in joint space. Moreover, intraarticular injections of hyaluronic acid in combination
with glucosamine hydrochloride led to a significantly higher reduction in IL-6, IL-1β, and
TGF-β compared with hyaluronic acid alone in patients with temporomandibular OA [36].

Kwoh et al. and Fransen et al. failed to demonstrate any changes in joint structure
with chondroitin or glucosamine administration in patients with chronic knee pain in
OA [37,38]. Another meta-analysis summarized seventeen studies, of which only seven
studies demonstrated a statistically significant reduction in pain and four studies demon-
strated a reduction in joint space narrowing [39].

Several smaller dosages of glucosamine throughout the day appear to be more effective
than one large dose per day [40].

Taken together, chondroitin and glucosamine seem to have an effect on the milder
forms of OA, reducing joint inflammation and pain. The administration is safe and shows
only a small number of adverse effects, such as headache or nausea. Overall, however,
there are conflicting results regarding their clinical efficacy. Thus, in patients with con-
traindications to NSAIDs or with an increased risk of gastrointestinal or cardiovascular
risks, the use of oral glucosamine and chondroitin may be considered as a treatment trial
before more invasive therapies are undertaken.

2.2.5. Collagen

Collagen is a protein of the extracellular matrix that occurs mainly as collagen type II
in the articular cartilage. The enteral absorption of undenatured type II collagen is very low,
but di- or tripeptides containing the amino acids proline or hydroxyproline can be absorbed
and show an effect [41]. Hydrolyzed collagen could contribute to cartilage regeneration
by increasing the synthesis of macromolecules in the extracellular matrix [42]. In addition,
collagen is able to modulate both humoral and cellular components of the immune sys-
tem. It contributes to the body’s ability to distinguish between harmless molecules and
potentially harmful pathogens [43]. This leads, for example, to the transformation of naive
T cells into T regulatory cells that produce anti-inflammatory substances such as TGF-β
and IL-10 [44]. Proline and hydroxyproline can induce hyaluronic acid synthesis [45] and
the chondrocytes to synthesize glycosaminoglycans [46].
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Pain in patients with hip and knee OA can be alleviated using an oral supplementation
of collagen. WOMAC scores, VAS scores, and quality of life improve significantly compared
with a placebo [47]. Trc et al. compared a supplementation of hydrolyzed collagen and glu-
cosamine sulphate for 90 days, respectively. The supplementation of hydrolyzed collagen
led to a statistically significant improvement in WOMAC and VAS scores compared with
glucosamine sulphate [48].

Joint conditions seem to improve following the administration of collagen. It may
induce cartilage repair to maintain structure and function. The clinical use of collagen is
safe and has minimal adverse effects, mainly gastrointestinal. However, further studies
are needed to show the benefits in the treatment of patients with OA and to determine the
optimal dosage and duration.

3. Causal OA Therapy
3.1. Monoclonal Antibodies

Over the last few decades, monoclonal antibodies have emerged as a revolutionary
tool in the field of medicine with many promising clinical applications. One of the biggest
advantages of monoclonal antibodies is their high specificity as they are designed to target
molecules in the body such as cytokines, growth factors, and receptors. In the context of
osteoarthritis, antibodies revolutionized the treatment of rheumatoid arthritis. Currently,
drug therapy (“the pill against”) has been established to slow down or even stop the
progression of the autoimmune disease and has caused the end of the vast majority of
formerly regular severe joint destructions. Although the effects and goals of treatment
are partly comparable to OA, they are not established as standard therapy. The question
arises, will this change? Up to now, there have been some approaches that use monoclonal
antibodies in pain therapy of OA, some of which will be presented in the following.

3.1.1. TNF and IL-1 Inhibitors

In one randomized controlled trial, patients with erosive hand OA were treated
with the anti-TNF antibody adalimumab (subcutaneous administration once a week) or a
placebo for 12 weeks each. Pain intensity was measured with the VAS score. There was no
significant difference [49]. Another anti-TNF antibody (etanercept) failed to demonstrate
any benefit in a treatment duration of 24 weeks compared with a placebo in hand OA [50].
Canakinumab is an IL-1 inhibitor that showed a reduced rate of joint arthroplasties in
patients with atherosclerotic disease [51]. However, further studies failed to show any
benefits with respect to pain alleviation in patients with OA when IL-1 was blocked [52].
Overall, TNF and IL-1 inhibitors seem to be rather unsuitable for patients with OA.

3.1.2. Anti-NGF

Joint tissues have been innervated using nociceptors, except for cartilage. Nerve
growth factor is an important neurotrophin in inflamed synovium. It is upregulated in
patients with OA and leads to an increase in pain. There are three different monoclonal
antibodies used in therapy: Tanezumab, Ulranumab, and Fasinumab. They lead to impres-
sive pain relief in patients with knee and hip OA but accelerate the progression of OA [53].
The administration of fewer doses showed a reduced but still substantial effect on pain and
function. Nevertheless, 3% of the patients suffered from progressive OA [54]. There are a
few other adverse effects such as peripheral neuropathies, headaches, upper respiratory
tract infections, oedema, or joint pain [55]. NGF seems to be a relevant factor for cartilage
integrity or the repair of cartilage, so that a complete blockade is not an effective treatment
in patients with OA. Anti-NGF treatment is promising, but studies are needed to find the
optimal dosage to alleviate pain and reduce the adverse effects.

3.2. Stem Cell Treatments

Mesenchymal stem cells (MSCs), as a specific type of adult stem cell, possess great
potential in regenerative therapy due to their capacity for self-renewal and differentia-
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tion [56]. Great attention has been paid to cell-based therapy that may influence cartilage
repair such as mesenchymal stem cell therapy. Most studies have been conducted in the
context of knee joint osteoarthritis. MSCs are primarily used as intra-articular injection
therapy. MSCs modulate immune or inflammatory effects and tissue regeneration in knee
osteoarthritis [57,58]. The exact mechanism of MSC therapy remains unclear. It is known
that cartilage repair and protection against OA-induced cartilage degeneration is promoted
by MSC-derived extracellular vesicles.

Injected MSCs are expected to repair damaged issues due to the trilineage potential
and immunomodulatory properties of MSCs. MSCs can be harvested from different sites.
The best known or most accessible sites are bone marrow or fat tissue. Other sources include
muscle tissue, synovial membranes, or placenta. In addition, the cells can be obtained
either from autogenic or allogenic sources. The advantage of allogenic stem cells is that
they can be harvested from healthy donors and expanded in vitro to obtain a clinically
relevant amount for injection. The disadvantage of allogeneic cell collection is a possible
reaction of the recipient’s immune system after injection [59].

Studies in humans have reported variable structural outcomes after MSC injection
from hyaline-like cartilage to fibrous tissue. A meta-analysis including 582 knee-OA-
patients in 11 trials was performed to assess the efficacy and safety of MSC treatment for
knee OA patients using VAS, IKDC, WOMAC, Lequesne, Lysholm, and Tegner scores. MSC-
treatment groups from the identified trials were compared with their respective control
groups. It shows that VAS decreases and IKDC increases significantly after 24 months
follow up. MSC therapy also showed significant decreases in WOMAC and Lequesne
scores after the 12-month follow up. The evaluation of Lysholm (24-month) and Tegner
(12- and 24-month) scores also demonstrated favorable results for MSC treatment. The
effects of MSC therapy on short-term primary endpoints still need to be evaluated in a
larger number of patients [60].

Another important question is the dosage at which the stem cells should be injected.
A larger amount of injected MSCs may be expected to induce better effects. Interestingly,
in studies with allogeneic stem cells, it was found that no improvement was observed in
relation to “high dose” as opposed to “low dose” stem cell transplantation. The clinical
symptoms and MRI imaging of the cartilage were the main factors assessed. There were
also differences in the dose effect of stem cells depending on their origin. These results
suggest that appropriate MSC doses applied in intra-articular injections to OA patients need
to be determined for each origin of MSCs [61,62]. Furthermore, MSC injection combined
with other agents such as hyaluronic acid [63] or PRP [64] has better therapeutic effects
than MSC injection alone. This implies the possible value of drug cocktail therapy when
using MSC injection in knee OA patients.

Overall, MSC transplantation treatment was shown to be safe and has great potential
as an efficacious clinical therapy, especially for patients with knee OA. Further clinical
and in vitro studies are needed to better clarify the underlying molecular and biochemical
mechanisms. Particularly, it is yet to be determined whether MSCs should be injected
as a single agent or in combination with another drug or as a complementary therapy to
surgical treatment.

4. Future Directions
4.1. Gene Therapy

Gene therapy consists of using a vector to bring genes directly into cells and tissues
to treat a specific disease. Viral vectors include RNA viruses and DNA viruses. Two
different gene therapy strategies are currently in preclinical and clinical development for
OA [65]. The first approach consists of ex vivo modifying and amplifying cells, followed
by their intra-articular injection. The aim is to over-express TGF-ß-1 in irradiated allogenic
chondrocytes [66]. The second approach is an in vivo gene therapy through the local or
systemic injection of viral vectors containing the transgene of interest. In general, OA gene
therapy aims to reduce inflammation through overexpressing transgenes such as IL-1Ra or
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a soluble TNF receptor [67]. In the future, gene therapy could become a strategy to regulate
the intra-articular expression of therapeutic targets in OA.

4.2. Epigenetics

Epigenetics is a field of research that analyzes the changes in gene expression or cell
phenotype occurring without the modification of the DNA sequence. Several epigenetic
regulators appear to be involved in the pathogenesis of OA. The epigenetic profiling of
articular chondrocytes has revealed the existence of an activating sequence that is present
in billions of people with a risk locus (GDF5-UQCC1) that is involved in OA progression.
These epigenetic modifications can also suppress the expression of protective genes in
OA [61]. Abnormal changes in DNA methylation occur in the promoter regions of related
genes and signaling pathways in OA chondrocytes. Epigenetic regulation typically in-
volves DNA methylation, histone modification, and noncoding RNA-mediated regulation.
Epigenetic mechanisms can control several signaling pathways simultaneously. For this
reason, epigenetic modifications have been considered a potential therapeutic target to
manage OA [68].

5. Conclusions

OA is caused by an imbalance between degenerative and regenerative processes. To
date, therapy is still mainly symptomatic. As well as improving mechanical issues, the
future therapeutic goal must be to gain an even better understanding of the cellular and
molecular causes of OA. Non-surgical therapy comprises basic measures such as weight
reduction, exercise therapy (water and land), and health education. Specific measures com-
prise biomechanical interventions, physiotherapy, physical measures, and drug therapy.
Several pharmacologic, genetic, and even epigenetic attempts are promising, but unfortu-
nately, so far none have proven causal therapy to work or cure OA. The early detection of
osteoarthritis by means of biomarkers and imaging must also gain focus to allow for early
and targeted treatment.

With regards to drug therapy, the individual risk profile as well as the level of suffering
or pain intensity must be taken into account before treatment is started. For this reason, it
is not possible to give general advice on drug therapy for OA. A non-causal but proven
treatment option for OA is the use of painkillers (mainly NSAIDs), which are beyond the
focus of this review. Their duration of therapy is limited due to side effects, especially in
patients with corresponding underlying diseases. They are solely symptomatic, therefore
alleviate but do not alter the progression of OA. The use of PRP injections seems to clearly
overcome hyaluronic acid which has recently shown conflicting results. PRP can potentially
stimulate cell proliferation and cartilaginous matrix production and provide lasting pain
relief and functional restoration through targeted structural reconstruction when used
over an extended period of time. Therapies with chondroprotective substances such as
chondroitin, glucosamine, collagen, or monoclonal antibodies lead to a reduction in pain.
However, a significant therapeutic effect in singular application has not been detected so far.
The use of stem cells in arthrosis therapy, however, is a promising therapy. Its possibility
for cell regeneration or conversion into functional cells holds great potential, especially
in the context of the therapy of degenerative diseases such as OA. Favored cell sources,
dosage, and therapy duration remain unclear.

Due to the multifactorial genesis of OA, most therapeutic approaches are still symp-
tomatic and the “causal pill against” OA does not yet exist. Future therapeutic approaches
have to identify innovative therapeutic targets aimed at influencing the inflammatory and
metabolic processes underlying the pathogenesis and progression of OA.
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Abstract: The surgical protocols currently used for the treatment of developmental dysplasia of the
hip (DDH) are varied, with sufficient differences in clinical outcomes that warrant a review of the
role of practicing orthopedic surgeons. This paper aims to summarize the current novel techniques
within the realm of surgical treatment for adult DDH, thus serving as a guide to surgeons looking
to quickly familiarize themselves with available techniques. We performed computer systematic
literature searches of the Embase and PubMed databases from 2010 to 2 April 2022. Study parameters
as well as their respective patient reported outcomes (PROMs) were described in detail and compiled
into diagrams. Two novel techniques were identified for the treatment of borderline or low-grade
DDH. Six techniques which included modifications to the Bernese periacetabular osteotomy (PAO)
were identified for the treatment of symptomatic DDH. Three techniques which include combinations
of arthroscopy and osteotomy were identified for the treatment of DDH with concomitant hip
pathologies such as cam deformities. Finally, six techniques, all of which are modifications to total hip
arthroplasty (THA), were identified for the treatment of high-grade DDH. The techniques detailed in
this review therefore equip surgeons with the necessary knowledge to improve outcomes in patients
with varying degrees of DDH.

Keywords: hip dysplasia; surgical techniques; osteotomy; total hip arthroplasty; arthroscopy;
hip preservation

1. Introduction

A variety of novel techniques to treat developmental dysplasia of the hip (DDH) in
adults have been introduced in the last decade and it is our goal to provide an updated
and extensive overview of them for patients with borderline to very severe DDH. Previous
systematic reviews examined outcomes of standard techniques to treat adult DDH such
as the Bernese periacetabular osteotomy (PAO) or evaluated outcomes for treatment of
only borderline adult DDH [1,2]. While these previous studies have provided insightful
knowledge regarding the treatment of adult patients with DDH, our aim in this review
is to present an extensive overview of each novel technique along with its respective out-
comes in treating various degrees of DDH. The novel techniques introduced in this review
encompass combinations of arthroscopy, osteotomy, and arthroplasty.

Developmental dysplasia of the hip (DDH) encompasses a multitude of pathologies in-
volving the acetabulum, and occasionally the proximal femur, such as acetabular dysplasia,
hip subluxation, true dislocation of the hip, and hip instability. The structural abnormalities
present in both the bones and soft tissues surrounding the hip joint can cause the femoral
head to move abnormally within the acetabulum which can lead to increased stress on the
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acetabular rim. In turn, this increases the risk of chondral degeneration and eventually
leads to the development of secondary osteoarthritis if left untreated [3,4]. Acetabular dys-
plasia specifically is defined as inadequate coverage of the femoral head due to a shallow
acetabulum and is the subset of DDH pathologies that is more commonly identified in
adolescents and adults [5].

Three commonly used methods to determine the severity of DDH in adult patients,
which are also used in this review, include the lateral center-edge angle (LCEA) [3], Crowe’s
method [6] and the Hartofilakidis method [7]. In terms of the anteroposterior (AP) pelvic
view, the LCEA is used to assess the coverage of the femoral head by the acetabulum with
an LCEA of 25◦–39◦ being considered normal, that of 20◦–25◦ being considered borderline,
and that of <20◦ being considered dysplastic [3]. Crowe’s method classifies the degree
of dysplasia on a scale of I–IV and it states that a larger distance between the medial
head–neck junction of the affected hip and the reference line joining both inferior margins
of the acetabulum is correlated with a higher degree of dysplasia [6]. Crowe type I–II DDH
is generally considered a mild pathology when compared to Crowe III–IV hips which are
much more challenging to treat due to extensive distortions to the native anatomy [8,9].
The Hartofilakidis method classifies DDH severity in adults based on the location of the
femoral head relative to the acetabulum. Dysplastic hips (type A) have a femoral head that
is not dislocated outside of the acetabulum even though subluxation may be present, and
these are considered the least severe. Hips with low dislocation (type B) have a partially
dislocated femoral head which articulates with a false acetabulum which also covers the
true acetabulum to some degree. Hips with high dislocation (type C) have a completely
dislocated femoral head which has migrated superoposterioly and has no articulation to
the true acetabulum, and this is considered the most severe type [7,10].

THA remains the main treatment for patients with end-stage osteoarthritis secondary
to DDH [11]; however, it can be challenging in the setting of DDH due to the anatomy of
the dysplastic hip [12]. For this reason, continuous modifications are made to THA in the
treatment of DDH to improve results and make it a less demanding procedure. Osteotomy
allows early intervention before THA is indicated, and even delays the need for THA by
many years [13]. For borderline dysplastic hips (LCEA of 18◦–25◦) isolated hip arthroscopy
is the recommended surgical treatment. However, periacetabular osteotomy (PAO), with
or without arthroscopy, may also be beneficial, especially in hips at the upper end of the
LCEA spectrum of 18◦–25◦. Evidence of significant improvements in PROMs is seen in
isolated hip arthroscopy, and this is likely due to the effect of addressing intra-articular
pathologies, such as labral tears and femoral cam deformities, rather than postoperative ra-
diographic measurements of dysplasia [14,15]. PAO in borderline dysplasia has also shown
significant improvements in PROMs; however, categorization of borderline hips with a
LCEA of 18◦–25◦ is overly simplistic as this measurement alone does not take into consid-
eration aspects such as the anterior and posterior head coverage. Additional radiographic
measurements such as those of the ACEA, Tönnis acetabular roof angle, the anterior and
posterior wall indices, and the femoral epiphyseal acetabular roof (FEAR) index may reveal
a much more severe degree of dysplasia than the LCEA criteria suggests [16,17]. Isolated
arthroscopy is therefore recommended for patients at the upper end of the LCEA spectrum
of 18◦–25◦ whereas PAO is recommended for hips with more severe dysplasia. PAO is a
successful intervention for adult DDH with a 20-year 60% survivorship rate [18]. There
have been many modifications made to PAO as well as new osteotomy techniques in recent
years. However, many authors have noted intra-articular pathologies causing symptoms
after PAO that are not limited to femoroacetabular impingement (FAI) and labral tears
which require treatment with additional arthroscopy [19–25].

Treatment options change based on a surgeon’s discretion with respect to correcting
the specific pathology of a given patient. It is not feasible to compare procedures to
identify a universally optimal approach to treatment. Rather, this paper aims to present and
summarize the current novel techniques regarding the surgical treatment of adult DDH to
quickly familiarize surgeons with available techniques. We hereby present a review of the

14



J. Pers. Med. 2023, 13, 942

most common surgical modalities and their respective clinical outcomes pertaining to the
treatment of adult DDH.

2. Materials and Methods

We followed the guidelines indicated in Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA). Since we intended to provide an updated review
of recent novel techniques for either the femoral and/or acetabular management of adult
DDH with PROMs, studies only from 2010 onwards were included. We performed com-
puter systematic literature searches of the Embase and Pubmed databases from 2010 to
2 April 2022. The Embase and Pubmed databases were searched with three different search
term criteria. Both databases were first searched with the search terms “hip dysplasia” and
“osteotomy” in all fields (title, keywords, abstract, etc.). A second search was conducted
with the terms “hip dysplasia” and “arthroscopy” in all fields. A third search was con-
ducted with the terms “hip dysplasia” and “arthroplasty”. Searches were performed in two
separate databases and very broad search terms were used to ensure we did not miss any
articles presenting novel techniques for the treatment of adult DDH. The abstracts were
compiled in a reference management software, Endnote.

Two authors independently performed the study selection. Exclusion criteria included
systematic reviews, case reports, letters to the editor, conference abstracts, non-English
language studies, studies examining salvage/revision procedures, pediatric studies and
studies treating hip dysplasia secondary to other diseases (cerebral palsy, Legg–Calve–
Perthes disease, septic arthritis, etc.). Duplicates were removed, narrowing down the
list of abstracts to 6,630. An Endnote search was performed for the term “technique”
in all terms, resulting in 1412 articles. Abstracts of all these articles were screened, and
57 of them discussed a novel surgical technique for the treatment of adult DDH so they
were selected for full-text analysis. An additional Endnote search was performed for the
keyword “treatment outcome” resulting in 1915 articles. Abstracts of all these articles
were screened, and 89 of them discussed outcomes of surgical treatment for adult DDH so
they were also selected for full-text analysis. A four-phase flow diagram of the literature
selection was prepared according to the guidelines laid down by PRISMA (Figure 1). This
diagram depicts the number of studies identified upon the initial search, the number of
duplicate studies between both databases, the keywords used to narrow down our search,
and reasons for excluding studies after conducting a full-text analysis of the 127 articles.

3. Results
3.1. Literature Search and Study Characteristics

The total number of references for each database was as follows. The Embase search
returned 2979 abstracts; the PubMed search returned 6641 abstracts. Our electronic database
search resulted in 9620 publications for review.

A total of 17 articles with level IV evidence were included in the final analysis [26–42].
The sample size ranged from 11–161 patients (12–200 hips). The follow up time ranged from
1 to 18 years. There were six papers introducing modified techniques for THA, of which two
techniques included an additional osteotomy. There were nine papers introducing modified
PAOs, of which two techniques included an additional arthroscopy. Two papers discussed
modified arthroscopy techniques. The additional techniques introduced are the CU (Uni-
versity of Colorado) PAO, the Birmingham interlocking pelvic osteotomy (BIPO), eccentric
rotational acetabular osteotomy (ERAO), reverse (anteverting) periacetabular osteotomy
(RPAO), Salter osteotomy, capsular arthroplasty, and endoscopic shelf acetabuloplasty.

Most papers reported outcomes using HHS (12 of 17) with three papers reporting
the modified Harris Hip Score (mHHS), two papers reporting the Non-Arthritic Hip
Score (NAHS), and one paper additionally reporting the UCLA and Tegner scores. Most
studies made the diagnosis of hip dysplasia using the Crowe–Ranawat classification (1),
Hartofilakidis classification (2), Tonnis classification (3), and the LCEA angle. A diagnosis
of Crowe IV or Hartofilakidis type C hips warranted THA interventions.
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3.2. Techniques for Treatment of Borderline or Low-Grade DDH

While osteotomies and eventually THA are the mainstay treatment for moderate to
severe hip dysplasia, low-grade and borderline dysplasia (LCEA between 18◦–25◦) can
be improved via minimally invasive hip arthroscopy as well as a novel technique that
incorporates arthroscopy followed by a unique osteotomy [27] (Table 1).

In 2017, Chandrasekaran et al. presented the arthroscopic technique of labral seal
restoration with acetabular rim resection and capsular plication for the treatment of border-
line hip dysplasia [26]. The authors of this paper present this technique to overcome the
iatrogenic micro-instability and macro-instability associated with performing arthroscopy
in dysplastic hips [43–45]. Arthroscopy is performed with a standard anterolateral portal,
an anterior portal placed under direct visualization, and a distal lateral accessory portal
for labral repair. Following diagnostic arthroscopy, concomitant procedures are performed
if indicated. In performing capsular plication, the capsule is elevated from the labrum
with the use of electrocautery. The preservation of capsular tissue is necessary for later
repair. If acetabuloplasty is indicated, very minimal rim resection (2 mm) is performed. To
preserve labral tissue, the labrum is not detached from the chondral junction. The labral
repair technique (base refixation technique or circumferential suture technique) is chosen
based on labral thickness and the quality of tissue. A femoroplasty is performed if a cam
deformity is present. The capsule is closed with a suture shuttle technique as described
by Chandrasekaran et al. [46]. Capsule closure is completed with four to six sutures via
penetration of the acetabular side with a 90-degree SutureLasso while the femoral side of
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the capsule is penetrated with a sharp bird-beak grasper inferomedially to the acetabular
side of the stitch.

Table 1. Study introducing new techniques for treating borderline or low-grade DDH (LCEA between
18◦–25◦). DDH (developmental dysplasia of the hip); LCEA (lateral-center edge angle); mHHS (modi-
fied Harris Hip Score); NAHS (Non Arthritic Hip Score); THA (Total Hip Arthroplasty); LFCN (lateral
femoral cutaneous nerve).

Study Level of
Evidence Sample Intervention Preoperative

Diagnosis
Outcome
Measures

Results
(Mean)

Follow-up
(Mean)

Conversion
to THA

Rate
Complications

Chandra-
sekaran,
2017 [26]

IV 55 hips Arthroscopy

Borderline
DDH
(mean

LCEA 22.1◦)

mHHS

84.4 (range
80.0 to 88.8)
(improve-
ment of

20.7)

2 years
(minimum)

0%
Converted none

Mei-Dan,
2019 [27] IV 161 patients

(200 hips)

CU
(University
of Colorado)

PAO

DDH
(mean LCEA
18.8◦ ± 6.9)

NAHS
89.4 (im-

provement
of 33.4)

2 years 0%
Converted

hardware
failures (2)

inadvertent
intra-articular
osteotomy (1)

LFCN
paresthesia

(130 patients)

A total of 55 procedures were included in this study, of which 11 had a LCEA of
between 18◦–20◦. Arthroscopic findings included labral tear in 55 procedures (100%),
chondral defects at the labral–chondral junction in 48 procedures (87.3%), and a LT tear
was found in 56.4% of procedures, with complete disruption being evident in 2 patients.
There were statistically significant improvements in all PROMs at the 2-year follow-up:
improvements in the mHHS, HOSADL, HOS-SSS, and NAHS were 20.7, 17.5, 27.6, and 20.0,
respectively. Six patients required revision surgery (two retorn labrums after a traumatic
event, two removals of symptomatic loose chondral bodies, and two iliopsoas fractional
lengthening for symptomatic internal snapping of the hip), of which three had revisions
within two years.

In 2019, Mei-Dan et al. introduced the CU (University of Colorado) PAO, A minimally
invasive, two-incision, interlocking periacetabular osteotomy [27]. This novel interlocking
PAO developed at the University of Colorado combines the “benefits of the Birmingham
interlocking pelvic osteotomy (BIPO) and the Ganz PAO”. This technique incorporates the
preservation of the posterior column as in the Ganz PAO and the interlocking, two-incision
approach of BIPO. A hip arthroscopy is performed on all patients 3–10 days before the
PAO. A total of 200 hips from 161 patients were included in this study. The mean follow-up
was 20 months (3–33 months). Briefly, 19 hips underwent a concomitant proximal femoral
derotational osteotomy. Five revision PAOs were excluded. The mean LCEA improved
from 18.8 ± 6.9 preoperatively to 31.5 ± 5.9 at the final follow-up. The mean Tonnis angle
improved from 12.0 ± 6.5 preoperatively to 0.6 ± 4.2 at the final follow-up. The mean
NAHS improved from 56.0 ± 17.9 preoperatively to 81.2 ± 15.3 at 6 months of follow-
up and 87.3 ± 11.9 at 12 months of follow-up. Two hardware failures occurred in the
initial development of the technique that required refixation. There was one inadvertent
intra-articular osteotomy. Minor complications included lateral femoral cutaneous nerve
paresthesia in 130 patients (65%) but this was resolved in 85% of patients in the first
6 months.

3.3. Techniques for Treatment of Adult DDH (LCEA < 18)

THA remains the main treatment for patients with end-stage osteoarthritis secondary
to DDH [11]. THA can be challenging in the setting of DDH due to the anatomy of the
dysplastic hip, including soft tissue retraction, a hypoplastic true acetabulum, a high-riding
femur, and a neo acetabulum [12]. For this reason, continuous modifications are made to
THA in the treatment of DDH to improve results and make it a less demanding procedure.
Osteotomy allows early intervention before THA is indicated, and even delays the need for
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THA by many years [13]. The gold standard is PAO, first described by Reihnold Ganz [47].
There have been many modifications made to PAO as well as new osteotomy techniques
in recent years. The following table outlines various novel techniques in the treatment of
moderate to severe DDH (Table 2).

In 2017, Mei-Dan et al. introduced the Birmingham interlocking pelvic osteotomy for
acetabular dysplasia. The authors present a novel triple osteotomy called the Birmingham
interlocking pelvic osteotomy (BIPO) [28]. This was originally introduced by Kumar et al.
in 1992 in patients with Legg–Calve–Perthes disease [48]. The purpose of developing the
BIPO was to improve the safety and reproducibility of pelvic osteotomies and to permit
unrestricted postoperative weight bearing with faster recovery. The procedure is broken
down into two stages. The first stage is the ischial osteotomy. A posterior mini-incision
approach is used. In the second stage, an anterior skin incision is completed as is performed
in the Bernese PAO. A total of 116 hips of 100 patients were included in this study. The
mean follow-up was 17.5 years. The mean difference from preoperative to postoperative
values for the Sourcil angle was 20.6 (18.1–23.0) and the mean difference for LCEA was
30.7 (28.4–33.0). The mean preoperative and postoperative scores were not provided. Only
the median scores and mean difference were given. There was a high mean postoperative
LCEA score due to intentional overcoverage. In one case, overcoverage caused pathological
retroversion which required rim trimming. At the latest follow-up, 38 hips had converted to
hip arthroplasty with 34 resurfacing arthoplasties and 4 THAs. Hips not requiring revision
had a median OHS of 41 and a median UCLA of 5. Only the first 15 hips had the mean HHS,
which improved from a median of 52 preoperatively to a median of 90.5 postoperatively.

Salter osteotomy is a procedure used typically for children between ages 2 and 10 to
correct early diagnosed hip dysplasia [49,50]. Schimdutz et al. wanted to assess whether
or not Salter osteotomy can correct late-diagnosed hip dysplasia [29]. This surgery was
performed as described by Salter in 1978 [51] with a few modifications. Additionally, this is
a new technique in the scope of treating adult DDH, making this an important article to
include in this review. The following modifications were made:

1. Supine position;
2. Removal of wedge-shaped graft proximal to ASIS;
3. Salter maneuver performed on tilted operating table;
4. Fragment fixation with guide wire;
5. Final acetabular correction in supine position using image intensifier.

A total of 49 hips from 45 patients were included in this study. The mean follow-up
was 6.7 ± 2.7 years. The mean LCEA improved from 15.5 ± 9.3 preoperatively to 35.2 ± 10
postoperatively. The mean acetabular index (AI) decreased from 15.4 ± 6.8 preoperatively
to 4.9 ± 6.6 postoperatively. The mean migration percentage improved from 33.2 ± 9.9%
preoperatively to 14.4 ± 9.3% postoperatively. Two patients had non-union. Four patients
had wound impairment due to metal rods. Two patients had deep wound infections. Three
patients had nerve injury, one of which was not resolved. At 6.7 years of follow-up, no
patients that could be contacted had converted to THA.
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In 2018, Dienst et al. modified the PAO through a double approach [30]. This modifi-
cation was made based of the authors’ experience with Tonnis’s triple osteotomy [52]. The
goal in this modification is to allow direct vision during the osteotomy of the ischium and
the caudal part of the retro acetabular osteotomy. Key modifications are performing the
ischial and caudal part of the retroacetabular osteotomy in a “slightly tilted forward” lateral
decubitus position and performing the ASIS osteotomy without the exposure of the AIIS,
which allows an avoidance of a tenotomy of the rectus femoris tendon. A total of 37 hips
in 34 patients were used in this study. The mean follow-up was 20.4 ± 10.3 months. The
LCEA changed from 13.2 ± 7.5 degrees preoperatively to 26.5 ± 6.7 degrees. The Tonnis
angle reduced from 13.8 ± 6.5 degrees to 3.4 ± 4.4 degrees. At the final follow-up, the
mean HHS was 87.6 ± 13.9. A mean preoperative HHS was not provided. There were
no major complications. Multiple patients experienced hypothesia of the peroneal nerve,
lateral femoral cutaneous nerve, posterior femoral cutaneous nerve, or the pudendal nerve.
All cases of hypothesia were resolved over the course of a few weeks up to a maximum of
4 months.

In 2017, Khan et al. introduced a minimally invasive PAO using a modified Smith–
Petersen approach [31]. This technique relies upon the usage of specialized osteotomes
(Synthes, Salzburg, Austria) and fluoroscopy so as to allow the hip joint capsule to remain
unopened. A cohort study was then used to assess compromises in acetabular correc-
tion, complication rates, and functional outcomes. In total, 166 hips of 151 patients were
included in this study. The mean follow-up was 2.8 years. The mean LCEA improved
from 13.4 (13.23–13.57) to 10.1 (9.93–10.27). The mean AI improved from 18.3 (17.2–19.4) to
3.4 (2.59–4.21). There were variable changes in sensation over the distribution of the lateral
femoral cutaneous nerve, but these improved drastically over time. One intra-operative
crack through the posterior column was noted but did not affect recovery. Stress fractures
occurred in 13 hips (7.8%) with 12 fractures in the inferior pubic ramus and one in the poste-
rior column. Conversion to THA occurred in two patients. This was due to the progressive
joint space narrowing in one patient as well as pubic non-union and posterior column stress
fracture in the other patient. The THA was performed at 2 years and 18 months post-PAO.

Due to the technical difficulties and learning curve associated with the Bernese PAO,
many authors [30,53] including Shon et al. [32] have introduced a double approach to
PAO. This technique combines the Smith–Petersen and Kocher–Langenbeck approaches.
This technique allows a visualization of the posterior column and ischium, whereas the
Bernese PAO is performed without direct visualization of these structures. The modified
Smith–Petersen technique was used to perform an osteotomy of the pubic bone and ilium,
and the Kocher–Langenbeck method was used to perform an osteotomy of the posterior
column and ischium. A chest roll positioner was used to rotate the patient between the
lateral decubitus position for the posterior incision and the supine position for the anterior
incision. A total of 53 hips of 49 patients were included in the study. The average follow-
up was 11 years (8–16 years). The average HHS improved from 61.9 before surgery to
91.9 after surgery. Intra-articular osteotomy was observed in two cases due to extension
from the osteotomy site. An additional osteotomy was scheduled for one case due to
under-correction. Non-union of the pubic bone was observed in three cases. A cross-over
sign and ischial spine sign were found in seven cases. An avulsion fracture of the ASIS
occurred in one case intra-operatively. No nerve palsies were noted. A 93% survival rate
and osteoarthritis progression of 86% was noted at ten years.

In 2021, Mihalič et al. attempted to reintroduce the usage of PAO in Slovenia, originally
abandoned in the 1990s due to the steep learning curve and poor midterm outcomes [33].
With many surgeons now taking advantage of intra-operative fluoroscopy to enhance the
visualization of the dysplastic hip [47,54]. Mihalič et al. improved on this modification
by introducing a electromagnetic navigation (EMN) system and patient-specific templates
(PST). The goal was to reduce complications associated with the PAO learning curve and
to increase the “accuracy, repeatability, and safety” of the procedure with the following
five steps: a CT scan in the DICOM format is uploaded into a medical software application
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for the creation of a 3D model; the surgeon and a software specialist plan the cuts and
acetabular fragment position; the PST is designed to be congruent with the patient’s
anatomy and with holes for Kirschner wires; the PST is created with biocompatible plastic;
finally, the surgery is performed as described by Ganz et al. [47] and soft tissue exposure
is determined as described by Siebenrock et al. [53] with modifications for the PST and
EMN system.

The EMN system eliminated the time-consuming and unreliable process of using intra-
operative fluoroscopy. The authors go on to compare the acetabular fragment placement
accuracy between EMN and fluoroscopy (control). A total of 40 hips from 35 patients were
included in this study. The mean follow-up was 2.87 ± 1.13 years for the EMN group
(30 hips) and 6.18 ± 0.92 years for the control (fluoroscopy) group (10 hips). Two major
complications occurred in the control group (peripheral peroneal nerve dysfunction and
popliteal deep vein thrombosis (DVT)) and zero major complications occurred in the EMN
group. The only statistically significant difference between the two groups was the average
absolute difference in the planned and achieved LCEA and AI, which was 1.2◦ ± 1.5◦ and
1.1◦ ± 2◦ for the EMN group and 7◦ ± 6.1◦ and 6.3◦ ± 6.3◦ for the control group (p = 0.02;
p = 0.03). The average HHS value at the final follow-up was 88 ± 12 in the EMN group and
86 ± 14 in the control group (p = 0.84). Direct comparison in a patient that underwent both
procedures on opposite hips showed that the difference between the planned and achieved
LCEA and AI for the EMN side was −0.3◦ and −0.2◦, respectively, while on the control
side, the difference between the planned and achieved LCEA and AI was −8.1◦ and 3.1◦,
respectively.

3.4. Techniques for Treatment of Adult DDH (LCEA < 18) with Concomitant Hip Pathologies

PAO is a successful intervention for adult DDH with a 20-year 60% survivorship
rate [18]. However, many authors have noted intra-articular pathologies causing symptoms
after PAO, and the treatment of these pathologies, which includes femoroacetabular im-
pingement and acetabular labral tears, may result in better patient-reported outcomes [34].
PAO with open arthrotomy has been historically favored to treat such pathologies; how-
ever, the use of minimally invasive arthroscopy is being explored given the faster recovery
time and lower complication rates [36]. The following papers highlight several new mod-
ifications to the existing techniques of treating DDH with concomitant intra-articular
pathologies (Table 3).

Domb et al.’s early experience with PAO showed a high prevalence of intra-articular
abnormalities at the time of PAO [19,25,55]. This led the authors to perform concomitant
hip arthroscopies with all PAO procedures at their institution. In this 2015 paper, Domb
et al. describe their early experience with this combination of surgical procedures [34]. In
this procedure, the arthroscopy is performed prior to the PAO. A traction table is used
with the patient supine. Muscle relaxation is also used but stopped during the PAO. A
typical arthroscopy is performed with a standard anterolateral portal, a modified anterior
portal, and a distal lateral accessory portal. Following diagnostic arthroscopy and treat-
ment, traction is released and the hip is flexed. A femoral osteoplasty is performed using a
5.5 mm round burr. The patient is then transferred to a radiolucent table. The PAO is then
performed as modified by Murphy and Millis [55]. A total of 17 patients were included
in this study. The mean follow-up was 2.4 years (0.6–3.3 years). Arthroscopic findings in-
cluded labral repair (12 patients), partial labral debridement (5 patients), iliopsoas fractional
lengthening (4 patients), and loose body removal (1 patient). Eight arthroscopic femoral
osteoplasty procedures and two open femoral osteoplasty procedures were performed.
Three patients underwent microfracture. The mHHS improved from 63.9 preoperatively to
84.1 at the final follow-up (p < 0.001); the NAHS improved from 57.7 preoperatively to 79.5
at the final follow-up (p < 0.001); the Hip Outcome Score Activities of Daily Living Subscale
value improved from 65.4 preoperatively to 80.1 at the final follow-up (p < 0.005); and the
Hip Outcome Score Sport-Specific Subscale value improved from 37.7 preoperatively to
74.4 at the final follow-up (p < 0.001).
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Table 3. Studies introducing new techniques for treating adult DDH with concomitant hip pathologies.

Study Level of
Evidence Sample Intervention Preoperative

Diagnosis
Outcome
Measures

Results
(Mean)

Follow-up
(Mean)

Conversion
to THA Rate Complications

Domb,
2015 IV 17 patients PAO+

Arthroscopy

DDH
(mean LCEA,
11.15◦ ± 6.96)

mHHS
84.1 (im-

provement
of 20.2)

3 years 0%
Converted

Microfracture (3)
Wound infection (2)

Pulmonary
embolism due to

medication
noncompliance (1)

Partial sciatic nerve
palsy (1)

Intra-op posterior
column fracture (1)

Uchida,
2018 IV 32 patients

(36 hips)

Endoscopic
Shelf Acetab-

uloplasty

DDH
(mean LCEA,

16.0◦ range 5–24)
mHHS

94.5 ± 8.5
(improve-
ment of

26.1)

32.3 ± 3
months

0.02%
Converted

Transient LFCN
neuropraxia (2)

Cho,
2020 IV 36 patients

(39 hips)
PARO +

arthroscopy

DDH (mean
LCEA, 8.7◦ (−9

to 18))
HHS

90 (range
68–100) (im-
provement

of 18)

12.8 ± 1.7
years

0.03%
Converted

Stable,
nondisplaced
fractures of

posterior column
intra-op (2)

Post-op
osteonecrosis of
femoral head (1)

DVT (1)
Heterotrophic
ossification (1)

Conversion to THA
7.8 years post-op

The Visual Analog Scale (VAS) score decreased from 5.6 to 2.6 (p < 0.001). Two wound
infections occurred, one of which was treated pharmacologically while the second required
reoperation. Pulmonary embolism occurred in one patient due to noncompliance with the
discontinuation of oral contraceptives. One patient suffered from partial sciatic nerve palsy
(resolved postoperatively on day 3) and an intra-operative posterior column fracture.

In 2017, Uchida et al. provided the clinical outcomes for their new shelf acetabulo-
plasty endoscopic technique with arthroscopic chondrolabral and capsular repair with
Cam osteoplasty [35] originally described in 2014 [56]. This technique was introduced as
an alternative to PAO or RAO for young athletes. While the results for PAO and RAO
are satisfactory for moderate to severe dysplasia, the long rehabilitation period and un-
certainty regarding return to sports constitutes the need for alternative treatments for this
demographic [34,57]. Cam deformities are common in highly active individuals with hip
dysplasia [58–60]. Additionally, high stress on a shallow acetabulum can cause labral tears
and capsular laxity [60–64]. All these pathologies are addressed with a combination of
arthroscopic labral repair, cam osteochondroplasty, capsular plication, and shelf acetabu-
loplasty in the following sequence: hip arthroscopy as described by Philippon et al. [65],
labral repair, traction release and assessment of peripheral compartment for cam lesion,
followed by Cam osteochondroplasty using a motorized round burr, capsular plication
through the MAP with the hip at 40 degrees of flexion, and finally shelf acetabuloplasty.

Arthroscopic findings included labral tear, ligamentum teres injury and cartilage
damage of the femoral head and/or acetabular rim. Two patients reported an increase
in UCLA-AS above the preinjury level. A total of 29 of 32 patients returned to sports.
The three patients who did not return to sports did not do so due to knee osteoarthritis,
shoulder instability, and choice, respectively. The average time for the return to sports
was 9 ± 3.5 months. Two patients experienced transient lateral femoral cutaneous nerve
neuropraxia. One patient had a fracture of the shelf graft due to returning to sports without
physician permission.

In 2020, Cho et al. presented the long-term results of periacetabular rotational os-
teotomy (PARO) used concomitantly with arthroscopy [36], a technique they originally
described in 2011 [66]. The reason for designing this technique was the frequent reports
of the disadvantages of arthrotomy in the treatment of intra-articular pathologies of the
dysplastic hip [67–70], with expanding indications for the usage of arthroscopy for the dys-
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plastic hip [71]. In this procedure, the osteotomy is performed before the arthroscopy. With
the patient in the lateral decubitus position, a curvilinear incision is made 2 cm below the
ASIS to 2 cm below the greater trochanter, ending 5 cm below the PSIS. Anterior dissection
is performed between the gluteus medius and TFL while a posterior dissection is achieved
by splitting the gluteus maximus muscle fibers at the posterior border of the gluteus medius.
After the osteotomy of the greater trochanter, arthroscopy is performed while applying
manual traction. After addressing any intra-articular pathologies, the surgeon moves on to
the PAO. The osteotomy is performed with “specially designed curved osteotomes under
image-intensifier control”.

A total of 39 hips of 36 patients were included in this study. The mean follow-up was
12.8 ± 1.7 years (153.5 ± 20.6; range, 121.8–188.5 months). In total, 39 labral tears were
found amongst 39 patients; 15 were degenerative (38.4%), 3 were flap (7.7%), 2 were radial
(5.1%), 1 was longitudinal (2.6%), 2 was complex (5.1%), 12 was fibrillar (30.8%), and 4
were intact (10.3%). Various chondral lesions were also identified, including 16 Grade 0
acetabular lesions, 15 Grade 0 femoral lesions, 11 Grade 1 acetabular lesions, 10 Grade
1 femoral lesions, 4 Grade 2 acetabular lesions, 8 Grade 2 femoral lesions, 8 Grade 3
acetabular lesions, and 6 Grade 3 femoral lesions. The average HHS improved from
72 (60–83) preoperatively to 90 (68–100) at the latest follow-up (p < 0.001). Complications
included two stable, nondisplaced fractures of the posterior column intra-operatively,
postoperative osteonecrosis of the femoral head in one hip, one DVT, and one heterotopic
ossification around the greater trochanter. Only one hip (2.6%) underwent conversion to
THA 7.8 years postoperatively.

3.5. Techniques for Treatment of Crowe III–IV or Hartofilakidis Type C Hips

Crowe’s method of determining the severity of acetabular dysplasia is the most com-
monly used one for adult patients. Crowe type I–II DDH is generally considered a mild
pathology when compared to Crowe III–IV hips which are much more challenging to treat
due to extensive distortions to the native anatomy [8,9]. The Hartofilakidis method is also
commonly used to classify DDH severity in adults and is based on the location of the
femoral head relative to the acetabulum. Hips with high dislocation (type C) have a com-
pletely dislocated femoral head which migrates superoposterioly and has no articulation
of the true acetabulum, and this is considered the most severe type [7,10]. In Crowe IV or
Hartofilakidis type C hips, THA is often necessary early in life. Challenges include a high
hip center, abnormalities in femoral and acetabular anatomy, and soft tissue contractures,
and thus require additional osteotomy [72–77]. Benefits include decreased LLD, restoration
of the hip center without stretching the sciatic nerve, correcting femoral anteversion, and
restoring abductor mechanisms [72,74,76,78,79] (Table 4).

In 2015, Binazzi et al. introduced a new THA technique for treating Crowe IV/Hartofil-
akidis type C DDH that they have been using and modifying since 1994 [37]. This technique
allows the avoidance of the use of subtrochanteric osteotomy by utilizing a two-stage
technique of progressively lowering the femur first, and then performing THA. By avoiding
osteotomy, patients can potentially gain full limb symmetry and not rely on heel pads
or shoe lifts. A total of 11 patients and 12 hips were included in this study. The mean
follow-up was 11 years. One patient required revision 5 years after the initial surgery
due to infection. The other 11 hips had a mean HHS improvement from 35 ± 5 points
preoperatively to 85 ± 5 points at the final follow-up. For the nine unilateral, unrevised
THA patients, leg length discrepancy (LLD) was improved from a mean of 5.7 ± 1.1 cm
preoperatively to −0.3 ± 0.6 cm postoperatively.
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In 2018, Montalti et al. developed a THA approach for Crowe III and IV hips that
overcomes the issues associated with non-union after femoral osteotomy and with anatomic
cup placement in the true acetabulum. This approach is based on a “high center of rotation,
a specific implant, and no femoral shortening osteotomy”. [38] The aim of this THA is to
have a high cup placement without lateralization of the acetabular component. The mean
HHS increased from 35.7 ± 10.4 preoperatively to 82.8 ± 9.5 at the final follow-up. No
clinical difference was noted between Crowe III and IV THAs. Survival rate was 90.5%,
with five revisions being required. There were three complications noted: one traumatic
dislocation and two sciatic nerve palsies.

In 2018, Li et al. introduced a new THA technique for Crowe III and IV hips that allows
the avoidance of femoral shortening and relies on direct leverage to the shoulder of the
femoral stem for “rapid, safe, and easy” reduction. A total of 82 hips were included in this
study [39]. The mean follow-up was 5.1 years. The mean HHS increased from 42.1 (24–71)
preoperatively to 89.9 (76–100) at the final follow-up. Preoperative Trendelenburg gait was
positive in 42 hips preoperatively, but positive in only two hips at the final follow-up. LLD
improved by 3.0 cm (1.1–5.5) and 2.5 cm (1.1–3.5) in Crowe III hips and 3.6 cm (1.9–5.5) in
Crowe IV hips. The average LLD at the final follow-up was 0.43 cm (SD 0.5). There were
complications in 3 out of 33 hips (fracture, dislocation, and femoral nerve palsy).

In 2020, Kayaalp et al. proposed addressing the issue of instability at the osteotomy
site associated with transverse shortening osteotomy by using a Zweymuller rectangular
femoral stem [41]. The authors hypothesized that the rectangular femoral stem can be used
to overcome the issues of instability due to two reasons: the fit-without-fill principle, “by
preserving bone stock and obtaining a biological healing process in highly dysmorphic
proximal femurs” and the four-point anchorage to the bone on the axial plane. This
will thus prevent the need for a graft or additional osteosynthesis. A total of 50 hips of
41 patients were included in this study. The mean follow-up was 41.6 months. The mean
HHS improved from 45 ± 14 preoperatively to 92 ± 7.8 postoperatively. The mean VAS
scores improved from 8.3 ± 1.7 preoperatively to 1 ± 0.9 postoperatively. The mean LLD
improved from 2.9 ± 2.5 cm preoperatively to 0.8 ± 0.6 postoperatively. The mean stem
subsidence was 1.7 ± 1.2 mm at six months and 2.1 ± 1.4 mm at the final follow-up. A
Trendelenburg sign was present in all patients preoperatively but only in two patients
postoperatively. Non-union occurred in one patient due to dislocation after a fall. Union
occurred after a revision stem in this patient. Intra-operative fractures occurred in 14% of
patients.

Wu et al. wanted to address the difficulty of implantation associated with highly
dysplastic proximal femurs in DDH [42]. Of the many barriers associated with highly dys-
plastic femurs, decreased canal size and a thinner cortex are two issues that result in fracture
and poor implantation. In 2020, Wu et al. published a modified proximal femoral recon-
struction (PFR) technique that allows surgeons to expand the canal volume seamlessly and
reduce the femur length at the surgeon’s discretion. This technique provides comparable
results to those of subtrochanteric transverse osteotomy. A total of 26 hips from 24 patients
with Crowe III–IV DDH were included in this study. Follow-up was at 3 and 12 months.
The mean HHS improved from 33.48 ± 9.06 preoperatively to 84.61 ± 4.78 immediately
postoperation and 90.84 ± 4.96 at 3 months. The VAS score was 6.92 ± 0.93 preoperatively,
which changed to 1.19 ± 0.80 at 12 months of follow-up. Lower limb discrepancy decreased
from 5.34 ± 1.96 cm preoperatively to 1.02 ± 0.77 cm postoperatively. At the last follow-up,
there were no cases of non-union or prosthesis loosening. The average union time was
4.35 ± 1.24 months. Complications included four patients developing intermuscular vein
thrombosis and one patient having a dislocation at 1 month postoperation due to a fall.

4. Discussion

Depending on severity of dysplasia and the presence of intra-articular pathologies,
choosing the optimal surgical approach can be a challenge. Factors such as recovery
times, complications and PROMs should be considered. This paper comprehensively and
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concisely summarizes several novel techniques used in the treatment of DDH and outlines
the pertinent considerations that a surgeon should evaluate before a surgical intervention is
performed. This review can be consulted to efficiently choose between current techniques
in treating DDH.

For patients with borderline hip dysplasia, defined in this case as a LCEA between
18◦–25◦, two novel techniques for treatment were identified: arthroscopy and the CU PAO.
Chandrasekaran et al. [26]. presented a novel method of performing arthroscopic labral
seal restoration with minimal acetabular rim resection and capsular plication to overcome
iatrogenic the micro-instability and macro-instability commonly associated with performing
arthroscopy in dysplastic hips. Importantly, there were no associated complications and no
conversions to THA at a minimum of two years of follow-up; however, 6/55 hips required
revision surgery. Surgeons should therefore be aware of the potential need for revision
surgery when performing arthroscopy on borderline dysplastic hips. The authors of this
study recommend this technique for patients in which PAO is too invasive and because
of evidence that traditional hip arthroscopy has the potential to exacerbate the instability
of the hip [1,15,43,44]. Mei-Dan et al. [27] introduced the CU PAO, a novel technique for
borderline dysplastic hips in which routine hip arthroscopy is performed 3–10 days prior
to the modified PAO. The authors recommend this technique for patients with substantial
hip instability in whom isolated arthroscopy has a high risk of failure. At a two-year
follow-up, the CU PAO showed no conversions to THA; however, complications included
hardware failure in two patients during the initial development of the technique and an
inadvertent intra-articular osteotomy in another patient. Despite three complications, there
were significant improvements in the NAHS postoperation.

For less dysplastic hips (Crowe I–III/Hartofilakidis type A–B) and hips that had
not progressed to severe osteoarthritis, modified acetabular osteotomies were performed,
with the majority of these studies addressing either improving visualization or creating
minimally invasive approaches to PAOs. Mei-Dan et al. [28]. created their BIPO, a triple
osteotomy, to improve safety, reproducibility, and permit unrestricted postoperative weight
bearing. Despite an excellent median HHS of 90.5 at the latest follow-up, 33% of hips con-
verted to THA; however, this may be attributed to the long follow-up of 17.5 years in which
case the conversion rate is similar to that of the standard Bernese PAO [80]. Additionally,
the Salter osteotomy was introduced into the adult population by Schimdutz et al. [29];
however, due to its limited range of acetabular correction, the Bernese PAO was deemed
preferable. Dienst et al. [30] and Shon et al. [32] both introduced modified PAOs to allow
better visualization when performing osteotomies. The mean HHS values at the latest
follow-up were 87.6 and 91.9, respectively, with major complications of pubic bone non-
union [3] and an avulsion fracture of the ASIS [1] occurring in the study by Shon et al. Khan
et al. [31] presented a minimally invasive approach to PAO which left the hip joint capsule
unopened. Stress fracture was the most common complication [13], with 12 occurring
in the inferior pubic ramus. Mihalic et al. [33] built upon intra-operative fluoroscopy by
introducing the EMN system and PST which successfully reduced complications associated
with the steep learning curve of the Bernese PAO.

In addition to hip dysplasia, in patients with concomitant intra-articular pathologies,
such as labral tears and cam deformities, modified combinations of PAO and arthroscopy
were identified in this review. Domb et al. [34] described a similar level of complications
with improved outcomes in patients undergoing arthroscopy to treat intra-articular patholo-
gies followed by PAO compared to those undergoing isolated PAO. Similarly, Cho et al. [36]
described a combined arthroscopy with PARO, allowing the treatment of labral tears and
chondral lesions, followed by the osteotomy. Between these two studies, there was only
one conversion to THA at 7.8 years in the study by Cho et al., along with excellent improve-
ments in PROs in both studies. Uchida et al. [35] introduced a novel technique combining
arthroscopic labral repair, cam osteochondroplasty, capsular plication, and shelf acetab-
uloplasty. This technique is especially beneficial for athletes for whom PAO alone is not
sufficient due to the likely presence of cam deformities, labral tears, and capsular laxity. All
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athletes in this cohort returned to sports rather quickly at an average of 9 ± 3.5 months,
with only three not returning due to non-hip-related reasons. Though a paucity of literature
exists that examines the outcome of combined PAO and arthroscopy, these three studies
highlight their success, especially in patients with concomitant intra-articular pathologies.
Even at a long-term follow-up of nearly 13 years by Cho et al., hip survivorship, defined as
not converting to THA, was 97.4%.

For patients with severe dysplasia (Crowe III–IV/Hartofilakidis type C), variations of
THA remain the gold standard, while THA with osteotomy has been recently explored as
well. Binazzi et al. [37] modified the standard THA by utilizing a two-stage technique prior
to THA and avoiding osteotomy. Only one patient underwent revision due to infection.
Montalti et al. [38] created a modification to allow high cup placement without acetabular
component lateralization. Despite a survival rate of 90.5%, five revisions were required
with three severe complications noted. Li et al. [39] modified THA by aiming to avoid
femoral shortening, resulting in improved leg length discrepancy along with only three
complications. Kayaalp et al. [41] modified THA with a novel osteotomy approach in
order to address osteotomy site instability, preventing the need for graft or additional
osteosynthesis. The mean HHS improved significantly though intra-operative fractures
were noted in 14% of patients. An additional THA plus osteotomy modification was
introduced by Wu et al. [42] to address the implantation difficulty associated with highly
dysplastic proximal femurs using a proximal femoral reconstruction technique. At the latest
follow-up, no cases of non-union or prosthesis loosening were noted, though complications
included intermuscular vein thrombosis in four patients and dislocation secondary to a
fall in one patient. In all studies, postoperative HHS was categorized as good or excellent
as the mean scores ranged from 82.8–92 [80]. To provide a relative comparison, patients
undergoing traditional THA report similar postoperative HHS, with mean scores ranging
from 75–95.6 [81]. Additionally, complications in these studies were similar to those
seen in standard THAs such as wound infections, thromboembolic disease, nerve injury,
periprosthetic fracture, and dislocation or recurrent instability [82]. Overall complication
rates were, however, lower in these studies with a range of 3.6–21.9% compared to those of
standard THA [83].

5. Conclusions

The surgical protocols currently used for the treatment of DDH are varied, with
sufficient differences in clinical outcomes that warrant a review on the part of all practicing
orthopedic surgeons. Rapid familiarization must accompany the advent of new and
novel techniques, effectively broadening providers’ knowledge and skill sets with respect
to treating DDH. While studies evaluating specific treatment outcomes with regard to
current techniques and investigations into the pathogenesis of DDH are numerous, reviews
that provide surgeons with an overview of clinical outcomes for different techniques are
necessary to maintaining or even elevating the current standard of care. Discrepancies in
patient outcomes can be better understood and mitigated with reviews such as this that
recapitulate the significant findings of more targeted studies in a comprehensive manner.

The novel techniques presented in this review are categorized by the severity of adult
DDH along with presence of concomitant pathologies. Two novel techniques, modified
arthroscopy and PAO, were identified for the treatment of borderline or low-grade DDH.
Six techniques, most of which were modifications to the Bernese PAO, were identified for
the treatment of standard symptomatic DDH. Three techniques which include combinations
of arthroscopy and osteotomy were identified for the treatment of DDH with concomitant
hip pathologies such as cam deformities. Six techniques, all of which were modifications
to THA, were identified for treatment of severe high-grade DDH. The authors of each
technique have also made attempts to improve on the various complications and difficulties
associated with surgically treating a dysplastic hip. For surgeons looking to adopt new
techniques, it is important to identify areas of improvement that can be addressed by these
novel methods, as they vary from paper to paper.
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6. Limitations

This paper has its limitations. While a thorough search was performed with three
separate search terms on two separate databases, there is the possibility that some novel
techniques were skipped over in the search process. Additionally, the authors of this paper
only included articles that included patient follow-ups. There are novel surgical techniques
in the literature that do not have patient-reported outcomes available at the moment. Such
papers were excluded from the literature search. This paper also does not include a real
systematic comparison of the techniques, as the variability of procedures and demographics
do not allow us to make direct comparisons. Ultimately, it is difficult to highlight which
one of these procedures is superior to the others. Rather, we hope that the information
provided allows surgeons to investigate procedures that will assist in improving outcomes
in their own patient subsets.
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Abstract: The extramedullary guides for the tibial resection during medial unicompartmental knee
arthroplasty (UKA) are inaccurate, with an error risk in coronal and sagittal planes and cut thickness.
It was our hypothesis that the use of anatomical landmarks for the tibial cut can help the surgeon
to improve accuracy. The technique described in this paper is based on the use of a simple and
reproducible anatomical landmark. This landmark is the line of insertion of the fibers of the deep
medial collateral ligament (MCL) around the anterior half of the medial tibial plateau called the “Deep
MCL insertion line”. The used anatomical landmark determines the orientation (in the coronal and
sagittal planes) and the thickness of the tibial cut. This landmark corresponds to the line of insertion
of the fibers of the deep MCL around the anterior half of the medial tibial plateau. A consecutive
series of patients who underwent primary medial UKA between 2019 and 2021 were retrospectively
reviewed. A total of 50 UKA were included. The mean age at the time of surgery was 54.5 ± 6.6 years
(44–79). The radiographic measurements showed very good to excellent intra-observer and inter-
observer agreements. The limb and implant alignments and the tibial positioning were satisfying,
with a low rate of outliers and good restoration of the native anatomy. The landmark of the insertion
of deep MCL constitutes a reliable and reproducible reference for the tibial cut axis and thickness
during medial UKA, independent of the wear severity.

Keywords: medial unicompartmental knee arthroplasty; anatomical landmarks; coronal alignment;
tibial slope; deep medial collateral ligament

1. Introduction

Unicompartmental knee arthroplasty (UKA) remains a demanding surgical procedure,
and optimal implant positioning is essential to obtain satisfactory outcomes [1–3]. Various
complications can occur after UKA, such as implant malpositioning, malalignment, and
implant over- or under-sizing. Sub-optimal implant position can cause the failure of the UKA,
with potential complications such as persistent pains or tibial component loosening [1–3].

As several systems use the tibial resection as a reference for the femoral resection,
optimizing the tibial cut is a crucial step of the surgery. This is even more important
as the risk of implant malpositioning concerns mainly the tibial implant, with a risk of
outliers in the coronal and sagittal alignment and a risk of excessive tibial resection [4,5].
The extramedullary guides for the tibial resection have been improved over time, but
several studies reported a persistent high percentage of outliers [5–7] with a risk of error
in coronal and sagittal planes. Assistive technologies, such as robotic-assisted systems,
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have been developed to improve the accuracy of bone resections and implant positioning
in UKA [8–10] with promising results [6,11–14]. Due to the high cost of these devices,
however, less than 1% of the surgeons in the world have access to a robotic-assisted system
for UKA. Therefore, it was our hypothesis that the use of simple anatomical landmarks for
bone tibial bone resection can be reliable and help surgeons to improve tibial cut accuracy
with conventional instrumentation. Several studies have described and assessed bony
landmarks for the tibial rotation in UKA [15–17]; however, to our knowledge, no study has
described the use of tibial anatomical landmarks for the orientation and the thickness of
the tibial cut in medial UKA.

Therefore, the aims of this paper were as follows: (1) to describe the surgical technique
of the tibial cut in UKA using the tibial insertion of the fibers of the deep medial collateral
ligament (MCL) as a landmark for frontal and sagittal orientation and the thickness of
resection; (2) to assess the accuracy of the tibial cut with this surgical technique as measured
on post-operative radiographs (MPTA, tibial slope, joint line height, and HKA angle).

2. Materials and Methods
2.1. Surgical Technique

The medial UKA is indicated for osteoarthritis without severe constitutional deformity.
The UKA principles are to compensate for the wear, respect the anatomy of the proximal
tibial epiphysis, and perform a pure resurfacing surgery, respecting the ligamentous enve-
lope. Based on the literature, angular limits of resection can be comprised between 0 and
5 degrees of varus for the frontal plane and between 2 and 6 degrees of posterior slope for
the sagittal plane. Following the standard surgical technique, the tibial cut is performed
using a conventional extramedullary guide, the surgeon aiming for the ideal position of
the jig to reach the goals of resection in terms of thickness of resection and frontal/sagittal
orientation based on its own judgment (Figure 1). Fine adjustments of the cut axis can be
challenging, and this might explain the degrees of inaccuracy observed with conventional
instrumentation in the literature.
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Figure 1. Extramedullary guide to check the tibial slope and the coronal axis for the tibial cut.

The technique described in this paper is based on the use of a simple and reproducible
anatomical landmark. This landmark is the line of insertion of the fibers of the deep MCL
around the anterior half of the medial tibial plateau called the “Deep MCL insertion line”.
The visualization of this line is relatively simple when performing a very conservative
approach exposure (without any release of the medial tibial plateau) and after the removal
of the anterior osteophytes. For this technique, two points are marked along the insertion
of the deep MCL, and then the line joining these two points is drawn on the bone using
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the electrocautery knife. The used anatomical landmark determines the orientation (in the
coronal and sagittal planes) and the thickness of the tibial cut. The cutting jig can then be
directly aligned onto this line and pinned, the lower part of the jig being used only as a
support of the cutting jig. A second check can be performed once the cutting jig is set up.

A medial subvastus approach without any medial or lateral release is performed. The
deep MCL insertion is visualized, and two points (one anterior and one more posterior) are
marked along its insertion around the anterior part of the medial tibial plateau (Figure 2a).
These two points are used to draw a line which is usually just below the medial osteophytes.
These medial osteophytes can be partially removed to better visualize the insertion of the
fibers around the tibial plateau if needed (Figure 2b). To remove these osteophytes while
avoiding any damage to the MCL insertion, a small Hohmann retractor can be used.
Following the line of the MCL insertion around the medial tibial plateau and extending this
line anteriorly can accurately guide the frontal and sagittal orientation of the cut (posterior
slope) and the thickness of resection. Indeed, the medial osteophyte is frequently used
as a landmark medially but shows only the thickness of the cut medially and anteriorly.
It is thus insufficient to avoid a valgus cut compared to the line that has been described
earlier (Figure 3). As the level of the insertion of the deep MCL is fixed and not related to
the severity of the wear or osteoarthritis, this landmark can reliably be used to determine
the thickness of the cut. The use of a tibial stylus, whose size varies significantly with
the severity of the wear, is thus not necessary. The tibial rotation is determined as usual,
drawing a line between the point considered the medial point to the tibial insertion of the
anterior cruciate ligament and the most anterior point of the medial tibial plateau. This line
is parallel to the lateral facet of the medial condyle.
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Figure 2. Insertion of the deep medial collateral ligament (MCL) on the medial proximal tibial
plateau (yellow arrows), which delineates the tibial cut axis (blue line) (a). The osteophytes resection
improves the visualization of this landmark (b).
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Figure 3. The deep MCL landmark allows us to determine the coronal axis of the tibial cut (a), and
not only the height of the tibial cut medially, as the medial osteophyte landmark (b).

When the cutting guide can be positioned on the desired cut axis and set in place
(Figure 4). The tibial cut is performed with the saw as usual. To confirm the cut axis and
thickness, the tibial resection should have almost no attachment with the articular capsule
(cut inside the ligamentous envelope) (Figure 5). The final implant is positioned in the
ligamentous envelope, preserving the deep MCL insertion and the joint line height. The
meniscal scar was used to evaluate the restoration of the joint line, the upper level of the
polyethylene insert being exactly at the level of the meniscal scar (Figure 6).
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Figure 4. After the visualization of the tibial landmark, the cutting guide is positioned directly on
this landmark and then set to the bone.
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Figure 5. The tibial resection allows to confirm if the cut axis is satisfying: the cut tightness should be
similar anteriorly and posteriorly, and the cut should be at the limit of the capsular attaches.

Figure 6. With the definitive implants, the tibial implant should be positioned in the soft tissues’
envelope respecting the deep MCL (a) and restoring the joint line height, visualized with the meniscal
scar level (b).

2.2. Patients

After obtaining ethics internal review board approval, a consecutive series of patients
who underwent a primary medial UKA between 2019 and 2021 at a single institution
were retrospectively reviewed. The indication for surgery was medial femorotibial os-
teoarthritis or femoral osteonecrosis, with a reducible deformation and without anterior
laxity. Exclusion criteria were incomplete data (radiographs) and previous tibial osteotomy.
Of the 59 primary UKA performed during this period, 50 met the criteria (6 lateral UKA
and 3 patients with incomplete radiographs). The mean age at the time of surgery was
54.5 ± 6.6 years (44–79). Mean BMI was 32.7 ± 3.7 kg/m2 (27–44). A total of 40% (n = 20)
were male patients, and 48% (n = 24) were operated on the left knee. A total of 24% had a
grade 4, and 76% had a grade 3 of medial femorotibial osteoarthritis (Kellgren Lawrence).
All UKA were performed using conventional instrumentation by a single senior surgeon
with 15 years of experience in UKA. All patients received the same cemented morphometric
fixed-bearing medial UKA (Persona Partial Knee System, Zimmer Biomet, Warsaw, IN,
USA) [18]. This system is a tibia-based technique using the spacer-block technique for
femoral preparation [18,19]. The tibial cut is thus an essential factor in the quality of the
distal femoral cut and the entire procedure.
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2.3. Data Assessment

The radiographic assessment was performed preoperatively and at 2 months, includ-
ing an anteroposterior view, lateral view of the knee, and a long-leg standing radiograph
performed according to a standardized protocol in the same radiological center. Standard-
ized radiographic measurements were performed: HKA angle, mechanical Medial Distal
Femoral Angle (mMDFA), Medial Proximal Tibial Angle (MPTA), tibial slope, the joint line
height, the Cartier angle, the coronal axis, and the thickness of the tibial cut. Restitution of
joint line height was assessed using the two methods of Weber [20]. The tibial resection
was measured with the technique described by Negrin [21]. The radiographs were cali-
brated, allowing an accurate measurement up to 0.1 mm. Radiological measurements were
performed twice by two independent reviewers (CB and JD) for all measurements to assess
the reliability of each measurement. The thickness of the polyethylene insert was reported
in the surgical report.

2.4. Statistical Analysis

Statistical analysis was performed using the XL STAT software (Version 2021.2.1,
Addinsoft Inc., Paris, France). Data were described using means, standard deviation,
ranges for continuous variables, and counts (percent) for categorical variables. The intra-
and inter-observer reliabilities of the radiographic measurements were evaluated by an
intraclass correlation coefficient. Strength of agreement for the kappa coefficient was
interpreted as follows: <0.20 = unacceptable, 0.20–0.39 = questionable, 0.40–0.59 = good,
0.60–0.79 = very good, and 0.80–1 = excellent [22].

3. Results

The radiographic measurements showed very good to excellent intra-observer and
inter-observer agreements (Table 1). The limb and implant alignments and the tibial
positioning are reported in Table 2. The tibial insert was 8 mm for 50% of the patients
(n = 25), 9 mm for 48% (n = 24), and 10 mm for 2% (n = 1).

Table 1. Intraobserver and interobserver coefficients for the radiographic measurement.

Intra Observer ICC Inter Observer ICC Agreement

HKA angle 0.98 0.98 Excellent
mMDFA 0.95 0.92 Excellent
MPTA 0.90 0.83 Excellent

Tibial slope 0.82 0.83 Excellent
Cartier angle 0.85 0.69 Very good

Joint line height 0.85 0.72 Very good
Tibial cut height 0.80 0.75 Very good

Tibial cut Coronal Axis 0.87 0.78 Very good
Strength of agreement for the kappa coefficient was interpreted as follows: <0.20 = unacceptable,
0.20–0.39 = questionable, 0.40–0.59 = good, 0.60–0.79 = very good, and 0.80–1 = excellent.

Table 2. Preoperative and postoperative radiographic measurements and outliers.

Preoperative Data
N = 50

Postoperative Data
N = 50

HKA (◦) 173.5 ± 3.6 176.5 ± 3.1
(mean ± SD) [Min; Max] [164.6; 180] [170; 185]

mMDFA (◦) 91.2 ± 2.2 92.2 ± 2.3
(mean ± SD) [Min; Max] [87; 96] [88; 96]

MPTA (◦) 86.4 ± 1.5 86.8 ± 1.5
(mean ± SD) [Min; Max] [83; 89] [84; 90]
OUTLIERS MPTA < 85◦ 6 (12%) 1 (2%)
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Table 2. Cont.

Preoperative Data
N = 50

Postoperative Data
N = 50

Slope (◦) 80.9 ± 3.2 82.6 ± 2.3
(mean ± SD) [Min; Max] [74; 87] [78; 87]
OUTLIERS Slope < 78◦ 7 (14%) 0

Cartier angle (◦) 2.6 ± 2.8 -
(mean ± SD) [Min; Max] [−3; 7] -

Joint line height (femoral cortex) (mm) - 0.9 ± 1.1
(mean ± SD) [Min; Max] [−1.7; 4.5]

Joint line height (femoral diaphysis) (mm) - 0.8 ± 1.1
(mean ± SD) [Min; Max] [−1.7; 4.5]

OUTLIERS Joint line height > 2 mm - 3 (6%)

Tibial resection height (mm) - 6.0 ± 1.7
(mean ± SD) [Min; Max] [1; 9.5]

Tibial cut axis (◦) - 87.7 ± 1.6
(mean ± SD) [Min; Max] [84; 92]

OUTLIERS Tibial cut axis < 85◦ - 1 (2%)
OUTLIERS Tibial cut axis > 90◦ - 2 (4%)

Difference between tibial cut and Cartier angle (◦) - 0.57 ± 1.1
(mean in absolute value ± SD) [Min; Max] [−5; 4]

HKA: Hip Knee Ankle angle; mMDFA: mechanical Medial Distal Femoral Angle; MPTA: Medial Proximal Tibial
Angle; JLCA: Joint Line Convergence Angle; JLO: Joint Line Orientation; SD: Standard Deviation.

4. Discussion

The tibial cut is a challenging step during medial UKA. This surgical technique based
on a bony landmark aims to reduce the error risk of the tibial cut axis. This technique was
performed for many years by the senior surgeon with satisfying results and appears safe
and reliable.

Several limitations should be outlined in our study. This study was not comparative
with other surgical techniques (robotic-assisted or manual with extramedullary guide).
There were no functional outcomes or long-term data. Nevertheless, this study aimed to
describe for the first time the surgical technique of the tibial cut in UKA using the tibial
insertion of the fibers of the deep MCL and its accuracy. A long-term comparative study
would be interesting to perform secondarily.

Tibial malpositioning is one of the most common errors during medial UKA [6]. The
risk is to perform the tibial cut in the valgus or varus compared to the epiphyseal axis. The
mean axis of the tibial cut was satisfying in this study (87.7◦ ± 1.6◦), with only one patient
with a tibial cut axis superior to 5◦ of varus (84◦). The mean difference between the tibial
cut axis and the tibial epiphyseal axis was inferior to 0.6◦ ± 1.1. Two main philosophies
for positioning UKA components are described in the literature [23]. The mechanical
alignment technique references the mechanical axis of long bones and makes frontal bone
cuts perpendicular to them [24]. This technique is easier to perform than the conventional
technique because the tibial cut is performed at 90◦ of the tibial mechanical axes. An
alternative alignment technique was popularized by Cartier who tried to reproduce the
tibial epiphyseal axis with the tibial cut in the coronal plane [25,26]. A threshold value is
recommended with a tibial cut inferior to 5◦ of varus compared to the tibial mechanical
axis. This last philosophy avoids a valgus cut compared to the epiphyseal axis with a risk
of loosening or secondary subsidence due to the soft bone in the lateral part of the tibial
resection [23]. To reproduce the tibial epiphyseal anatomy also aims to obtain a perfect
congruence between the femoral implant and the plateau surface and avoid a position
on the edges of the condylar implant. However, to perform a tibial cut with some degree
of varus with an extramedullary guide is difficult and inaccurate. The rate of outliers
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in the coronal plane after conventional medial UKA is significant in the literature up to
35% [4,6]. To limit the number of outliers in UKA, robotic surgery has been developed, but
its access remains limited to only a subset of surgeons, and its cost-efficiency is still to be
demonstrated. The landmark described in this study is a simple, cost-efficient additional
control to improve the accuracy of the tibial resection and reduce the number of outliers.
The advantage of this technique compared to the medial osteophyte landmark is the line
following the insertion of deep MCL determines the coronal and sagittal planes (Figure 3).
The quality of the tibial cut also determines the femoral implant positioning. Most of the
UKA surgical techniques have femoral cuts dependent on the tibial cut. If the alignment of
the tibial cut is not satisfying, the femoral implant has a risk of malpositioning.

In this study, the joint line height was distalized at a mean of 0.9 mm ± 1.1 compared
to the pre-operative X-rays, probably due to the pre-operative wear of the femoral condyle.
Taking this point into consideration, the restitution of the joint line height using this tibial
landmark was thus satisfying with the smallest insert sizes (8 or 9 mm). Restitution
of joint line height after UKA, and particularly avoidance of excessive tibial resection,
has a major impact on patients’ outcomes and tibial implant survivorship [27–29]. In
addition to making the tibial implant rest on more fragile cancellous bone, excessive tibial
cutting also leads to shifting the contact point of the femoral component towards the
periphery of the tibial plateau due to the plateau’s funnel shape. A biomechanical study
demonstrated that after UKA, the mean strain on the proximal tibial cortex increased by
6%, 13%, and 18% when tibial resection levels of 2 mm, 4 mm, and 6 mm were modeled,
respectively [29]. Another study demonstrated similar results: 4 mm increased distal
resection increased tibial strain variance by 35% [27]. An excessive tibial cut can also lead
to a distalization of the femoral implant by dependent cuts, lower the joint line height
in the medial compartment, and result in a no-anatomical oblique joint line [26]. The
improvement of the joint line height can reduce the polyethylene wear, the loosening risk,
and the progression of osteoarthritis in the contralateral compartment [1,30]. A reduction
in tibial resection may also improve some tibial pain due to the excessive strain on the
proximal tibial cortex [27]. The landmark of the insertion of deep MCL constitutes a stable
reference for the cut thickness, independent of the wear severity and the position of the
tibial sizer. This landmark can increase the reproducibility of the tibial resection, and this
might be particularly helpful and cost-efficient for surgeons with a low volume of UKA.

5. Conclusions

The results of our study confirmed that the deep-MCL line is a reliable anatomical
landmark to optimize the tibial cut in UKA. This landmark corresponds to the line of
insertion of the fibers of the deep MCL around the anterior half of the medial tibial plateau.
The deep-MCL line can help surgeons to improve the accuracy and the reproducibility of
the tibial cut in UKA for both the coronal and the sagittal plans. This technique can help to
reduce the outliers without the extra cost related to the use of assistive computer-assisted
technologies.
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Abstract: Rehabilitation for total knee replacement (TKA) often involves in-person therapy sessions,
which can be time consuming and costly. Digital rehabilitation has the potential to address these
limitations, but most of these systems offer standardized protocols without considering the patient’s
pain, participation, and speed of recovery. Furthermore, most digital systems lack human support in
case of need. The aim of this study was to investigate the engagement, safety, and clinical effectiveness
of a personalized and adaptative app-based human-supported digital monitoring and rehabilitation
program. In this prospective multi-center longitudinal cohort study, 127 patients were included.
Undesired events were managed through a smart alert system. Doctors were triggered when there
was a suspicion of problems. The drop-out rate, complications and readmissions, PROMS, and
satisfaction were collected through the app. There was only 2% readmission. Doctor actions through
the platform potentially avoided 57 consultations (85% of alerts). The adherence to the program
was 77%, and 89% of the patients would recommend the use of the program. Personalized human-
backed-up digital solutions can help to improve the rehabilitation journey of patients after TKA,
lower healthcare-related costs by lowering the complication and readmission rate, and improve
patient reported outcomes.
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1. Introduction

Total knee arthroplasty (TKA) is a commonly performed procedure to relieve pain
and improve function in individuals with degenerative knee joint disorders [1]. Not
only the number of procedures but also the cost associated with these surgeries is rising,
making it important to find ways to monitor the postoperative trajectory and complications
effectively [2].

Rehabilitation is a crucial component of postoperative care, as it can decrease pain,
and improve function and activities of daily living [3]. However, traditional rehabilitation
for total knee replacement patients often involves in-person therapy sessions, which can be
time consuming and costly. In addition, adherence to home exercise therapy is often low,
which can lead to suboptimal outcomes and increased healthcare costs [4,5]. The lack of
access to rehabilitation services in remote and underserved areas can also be a barrier to
effective rehabilitation [6].

Digital rehabilitation has the potential to address the limitations of traditional rehabili-
tation. Mobile apps and other technology-based tools provide individuals with access to
rehabilitation therapy outside of traditional settings, which can increase engagement and
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improve adherence to therapy [7]. Digital rehabilitation also has the potential to increase
access to rehabilitation services [8]. In addition, digital rehabilitation can provide real-time
data and feedback on therapy progress, which can improve outcomes and enhance the
overall rehabilitation experience. While the heterogeneity between digital rehabilitation
systems and the lack of clear evidence regarding their effectiveness and safety need to be
considered, digital rehabilitation holds great promise as a solution to enhance rehabilita-
tion outcomes for total knee replacement patients [9–11]. The latest evidence on digital
rehabilitation has demonstrated that it is non-inferior to face-to-face interventions and
has the potential to improve outcomes for patients [12]. The growing interest in digital
rehabilitation is reflected in multiple studies on telemedicine and arthroplasty in the last
5 years. This is especially true after the pandemic, as patients are looking for alternatives to
traditional rehabilitation methods. Most of these systems are limited because they offer the
same protocols for every patient without considering the patient’s pain, participation, and
speed of recovery. Furthermore, most of the available systems are not backed up by human
support in case of need.

Understanding the potential of digital rehabilitation better might help to enhance the
development of personalized effective rehabilitation programs for patients undergoing knee
replacement surgery, and consecutively optimize patients’ episode of care and outcomes.
The aim of this study was to investigate the engagement, safety, clinical effectiveness, and
satisfaction of a personalized and adaptative app-based human-backed-up digital monitor-
ing, pain management, and rehabilitation program after knee replacement arthroplasty.

2. Materials and Methods

This interventional, multi-center, single-arm, prospective study was performed on
127 individuals with degenerative knee pain who utilized digital rehabilitation following
TKA between January 2021 and May 2022. These patients underwent no face-to-face
rehabilitation. Subjects were included in 1 French and 13 Belgian hospitals. Characteristics
of participants are displayed in Table 1.

Table 1. Characteristics of study participants.

Characteristic Cohort (n = 127)

Age (years), mean (SD) 62 (9)
Gender (%)

Female 51
Male 49

BMI, mean (SD) 31 (5)
SD = standard deviation.

Individuals were invited to download an app-based telerehabilitation system.
The application ‘moveUP Therapy’ (moveUP®, Bruxelles, Belgium) is registered as a

medical device and uses a smart virtual platform for digital rehabilitation based on objective
and subjective patient data, combined with personalized interaction between a therapist
and the patient. The treatment is continuously adapted and personalized automatically
and clinically according to the patient’s needs.

The exclusion criteria were as follows: having any preoperative (e.g., epidural catheter,
urethral catheter, intra-articular catheter) or postoperative procedure that might interfere
with the rehabilitation during and after hospitalization; or having any significant medical
condition (e.g., Parkinson’s disease, multiple sclerosis, cerebral vascular accident) or psychi-
atric disorder (active alcohol/drug abuse, etc.) that might interfere with the rehabilitation.

The intervention was a home-based digital intervention of exercise and education.
Patients were monitored remotely by a physical therapist through a secured chat messaging
system. The system is composed of a mobile app for the patient and a web-based portal
that allows the physical therapist to look at patient data (physical activity, pain levels,
medication use, exercise adherence, PROMS, pictures, videos) daily and to personalize
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the protocol accordingly. Objective data was collected throughout the recovery using a
commercial activity tracker (Garmin Vivofit 4) worn 24/7 by the patients.

Based on the patient objective and subjective daily feedback, exercises were deliv-
ered daily, and patient-reported adherence was assessed for each of them, allowing the
calculation of an adherence rate (ratio of exercises achieved/exercises given). The patient
was asked to answer questions daily, and to record video of their knee range of motion
weekly from the day of surgery until two months after surgery. If needed, the patients
were also able to take pictures of the wound or the leg and share them through the app for
appropriate adaptation of the treatment plan without any systematic physical consultation
if not needed based on the picture analysis.

The educational component was delivered through educational articles at specific
time points of the treatment. Pain management strategies such as activities or medication
counseling were personalized based on the pain and activity data of the patient.

Undesired events were managed through a smart alert system. Doctors were triggered
in case of suspicion of problems. The problems were raised directly by the patients, via
data-based alerts, or by the physical therapist supervising the patient’s status daily.

The ethics committee of the Universitair Ziekenhuis Antwerpen approved the study
protocol, and each patient provided written informed consent to the use of their anonymized
data for scientific use.

2.1. Outcomes

The drop-out rate and their reasons, complications, unplanned consultations, and
readmissions were collected through the app.

Active knee range of motion was assessed by the physical therapist based on videos
sent by the patients. Patients were requested to lie on a flat surface and bend the affected
knee as far as possible by sliding the foot towards the buttocks, without forcing. It is
important to note that there is a systematic error of almost 10◦ compared with range of
motion measured by a clinician with a goniometer [13].

Patient-reported outcomes such as the Oxford Knee Score, Knee Osteoarthritis Out-
come score (KOOS), and EuroQol 5-Dimension (EQ5D) were measured before surgery and
6 weeks, 3 months, and 6 months after surgery through the app. Satisfaction was assessed
using the Knee Society Score (KSS) satisfaction scale. Furthermore, a binary satisfaction
question was asked: “Would you chose digital rehabilitation again?”

The quality-adjusted life year (QALY) is a health outcome measure of disease burden
that combines quality and length of life [14]. One year in perfect health equals 1 QALY, and
0 represents death. To calculate the QALY gain after surgery for our cohort, we used the
EuroQol 5-Dimension (EQ-5D) and the Belgian value set [15].

2.2. Cost–Consequence Analysis

A cost–consequence analysis approach was chosen as no comparative analysis was
possible given the absence of a control group. Cost–consequence analysis is considered a
logical first step towards a formal economic evaluation [16–18]. Direct costs were analyzed
separately from outcomes. Indirect cost/benefits for patients (travel time reduction) were
not considered.

The per-person cost of the digital intervention was calculated from a healthcare
perspective (medical costs), multiplying time logged by the care providers by their hourly
salary in Belgium.

The savings of the digital intervention were estimated by assuming that alerts solved
digitally prevented medical consultation with a general practitioner, or even readmission.

2.3. Statistics

The impact of the intervention was assessed by determining the change between the
preoperative and the 6 months timepoints. Analysis of differences in the patient-reported
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outcomes was performed using an independent samples t-test or the Mann–Whitney U
test. A significance level of 0.05 was used.

3. Results
3.1. Participants

A total of 127 patients who were referred to the digital rehabilitation trajectory were
analyzed (Figure 1). Fourteen patients did not start the trajectory, and twelve did not
continue after surgery. These patients did not use any features of the digital rehabilitation
and were thus excluded from further analysis. Fourteen patients dropped out of the
digital program for the following reasons: preference for in-person physiotherapy (n =
11), unknown (n = 3). The system was used for an average of 83 days. Patients’ use of the
system is shown on the graph in Figure 2. Average adherence with the exercise achievement
was 77% over the whole rehabilitation journey. A lower adherence was observed during
the first two weeks after surgery (Table 2).
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Figure 1. Flow diagram.
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Table 2. Patient engagement over time.

Average W1-2 W3-4 W5-6 W7-8 W9-10 W11-12

Exercises performed
(%) 77 67 85 85 77 77 70

Daily questionnaire
filled (%) 80 76 89 88 85 82 77

Assessment video
performed (%) 71 93 86 75 76 / /

W = week post-surgery, /: no standard assessment requested.

3.2. Adverse Events

Two patients were readmitted to the hospital for manipulation under anesthesia
corresponding to a readmission rate of 2.4%.

A total of 67 alerts were raised through the web-based platforms for 32 patients (39%
of the patients). A total of 32 alerts were raised by the patients (48%), and 35 by the physical
therapist (52%). The types of alerts are displayed in Figure 3.
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Figure 3. Type of alerts raised by the patient and the physical therapists.

The three most frequent actions were medication change (27%) and wound information
and reassurance and referral (15%). The details of doctors actions are displayed in Table 3..
Ten physical consultations were generated by the referrals. Doctor actions through the
platform potentially avoided 57 consultations (85% of alerts).

Table 3. Doctor actions in reaction to alerts.

Category Frequency n (%)

Medication change 18 (27)
Medication info and reassure 8 (12)

Wound care 6 (9)
Wound info and reassure 10 (15)

Symptoms info and reassure 12 (17)
Referral 10 (15)
Other 3 (4)
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3.3. Outcomes

The median active range of motion at 6 weeks post-operation was 105◦ (SD: 19◦).
Significant improvements were seen at 6 months in all KOOS subscales (Table 4),

amounting to 14 points in KOOS-Pain, 20 points in KOOS-Symptoms, 22 points in KOOS-
Function, and 26 points in KOOS-QoL. The mean QALY gain (measured with the EQ-5D
questionnaire) was 0.26 (0.25).

Table 4. Patient reported outcomes.

Preop 3 Months 6 Months 6 m/Preop Difference

Mean SD Mean SD Mean SD Mean SD

Oxford Knee 24 8 33 8 38 7 14 9
KOOS Symptoms 51 18 61 18 70 19 20 21

KOOS Pain 44 19 67 20 78 19 36 20
KOOS ADL 49 20 71 21 78 18 31 22
KOOS QoL 30 18 50 20 56 22 26 27

KSS Satisfaction 15 7 25 8 30 8 16 11
QALY 0.59 0.26 0.77 0.22 0.85 0.12 0.26 0.25

SD = Standard deviation, KOOS: Knee Injury and Osteoarthritis Score, ADL: Activities of Daily Living, QoL:
Quality of Life, QALY: Quality-Adjusted Life Years.

To the question: “Would you choose digital rehabilitation again?”, 89% of the patients
answered yes.

3.4. Cost–Consequence Analysis

The cost of the digital intervention was EUR 257.5 per person.
This cost comprised the activity tracker (Garmin Vivofit) of EUR 60, an intake cost of

EUR 22.5 (15 min by customer support and 15 min by physical therapist), and the average
cost of physical therapy follow-up of EUR 170 (average of 18 min per week per patient,
standard deviation of 5 min) and medical follow up of EUR 5 (67 interventions of 4 min on
average, spread over 86 patients).

Intake costs included onboarding, explanations, and technical support. Intake cost
consisted of 15 min remote interactions before surgery with technical support for
each participant.

Follow-up costs were calculated from logs that care providers completed during the
study. The physical therapists (first-line care provider) logged an average of 18 min per
week (SD = 5 min) with each participant (Figure 4). The doctors (second-line care provider)
logged 67 instances of solving alerts, with an average of 4 min (SD = 2 min). The time spent
by care providers is low because of asynchronous communication, escalation process, and
platform efficiency.

The hourly salary in Belgium at the time of the study was 25 EUR/h for technical and
customer support, 40 EUR/h for physical therapists, and 100 EUR/h for medical doctors.

The total direct savings of the digital intervention consisted of two aspects: reduced
physical therapy costs and reduced unplanned consultations.

Traditional physical therapy after total knee replacement consists of 25 (France) to 41
(Belgium) physical therapy sessions, for an amount of EUR 500 to 1148.

Consultations with a medical doctor cost EUR 27 in Belgium. A total of 57 alerts were
digitally solved for 87 patients. This represents a potential amount of EUR 1539 saved, 18
EUR/patient.

Therefore, the total direct saving potential of the digital rehabilitation solution ranges
from EUR 252.5 (France) to 900.5 (Belgium).
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4. Discussion

The aim of this study was to investigate the engagement, safety, clinical effectiveness,
and satisfaction of a personalized and adaptative app-based digital monitoring and rehabil-
itation program after knee replacement arthroplasty. A high adherence was found, with an
average use of 83 days. The complication rate was low, and undesired events were managed
remotely in 85% of cases, avoiding unnecessary face-to-face consultations. Clinical scores
improved significantly, and most of the patients would choose digital rehabilitation again
and recommend it to other patients.

One of the limitations of the study was the absence of a control group (traditional
face-to-face rehabilitation program), and the results of this study cannot be compared
directly with the results of standard rehabilitation programs. The goal of the study was,
however, not to show the superiority or the non-inferiority of this type of program, but
to examine the feasibility, the adherence, and the safety regarding the management of the
complications and the functional results. Additionally, it was found that 11% of patients
stopped the program soon after surgery, mostly due to a lack of physical contact with
their physical therapist or because they wanted and needed to preserve a pre-existing
relationship with their physical therapist. It is important to highlight the fact that there was
no reimbursement difference between the digital care program and a standard in-person
physical care program in the study settings (France and Belgium). Therefore, the cost was
not a reason to explain the attrition rate, and this outlines the importance of finding ways
to reduce it in the future [19].

The attrition rate was low compared to previous studies, reporting between a 7% and
45% attrition rate [12,20]. The results of our study demonstrated a very high adherence
level to the proposed exercises (77%). The current literature provides very little evidence
surrounding patient adherence to exercise recommendations after TKA, which may also
impact the implementation of these interventions [21]. A huge variability exists concerning
the type of exercises and the adhesion during the in-person physical therapy programs,
except for very-well-designed research studies on the impact of physiotherapy programs
after TKA [22]. Therefore, very little data are reported for classic in-person programs during
standard clinical practice [5]. Using a mobile application might be ideal to standardize the
follow-up of PT interventions after TKA and provide direct quantitative feedback to the
patients, which increases their motivation [7]. Usually, exercise adherence decreases over
time [16,23], while in our study, it stayed high until the end of the rehabilitation program.
It is likely that the closed feedback provided by the data and the human intervention
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provided to the patients by the physical therapists daily through the app increased their
motivation [7,24].

With the global rise in TKA procedures, optimizing postoperative management to
enhance patient-reported outcomes is of paramount importance, especially when bundle
payment models apply [25]. Shorter hospitalization stays after TKA [26,27] present a need
for safer and more personalized postoperative rehabilitation protocols. The most common
severe complications which generate important costs are infection, deep vein thrombosis,
and manipulation under anesthesia [28,29]. As a result of procedure-related complications,
the average 90-day readmission rates vary widely in the literature, ranging from 3.5% to
15.6% in TKA [30,31]. The complication rate in our study was only 2.4% (two readmissions),
for manipulations under anesthesia. This low rate might be attributed to the smart alert
system that triggered the concerned care provider. In our study, frequent patient concerns
regarding wound healing, pain, and medication were frequently observed, requiring
attention from the healthcare professionals through the app. Indeed, 39% of the patients
expressed concerns, but the ability to seek answers through the mobile application helped
to reduce the number of outpatient consultations to only 10. These early referrals through
the app with an immediate medical response might have been a factor in preventing more
serious complications. These results highlight the potential benefits of implementing digital
solutions in healthcare to streamline communication between patients and healthcare
professionals, thereby reducing healthcare costs through the reduction of unnecessary
consultations while limiting the rate of complications.

The results of our study demonstrated a significant improvement in the Oxford Knee
Score, all KOOS sub-scores, and the KSS satisfaction sub-score at 6 months post-surgery.
The significant improvements were similar to those previously reported after in-person
interventions in Belgium and The Netherlands [32–34], and the population studied was
representative of the registry in terms of demographics [35]. The absence of direct com-
parison with standard protocols in our study limits further conclusions, but the results of
our study confirmed previous reports in the literature. In a study by Hardwick-Morris
et al., comparing digital rehabilitation to conventional rehabilitation, it was shown that
there was no significant difference, after 12 months, in any KOOS or KOOS, JR scores [18].
The study conducted by Timmers et al. demonstrated that the implementation of a digital
application post total knee arthroplasty can lead to a significant reduction in daily pain
levels and improvement in functional outcomes [20]. Additionally, digital interventions
implemented following joint arthroplasty have been found to enhance patient adherence
and postoperative satisfaction, making it a potential cornerstone for new pre- and postop-
erative care pathways in arthroplasty [36]. Based on the results in the literature, it could be
said that digital rehabilitation is at least non-inferior to conventional rehab [12].

Introducing new technologies into clinical practice requires careful consideration of
patient acceptance and ease of use. In our study, we assessed patient satisfaction with
the system and found that the patient promoter/satisfaction score was 89%, indicating a
high level of patient acceptance. This finding is consistent with a study by Correia et al.,
which reported a 90% satisfaction rate [37], or with the study by Scheper et al., which
reported high usefulness perceived by patients using an app to specifically monitor wound
problems [38]. The convenience of these systems for patients and their caregivers appears
to overcome the challenges associated with implementing new technology.

Previous studies have already indicated that digital rehabilitation is an economically vi-
able alternative to traditional in-person care for post knee arthroplasty rehabilitation [39,40].
The biggest difference with previous studies lies in the asynchronous design of the digital
rehabilitation used in this study, which reduced the cost drastically. Part of the savings
can be used by the healthcare payer to fund the digital platform, so it leads to no costs
for the healthcare providers. Furthermore, apart from the cost factor, implementing an
asynchronous approach for delivering physical therapy interventions may also alleviate
the time constraints imposed on therapists [40], allowing them to dedicate more time
to individualizing treatment plans and offering personalized attention to patients with
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higher needs. More detailed comparison with other studies is difficult, as our follow-up
time was relatively limited compared to usual cost studies with a long-term view up to
5 years [14,41]. Indirect costs such as travel costs were not considered. In Belgium, these
costs are not covered by insurance. It is likely that the travel reduction participated in the
high satisfaction rate of participants.

5. Conclusions

In a cohort of patients following a digital rehabilitation program after knee arthroplasty,
engagement was high and undesired events were carefully managed through a smart alert
system which avoided unnecessary consultations. Clinical improvements were similar to
those in other studies, reinforcing the latest review, who stated that digital rehabilitation is
non-inferior to conventional rehabilitation. Digital rehabilitation solutions can help to make
rehabilitation accessible to everyone and to lower healthcare-related costs by lowering the
complication and readmission rate and the rate of unnecessary consultations.

The personalized adaptative human-backed-up app-based digital rehabilitation pro-
gram for TKA patients presented in this study has a high patient promotor score (satisfac-
tion), as well as a high adherence score (engagement), which make it an ideal rehabilitation
partner as it provides good care to the patients (safe and effective) and provides unseen
data feedback to the healthcare providers.
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Abstract: Shoulder resurfacing is a versatile, bone-conserving procedure to treat arthritis, avascular
necrosis, and rotator cuff arthropathy. Shoulder resurfacing is of interest to young patients who are
concerned about implant survivorship and those in need of a high level of physical activity. Using a
ceramic surface reduces wear and metal sensitivity to clinically unimportant levels. Between 1989
and 2018, 586 patients received cementless, ceramic-coated shoulder resurfacing implants for arthritis,
avascular necrosis, or rotator cuff arthropathy. They were followed for a mean of 11 years and were
assessed using the Simple Shoulder Test (SST) and Patient Acceptable Symptom State (PASS). CT
scans were used in 51 hemiarthroplasty patients to assess the glenoid cartilage wear. Seventy-five
patients had a stemmed or stemless implant in the contralateral extremity. A total of 94% of patients
had excellent or good clinical results and 92% achieved PASS. 6% of patients required a revision. A
total of 86% of patients preferred their shoulder resurfacing prosthesis over a stemmed or stemless
shoulder replacement. The glenoid cartilage wear at a mean of 10 years was 0.6 mm by a CT scan.
There were no instances of implant sensitivity. Only one implant was removed due to a deep infection.
Shoulder resurfacing is an exacting procedure. It is clinically successful, with excellent long-term
survivorship in young and active patients. The ceramic surface has no metal sensitivity, very low
wear, and, therefore, it is successful as a hemiarthroplasty.

Keywords: shoulder resurfacing; arthroplasty; cementless resurfacing; ceramic-coated implant

1. Introduction

The humeral head has been considered a surplus skeletal part and is removed routinely
by most surgeons when performing a shoulder implant procedure. Replacement with a
metal head attached to a stem placed into the medullary canal of the humerus has been the
chosen reconstructive treatment. This may be an unnecessary concession to convention and
surgeon’s convenience [1–4]. It may not be the best option for every patient. During the
initial development of implant procedures, surgeons were concerned about the intrusive
nature of the procedures and the amount of metal involved. The biocompatibility of the
implant itself was an additional concern. Any implanted material must be durable, capable
of excellent functional performance, and biocompatible.

Cup arthroplasty was suggested initially for both the hip and shoulder [5–7]. Resur-
facing arthroplasty, or surface replacement, is an evolved technique from cup arthroplasty.
In this technique, only the degraded surface of the humeral head is replaced and, when
necessary, the glenoid is resurfaced. Although it is easier and less demanding to excise
the humeral head and perform a total joint replacement, a resurfacing procedure is more
conservative and can be a better option for the patient [8–17].

Humeral head resurfacing is best suited for a young patient with arthritic involvement
predominately of the humeral head. It can also be used to treat avascular necrosis and
the occasional head-splitting fracture. There are cases in which resurfacing is the best
option because there is a deformity or prior surgery with existing hardware in the humerus
blocking the placement of a stemmed prosthesis. It can be used in teenagers or in cases with
an elevated fear of infection. Contraindications to resurfacing include poor bone quality or

53



J. Pers. Med. 2023, 13, 825

unstable soft tissues. The under surface of the implant is coated with a porous surface for
ingrowth/ongrowth [8,9,12–15].

In the majority of cases, the humeral resurfacing prosthesis will articulate directly
with the preserved glenoid cartilage [8–15]. Therefore, the smoothest possible surface is
necessary. Ceramic coating the implant is the best method to achieve this goal (Figure 1).
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Figure 1. Cementless, ceramic-coated shoulder resurfacing implant.

Titanium nitride (TiN) has high hardness and a low friction coefficient. It has been
shown to be efficient in reducing the wear of cutting tools. It has been cleared by the Food
and Drug Administration as an implant bearing surface and coating (510K 93122). It has
much less wear compared to the cobalt chromium implants that are typically used for
shoulder replacement and other resurfacing implants. In addition to reduced wear, there
are no metal ions released into the tissues and, therefore, no chance of metal sensitivity or
an allergic reaction [18–20]. The glenoid component, when needed, is either cemented or
porous-backed polyethylene [10,15] (Figure 2).
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Figure 2. AP radiograph of a shoulder resurfacing with a polyethylene glenoid resurfacing component.

This study answered five questions:

• Does cementless, ceramic-coated shoulder resurfacing produce satisfactory function
and survivorship?

• What is the wear of ceramic resurfacing prostheses?
• Can a ceramic humeral resurfacing prosthesis produce acceptable outcomes without

glenoid resurfacing?
• Do patients prefer shoulder resurfacing to other implant procedures?
• Can a ceramic humeral shoulder resurfacing prosthesis provide acceptable outcomes

for rotator cuff arthropathy patients?

54



J. Pers. Med. 2023, 13, 825

2. Materials and Methods

The Institutional Review Board approved this retrospective study. The patients re-
ported in this study underwent their shoulder procedures between 1989 and 2018. The
patients’ function and comfort were assessed using the Simple Shoulder Test (SST) before
surgery and at follow-up every other year [4,21]. Patients were followed in person, with
video visits, and electronically. We used the SST and the Patient Acceptable Symptom
State (PASS) because they allow patients to assess their own function and comfort. The
most recent SST score was compared with the preoperative score to assess the outcome. In
addition, patients who had a stemmed or stemless prosthesis in their other shoulder were
asked which shoulder they preferred. They were also asked the reasons for the preference.
Most of our patients were from out of town with an average distance from the clinic of
1160 miles. There were 3 groups of patients:

• Humeral hemiarthroplasty.
• Total resurfacing arthroplasty with a ceramic humeral resurfacing component articu-

lating with a polyethylene glenoid.
• Hemiarthroplasty for rotator cuff arthropathy.

Shared decision-making was used to determine the procedure that a patient preferred.
A stem-supported anatomic or reverse total shoulder replacement was performed according
to the patient’s choice. Additionally, a glenoid component was placed at the time of humeral
head resurfacing if there was significant glenoid wear or if this was the patient’s choice.

All patients received radiographs. The radiographs were examined to determine
component fixation, component position, bone loss, and, if evident, glenoid cartilage wear.
A total of 51 hemiarthroplasty patients received CT scans 9–11 years after their surgery to
accurately measure the glenoid cartilage wear [22].

Retrieval analysis was performed on implants that were obtained either postmortem
or if there was a revision.

2.1. The Humeral Head Implant

The titanium alloy Ti6Al4V humeral implant was straight-stemmed and proportional
from 44–56 mm in diameter. Its undersurface was porous-coated with commercially pure
titanium plasma spray/beads to give an average pore size of 350 µm and a volume porosity
of 30%. The articulating surface was made of titanium alloy coated with a polished 10 µm-
thick layer of titanium nitride ceramic (TiN). This polishing was to 0.03 µ before and
to 0.04 µ after the TiN coating. The TiN coating was applied using the Physical Vapor
Deposition process [18]. When a glenoid component was used, it was Ethylene Oxide
sterilized GUR 1020 polyethylene.

2.2. Surgical Technique

The resurfacing arthroplasty technique was designed to restore anatomy to the artic-
ular surface of the humerus by applying a “cap” over the reamed surface of the humeral
head. An anatomic position restored the normal degree of retroversion (average 30◦) and
valgus (average 140◦). This allowed the tuberosities to be maintained with the rotator cuff
attachments and a preserved force couple.

When there is rotator cuff tear arthropathy with superior migration of the humeral
head but with a still captured humeral head within the coracoacromial arch, resurfacing is
possible. An “acetabularized” articulation with the humeral head using both the glenoid
and acromion is created. A now smooth surface can allow this articulation with altered
mechanics to provide reasonable function while reducing pain. In this situation, the
direction of the humeral head reaming may be as high as 170◦ valgus (“hyper valgus”)
and a femoral rather than humeral resurfacing device. These are limited goal cases from a
functional standpoint. The arm can be raised to eye level.

For both anatomic and rotator cuff arthropathy resurfacing, the operative technique
is similar: a deltopectoral approach is used. A limited number of pectoralis fibers can
be released to visualize the subscapularis. In cases of cuff tear arthropathy, the upper
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subscapularis may have eroded; the supraspinatus and infraspinatus are usually retracted
medial to the humeral head. The humeral head rides high in the subacromial space but is
contained within the subacromial arch. In the more typical cases with an intact or nearly
intact rotator cuff, the subscapularis is incised with a stump for later repair. The dissection
stops at the rotator cuff interval, avoiding injury to the insertion of the supraspinatus
and then the head is dislocated anteriorly. In all cases, great care is taken to preserve the
coracoacromial ligament.

Once the humeral head has been delivered into the wound, the well-visualized periph-
eral osteophytes are removed. A center guide wire is placed at the normal inclination of the
humeral head, perpendicular to the apex of the natural articular surface. In cases of cuff
tear arthropathy, the guide wire is placed in hyper valgus, which will allow seating over
the entire superior humeral surface including the tuberosities. If the biceps are healthy, it is
left intact; if not, a tenodesis is performed as part of the closure. The head sizer is placed
over the guide wire. Caution should be taken not to start the reamer before full application
to the bone to avoid grabbing and fracturing the humeral head or neck. Only the articular
surface is reamed down to bleeding bone.

2.3. Statistical Analysis

The clinical assessments were based on written responses to the SST [4,21]. These
responses were collected through January 2018, preoperatively and postoperatively. The
percentage of maximum possible improvements was calculated for the SST score with the
following formula: SST total score at the time of follow-up—SST total score preoperatively
× 100%/12 points—SST total score preoperatively.

Patients were considered to have achieved a meaningful improvement if the SST
increased by at least 30% of the maximum possible improvement. This method avoids
the ceiling effect that results from defining minimum clinically important differences.
Survivorship was defined as the absence of revision procedures and calculated using a
Kaplan–Meier estimator.

The PASS test was used as the more sensitive measure to assess the outcome in this
unique and demanding population. The PASS question used was as follows: “Taking
in account your shoulder pain and function and how it affects your daily life including
your ability to participate in sport and social activities, do you consider your current state
acceptable?” PASS determines if a patient improves to the point of getting well.

3. Results

The clinical outcomes were reported for three groups of patients:

• Resurfacing hemiarthroplasty.
• Total shoulder resurfacing with a polyethylene glenoid.
• Resurfacing arthroplasty for rotator cuff arthropathy.

3.1. Shoulder Resurfacing Hemiarthroplasty

There were 428 patients: 286 (67%) were men, 137 (32%) were women, and 4 (1%)
were non-binary. The mean patient age was 52 (standard deviation SD 10.2 years; range,
15–73 years). A total of 158 (37%) had prior surgery on their shoulder. The mean preoper-
ative SST score was 4 (SD 2.5) out of a possible 12 shoulder functions. For the unrevised
shoulder followed for a minimum of 5 years (mean 11 years; range 5–30 years), the mean
SST score was 10.5 (SD 2.9) of 12 possible positive responses. The median SST was 11 points
(interquartile range, 9–12 points). A total of 402 (94%) hemiarthroplasty patients obtained
≥ 30% of the maximum possible improvement in the SST score between the preoperative
and peak evaluation. A total of 92% of patients achieved PASS (Table 1). A total of 26 (6%)
hemiarthroplasty patients had subsequent procedures: 9 (2%) hemiarthroplasty patients
had a revision to add a glenoid component, 5 had revisions to total shoulder replacement,
5 had revisions to a reverse total shoulder replacement, 3 had subscapularis or rotator
cuff repairs, 2 had fracture repairs, and 2 had arthroscopic release procedures. There were
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twenty-three incision infections with three deep infections. There was one dislocation and
two fractures. There were five brachial plexopathies and one had a permanent partial
median nerve deficit. There was one loose humeral resurfacing implant.

Table 1. Results by procedure type.

Study Procedure SST (% Good or
Excellent Results)

PASS (%
Achieved)

Prosthesis
Revision (%)

Complications
(n)

Resurfacing Hemiarthroplasty 94 92 6 7

Resurfacing Total Arthroplasty 90 90 12 3

Stemmed Hemiarthroplasty 80 81 15 12

Stemmed Total Arthroplasty 84 86 12 11

Resurfacing Cuff Arthropathy Arthroplasty 66 76 6 7

Stemmed Reverse Total Shoulder Arthroplasty 69 77 11 13

3.2. Total Shoulder Resurfacing

There were 91 patients treated with a total resurfacing shoulder: 51 (56%) were men
and 40 (44%) were women. The mean patient age was 64 (SD 10.3 years; range 39–77).
A total of 35 (39%) had prior surgery. The mean preoperative SST score was 4 (SD 2.5).
For the total shoulder arthroplasty, the mean postoperative SST score was 9.9 (SD 3.1) of
12 possible responses. The median SST was 11 points (interquartile range; 9–12 points). A
total of 74 patients (90%) obtained ≥ 30% of the maximum possible improvement in the
SST score and 90% achieved PASS (Table 1). A total of nine (12%) total shoulder resurfacing
patients had revision procedures: three were to a reverse total shoulder arthroplasty, three
were glenoid revisions for loosening (in one instance, the glenoid prosthesis was removed
and not replaced), two were rotator cuff repairs, and one was an arthroscopic lysis of
adhesions. There were two incision infections and no deep infections. There was one
brachial plexopathy that resolved.

3.3. Rotator Cuff Resurfacing Arthropathy

For the 67 rotator cuff arthropathy patients, the mean patient age was 67 (SD 10.6 years,
range; 51–83 years): 46 (68%) were men, 21 (32%) were women, and 44 (67%) had prior
surgery (Figure 3).
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Figure 3. This AP shoulder radiograph shows a shoulder resurfacing performed with a full coverage
component covering the tuberosities and articulating with the acromion and glenoid.

The mean preoperative SST score for rotator cuff arthropathy was 2.5 (SD 2.5) out of a
possible 12. For the rotator cuff arthropathy patients, the mean SST score was 7.7 (SD 4)
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of 12 possible responses. The median SST was 8 (interquartile range; 5–11 points). A total
of 43 (64 %) obtained ≥ 30% of the maximum possible improvement in the SST score. A
total of 64% achieved PASS. There were three incision infections and one deep infection
in a multiply operated shoulder. There were three brachial plexopathies and one had a
permanent medial nerve deficit. Of the combined group, 31 patients were lost to follow-up
and the outcomes at a minimum of 5 years were reported. Nineteen patients died of
causes unrelated to shoulder resurfacing. The number of deaths was less than the actuarial
predictions for the general population and were not shared by total shoulder replacement.
This was also reported for hip resurfacing [23].

3.4. Patient Preference

A total of 55 resurfacing hemiarthroplasty patients had a different prosthesis on
the other side: a stemmed total shoulder replacement (19), stemmed hemiarthroplasty
(18), total shoulder resurfacing (9), reverse shoulder arthroplasty (7), and resurfacing
hemiarthroplasty for rotator cuff arthropathy (2). A total of 11 shoulder arthroplasty
patients had a different prosthesis on the other side: stemmed total shoulder replacement
(5), stemmed hemiarthroplasty (3), resurfacing hemiarthroplasty (2), and reverse total
shoulder arthroplasty (1). A total of 9 rotator cuff arthropathy patients had a different
prosthesis on the other side: stemmed total shoulder arthroplasty (3), reverse total shoulder
arthroplasty (2), stemmed hemiarthroplasty (2), and resurfacing hemiarthroplasty (2).

A total of 50 out of 55 (90%) of hemiarthroplasty patients preferred their hemiarthro-
plasty compared to their other shoulder. Three preferred their total resurfacing shoulder
or stemmed total shoulder and two had no preference. Eight of the eleven total shoulder
resurfacing patients preferred their total shoulder resurfacing to their other shoulder. Two
preferred their resurfacing hemiarthroplasty and one had no preference. Six out of nine
rotator cuff arthropathy patients preferred their hemiarthroplasty to their other prosthe-
sis, and three preferred their reverse total shoulder arthroplasty (Table 2). The reasons
provided were consistent: it feels more natural, it feels more stable, and I can do more
with it [24,25]. The operative time for resurfacing hemiarthroplasty was a mean of 24 min
longer compared to stemmed hemiarthroplasty. No patient had signs or symptoms of metal
sensitivity. Titanium ion concentrations were measured in 39 patients and they were all
unmeasurable, indicating low wear and bonding of the ceramic coating.

Table 2. Patient preferences comparison.

Study Procedure
Study Procedure vs. Prosthesis in

Contralateral Shoulder

Prefer Resurfacing Prefer Stemmed No Preference

Resurfacing Arthroplasty vs. Stemmed
Total Arthroplasty

Resurfacing Hemiarthroplasty vs.
Stemmed Hemiarthroplasty

Resurfacing Arthroplasty for Arthropathy vs.
Stemmed Total Arthroplasty

90%

70%

80%

5%

30%

20%

5%

0%

10%

3.5. Radiographic Examination

Radiographs showed the humeral resurfacing implant was placed correctly in all
cases. There were no implants with loosening or radiolucent lines. There were no areas of
osteolysis. The glenohumeral joint space, as visualized on plain films, was maintained. The
glenohumeral joint space was measured by a CT scan in 51 hemiarthroplasty patients aged
9–11 years (SD 3 years, range 5–15 years) following surgery. There was a mean decrease
of 0.6 mm (range, 0–1.6). There were 12 cases where patients started with < 2 mm of joint
space.
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3.6. Retrieval Studies

A postmortem or revision retrieval analysis was available for nine TiN-coated humeral
implants obtained 10 or more years following implantation. The average TiN wear at the
head pole of the spherical surface was 1.5 µm, with the remaining 8 µm intact. There
were four retrievals of polyethylene glenoid components articulating with TiN humeral
components. The maximum polyethylene volumetric wear was 19 mm3/year. There were
no areas of polyethylene wear through. There were no instances of reactive synovitis or
osteolysis.

4. Discussion

Shoulder resurfacing is an effective procedure for increasing function and reducing
pain. It has a higher PASS score compared to stemmed supported implants. It is effective
both for high-demand patients with an intact rotator cuff as well as for limited-goal patients
with rotator cuff arthropathy. Complications from shoulder resurfacing are less frequent
and less serious compared to stemmed hemiarthroplasty and stemmed or stemless total
shoulder replacement. Only one shoulder resurfacing implant was explanted due to an
infection. The other infections were resolved or suppressed with antibiotics. Resurfacing
implant survivorship is also better than for stemmed total shoulder replacement. Shoulder
resurfacing “burns no bridges”. Shoulder resurfacing is a very valuable procedure when
the humeral canal is blocked, or when there is an elevated concern for infection.

Revision to stemmed total shoulder replacement or reverse total shoulder replacement
was uncommon but uncomplicated and successful when necessary [5,6,8–10,12–17,24].
Shoulder resurfacing is as successful as hemiarthroplasty because glenoid wear is low.

Shoulder resurfacing is a safer and less intrusive procedure compared to total shoulder
replacement or hemiarthroplasty with a stemmed or stemless implant. Humeral head
resurfacing is also more effective and protective than the “ream and run” procedure. In
the “ream and run” procedure, the glenoid is made smooth by reaming but no glenoid
implant is placed [4,21,26–28]. A stemmed humeral implant with a prosthetic humeral
head articulates with the prepared glenoid. There are three reasons why cementless ceramic
shoulder resurfacing is a better solution than “ream and run”:

• All the bone is preserved, and the anatomy is restored more precisely. The exact
dimension of the humeral head can be recovered, and the retroversion of the shoulder
is restored to the anatomic position [29].

• A humeral stem is avoided. Stems create an abnormal load transfer across the shoulder
joint with stress shielding of the humerus. Additionally, implantation of a stem
increases the difficulties involved if a prosthetic infection occurs. Stemless implants
are similar to stemmed implants in that they also produce abnormal forces on the
proximal humerus [30,31]. While convenient, stemless implants are not equivalent to
head-conserving resurfacing implants.

• A ceramic surface is biocompatible and produces less tissue reaction and wear com-
pared to cobalt chromium. [32]

For patients with rotator cuff arthropathy, shoulder resurfacing offers a less intrusive,
lower risk approach than reverse total shoulder replacement. In the event of a reverse
total shoulder replacement failing, reconstruction can be very difficult. The results from
reverse total shoulder replacement are quite satisfactory and often better than the limited
goals of shoulder resurfacing, but the risks are much greater than other shoulder implant
procedures [5,27,33].

Patients prefer cementless, ceramic-coated shoulder hemiarthroplasty over total shoul-
der replacement, reverse total shoulder replacement, and stemmed shoulder hemiarthro-
plasty. The reasons are a more natural feel and better function. Preference studies are the
best way to make comparisons, as all the other variables are controlled [25]. Preference
studies have been useful for controlling bias and they have become an accepted method of
making comparisons.
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It is important to use PASS in assessing the outcome from surgery, as other Patient-
Reported Outcome Measures (PROMs) provide some useful information but have their
limitations, particularly in highly active individuals. Additionally, survivorship is not the
same as a good outcome, and getting better is not equivalent to feeling well. PASS is a
more useful method for determining the benefit of a procedure. Achieving PASS may still
not reflect a normal state of function. It remains important for both patients and surgeons
to recognize that there are limits in our ability to restore shoulder function and measure
outcomes. PASS is achieved more often with resurfacing compared to stemmed procedures.

It is very important to use a metal-free implant. A wear simulation test was conducted
using 12 specimens to 10 million cycles. The maximum wear patch in the TiN was 1.5 µm
compared to the pretest thickness of the coating of 10 µm. The wear penetration, changes
to surface roughness, and wear particle analysis showed more than 30 times less wear with
ceramic-coated titanium compared to cobalt chromium [34].

Both the retrieval and wear simulator analyses show that a lifetime of use is expected
with a ceramic surface. Ceramic wear is much less compared to cobalt chromium. Even
without functional or radiographic failure, cobalt chromium wear debris produces synovitis,
which can be painful. TiN particles are biocompatible and result in an increase in the
proliferation of cells and the affinity of bone to the implant. Cobalt-chromium particles
cause osteolysis and chondrolysis. There is lower adhesion of bacteria to TiN surfaces
compared to coated or uncoated titanium, cobalt chromium, and polyethylene surfaces
and, therefore, a lower infection rate [20,32,33,35,36].

Infections are an important patient concern following any implant arthroplasty pro-
cedure. A total of 14.3% of patients raised concerns about incisional infections. Among
the patients who were not concerned, the deep prosthetic infection rate was 0.7%. Among
patients who had some concerns but no definite superficial infection, the deep infection rate
was 3%. For patients with a definite superficial infection, 30% developed a deep prosthetic
infection [37]. Infection with resurfacing is less common and much easier to deal with as
the medullary space has not been entered. Implant retention is more likely with resurfacing
compared to stemmed implant procedures. Only one resurfacing implant was removed for
infection, but more than half of the infected stemmed shoulder prostheses were removed.

The results of this study should be reviewed in light of certain limitations. First,
all procedures were performed by a surgeon experienced in the technique. Shoulder
resurfacing is a demanding technique requiring a close match of the implant to the reshaped
native bone. Second, only a single cementless, ceramic-coated implant was used. This
implant meets demanding polishing and coating specifications; other implants might not
perform as well. Third, most of the patients lived at a distance from the clinic, so we
relied on the patients’ assessments of their own shoulder functions and comfort using
the SST and PASS. Fourth, this procedure was offered to highly motivated patients who
understood that their rehabilitation might be long and challenging. Part of the motivation
of the patients was the potential to return to a higher level of physical activity. Fifth,
there may be patient and surgeon bias in favor of resurfacing due to its bone-conserving
nature. Patients are appreciative of the aesthetics of the implant. For the surgeon, however,
resurfacing procedures are demanding and take additional time to perform, but since they
are hemiarthroplasty procedures, they are compensated at a lower rate compared to total
shoulder replacement. For the patient, the expectations are higher, so the outcomes temper
the positive bias.

5. Conclusions

In conclusion, cementless, ceramic-coated shoulder resurfacing is a valuable proce-
dure. It has conceptual, procedural, functional, wear, and preference advantages over
conventional shoulder replacement options in treating advanced articular cartilage damage
in the shoulder.
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Abstract: In total knee arthroplasty (TKA), functional knee phenotypes are of interest regarding
surgical alignment strategies. Functional knee phenotypes were introduced in 2019 and consist of
limb, femoral, and tibial phenotypes. The hypothesis of this study was that mechanically aligned
(MA) TKA changes preoperative functional phenotypes, which decreases the 1-year Forgotten Joint
(FJS) and Oxford Knee Score (OKS) and increases the 1-year WOMAC. All patients included in this
study had end-stage osteoarthritis and were treated with a primary MA TKA, which was supervised
by four academic knee arthroplasty specialists. To determine the limb, femoral, and tibial phenotype,
a long-leg radiograph (LLR) was imaged preoperatively and two to three days after TKA. FJS,
OKS, and WOMAC were obtained 1 year after TKA. Patients were categorized using the change in
functional limb, femoral, and tibial phenotype measured on LLR, and the scores were compared
between the different categories. A complete dataset of preoperative and postoperative scores and
radiographic images could be obtained for 59 patients. 42% of these patients had a change of limb
phenotype, 41% a change of femoral phenotype, and 24% a change of tibial phenotype of more than
±1 relative to the preoperative phenotype. Patients with more than ±1 change of limb phenotype
had significantly lower median FJS (27 points) and OKS (31 points) and higher WOMAC scores
(30 points) relative to the 59-, 41-, and 4-point scores of those with a 0 ± 1 change (p < 0.0001 to 0.0048).
Patients with a more than ±1 change of femoral phenotype had significantly lower median FJS (28
points) and OKS (32 points) and higher WOMAC scores (24 points) relative to the 69-, 40-, and 8-point
scores of those with a 0 ± 1 change (p < 0.0001). A change in tibial phenotype had no effect on
the FJS, OKS, and WOMAC scores. Surgeons performing MA TKA could consider limiting coronal
alignment corrections of the limb and femoral joint line to within one phenotype to reduce the risk of
low patient-reported satisfaction and function at 1-year.

Keywords: knee arthroplasty; mechanical alignment; clinical outcome; phenotype; level of evidence III;
prospective study

1. Introduction

Successful TKA has been shown to substantially improve mobility and quality of
life in patients with advanced osteoarthritis of the knee. The fact that the procedure of
total joint replacement is one of the most successful and effective operations with excellent
survivorship of the implants, there are still a considerable percentage of patients with
ongoing problems with the replaced joint. Studies reveal that about 15–20% of patients are
not satisfied with the implanted knee prosthesis [1,2]. Currently, most of these patients
are treated with the mechanical alignment (MA) technique, which is still considered the
“gold standard” in knee arthroplasty [3]. In MA, the orientation of the joint line and
the bone resections are usually not evaluated and measured, as the resection thickness
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does not influence surgical decision making. However, one reason for the discomfort of
a considerable proportion of the patients might be the change in the native orientation of
the joint line and, consequently, a change in ligament balancing. To better evaluate the
joint line and to understand how far this might influence the outcome, a lot of research
and analysis was done, and the concept of phenotypes was established. This classification
confirms a wide variability between individuals and challenges the standard of MA [4–6].

Functional phenotypes of the limb, femur, and tibia have been introduced by
Hirschmann et al. to provide a contemporary classification of normal coronal limb
and knee alignment [7,8]. Functional phenotypes categorize the hip-knee-ankle (HKA)
angle, femoral mechanical angle (FMA), and tibial mechanical angle (TMA) within
intervals of 3◦ . One remarkable finding of their work was that only 5.6% of non-
osteoarthritic males and 3.6% of non-osteoarthritic females exhibit limb and knee
alignment characteristics targeted by mechanically aligned (MA) total knee arthro-
plasty (TKA) [8].

MA sets the femoral component perpendicular to the femoral mechanical axis, which
changes the pre-arthritic distal femoral joint line of most patients because the orientation of
this line varies from −6◦ varus to 6◦ valgus relative to the femoral mechanical axis in the
non-osteoarthritic knee [7,9–12]. When performing MA TKA in 84% of patients that have a
pre-arthritic neutral or valgus femoral phenotype (FMA > 91.5◦), the femoral phenotype will
change by at least one category [7]. In addition, MA sets the tibial component perpendicular
to the tibial mechanical axis, which changes the pre-arthritic tibial joint line in most patients
because the orientation of this line varies from −9◦ varus to 3◦ valgus relative to the tibial
mechanical axis in the non-osteoarthritic knee [7,13]. When performing MA TKA in 71% of
patients with a pre-arthritic tibial joint orientation different from perpendicular to the tibial
mechanical axis, the tibial phenotype will change at least one category [7].

The limb, femoral, and tibial phenotypes in osteoarthritic knees are differently dis-
tributed than in healthy non-arthritic knees, with higher deviations from neutral pheno-
types [14]. Consequently, it can be expected that any alignment strategy in TKA will change
most patients’ osteoarthritic limb, femoral, and tibial phenotype regardless of whether the
target of the alignment strategy is to restore the patient’s pre-arthritic alignment, i.e., kine-
matic alignment (KA), or to create perpendicular joint lines in relation to the corresponding
mechanical axis, i.e., MA [15].

Recently, a study concluded that the MA-induced change of the patient’s joint line
obliquity and arithmetic HKA angle did not influence patient outcome [16]. This study
used an alignment classification system termed coronal alignment of the knee (CPAK),
which groups joint line obliquity and the arithmetic HKA angle (an angle computed
from the femoral and tibial joint line orientation in relation to the mechanical axis of the
corresponding bone) in nine phenotypes [17]. Because joint line obliquity is categorized
(e.g., apex distal, neutral, apex proximal) and the arithmetic HKA angle is categorized (e.g.,
varus, neutral, valgus), it is not sensitive to changes within one category. In contrast, the
classification system of functional limb, femoral, and tibial phenotypes is quantitative and,
therefore, could help identify the magnitude of phenotype category change that lowers
clinical outcome scores.

Assessing whether a change of functional phenotype adversely affects clinical out-
comes requires knowing the minimum clinically important difference (MCID) difference of
patient-reported questionnaires. The MCID is the smallest change in score that patients
perceive as meaningful, which would cause clinicians to consider modifications in their
treatment approach. For example, representative MCID values are 13 points for the For-
gotten Joint Score (FJS), 3–5 points for the Oxford Knee Score (OKS), and 10 points for the
Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score [18–20].

A literature review found no reports of MA TKA that assessed the change in functional
phenotype and whether the change adversely affected clinical outcome scores. Accordingly,
this prospective study determined the proportion of patients with a change of functional
limb, femoral, and tibial phenotype after MA TKA and which change caused a low 1-year
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Forgotten Joint (FJS) and Oxford Knee (OKS) and high WOMAC score. A follow-up period
of one year seemed reasonable because knee function reaches a plateau within the first
postoperative year and remains stable in the following years [21–24].

2. Materials and Methods

An institutional review board approved this prospective study (IRB-189/19). The
lead author (DR) enlisted four experienced academic knee arthroplasty specialists who
each supervised a cemented primary MA TKA on 20 consecutive patients with end-stage
osteoarthritis using conventional manual instrumentation and a posterior cruciate ligament
retaining implant design (Triathlon Stryker, Kalamazoo, MI, USA). Excluded were patients
with avascular necrosis, septic arthritis, prior intra-articular fracture, or a severe pre-
operative knee deformity that required revision components to restore stability. Patients
with no pre-operative or postoperative long-leg radiographs (LLR) were also excluded. In
addition, surgeons recorded pre-operative values of body mass index (BMI), knee extension,
knee flexion, Oxford Knee Score (OKS), and Western Ontario and McMaster Universities
Arthritis Index (WOMAC) (100 worst, 0 best) on each patient.

The following describes the key points of the surgical technique. After exposing the
knee, the surgeon classified the primary location of the osteoarthritic as medial (i.e., varus
deformity), lateral (i.e., valgus deformity), or patellofemoral. The distal femoral resection
guide, set at 6◦ of valgus relative to a rod inserted into the intramedullary canal, was seated
flush with the most distal condyle of the femur, which determined the varus-valgus (V-V)
joint line orientation of the femoral component. The saw slot of an extramedullary tibial
resection guide set perpendicular to the mechanical axis of the tibia was positioned 8 mm
distal to intact cartilage on the tibial articular surface, which determined the V-V joint line
orientation of the tibial component. The surgeon, at their discretion, resurfaced the patella
and released ligaments to balance the TKA.

On LLR obtained before and three days after MA TKA, the following angles were
computed on the operated limb: (1) The HKA angle measured between the lines connecting
the centers of the femoral head, the knee, and the talus, (2) the FMA measured between
the femoral mechanical axis and a tangent to the distal femoral condyles, (3) the TMA
measured between the tibial mechanical axis and a tangent to the proximal tibia joint
surface or the tibial baseplate. Each angle was assigned to a phenotype category [7,8,14].

One year postoperatively, the surgeon sent the FJS, OKS, and WOMAC questionnaires
to each patient. Those that filled out each questionnaire were included in this study.

Statistical Analysis

The Shapiro-Wilk test determined the normality of the dependent variables. The
mean ± standard deviation (SD) and median and interquartile range (IQR) described
normal and non-normal dependent variables (JMP Pro, 16.2.0, www.jmp.com, accessed
on 23 February 2023). Based on pre- and postoperative HKA angle, FMA, and TMA
measurements, patients were assigned to a pre- and postoperative phenotype cate-
gory, and the change in phenotype category was computed. For each phenotype, the
Wilcoxon/Kruskal–Wallis test determined the significance of the difference in the one-
year FJS, OKS, and WOMAC scores between each change in the phenotype category.
Significance was set at p < 0.05.

3. Results

Of the 83 eligible patients, 11 patients did not receive a postoperative LLR. Thirteen
patients did not return the one-year clinical outcome questionnaires, leaving 59 patients
for final data analysis. Table 1 shows the years each surgeon practiced TKA and the
preoperative patient characteristics and function scores for those patients treated by each
surgeon. There were no significant differences in the proportion of females to males, mean
age, mean BMI, the proportion of varus, valgus, and patellofemoral deformities, and
preoperative OKS and WOMAC scores between surgeons. Table 2 shows the one-year
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median FJS, OKS, and WOMAC scores were not significantly different between the patients
treated by each surgeon. Hence, this study combined the patients for analysis.

Table 1. Pre-operative patient characteristics and function scores for the patients treated by each surgeon.

Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4 p-Value

Years of Practice 30 22 17 14

Patients’ Preoperative Characteristics and Function Scores

Number of Patients (N)

Female/Male 6/10 8/7 8/7 7/6 p = 0.7520 **
Preoperative Deformity:

Varus/Valgus/Patellofemoral 12/4/0 12/2/1 13/2/0 11/2/0 p = 0.8108 **

Mean ± Standard Deviation

Age (years) 67 ± 9 68 ± 7 63 ± 7 66 ± 13 p = 0.5266 *
BMI 1 29 ± 8 33 ± 6 31 ± 5 33 ± 8 p = 0.3121 *

Knee Extension (deg) 3 ± 4 4 ± 6 2 ± 3 3 ± 4 p = 0.6768 *
Knee Flexion (deg) 112 ± 10 111 ± 8 104 ± 11 105 ± 10 p = 0.0597 *
Oxford Knee Score
(48 best, 0 worst) 21 ± 4 20 ± 5 19 ± 5 23 ± 6 p = 0.1875 *

WOMAC 2

(0 best, 96 worst)
43 ± 14 48 ± 12 49 ± 18 45 ± 19 p = 0.5935 *

1 Body-Mass-Index; 2 Western Ontario and McMaster Universities Arthritis Index; * ANOVA determined differ-
ences between surgeons; ** Pearson’s Chi-Square Test determined differences between surgeons.

Table 2. Postoperative patient function scores for the patients treated by each surgeon.

Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4 p-Value

Number of patients (N) with
1-year follow-up 16 15 15 13

Median and [IQR] 1 of Postoperative Function Scores

Forgotten Joint Score
(100 best, 0 worst) 45 [31 to 73] 60 [15 to 69] 33 [25 to 77] 44 [28 to 89] p = 0.4692 *

Oxford Knee Score
(48 best, 0 worst) 35 [31 to 45] 37 [27 to 41] 40 [27 to 45] 36 [31 to 43] p = 0.3257 *

WOMAC 2

(0 best, 96 worst)
13 [6 to 16] 17 [9 to 41] 11 [4 to 22] 13 [4 to 28] p = 0.8263 *

1 Interquartile Range [IQR] 2 Western Ontario and McMaster Universities Arthritis Index; * Kruskal-Wallis Test
determined differences between surgeons.

The pre- and postoperative functional phenotype distribution is illustrated in Figure 1.
Remarkably, 42% of the HKA phenotype and 41% of the FMA phenotype, but only 25% of
the TMA phenotype were changed to more than one category by MA TKA (Figure 1).

For the one-year FJS, patients with a HKA phenotype change of more than one
category had a significantly lower median score of 27 points relative to the 59-point
score of those with no or only one category change (p = 0.0002) (Figure 2). In addition,
patients with a FMA phenotype change of more than one category had a significantly
lower median score of 28 points relative to the 69-point score of those with no or only
one category change (p < 0.0001). A change in TMA phenotype had no effect on the FJS.

For the one-year OKS, patients with a HKA phenotype change of more than one
category had a significantly lower median score of 31 relative to the 41-point score of
those with a no or only one category change (p < 0.0001) (Figure 3). In addition, patients
with a FMA phenotype change of more than one category had a significantly lower
median score of 32 points relative to the 40-point score of those with no or only one
category change (p < 0.0001). A change in TMA phenotype had no effect on the OKS.
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Figure 2. Boxplots show the Forgotten Joint Score (FJS) (100 best, 0 worst) of patients who had a
phenotype change of fewer than two categories and of more than one category. The median FJS
of patients with more than 1 category change of the limb (HKA) and femoral (FMA) phenotype
was significantly lower by at least 2 times the 13-point MCID relative to patients whose phenotype
changed only one category or less (p = 0.0002 (HKA) and <0.0001 (FMA)). A change of the tibial
(TMA) phenotype of more than one category was less frequent and did not lower the FJS.

For the one-year WOMAC, patients with a HKA phenotype change of more than one
category had a significantly higher median score of 30 points relative to the 10-point score
of those with no or only one category change (p = 0.0002) (Figure 4). In addition, patients
with a FMA phenotype change of more than one category had a significantly higher median
score of 24 points relative to the 8-point score of those with no or only one category change
(p < 0.0001). A change in TMA phenotype had no effect on the WOMAC score.
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Figure 3. Boxplots show the Oxford Knee Score (OKS) (48 best, 0 worst) of patients who had a
phenotype change of fewer than two categories and of more than one category. The median OKS of
patients with more than 1 category change of the limb (HKA) and femoral (FMA) phenotype was
significantly lower by at least once the 5-point MCID relative to patients whose phenotype changed
only one category or less (p < 0.0001). A change of the tibial (TMA) phenotype of more than one
category was less frequent and did not lower the OKS.
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Figure 4. Boxplots show the WOMAC score (0 best, 96 worst) of patients who had a phenotype change
of fewer than two categories and of more than one category. The median WOMAC score of patients with
more than 1 category change of the limb (HKA) and femoral (FMA) phenotype was significantly higher
by at least once the 10-point MCID relative to patients whose phenotype changed only one category or
less (p = 0.0002 (HKA) and <0.0001 (FMA)). A change of the tibial (TMA) phenotype of more than one
category was less frequent and did not increase the WOMAC score.

To better analyze whether other factors or variables influence the postoperative out-
come after total knee arthroplasty, we added a simple regression analysis that showed that
only age, BMI, Preoperative OKS, and preoperative FMA influenced the postoperative
outcome, which is already well-known in literature [25–27]. In addition, we performed a
Student t-test to analyze if these variables have an influence or difference in the two groups
displaying the change in phenotype categories. As displayed in Table 3 it showed that
none of the variables that influence postoperative outcomes in general have a significant
difference in the two groups, whether in the HKA, FMA, or TMA phenotype change group.

Table 3. Analysis of the distribution of independent variables that influence postoperative outcomes
with respect to the two Phenotype change groups.

HKA Phenotype
Categories Change

0 ± 1

HKA Phenotype
Categories Change

More Than ± 1
p-Value

Mean ± Standard Deviation

Age 67.2 ± 8.9 64.7 ± 9.1 p = 0.2927 *
BMI 31.7 ± 7.4 31.6 ± 6.0 p = 0.9712 *

Preop Oxford 21.2 ± 4.2 19.8 ± 5.7 p = 0.3138 *
Preop FMA 92.7 ± 2.0 92.6 ± 2.6 p = 0.9387 *

* t-Test determined differences between the two groups who had a phenotype change of fewer than two categories
and of more than one category.
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4. Discussion

The most important findings of the present study were that changing the patient’s
functional limb and femoral phenotype by more than one category significantly lowered
clinical outcome scores, while changing the patient’s functional tibial phenotype has a
negligible effect on clinical outcome scores.

To the authors’ knowledge, this is the first study evaluating the impact of changing
the patient’s functional limb and knee phenotype on clinical outcomes after MA TKA.
This study confirms that a too vigorous change in a patient’s limb and knee alignment
reflects poorly on clinical outcome [15,28–30]. The changes of the phenotype and, in that
sense, a change of the joint line and, thereby, a change of the soft tissue tension may have a
distinct impact on the short and long-term outcome. The change in soft tissue balancing is
one key point in the discussion of different alignment strategies for knee arthroplasty. A
different pressure distribution, soft tissue change, and change of joint alignment might lead
to ligament imbalance which might be one reason for dissatisfaction after TKA [31–33].

To address that concern, multiple alternative alignment techniques have evolved,
including unrestricted KA, which aims to restore the patient’s pre-arthritic alignment
without limitations, and functional alignment, which aims to restore the pre-arthritic
alignment within defined boundaries, while minimizing changes to the joint line orientation
and soft tissue releases [34,35].

While the present study compared pre- and postoperative functional phenotypes (i.e.,
alignment), it did not evaluate how MA TKA changed patients’ pre-arthritic functional
phenotypes. Osteoarthritis changes functional phenotype distribution with a wider devi-
ation from neutral [14]. The patient’s pre-operative limb, femoral, and tibial phenotype
is, therefore, not an adequate target when planning a TKA. However, the results from the
present study indicate that patient-reported outcome scores are sensitive to a change of
limb and femoral phenotype beyond one category, which could help surgeons perform-
ing functional alignment to further personalize their alignment boundaries by avoiding
phenotype changes of more than one category [29].

An unexpected result from the present study is that a change in the tibial phenotype
did not alter clinical outcome scores. This finding indicates that postoperative patient
function is more sensitive to the restoration of pre-arthritic limb alignment and femoral
joint line orientation, which corresponds to the concept of unrestricted KA [36]. A principle
of unrestricted KA is to restore the flexion–extension (FE) axis of the tibia, which is located
within the femoral condyles [9,37].

The present study can help understand why using robotic assistance in MA TKA does
not improve patient-reported function beyond the threshold of MCID [38–40]. While robotic
assistance or patient-specific instrumentation (PSI) improves the accuracy of component
positioning to the MA TKA target, it does not necessarily result in substantial advantages
concerning patient functionality [41–43]. Executing MA TKA with high accuracy consis-
tently changes functional phenotypes in more than one category and consequently exposes
the patient to an increased risk of inferior clinical outcomes.

The present study has several limitations. First, only one implant system was used to
treat the patients in the present study. To generalize the results from this study, surgeons
performing MA TKA with other implant systems could measure functional phenotypes
and assess whether a change in functional phenotype beyond one category causes a drop
in patient-reported outcome scores one year after TKA. Finally, the frequency and extent of
soft tissue releases were not included in the data analysis of this study. Because alternative
alignment techniques strive to reduce the frequency and extent of soft tissue releases during
TKA, it might be of interest whether the change in functional phenotypes is associated with
the frequency and extent of soft tissue releases and whether the soft tissue release itself
influences patient-reported outcomes. Future studies shall answer this question.
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5. Conclusions

When performing MA TKA, surgeons should recognize the adverse consequences of
changing the patient’s presurgical limb and femoral phenotype by two or more categories,
as this significantly lowered patient-reported outcomes after one year. If surgeons use
robotic instrumentation or navigation to align a TKA, it would be worth considering setting
alignment targets that avoid a phenotype change of more than one category.
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Abstract: Unicompartmental knee arthroplasty (UKA) in isolated medial or lateral osteoarthritis leads
to good clinical results. However, revision rates are higher in comparison to total knee arthroplasty
(TKA). One reason is suboptimal fitting of conventional off-the-shelf prostheses, and major overhang
of the tibial component over the bone has been reported in up to 20% of cases. In this retrospective
study, a total of 537 patient-specific UKAs (507 medial prostheses and 30 lateral prostheses) that had
been implanted in 3 centers over a period of 10 years were analyzed for survival, with a minimal
follow-up of 1 year (range 12 to 129 months). Furthermore, fitting of the UKAs was analyzed on
postoperative X-rays, and tibial overhang was quantified. A total of 512 prostheses were available for
follow-up (95.3%). Overall survival rate (medial and lateral) of the prostheses after 5 years was 96%.
The 30 lateral UKAs showed a survival rate of 100% at 5 years. The tibial overhang of the prosthesis
was smaller than 1 mm in 99% of cases. In comparison to the reported results in the literature, our
data suggest that the patient-specific implant design used in this study is associated with an excellent
midterm survival rate, particularly in the lateral knee compartment, and confirms excellent fitting.

Keywords: unicompartmental knee arthroplasty; osteoarthritis; patient-specific implant; partial knee
arthroplasty; patient-specific instruments

1. Introduction

Unicompartmental knee arthroplasty (UKA) in isolated medial or lateral osteoarthritis
leads to good clinical results. In comparison to total knee arthroplasty (TKA), surgery can be
performed through a shorter approach, leading to quicker rehabilitation, and the kinematics
after implantation of UKA are similar to those of the physiological knee [1–4]. Good clinical
results were confirmed in two recent randomized controlled trials [5,6]. Registry Data
confirmed these results and showed that the Oxford knee score is higher in patients with
UKA compared to TKA [7]. On the other hand, the revision rate in UKA is nearly twice
as high as for TKA. In the German arthroplasty registry, for example, the revision rate for
UKA was 8% after 7 years compared to 4% in TKA [8].

There are many reasons for revision of UKA. The optimal positioning of UKA has
been studied extensively [9–11]. In this respect, free-hand implantation of UKA leads to up
to 41% of outliers of the optimal range [12]. Other reasons for revision are complications
associated with tibial overhang or undersizing. Tibial undersizing may increase the risk of
implant migration into the softer cancellous bone with consecutive loosening. On the other
hand, a recent analysis showed that a tibial overhang over the bone of more than 3 mm can
lead to a revision rate of up to 20% [13]. Medial overhang of the prosthesis is sometimes
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difficult to avoid. The placement of the medial unicondylar prosthesis is limited in the
lateral direction, as harm to the anterior cruciate ligament has to be avoided. Choosing a
smaller implant can lead to undercoverage in the antero-posterior direction.

Patient-specific implants (PSI) are produced individually for every patient based on
a computed tomography scan of the leg. They have shown a better coverage of the tibia
in CAD studies, with 0% overhang in comparison to off-the-shelf implants, which show
overhang of up to 70% [14]. Furthermore, it has been shown that the implantation of the
PSI in combination with patient-specific instruments leads to reproducible and precise
implantation [15]. Thus, PSI should help to avoid suboptimal implantations leading to
failures of UKA [12,16].

Lateral UKA can lead to good clinical results in isolated lateral osteoarthritis of the
knee [17]. The procedure is performed less frequently and the revision rate is reported
to be much higher than in medial UKA, with a revision rate of 12% after 5 years [18]. A
reason for this is that lateral UKA is technically more challenging than medial UKA due to
the lower number of indications, as well as the different functional anatomy of the lateral
compartment. One more reason is the fact that most of the available UKA systems offer
no specific lateral implants. Instead, the medial tibial component of one side (left/right)
is used as a lateral component on the contralateral side. Knowing that the biomechanics
of the lateral component differs to that of the medial, this is probably one reason for the
higher revision rate of lateral UKAs [17]. With patient-specific implants a better fitting for
lateral prosthesis as well is awaited.

The use of a patient-specific unicompartmental knee prosthesis should result in more
precise implantation and better coverage. These advantages should lead to a lower revision
rate. However, clinical data showing this are sparse. The aim of this retrospective study
was to analyze the survival of more than 500 PSI UKA and to measure the overhang of the
tibial component.

2. Materials and Methods

A total of 537 consecutive knees in 492 patients that received isolated medial or lateral
patient individual UKA (iUni, ConforMIS, Billerica, MA, USA), were included in the study.
Surgeries were performed between 09/2010 and 03/2020 in three centers (ECOM Munich,
Germany, Knee Centre Würzburg, Germany, and Klinikum rechts der Isar der Technischen
Universität München, Germany) by three different surgeons (MK, HG, PW). There were
507 medial prostheses (462 patients) and 30 lateral prostheses (30 patients). Inclusion
criteria were patients with anteromedial or lateral osteoarthritis of the knee or avascular
osteonecrosis of the medial femoral condyle (AVON, Morbus Ahlbäck) as well as knee pain
exclusively localized to the affected compartment.

Exclusion criteria were the following:

• Lateral or medial chondromalacia Grade III or more, or symptomatic retropatellar
osteoarthritis

• ROM < Flexion/Extension 100–10–0◦

• Varus/Valgus deformity (hip–knee–ankle angle) > 15◦

• Patients with valgus knees and medial osteoarthritis or patients with a varus knee in
lateral osteoarthritis

• Status after osteotomy
• Ligament insufficiency
• Allergy against metal ions (Ni, Co, Cr)

2.1. Prosthesis and Surgical Technique

In all cases, the Conformis iUni knee was implanted. Every patient had a preoperative
computed tomography scan of the knee and of the hip and ankle. Planning was performed
individually for every patient according to the individual anatomy. The implant was
delivered to the surgeon in combination with an iView surgical plan (Figure 1).
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Figure 1. Preoperative planning of the prosthesis and surgical guide (Iview) delivered for every
patient. It shows the osteophytes that must be removed to position the patient-specific instruments
(orange-colored). The position of the patient-specific instruments is also shown. In particular, the
position of the femoral jig in accordance with the femoral component is very helpful for the surgeon.
Furthermore, it shows the final position of the prosthesis (see further details in the text).

In brief, the prosthesis was implanted for the medial knee through a limited medial
parapatellar approach, and for the lateral compartment through a lateral parapatellar
arthrotomy. After exposition of the joint and removal of the meniscus, the joint is exposed
and isolated medial or lateral osteoarthritis is confirmed. The functional integrity of the
anterior cruciate ligament is checked. After this, the rest of the chondral layer on the
medial or lateral femoral condyle as well as the osteophytes as indicated on the iView
Surgical plan are removed. This step is crucial for correct placement of the individually
designed instruments, since the surgical plan is based on the CT scan and therefore on
the bony surfaces only. Correct position of the femoral jig (patient-specific instrument) is
confirmed by comparison with the surgical plan. The next step consists of removing both the
complete remains of the tibial cartilage and the marked osteophytes. Four different heights
of balancer chips (1 mm steps) can be inserted into the knee to achieve an appropriate
ligament tension. The ligament tension must be appropriate in extension. On the medial
side, a laxity of 1–2 mm is aimed on the lateral side of 2–3 mm. After achieving correct
ligament tension, the tibial cutting guide is put on the selected balancer chip seating on the
tibia. The correct position of the cutting guide is additionally confirmed by an alignment
rod attached to the tibia that has to be parallel to the tibial crest. The tibial resection can
be performed after fixation of the tibial cutting guide. After removal of the tibial bone,
the 8 mm spacer (height of the tibial component and the inlay) is positioned into the knee
and the femoral jig is positioned on the femoral bone and in contact with the spacer block.
With this technique, the position is achieved in accordance with the bone and the ligament
tension. After fixation of the femoral jig, the dorsal femoral resection can be performed.
There is no distal femoral resection as the implant is designed to replace only the distal
femoral cartilage. Next, the trial is introduced and the joint play is evaluated over the
complete range of motion. If satisfactory, the tibial preparation is finished, and the bone
is prepared for cementation. Original implants are always cemented with a fixed bearing
inlay. If there is excessive joint laxity, a 2-millimeter-higher inlay is available [19].

2.2. Patient Follow-Up and Data Collection

All patients are regularly followed-up clinically and radiologically after joint arthro-
plasty in the three centers (after 6 weeks, 1 year, and then every 2 years). At every control
visit, a clinical examination as well as radiography of the knee in two planes are performed.
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If patients do not show up to the appointment, they are reminded by phone call. If they
cannot come to the appointment, they are asked by phone if the prosthesis is still in situ or if
any revision surgery was performed. If patients do not answer, a letter is sent asking them
to contact the physicians’ office. Revision surgery was defined as exchange arthroplasty of
the inlay or the femoral and/or the tibial implant components.

For the study purposes, an evaluation of the patient’s charts and already collected
data was performed. After all the data were documented for each patient, an irreversible
anonymization was undertaken. Ethical approval was obtained prior to the study (Ethikkom-
mission an der Technischen Universität München, Germany, Study 250/21 S-EB). As
only a retrospective analysis of already collected data was undertaken with irreversible
anonymization, informed consent of the patient was waived by the local ethics committee.

In the study, a minimal follow-up of one year was required. The survival of the
prosthesis was assessed, and Kaplan–Meier curves were calculated. A sub-analysis of
medial and lateral UKAs was also performed.

Furthermore, antero-posterior respective medial and lateral overhang of the tibial
component of the prostheses were measured on the immediate postoperative X-rays.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS version 25 (SPSS, Armonk, NY,
USA). Descriptive analyses are reported as means, SDs, and ranges for continuous vari-
ables, and frequencies and percentages for discrete variables. Overall survivorship was
determined using the Kaplan–Meier method.

3. Results
3.1. Preoperative Data

The preoperative demographic variables of the patients, such as the radiographic state
of the osteoarthritis according to the Kellgren and Lawrence classification [20], are shown
in Table 1.

Table 1. Preoperative characteristics of the patients.

Variable Total (n = 537) Medial UKA (n = 507) Lateral (n = 30)

Mean age, years (SD) 66.6 (9.4) 66.9 (9.9) 60.9 (9.4)
Male sex, n (%)

Mean BMI, kg/m2 (SD)
313 (58.3)
29.2 (4.9)

299 (59.0)
29.4 (4.9) 1

16 (53.3)
26.2 (3.6)

Preoperative KL 1

grade, n (%)
Grade 1 to 2 0.2% * 0.2% 0
Grade 3 to 4 99.8 99.8 100

1 Kellgren and Lawrence. * Patients with avascular necrosis of the femoral condyle.

3.2. Follow-Up

In total, 512 prostheses were available for follow-up (95.3%) at a mean of 4.5 years
after surgery (1–10.8 years). Two patients had died (0.2%) and twenty-three (4.5%) were
not available for follow-up due to different reasons, such as having disconnected telephone
numbers or not answering on multiple attempts. In the patients with medial UKA, the
follow-up rate was 95.7% (485/507 patients) at a mean time of 4.6 years (SD 2.4) after
surgery. In patients with lateral UKA, the follow-up rate was 90% (27/30 patients) at a
mean of 4.2 (SD 2.5) years.

3.3. Survival of the Prosthesis
3.3.1. Overall Survival

Survival of the iUni UKA (both lateral and medial) is shown in Figure 2 Overall,
survivorship after 4.5 years without revision for any reason was 96.0%.
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fracture) are considered, the survival rate after 4.5 years was 97.5% (Figure 3).
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prostheses) over time (overall survival with revisions for mechanical reason).

3.3.2. Survival of the Medial UKA

Of the medial UKAs, 20 revisions out of 485 patients were performed after a mean of
4.5 years, corresponding to a survival rate of 95.8% (Figure 4).
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Figure 4. Kaplan-Meier survival analysis of the medial UKAs (485 medial unicondylar knee prosthe-
sis) over time (overall survival with revisions for any reason).

3.3.3. Survival of the Lateral UKA

The 4.2-year survivorship for the 27 lateral UKAs was 100%. There was no revision of
any lateral UKA.

3.4. Reasons for Revision

In total, 20 revisions were performed. In nine cases, there was an aseptic loosening
leading to revision, and in five cases an infection was the reason for revision. The reasons
for revision are displayed in Table 2.

Table 2. Reasons for revisions of the iUni arthroplasty (all medial, no revision of lateral knees).

Reason for Revision

Aseptic loosening (six isolated tibial, three combined femoral + tibial) 9 (1.73%)
Infection 5 (0.97%)

Older periprosthetic fracture 1 (0.2%)
Tibial bone marrow edema 1 (0.2%)

Progressive osteoarthritis in the other compartments 1 (0.2%)
Infrapatellar contracture syndrome (revision at external institution) 1 (0.2%)

Not reported (revision at external institution) 1 (0.2%)
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3.5. Radiological Analysis

Immediate postoperative X-rays were stored in the patient charts and consequently
available for work-up in 431 (80.3%) of the 537 initial patients. In four (0.9%) prostheses,
there was a medial tibial overhang of up to 3 mm. None had a relevant anteroposterior
overhang. Two prostheses (0.5%) had an overhang of 1 mm, one of 2 mm (0.2%), and one
of 3 mm (0.2%).

In 404 (79.7%) patients of the medial group, postoperative X-rays were available, with
three (0.7%) prostheses showing an overhang of up to 3 mm.

In the lateral group, X-rays were available in all patients. Of these, there was one
patient with a lateral overhang of 2 mm (3%).

Figure 5 shows the postoperative X-ray of a lateral UKA:
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4. Discussion

The present study evaluated the outcomes of patient-specific UKA for isolated medial
or lateral osteoarthritis. Although UKA yields good clinical outcomes, revision rates are
relatively high compared to total knee arthroplasty, partly due to poor fitting of conven-
tional off-the-shelf prostheses, resulting in possible overhang of the tibial component over
the bone in up to 20% of cases.

This retrospective study analyzed 537 patient-specific UKAs (507 medial and 30 lateral)
implanted in three centers over a decade, with a minimal follow-up of 12 months (range:
12–129 months), and is the largest available study on patient-specific UKA. In essence, this
study showed a high survival rate in patient-specific unicondylar knee replacement of 96%
in 512 knees and of 97% if considering mechanical failure alone at a midterm survival of
4.5 years. Moreover, the theoretical advantage of an excellent fitting of the tibial component
of prosthesis to the bone [14] was also shown, with less than 1% of patients showing a tibial
overhang of more than 1 mm.

The UKA revision rate is higher compared to TKA. In the most recent report of the
German Arthroplasty registry, a revision rate of 7% is reported for UKA after 5 years [8]. In
the Australian registry (AAONR), the revision rate at 5 years is comparable with 6.5% and
also double the TKA revision rate, which is also the case in the NJR [21,22]. In comparison
to these registry data, the present study showed favorable results for an individually
designed UKA, with a revision rate of 4% at 5 years. Furthermore, the most impactful data
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investigating implant survival are currently retrieved from joint replacement registries,
since very large numbers can be assessed over time. However, thus far, no registry data have
been available for patient-specific UKAs. This emphasizes the importance of performing
individual studies with large patient numbers and high follow-up rates. The present
study is the largest analysis of the iUni implant, with more than 500 cases involved and a
follow-up rate of 95.3%. Thus, the present study is—although limited by its retrospective
character—the most robust analysis currently available of implant survival of the patient-
specific UKA.

The PSI technique can be compared to modern robotically assisted implantations. A
recent study of one center with 1000 knees showed a very high survival rate at 5 years
for robotically assisted UKA of 98% excluding inlay exchanges [23]. This survival rate is
approximately comparable to the 97% survival rate considering mechanical failure alone
observed in this study.

The good survival of the robotically assisted UKA is confirmed in a recent study with
data of the Australian registry (AAONR). At 3 years, the robotically assisted UKA had a
revision rate of 2.6%, which was half that of the non-robotic UKA (5.0% at 3 years). The
best-performing non-robotic UKA reached a revision rate of 3.7% [24]. Again, the PSI of this
study showed results comparable to the robotically assisted UKAs and the best non-robotic
UKA implant.

There are, to the knowledge of the authors, two studies reporting the results of patient-
specific UKA. In the study of Pumilia, 349 knees (same implant as in the present study)
were analyzed at a follow-up of 4.8 years with a survival rate of 97.8%, which was slightly
better than the results of this study. However, the follow-up rate was less than 70%, which
is a potential bias and could have influenced the results [25]. A smaller study also using
the iUni by Conformis reported a 100% survival rate of 31 medial UKA after a short-term
follow-up of 2.4 years [26].

The present study also included 30 lateral UKAs in 30 patients with a survival rate of
100% at 4.2 years. The lateral compartment of the knee is biomechanically and anatomically
different from the medial compartment. Most commercially available unicompartmental
implants are not designed specifically for the lateral compartment and therefore the fitting
of the prosthesis in the lateral compartment is even more difficult. Furthermore, lateral
UKA is performed less frequently, which makes it also more challenging. The literature
with follow-up of more than 5 years is sparse, reporting a survival rate of 84–100% for
fixed-bearing knees and 79–92% for mobile-bearing knees [27]. The analysis of registry
data from the National Joint Registry for England, Wales, Northern Ireland and the Isle
of Man revealed 93% survival of 2052 lateral UKAs at 5 years [28]. In contrast, a study
by Demange et al., using the same lateral PSI implant also used in the present study, in
33 patients showed a high survival of 97% at 3 years and a better tibial fitting in comparison
to a conventional implant. The survival in the conventional group of lateral UKA in the
mentioned study was 85% [29]. The present study confirms the favorable results of the PSI,
especially in lateral unicompartmental osteoarthritis, in a limited number of patients.

Tibial fitting of the prosthesis is important, as Chau et al. found that an overhang of
>3 mm resulted in poorer clinical outcomes on the medial side [30]. In their study, they
found an overhang >3 mm in 10% of the patients. Undersizing is also not desirable as the
prosthesis will be placed only on weaker cancellous bone, increasing the risk of implant
migration and loosening. In a more recent analysis, it was even shown that an overhang of
more than 3 mm leads to an increased revision rate of up to 20%, compared to 3% in patients
with minor overhang at a follow-up time of five years [13]. The present study showed
a very good fitting of patient-specific prostheses, with no overhang of more than 3 mm
and only 1% with more than 1 mm. Thus, our study may corroborate the hypothesis that
avoidance of tibial overhang is correlated to higher survival rates. The good fitting of the
patient-specific tibial component should thus improve survival rate and clinical outcomes.

One possible concern in PSI is the radiation to which patients are exposed through the
preoperative computed tomography (CT) scan. Modern CTs have an effective dose between
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1 and 7 millisievert (mSv), depending on the organ and the technique. The effective dose
for a CT scan of the knee is reported to be 1.3 mSv [31]. In the protocol for PSI, a few slides
have to be conducted on the hip joint with a slightly higher dose. The average effective
dose through environmental sources is estimated to be 2.4 mSv per year in central Europe,
ranging from 1 to 10 mSv depending on activity and the exact living area. Radiation
through medical exposures is on average an extra 2 mSv, with variations depending on age
and medical condition. The applied radiation of the preoperative CT scan is not negligible.
However, it has to be weighed against the potential advantages of PSI. If the implants lead
to lower revision rates, there will be reduced radiation for patients that do not need multiple
X-rays before and after revision surgery. Furthermore, in conventional knee arthroplasty,
preop whole-leg X-ray is mandatory. The radiation of these images is not negligible either.
This radiation is not necessary in patients receiving PSI implants, since the leg axis is also
determined through CT. Finally, in the opinion of most experts, the risk of developing a
disease through CT scanning of the thorax or the abdomen in patients aged over 65 years is
negligible [32,33]. Therefore, the much-lower radiation dose of a CT scan of the extremity
is probably irrelevant in these patients. Considering the potential advantages of PSI, the
necessary radiation for a preoperative CT scan to plan the PSI implants is justifiable in the
eyes of the authors.

In spite of the large patient sample, this study has some limitations. First, it was a
retrospective analysis with no comparison group. However, it was a consecutive series
with a large number of included patients. The follow-up rate of more than 95% is also very
high, resulting in a robust data set.

Second, the number of patients receiving a lateral UKA was relatively small. This is
due to the significantly rarer indication of lateral UKA. Large case numbers can most likely
be obtained with registry analysis, which should also become available for patient-specific
implants in the future.

A further limitation of the use of PSI is the costs that are 2–2.5-fold higher than for
conventional implants, depending on the country. On the other hand, in PSI there is no need
for additional trays, which reduces costs of sterilization and logistics and saves time. If PSI
will lead to reduced revisions, as is the case in the present study, there is another potential
of saving money by investing more in the implant during primary surgery. In the future,
the costs of the implants should also be less by reducing the costs for production through
modern 3D printing and an eventually higher use of PSI, which should also reduce costs.
Considering all these facts, the costs are probably only slightly higher than in conventional
implants, although detailed information of the exact extra costs is missing.

Furthermore, the observed mean follow-up is only 5 years. Nevertheless, it is impor-
tant to analyze the results at this point also, as eventual advantages or disadvantages of a
device and potential risks can already be observed earlier. The present study showed that
the survival rate was better in comparison to most of the used UKA at mid-term follow-up,
and it is also likely that this difference will be observed in the longer term, justifying
continuous use of patient-specific UKA.

Finally, the study does not allow conclusions about the functional results, since no
clinical scores were included in the analysis. This has not been the aim of the study, since
implant survival should be investigated. There have been many studies showing excellent
clinical results in unicompartmental knee replacement [25,26,34], including the implant
used in this study. The patients of this study are followed very closely in the centers
after UKA, and the low revision rates suggest that the clinical results are also satisfactory.
Nevertheless, future studies including clinical results are mandatory.

5. Conclusions

The present study is the largest analysis of patient-specific UKA, with more than
500 prostheses analyzed retrospectively. The survival rate of 96% at 4.5 years (97.5% if
considering mechanical failure alone) is excellent in comparison to the literature, and
comparable to robotic-assisted UKA. Lateral UKA is a more complex procedure with
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higher risk of revision. The use of a patient-specific implant in this study showed a 100%
survival rate at 4.2 years in 30 lateral knees, and these results should be confirmed in the
future on a higher number of patients.
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Abstract: Joint arthroplasties are one of the most frequently performed standard operations world-
wide. Patient individual instruments and patient individual implants represent an innovation that
must prove its usefulness in further studies. However, promising results are emerging. Those im-
plants seem to be a benefit especially in revision situations. Most experience is available in the field
of knee and hip arthroplasty. Patient-specific instruments for the shoulder and upper ankle are much
less common. Patient individual implants combine individual cutting blocks and implants, while
patient individual instruments solely use individual cutting blocks in combination with off-the-shelf
implants. This review summarizes the current data regarding the implantation of individual implants
and the use of individual instruments.

Keywords: custom-made implants; patient-specific implants; patient-specific instrumentation; Knee
arthroplasty; hip arthroplasty; high-tibial osteotomy; kinematic alignment; total ankle arthroplasty;
shoulder arthroplasty

1. Introduction

Personalization in medicine is growing enormously and was introduced into or-
thopaedic surgery several decades ago. Interestingly, one of the first steps was the intro-
duction of robotics in the field of arthroplasty. A large soft-tissue access was required for
sufficient exposure. Due to this considerable disadvantage, robotics were banned, but they
experienced a renaissance in the last decade [1]. Knee navigation systems were developed
in arthroplasty towards the end of the 1990s with the assumption that the accuracy of the
prosthesis fit would improve the survival rate of the prosthesis as well as clinical outcomes.
The approach via CT-based navigation systems took place for the first time, with imageless
systems evolving shortly after. Precision such as leg alignment could significantly be im-
proved by the aid of navigation systems, however, clinical outcome was not. Actual robotic
systems are somehow the combination of robots and navigation, again working either
CT-based or imageless. Those systems are beyond the topic of this article [2]. In the further
course, the broad acquisition of computed tomography (CT) data of bone surfaces was
used to produce cutting blocks that would precisely guide the surgeon in the implantation
of the prosthesis followed by individual prostheses [3].

These patient-specific implants and instrumentations were launched several years
ago to facilitate and improve precise implantation, with the overall aim to improve the
outcome of arthroplasty. On the one hand, there is the individual cutting block technology,
which is referred to as patient-specific instruments or patient-specific instrumentations.
Confusingly, the term patient-specific implants is also used, even though only the cutting
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blocks are custom-made and standard implants are used for implantation. These are to
be distinguished from individual implants, which combine an individual cutting block
technology together with individual implants, which can be found in the literature as true
patient-specific implants or also as custom-fit or customized implants. Except for total
knee arthroplasty, data concerning patient-specific instrumentations are rare, with results
often being contradictory but promising. In the last few years, the results, particularly in
precision, improved. This might also be attributable to improved scanning and printing
technology. These techniques are increasingly used in osteotomies, ankle arthroplasty and
shoulder arthroplasty as well as in knee arthroplasty with modern alignment philosophies.
Higher costs must be charged up against reduced surgical time, blood loss and fluoroscopic
time. Custom-made implants are primarily used, with promising results in hip and knee
arthroplasty. Evidence, however, just shows the narrative advantage so far. These primary
implants must still prove their effectiveness and superiority in long-term studies before
widespread use can be recommended. A growing and clear indication for custom implants,
however, is revision situations with bony defects or primary cases with bone deformity.

2. Knee Arthroplasty

In contrast to hip arthroplasty, a major problem in knee arthroplasty is the high number
of patients who are not satisfied with the results of the operation. Postoperative pain and
functional limitations often remain, which in the course of time may lead to prolonged
physiotherapeutic measures or even reoperations. This represents a high socio-economic
burden. Various factors play a decisive role in patient satisfaction, including the best
possible restoration of patient anatomy. The implant design, the surgical technique and
also the positioning or the alignment of the prosthesis is crucial in that context [4].

Patient-specific instrumentation (PSI) was introduced into knee arthroplasty roughly
two decades ago and comprises the vast majority of the literature. Already, around 2015,
there were several systematic reviews that showed no advantage over standard techniques
with regard to component alignment as well as clinical outcome [5–8]. However, in the last
few years, the results, particularly in precision, improved, which might also be attributable
to improved scanning and printing technology. Furthermore, the accuracy of the produced
instruments increased by using magnetic resonance imaging (MRI) data rather than CT
data. Especially the remaining articular cartilage is hard to be estimated from CT recon-
structions. Thus, the cutting blocks may not be able to make sufficient contact with the
bony surface. MRI-based cutting blocks offer an easier and more accurate reconstruction in
this context. The disadvantage of the MRI technique, however, is the higher susceptibility
to motion artefacts. The costs and the extended examination time of the patients must also
be considered [9,10]. Thienpont et al. demonstrated in a meta-analysis that the accuracy
of femoral component alignment in the coronar plane as well as the global mechanical
alignment were significantly improved by PSI. No differences were found with regard to
alignment in the axial plane. However, the risk of poorer positioning and malalignment of
the tibial component was approximately 30% higher with PSI than for standard instrumen-
tation in both the coronal and sagittal planes [11]. Operative time and blood loss (regardless
of calculating as blood volume or hemoglobin count) decreased with the use of the PSI
technique compared to standard techniques, but these differences were minimal [11,12]. A
more recent study from 2022 showed that tibial rotational positioning can be improved by
PSI and that there are fewer outliers compared to conventional techniques [13,14]. Good re-
sults with few outliers were also shown for femoral rotational positioning when compared
to conventional instrumentation. This is of paramount importance as an incorrect rotation
of the femoral component affects the kinematics of the implanted knee prosthesis, possibly
resulting in patellar tracking with anterior knee pain, instability and stiffness [15].

Regarding functional outcome, however, still no advantages were found in favor of PSI
compared to conventional instrumentation [16,17]. Very interesting is the consideration of
costs. A recent retrospective study in the US evaluated total hospital cost and readmission
rate at 30, 60, 90, and 365 days in PSI-guided total knee arthroplasty (TKA) patients.
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The study matched 3358 TKAs with PSI with TKA-without-PSI patients. Mean total
hospital costs were statistically significantly lower for TKA with PSI, at an astonishing
USD 14,910 in the US medical system [18]. Another very interesting cost analysis study
compared imageless robotics, image-based robotics, navigation and PSI in the medical
system of Switzerland. The costs per case were lowest with navigation, comparable between
imageless robotics and PSI at roughly USD 1500, and highest with image-based robotics
by far.

The most important factors, linked to costs, were technical support and additional
disposables. On the contrary, longer surgical times and additional surgical trays only had a
minor effect on overall costs [19].

There are conflicting results regarding unicondylar arthroplasty, with each of three
papers showing advantages in implantation accuracy [20–22] and no advantages in accuracy
nor outcome [23–25], respectively.

With the recent “hot topic debate” of different alignment philosophies, PSI became
the further impetus. The PSIs of modern technology could help to implement the plan of
kinematic alignment or other novel alignment strategies more precisely. Again, data in the
literature are sparse, but they show promising results for PSI with shorter operation times,
as well as a lower number of instruments required, and therefore a possible simple and
standardized solution for implementing kinematic alignment [26–29].

Individual, custom-made implants (CMI) have been available since 2006, with initially
only one company (Conformis, Boston, MA, USA) launching unicondylar implants, which
was then chronologically followed by bicompartmental, bicondylar cruciate ligament
preserving, and most recently, posterior-stabilized bicondylar implants. A second company
manufacturing individual implants has existed for a few years now (Symbios Orthopedie),
producing only posterior-stabilized bicondylar implants to date. The main difference
between both is the alignment based on the time of the manufacturer’s development.
While Conformis is aiming for a neutral hip–knee–ankle axis with restoring asymmetry
by an oblique joint line (since mechanical alignment was the gold standard in early 2000),
Symbios allows a restricted alignment up to 3◦ in addition to an oblique joint line.

Two recent papers show that CMI have promising results in terms of fit, axis correction,
more natural kinematics, patient satisfaction and cost neutrality [30,31]. The Orthopaedic
Data Evaluation Panel (ODEP), as an advisory body to the National Health Service (NHS)
in the UK, gave Conformis prostheses a 3A rating back in 2017. ODEP draws on data
from the National Joint Registry (NJR) for England and Wales as well as expert opinions.
Registry data showed a significantly lower early loosening rate for individual implants
than for off-the shelf implants. The ODEP believes there is strong evidence of a substantial,
patient-relevant improvement in clinical outcomes and a significant reduction in early
loosening rates with the individual implant [30]. Meanwhile, the ODEP rating has reached
a 7A rating.

On the other hand, neither Moret et al. [31], in a recent literature review, nor Müller et al. [32],
in the most recent meta-analysis on total knee arthroplasty (TKA), could find a difference for
the clinical outcome between conventional implants and CMI.

In another recent review, the implantation of individualized TKA is not even rec-
ommended. It did not demonstrate significant benefits in terms of knee and function
scores or range of motion, and had higher early revision rates, although the latter were
not statistically significant [33]. Demey et al. also failed to find any advantages in favor
of individualized implants in a meta-analysis for partial joint replacement [34]. Higher
rates of malpositioning, overcorrection, or loosening were also shown in one study each
on TKA, bicompartmental knee arthroplasty (BKA), and unicondylar knee arthroplasty
(UKA) [35–37]. However, the promising results of kinematic and biomechanical studies
as well as patient-related outcome measurement (PROM) data from various case series
suggest decisive improvements in clinical outcomes in favor of CMI [38].

Furthermore, there are three recent comparative studies on the products of both
companies, which are mostly not included in meta-analyses. They show clear advantages
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of CMI compared to off-the shelf implants in terms of pain, mobility, overall outcome, and
satisfaction for Conformis (iTotal®) [38–40] as well as Symbios (Origin®), with also very
promising clinical and radiological results [41–43]. The latter comparative studies, however,
might have conflicting bias as they are at least partly sponsored.

Worldwide, analogously, the number of knee revision surgeries is expected to increase
enormously by 601% from 2005 to 2030, solely in the US. Multiple revisions often result in
the difficult anchorage of components. Common options for dealing with reduced bone
stock after revision surgery, trauma or tumor disease include bulk allografts, impaction
grafts, metallic augmentation and porous metal cones/sleeves; however, there are situations
where these options reach their limits. Here, CMI (even just the anchoring parts) are
increasingly being considered [44]. However, high rates of re-revision occur compared to
primary arthroplasty, with complication rates of up to 50% and survival rates of just about
54% after 8 years [45]. These data are based on case reports and small case series due to the
inhomogeneity of the patient-specific remaining bone stock.

In summary, PSI shows mixed outcomes for alignment and positioning so far; however,
the clear advantages are shorter operation time, reduced blood loss, as well as lower long-
term costs. CMI still must prove its value, but the results are very promising.

3. Osteotomies

Osteotomies are performed with the aim to correct extra-articular deformities, partic-
ularly around the knee, as a pre-arthritic condition in symptomatic patients. The correct
analysis of deformities is crucial [46]. Multiplanar deformities exist and are not rare, making
either bifocal osteotomies or multiplanar osteotomies necessary, e.g., for the tibia, not just
coronal but also sagittal planes (slope) have to be considered.

For this, the angle of correction as well as the sawblade direction are essential.
For preoperative planning, a weight-bearing coronar X-ray of the knee is taken to

determine the corrective coronal-plane angle, the size of the osteotomy gap and, if neces-
sary, the screw length [47]. Additionally, a lower-leg X-ray is needed, when multiplanar
corrections with additional slope correction have to be addressed.

The standardized positioning of the leg during preoperative and intraoperative X-ray
diagnostics is crucial but prone to failure. Measured angles and the range of correction
may differ enormously as a result. Likewise, a biplanar correction is difficult to depict with
the two-dimensional X-ray procedure and constitutes a further source of error [48]. Here,
PSI could clearly assist, being less prone to such failures. However, PSI was introduced
to help in several aspects. It can also be used to determine the length and thickness of the
plate as well as the length of the necessary screws. This can be prepared preoperatively
and thus leads in consequence to a reduction in operation time. The fluoroscopic time can
also be reduced compared to conventional osteotomies and the desired correction can be
achieved well with the help of PSI [49]. Furthermore, a short learning curve for optimizing
an open-wedge high tibial osteotomy using PSI could be demonstrated. The evaluation
of the learning curve already showed an advantage in terms of operating time in the first
learning phase of the surgeons. In the stable plateau phase of the learning curve, a potential
reduction of the operating time to approximately 70% can be assumed compared to the
conventional technique [50]. Although good results of the leg axis were shown, there
was no significant clinical improvement compared to conventional osteotomies [49–51].
The procedure using PSI also seems to be safe in patients with a pre-operated knee joint.
Here, a common previous ACL reconstruction should be mentioned. When planning the
osteotomy, the position of the former ACL-drill channels must be taken into account, as
well as the hardware inserted. It is essential to avoid the weakening of the inserted ACL
reconstruction through the incorrect positioning of the plate or incision [52]. A recent
systematic review (of Level-III and -IV studies, however) could confirm a highly accurate
coronal plane alignment with a low rate of outliers, significantly shorter operative times
and decreased intraoperative fluoroscopy when compared to conventional techniques for
both distal femoral as well as proximal tibial osteotomies [53]. Therefore, PSI seems to be a

88



J. Pers. Med. 2023, 13, 426

reliable option to facilitate osteotomies and a possible option for pre-operated patients or
patients with anatomical norm variants as well. On the other hand, the higher costs of PSI
must be weighed up against reduced surgical and fluoroscopic time.

Patient-specific implants obviously have no major role in osteotomies, with well-
established plates on the market.

4. Shoulder Arthroplasty

In recent years, progress in shoulder arthroplasty has focused in particular on the
development of PSI and the further development of inverse shoulder arthroplasty implants
and glenoid components, which have gained enormous popularity.

The placement of the glenoid component is often technically challenging and especially
difficult in patients who already have significant bone loss at the glenoid due to severe
osteoarthritis [54]. Glenoid deformities, as biconcave, retroverted glenoids with humeral
subluxation, can often lead to increased complication rates after the implantation of an
anatomic prosthesis [55], which is why the implantation of a reverse shoulder prosthesis is
often performed in these cases [56]. To better assess the anatomy preoperatively, CT scans
are usually performed, from which PSI can also be made. In this way, a target instrument for
the glenoid can be manufactured preoperatively, whereby attention must be paid to several
parameters such as centering, inclination, anchoring in the bone, and the subluxation of the
humeral head [57]. A 2018 meta-analysis of glenoid component implantation in cadavers
and humans, comprising 12 studies, showed that deviation from the preoperative planning
was significantly lower for the version, inclination and entry point of the pin using PSI
compared to standard implants. Furthermore, outliers with a deviation > 10◦ or 4 mm were
significantly decreased by PSI (15.3% vs. 68.6%) [58]. However, another meta-analysis from
2019 failed to detect a significant difference between the PSI group and standard implants
in terms of version error, inclination error or positional offset. This study described that
PSI are expensive to manufacture and take about 6 weeks to be delivered, but they seem
to be justified in complicated cases nevertheless [57]. As outsourcing PSI production to
external companies is associated with long delivery times and high costs, another study
described the use of 3D printers that allow on-site production. The PSI group delivered
reliable results; however, only a small case series of cadavers was comprised [59].

Patient-specific implants are not (or not yet?) used in primary arthroplasty but are a
good option for patients with complex cases, especially in tumor surgery when large bone
resections have to be addressed [60].

However, with the increasing number of primary implantations of artificial shoulder
joints, the number of revision operations is also steadily rising. Glenoid loosening and
instability of the prosthesis are the most frequent reasons for revision [61]. Due to the
pronounced bone loss in the case of replacement operations, the anchoring of the revision
prosthesis can be significantly more difficult. Therefore, the need for individual solution
strategies in the form of custom-made implants increases. For these cases, some producers
offer the production of individual implants from the 3D printer based on 3D-CT or MRI
data. Due to the high production costs, however, this is used more individually [57].

In conclusion, the results of the lower deviation in PSI are promising, but the technique
is still costly and time-consuming and therefore only considered in individual cases.

5. Hip Arthroplasty

PSI in hip surgery will possibly gain influence with osteotomies and have already been
introduced into arthroplasty by the guidance of femoral resection as well as cup orientation.

The data concerning custom implants in total hip arthroplasty (THA) are very limited
so far and gather around few research centers; however, they have very good results overall.
Multicenter, randomized controlled trials and registry data would be desirable to be able to
confirm the evidence of the results across the board. Custom implants have been introduced
into THA more than two decades ago. Presumably because of the outcome of THA being
by far better than in TKA, the manufacturing of customized implants seems to be mainly
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for special anatomies. It may be especially beneficial for young patients with dysplastic
hips. In those patients, standard implants are difficult to implant, but good activity and
long survival rates are needed. Only Hitz et al. found a revision rate of 23.1% (six cases) in
higher grade dysplasia with, however, good survival rates in terms of the loosening of the
stem and cup [62]. Jacquet et al. showed a survival rate of 96.8% after a long-term follow-up
of 20 years in a group of patients younger than 50 years and a 96.1% survival rate in those
with high-grade developmental dysplasia of the hip, all with good clinical results [63].

The implantation of custom-made cementless stems also seems to be useful after the
fusion of the hip joint, with an excellent survival rate and results after 15 years. Flecher et al.
examined 23 patients who underwent conversion from a fused hip to THA with a custom
femoral implant. Overall, the postoperative complication rate was 26%, which is in line with
the literature in this special and rare patient population and included especially heterotopic
ossification and aseptic loosening. Conversely, the rate of intra-operative complication was
very low, e.g., no intra-operative fracture was observed. It is hypothesized that the use of
custom protheses, designed to fit perfectly with the intramedullary anatomy, may explain
those differences [64].

In the case of large acetabular bone defects, which are frequently encountered in
revision arthroplasty and an enormously growing problem due to increasing numbers of
arthroplasties and demographic development itself, standard implants are often inadequate.
Bone defects of the acetabulum can be classified according to Paprosky [65] or the American
Academy of Orthopedic Surgeons (AAOS), for example [66]. The AAOS classification
distinguishes between four different degrees of severity (type I to IV), while Paprosky
differentiates six defect types (type I, IIa, IIb, IIc, IIIa, IIIb). If possible, it is better to
“down-grade” the defect by means of the biological reconstruction of the acetabular bone.
Especially in young, active patients, this can significantly simplify any revision surgery that
may occur later. However, the possibility of biological reconstruction is often not sufficient.
The overall goal is to restore the center of rotation as well as stability at the acetabular
component. At least 50% of the surface of the cementless implant should be covered
with autochthonous bone. Types IIIa and IIIb, according to Paprosky, as well as defects
according to AAOS types III and IV, are acetabular defects for which different treatment
regimens are available with “Jumbo”-cups, pedestal cups or modular options with special
augments. Surgical “easiness” as well as defect size caused the desire for a stable monobloc
implant that enables defect bridging. This led to the development of individual partial
pelvic replacements, especially for the higher-grade defects that are usually associated
with instability. The proportion of so-called “mega defects” in acetabular revision cases is
given as 1–5% [67]. The available studies in the literature are difficult to compare because
the patients’ initial situations, prosthesis design and classification of the defects often
differ significantly, as does the philosophy of how to reconstruct the defect. Scheele et al.
recommend an individual partial pelvic replacement for bone defects that exceed the
incisura ischiadica, a non-constructible dorsal rim or pelvic discontinuity [68]. Chiarlone
et al. analyzed custom-made implants for large bone defects of the acetabulum in revision
total hip arthroplasty in a systematic review and included 634 custom-made acetabular
implants (627 patients), with a mean follow-up of 58.6 ± 29.8 months from 18 studies.
Good clinical and functional results were seen together with a survival rate of 94.0 ± 5.0%.
Despite this, the re-operation rate was as high as 19.3 ± 17.3% and the mean complication
rate was 29.0 ± 16.0%, with instability being the most common complication [69]. The
disadvantage is the high cost of these often-huge custom implants, so they should be
used only in special cases, where modular implants cannot be used. The factor time is
also important due to the ordering and manufacturing of the implants taking several
weeks, during which changes in the patient’s bone situation may occur [67]. As has been
demonstrated in this paper, custom-made implants show promising clinical results, but
considering high costs and long production times, their use has to be judged carefully in
every case.
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6. Total Ankle Arthroplasty (TAA)

The data on PSI TAA are very sparse. There are currently three different types of
implants for PSI TAA, two of which are component designs (one talar and one tibial
component) and one is a three-component system with a mobile bearing. In a cadaveric
study, PSI positioned the implants to less than 2◦ in all rotational and translational degrees
of freedom [70].

Posttraumatic deformities as well as ligament injuries and previous surgeries can
make alignment correction more complicated and less predictable. This contrasts with
nontraumatic osteoarthritis. Albagli et al. [71] compared the clinical and radiological
outcomes of patients with end-stage arthritis—traumatic versus nontraumatic—treated
with an implant with CT-guided patient-specific preoperative plans and patient-specific
incision patterns. In contrast to previous studies on patients with total ankle arthroplasty
in posttraumatic patients, it was shown that there was no difference in patient satisfaction,
short-term clinical outcome and radiological outcome when using CT-guided preoperative
plans and incision patterns compared to nontraumatic patients. In several studies, the
accuracy of implant positioning between the PSI groups and the standard implants was
comparable, with no superiority of one group. Patient-specific templates enabled the
reproducible positioning of the tibial implant in more than half of the cases, compared
to preoperative planning. Discrepancies occurred mainly in severe preoperative varus
deformities. In these cases, there are certainly also difficulties in conventional surgery.
Postoperative alignment also showed comparable results. The studies were each conducted
with experienced surgeons. To what extent an influence exists with inexperienced surgeons
could not be shown here [71–75].

The complication and revision rates were comparable after both PSI TAA and the
implantation of standard implants [76]. Additionally, the implant size of the tibial compo-
nent could be estimated quite well using PSI TAA. However, the estimation of the talar
component often showed poor results, sometimes less than 50% [76].

After a short follow-up, PSI TAA, using fixed-bearing CT-guided patient-specific
implants, showed good results in both traumatic and nontraumatic arthritis compared to
standard implants [71]. These results differ from traditional beliefs regarding poorer results
with total ankle arthroplasty in posttraumatic patients. Again, surgical time has been
shown to be shorter with PSI TAA [74,77], and fluoroscopic time can also be significantly
reduced [74]. One study identified a reduction in cost in the PSI group, but this could only
be attributed to the reduced surgical time [77]. Further studies with more patients and a
longer followup are needed to demonstrate the benefits and theoretical advantages of PSI
in TAA.

To date, there have been no studies using patient-specific implants.

7. Conclusions

Except for TKA, which is the focus of many studies, data concerning PSI are rare for
other indications, with results being contradictory but promising. In the last few years,
the results, particularly in precision, have improved, which might also be attributable to
improved scanning and printing technology. The usage in osteotomies, ankle arthroplasty
and shoulder arthroplasty is growing, which is also true in knee arthroplasty with modern
alignment philosophies, which are—talking about kinematic alignment—mostly a com-
promise of restoring individual anatomy and using symmetric, non-individual implants.
Higher costs have to be charged up against reduced surgical time, blood loss and fluo-
roscopic time. Custom-made implants are primarily used with promising results in hip
and knee arthroplasty. The evidence, however, simply shows the narrative advantage so
far. These primary implants must still prove their effectiveness and possible superiority
in long-term studies before widespread use can be recommended. A growing and clear
indication for custom implants, however, is revision situations with bone defects.
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Abstract: Although several models for the prediction of surgical complications after primary total
hip or total knee replacement (THA and TKA, respectively) are available, only a few models have
been externally validated. The aim of this study was to externally validate four previously developed
models for the prediction of surgical complications in people considering primary THA or TKA.
We included 2614 patients who underwent primary THA or TKA in secondary care between 2017
and 2020. Individual predicted probabilities of the risk for surgical complication per outcome
(i.e., surgical site infection, postoperative bleeding, delirium, and nerve damage) were calculated for
each model. The discriminative performance of patients with and without the outcome was assessed
with the area under the receiver operating characteristic curve (AUC), and predictive performance
was assessed with calibration plots. The predicted risk for all models varied between <0.01 and
33.5%. Good discriminative performance was found for the model for delirium with an AUC of
84% (95% CI of 0.82–0.87). For all other outcomes, poor discriminative performance was found;
55% (95% CI of 0.52–0.58) for the model for surgical site infection, 61% (95% CI of 0.59–0.64) for the
model for postoperative bleeding, and 57% (95% CI of 0.53–0.61) for the model for nerve damage.
Calibration of the model for delirium was moderate, resulting in an underestimation of the actual
probability between 2 and 6%, and exceeding 8%. Calibration of all other models was poor. Our
external validation of four internally validated prediction models for surgical complications after
THA and TKA demonstrated a lack of predictive accuracy when applied in another Dutch hospital
population, with the exception of the model for delirium. This model included age, the presence of a
heart disease, and the presence of a disease of the central nervous system as predictor variables. We
recommend that clinicians use this simple and straightforward delirium model during preoperative
counselling, shared decision-making, and early delirium precautionary interventions.

Keywords: decision support techniques; external validation; prediction; surgical complications; total
hip arthroplasty; total knee arthroplasty

1. Introduction

Discussing the risk of surgical complications with patients is an important part of
shared decision-making in patients with end-stage hip or knee osteoarthritis considering
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total hip or knee arthroplasty (THA or TKA). Previous research demonstrates that surgical
complications are associated with factors relating to demography, comorbidities, and
medication use [1], and that these factors combined might predict the risk of surgical
complications [2–5]. Prediction models provide an estimate of a patient’s preoperative risk
by calculating individual predicted probabilities for surgical complications, and can thereby
be used to facilitate preoperative personalized counselling and shared decision-making.

Although several prediction models for preoperative counselling regarding the risk
of surgical complications are available [2,4–15], only two studies validated these models
externally for patients considering primary THA and TKA [3,16]. External validation is
important because differences in, for example, population characteristics and setting may
affect the applicability of the prediction models in another hospital population [17]. The
available studies that did evaluate the external validation of preoperative prediction models
regarding the risk of surgical complications after THA and TKA found moderate-to-poor
predictive performance in a new context and patient population, rendering these models
unfit for application in clinical practice [3,16]. These results emphasize the need for further
research in the development of accurate risk stratification tools specified for people opting
for THA or TKA.

Only three studies with three procedure-specific prediction models to predict the risk
on a surgical site infection after primary THA or TKA have been published [2,14,15], and
to our knowledge, none of these models have been externally validated [18]. Focusing
upon one of these studies, our own research group recently published a set of easy to use
and potentially valid prediction models [2]. These prediction models have been developed
specifically for the preoperative counselling of four surgical complications: surgical site
infection, postoperative bleeding, delirium, and nerve damage after primary THA and TKA.
These four models are considered to have good applicability since the models comprised
less than eight predictor variables, which is considered easy to use in clinical practice [19].
Furthermore, the models in this study showed moderate-to-good discriminative capacity,
and are considered to be valuable in predicting these surgical complaints since current
counselling is based on population-based risks [19]. However, these models were only
validated internally on the basis of data from a single academic hospital setting in the
Netherlands [2], which generally is a setting which includes a more complex patient
population. Furthermore, the applicability of the models has not yet been confirmed using
data of patients from another setting, and the models’ predictive performance using a
non-academic hospital population has not been tested. In other words, the performance
of these prediction models in an external population is unknown; this is important to
determine whether the models are transferrable to a broader context. The aim of this study
was to determine the external validity of four previously developed models for surgical
complications in people considering primary THA or TKA surgery by determining the
predictive performance in this new context.

2. Materials and Methods
2.1. Study Design, Setting, and Population

In this retrospective cohort study, four prediction models developed previously by
Sweerts et al. were externally validated using data from a cohort of patients from Rijnstate
Hospital in Arnhem, the Netherlands [2]. We considered this cohort as being representative
of a non-academic hospital population in the Netherlands. The prediction models were
originally developed for patients considering primary THA or TKA. As such, patients for
our current study were eligible for inclusion if they had had a THA or TKA for the first
time. Patients who had revision arthroplasty of one or several components of the joint
prosthesis were excluded because research has shown that revision surgery increases the
risk for surgical complications [2,20,21].

All patients that underwent primary THA or TKA between 2017 and 2020 and met
the inclusion criteria were contacted to ask for their consent to use their pseudonymized
patient data.
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Approval for this study was granted by the Institutional Research Board of Rijnstate
Hospital (2020-1584). The study was performed and reported in line with transparent report-
ing of a multivariable prediction model for individual prognosis or diagnosis (TRIPOD-)
guidelines [22].

2.2. Data Extraction and Handling

Data of variables used in the prediction models were extracted from the patients’ elec-
tronic health records using CTcue, a self-service data mining tool with text-mining features
(CTcue, v4.4.1; Amsterdam, The Netherlands, www.ctcue.com, accessed on 12 July 2022).
This clinical data collection tool is powered by artificial intelligence and machine learning
to parse, structure, and interpret data. The tool adheres to the General Data Protection
Regulation and the program uses pseudo-identification to ensure patient privacy [23]. Iden-
tifiers that could be linked to individual patients (e.g., names, addresses, phone numbers)
were pseudonymized. The tool was used to extract both structured (e.g., age, measurement
values, standardized diagnostic codes, test results) and unstructured (free texts such as
the physician’s medical notes and evaluations) patient data from electronic health record
systems by use of a query. The query used in this study was based on specification of the
category to extract data from the electronic health record, and was further specified by
filtering on specific report type, period, specialism, date, etc. A variety of categories of the
electronic health record system can be searched as reports, medication administrations,
appointments, care activities, surgeries, vital signs, etc. [23]. The program collates these
data in an analyzable dataset [23]. Data were extracted by combining keywords with
commonly known synonyms, variants, abbreviations, and frequent typographical errors as
suggested by the application programming interface. One researcher (LS) created the query
and checked all the extracted data using the validation tool of the clinical data collection
tool. The query for this study was initially performed with high sensitivity. The query was
later narrowed while checking whether this would not lead to any data loss. The query
was fine-tuned to the point where no new information was found. The query used can be
found in Supplementary Materials Table S1. Structured data were considered missing if
the outcome variable was not available from the patients’ electronic health record. These
missing data were first checked for patterns of randomness, and subsequently imputed by
multiple imputation, using predictive mean matching. The number of imputations was
set to ten. The imputation was checked for accuracy by visual inspection and frequencies.
Specific outcome variables not reported in the unstructured data (e.g., no comments about
infections or comorbid conditions in the free text fields) were considered as a sign that
these were also not present in that particular patient. After the search using CTcue, another
researcher (PD) extracted all relevant data from the electronic health records manually.
Both researchers subsequently randomly checked the accuracy of 100 patient records by
comparing the clinical data collection tool and manual data extraction. The agreement
between the automated and manual search was measured by Cohen’s κ coefficient, with
κ = 0.41–0.60 indicating moderate agreement, κ = 0.61–0.80 representing good agreement,
and κ ≥ 0.81 representing very good agreement [24].

2.3. Predictor Variables

In line with the previously developed models, we extracted the following variables:
age, gender, BMI, smoking status (yes/no), the presence of predefined comorbidities
(yes/no), and predefined medication use (yes/no) [2]. Comorbidities included the presence
of an immunological disorder, rheumatoid arthritis, diabetes mellitus, liver disease, heart
disease, disease of the central nervous system, and/or hip dysplasia. Information collected
regarding medication use included the of use of vitamin K antagonists, and/or non-steroid
anti-inflammatory drugs (NSAID) [2].
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2.4. Predictor Variables

The outcome variables used for the external validation of the prediction models
included the presence (yes/no) of surgical site infection within 90 days after surgery,
postoperative bleeding, delirium and nerve damage [2]. Only models with a mean AUC
>0.7 in the developmental phase were considered appropriate for external validation.
Therefore, the models for venous thromboembolism and luxation were not included in
this study.

2.5. Sample Size

The sample size was based on the rule of thumb that at least five events per variable are
required for each predictor in the models [25]. An event was defined as the postoperative
occurrence of one of the predefined surgical complications. In the Netherlands, the risk of a
surgical complication such as surgical site infection is 3% [26]. As the prediction model for
surgical site infection consists of six variables, a sample size of at least 1000 patients was
required (6 × 5/0.03 = 1000).

2.6. Data Analysis
2.6.1. Predicted Probabilities

To validate the prediction models, for each patient an individual predicted probability
was calculated by integrating the following linear part prediction formulas developed by
Sweerts et al., in 1/(1 + exp−linear part) × 100% [2]:

1. Surgical site infection: −7.272 + (0.031 × age − 0.002 × BMI + 0.757 × smoking status
+ 0.891 × immunological disorder + 0.904 × diabetes mellitus + 2.345 × liver disease
+ 0.619 × NSAID’s);

2. Postoperative bleeding: −7.172 + (0.033 × age + 0.012 × BMI − 0.023 × smoking
status + 0.729 × heart disease + 0.787 × vitamin K antagonist use);

3. Delirium: −14.307 + (0.127 × age + 0.348 × heart disease + 0.898 × disease of central
nervous system);

4. Nerve damage: −2.250 + (−0.051 × age − 0.254 × gender + 0.572 × smoking status
− 0.009 × dysplasia).

2.6.2. Predicted Probabilities

The overall model performance was expressed by the distance between the predicted
and actual outcome [27]. To quantify model performance, the Brier statistic was determined.
For the Brier statistic, squared differences between the actual outcome and predictions
were calculated. The Brier statistic can range from 0 for a perfect model to 0.25 for a
non-informative model with 50% incidence of the outcome [28]. The ability of the model to
discriminate between patients with and without the outcome was assessed using the area
under the curve (AUC). The AUC can range from 50% (no discriminative capacity) to 100%
(perfect discriminative capacity). The discriminative capacity was considered moderate
when AUC was > 0.70 and good when AUC was > 0.80 [29]. Calibration of the model is
the agreement between predicted probabilities (probability of an event calculated with
the model) and observed frequencies of outcome (accuracy) and was assessed by visually
inspecting the calibration plot [27]. Furthermore, we computed Hosmer and Lemeshow
(H-L) goodness-of-fit as a quantitative measure of calibration. A high H-L statistic is related
to a low p-value, and indicates a poor fit [30]. All statistical analyses were performed using
R 3.5.3 and its extension packages vim, mice, rms, pROC, and generalhoslem [31].

3. Results

A total of 2641 medical records of patients who received THA or TKA were included.
Of these, 1407 patients received a primary THA and 1207 patients received a primary TKA.

Patient characteristics of the study cohort are shown in Table 1. The mean age was
68 years and 62% of the patients were female.
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Table 1. Patient characteristics of study cohort.

Patient Characteristics Missing
Values

Total Cohort
(n = 2614)

Patients after
THA (n = 1407)

Patients after
TKA (n = 1207)

Age (years, mean ± SD) 0% 68.1 ± 10 68.8 ± 10.5 67.4 ± 9.4
Gender: female (n, %) 0% 1628 (62.3) 892 (63.4) 736 (61)

BMI (mean ± SD) 1.20% 28.8 ± 5 27.7 ± 4.8 30.1 ± 5.1
Smoking: yes (n, %) 1.30% 522 (20) 304 (21.9) 218 (18.2)

Surgical complications
(n, %)

-surgical site infection 0% 38 (1.5) 23 (1.6) 15 (1.2)
-postoperative bleeding 0% 74 (2.8) 40 (2.8) 34 (2.8)

-delirium 0% 21 (0.8) 8 (0.6) 13 (1.1)
-nerve damage 0% - 2 (0.1) -

Comorbidities (n, %)
-immunological

disorder 0% 316 (12.1) 152 (10.8) 164 (13.6)

-rheumatoid arthritis 0% 205 (7.8) 101 (7.2) 104 (8.6)
-diabetes mellitus 0% 348 (13.3) 159 (11.3) 189 (15.7)

-liver disease 0% 41 (1.6) 24 (1.7) 17 (1.4)
-heart disease 0% 622 (23.8) 342 (24.3) 280 (23.2)

-disease of central
nervous system 0% 145 (5.5) 76 (5.4) 69 (5.7)

-hip dysplasia 0% 39 (1.5) 36 (2.6) 3 (0.2)
Medication use

-vitamin K antagonist 0% 151 (5.8) 87 (6.2) 64 (5.3)
-NSAID 0% 296 (11.3) 189 (13.4) 107 (8.9)

Abbreviations: BMI, body mass index; NSAID, non-steroid anti-inflammatory drugs.

The automated versus manual search resulted in an agreement of κ = 0.94 for
the extraction of the structured data. A κ = 0.55 was found for the extraction of the
unstructured data.

3.1. Model Development

The number of missing values per predictor variable is shown in Table 1. For the
majority of the predictors, there were no missing data. Missing data were found for BMI
(1.2%) and smoking status (1.3%). Analysis showed that the data were missing at random.
After multiple imputation, all data of all patients were available for analysis.

3.2. Model Performance

The ROC curves representing the discriminative performance of the prediction models
are shown in Figure 1. The corresponding AUCs are reported in Table 2.

Table 2. Discriminative (AUC) and predictive (H-L) performance per model.

Discriminative and
Predictive Performance

Area under the Curve (AUC)
(95%CI) H-L Statistic (p-Value)

Surgical site infection 0.55 (0.52–0.58) <0.001
Postoperative bleeding 0.61 (0.59–0.64) <0.001

Delirium 0.84 (0.82–0.87) <0.001
Nerve damage 0.57 (0.53–0.61) <0.001

Abbreviations: AUC, area under the curve: the ability to discriminate between those with and without the
outcome. The AUC can range from 0.50 (no discriminative capacity) to 1.00 (perfect discriminative capacity).
H-L statistic, Hosmer and Lemeshow: quantitative measure of calibration. High H-L statistic is related to a low
p-Value and indicates a poor fit.
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Figure 1. ROC curves of all four models predicting surgical complications, indicating the discrimina-
tive performance of all models concerning the probability of a surgical complication.

The mean predicted probability for surgical site infection was 1.3% (range 0.2–33.5%).
For postoperative bleeding, delirium, and nerve damage, the mean predicted probabilities
of, respectively, 1.5% (range 0.2–8.6%), 0.8% (range 0.01–11.8%), and 0.3% (range 0.05–4.1%)
were found, see also Table 3. The predictive performances of the models are shown in
the calibration plots in Supplementary Materials Figure S1. The model for surgical site
infection showed an overestimation exceeding 2% risk for surgical site infection. The model
for postoperative bleeding showed an underestimation of the actual risk, and the model for
nerve damage showed poor calibration overall. For delirium, moderate calibration was
found, resulting in an underestimation of the actual probability between 2 and 6% and
exceeding 8%. The H-L statistic showed p-Values < 0.001 for all models, which indicates a
poor fit.

Table 3. Mean predicted risk, and Brier statistic per model.

Overall Performance Mean Predicted Risk % (SD) Brier Statistic

Surgical site infection 0.013 (0.022)
Range 0.002–0.335 0.015

Postoperative bleeding 0.015 (0.012)
Range 0.002–0.086 0.028

Delirium 0.008 (0.011)
Range <0.001–0.118 0.008

Nerve damage 0.003 (0.003)
Range 0.001–0.041 0.001

Brier statistic: to quantify model performance. Squared differences between actual outcome and predictions are
calculated. The score can range from 0 for a perfect model to 0.25 for a non-informative model with 50% incidence
of the outcome [27].

4. Discussion

The aim of this study was to externally validate four previously developed models
for preoperative counselling by predicting the risk for surgical site infection, postoperative
bleeding, delirium, and nerve damage in patients after THA and TKA. External valida-
tion showed only good performance for delirium. Calibration of the model for delirium
was acceptable, and the discriminative capacity was good with an AUC 95%-lower limit
confidence interval of 0.82. For all other models, calibration was poor, resulting in under-
or overestimation, and discriminative capacity was poor to moderate. The results for
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the models for surgical site infection, postoperative bleeding, and nerve damage showed
diminished accuracy when used on another population than originally developed for, and
do not provide reliable estimations of the predicted probabilities to be used in preoperative
counselling and shared decision-making. Overall, external validation showed a loss of
discriminative performance; the original AUC for the model for surgical site infection
was 72% instead of 55% for the model in external validation. The same corresponds for
postoperative bleeding; 73% vs. 61%, delirium; 86% vs. 84%, and nerve damage; 77%
vs. 57% [2].

Only three studies with three procedure-specific prediction models (including the
models which we externally validated in this study) to predict surgical site infection are
available in the literature for comparison with our results [2,14,15]. To our knowledge,
these procedure-specific models have not been externally validated previously [18]. For
a prediction of postoperative bleeding, delirium, and nerve damage, no other procedure-
specific models for preoperative counselling in THA or TKA have been found.

Previous research has shown that the external validation of prediction models often
results in poorer performance [32], and that external validation using different populations
is negatively influenced by differences in centers (geographical validation) [33]. The same
may have been true for this external validation. The differences in patients between the
cohorts of the academic and non-academic hospitals may have led to the poor results for
the prediction of surgical site infection, postoperative bleeding, and nerve damage.

The model of delirium showed moderate discriminative capacity with three included
predictors. Only this model was found to be appropriate for clinical use and we consider
this result important for preoperative counselling and shared decision-making. The model
consists of three predictor variables only (age, heart disease, and disease of central nervous
system), and as such, may be easy to use since the predictors are considered to be known
in usual preoperative care. Being able to predict postoperative delirium based on three
predictor variables is arguably useful in clinical practice to take early precautions to prevent
or treat delirium.

All in all, a plethora of prediction models for the prediction of surgical complications
are available—universal models, procedure-specific models, models with many variables,
and models with a smaller amount of variables—but a common problem is that numerous
models after external validation seem to have difficulties regarding discrimination and
calibration and thereby clinical applicability to (another) specific population [34]. In this
case, it can be recommended to adjust or recalibrate a model for local circumstances by the
use of information of the primary model with information of the validation study [34,35].

Strengths and Limitations

We used a reproducible, automated method to extract the data from the electronic
health records, and we cross-checked the automated search with a manual search. The
cross-check revealed very good agreement between the automated and manual extraction
of the structured data (κ = 0.94). A moderate agreement (κ = 0.55) was found for the data
extraction of the unstructured data. Checking the results showed that the automated search
with the clinical data collection tool extracted the unstructured data more accurately than
the researcher because the former was searching in more sources (e.g., medical notes and
evaluations reported by all medical specialists within a predefined timeframe) while the
manual extraction was limited to orthopedic and preoperative anesthesia data. Additionally,
we selected a representative cohort of patients, as shown by the comparable frequencies
of postoperative complications within our (academic hospital) reference cohort and the
current (non-academic hospital) cohort.

This study has a number of limitations. We collected retrospective data using a clinical
data collection tool. This tool is considered a promising tool for retrieving real-world
data from electronic health records because relevant outcome data can be identified [36].
However, data extracted from this system only represent (real-world) data that are entered
in the electronic patient records. If these latter data are incomplete, erroneous, or missing,
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they will also (negatively) influence the retrieved data. For example, we found several
typographical errors in the physicians’ notes and different physicians used different ter-
minology for the same diseases; this will arguably have negatively influenced the data
extractions. On the other hand, the clinical data collection tool assisted in mitigating these
issues by proposing a combination of keywords, commonly known synonyms, word vari-
ations, abbreviations, common typographical errors, and by checking data for accuracy
using a built-in validation tool. Furthermore, we tried to prevent discrepancies and errors
by employing a sensitive search first and specifying the query by adding information
while continuously confirming that no data loss took place. Although we tried to prevent
errors with multiple activities, we cannot rule out having missed registered comorbidi-
ties in text fields, which may have resulted in an underestimation of the frequencies of
comorbidities. Another limitation is our low number of events regarding the surgical
outcomes, particularly for nerve damage. We cannot ensure this to be of influence on the
results of this external validation, especially regarding model calibration. Different to other
studies, the model for delirium did not include smoking status and gender as predictor
candidates for the prediction of delirium; this is in contrast with other studies [37,38]. In
the developmental study, predictor candidates were selected based on evidence from the
literature, clinical reasoning, and eyeballing potential higher frequencies in the data [2].
The chosen method of inclusion has not led to the inclusion of these potential predictors
based on the developmental cohort.

5. Conclusions

This study externally validated four prediction models that are aimed to improve pre-
operative counselling and shared decision-making at the orthopedics department. Only the
model for delirium showed good discriminative capacity and calibration to be appropriate
for clinical use. The results for the models for surgical site infection, postoperative bleeding,
and nerve damage suggest that these models do not provide sufficient predictive accuracy
to be applied in clinical settings. Taking the effective ways to prevent and/or threaten
delirium into account, we expect the model for the prediction of delirium to be valuable
for preoperative counselling, shared decision-making, and early delirium precautionary
interventions. This expectation is strengthened by the fact that this model included only
age, the preoperative presence of a heart disease, and the presence of a disease of the central
nervous system as predictor variables, thus encompassing the proven important ease of
use by keeping the data entry to a minimum [19]. Studies assessing the utility of these
models are needed to explore if these prediction models can improve counselling efforts
and have practical benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: (1) Background: To evaluate the performance of a deep learning model to automatically
segment femoral head necrosis (FHN) based on a standard 2D MRI sequence compared to manual
segmentations for 3D quantification of FHN. (2) Methods: Twenty-six patients (thirty hips) with
avascular necrosis underwent preoperative MR arthrography including a coronal 2D PD-w sequence
and a 3D T1 VIBE sequence. Manual ground truth segmentations of the necrotic and unaffected
bone were then performed by an expert reader to train a self-configuring nnU-Net model. Testing
of the network performance was performed using a 5-fold cross-validation and Dice coefficients
were calculated. In addition, performance across the three segmentations were compared using six
parameters: volume of necrosis, volume of unaffected bone, percent of necrotic bone volume, surface
of necrotic bone, unaffected femoral head surface, and percent of necrotic femoral head surface
area. (3) Results: Comparison between the manual 3D and manual 2D segmentations as well as 2D
with the automatic model yielded significant, strong correlations (Rp > 0.9) across all six parameters
of necrosis. Dice coefficients between manual- and automated 2D segmentations of necrotic- and
unaffected bone were 75 ± 15% and 91 ± 5%, respectively. None of the six parameters of FHN differed
between the manual and automated 2D segmentations and showed strong correlations (Rp > 0.9).
Necrotic volume and surface area showed significant differences (all p < 0.05) between early and
advanced ARCO grading as opposed to the modified Kerboul angle, which was comparable between
both groups (p > 0.05). (4) Conclusions: Our deep learning model to automatically segment femoral
necrosis based on a routine hip MRI was highly accurate. Coupled with improved quantification for
volume and surface area, as opposed to 2D angles, staging and course of treatment can become better
tailored to patients with varying degrees of AVN.

Keywords: hip; femoral head necrosis; Kerboul angle; MRI; segmentation; deep learning

1. Introduction

Femoral head necrosis (FHN) is a significant cause of hip osteoarthritis and a disabling
disease of the hip, particularly in young adults [1]. Once osteonecrosis is apparent through
radiographic or clinical evidence, arthritis and collapse of the femoral head will likely
occur without any subsequent intervention [2]. In fact, FHN has been shown to account for
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roughly 10% of all total hip arthroplasties along with 10,000 to 20,000 new cases annually
in the United States alone [3]. In Asia and sub-Saharan Africa, the burden is even worse,
with over 50% of total hip replacements performed being attributed to FHN [4].

Prognosis for FHN depends on the presence of a subchondral fracture of the bone,
coupled with the location, size of the necrotic lesions, and stage of the disease [5]. In most
cases, patients display large, necrotic lesions accompanied by femoral head fragmentation,
with progression to end-stage osteoarthritis in 2–3 years. However, even smaller lesions
with an intact femoral head can progress to subcortical fractures and femoral collapse,
taking place in up to 50% of cases [6]. Especially problematic is the early introduction of
hip prostheses in younger patients, where their higher activity levels limit the prosthetic’s
durability, requiring multiple implant changes later on [7]. Alternative procedures to
joint replacement for FHN include core decompression and vascularized bone grafting,
which look to restore the blood supply to the femoral head [8,9]. Others include femoral
osteotomies, which aim to reposition necrotic bone away from the weightbearing portion
of the joint [10], and surgical hip dislocations, which provide access to the entire joint and
have shown promising results for the treatment of more advanced FHN [5,11].

Despite these options, there is no consensus for the optimal course of action for
FHN, nor in which patients with FHN will rapidly progress and whom will need surgical
treatment to obviate this [6]. Currently, the revised ARCO classification, along with the
Kerboul angle (used to estimate the extent of necrosis), can help prognosticate FHN [12], but
these are limited to radiographs and 2D MR images. With the Kerboul angle in particular,
the assessment of the size and location crucial for the grading is only semiquantitative,
relying on indirect assessment and eyeballing. To date, there remains no tried and tested
method to directly quantify the volume of necrosis relative to healthy bone, nor to measure
the necrotic surface area in the weight bearing zone of the femoral head to incorporate into
the staging [13]. This makes it very difficult to standardize surgical decision making for
FHN due to the lack of rigorous evaluation and high observer-dependence [13,14].

Although staging for FHN is based on 2D imaging techniques, high-resolution 3D
MRI sequences, along with the necessary graphic processing units and development of
novel machine-learning based applications, should enable reconstruction of 3D MRI-based
models for FHN [15]. However, to date, the feasibility of automated segmentation has not
been shown yet. This would improve the spatial assessment of necrotic lesions in addition
to providing a more comprehensive disease staging. Ideally, quantification of FHN from
3D models would even be based on standard 2D MRI sequences, which are universally
available and performed in the routine diagnostic workup of FHN. Through integrating
necrotic bone volume and surface areas to better predict which patients will benefit from
reconstructive surgery for FHN, as opposed to those with too advanced necrosis, a more
objective staging of FHN could be achieved. Thus, in our study, we sought to evaluate a
deep-learning method to automatically quantify the necrotic bone in FHN.

Our aims were to: (1) manually reconstruct MRI-based 3D models of FHN to cal-
culate necrotic volume and surface area to serve as a reference standard for the manual
segmentations based on a 2D MRI sequence; (2) use the manual segmentations of a 2D MRI
sequence for the training and testing of a neural network for automated reconstruction and
quantification of FHN; and (3) compare the quantification of femoral head necrosis and
Kerboul angle between early and advanced ARCO stages.

2. Materials and Methods

This was an IRB-approved retrospective study of 26 patients (mean age 30 years,
14 men) with FHN diagnosed in a tertiary orthopedic university hospital. Diagnosis of
FHN was established in patients with a history of hip symptoms at clinical examination.
All patients underwent biplanar radiographic imaging with supine AP pelvis views and
cross table lateral view and subsequent MRI of the hip. FHN was graded according to the
commonly recommended 2019 ARCO grading [12]: I (negative x-rays): two hips; II (no
fracture): four hips; IIIA (head collapse < 2 mm): 13 hips; IIIB (head collapse > 2 mm): 11 hips.
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Patients underwent preoperative MR arthrography at 3T (Skyra, Siemens Healthineers,
Erlangen, Germany) for their hips including the application of traction according to a
previously described technique [16,17]. This included the acquisition of multiplanar proton-
density (PD) weighted turbo spin-echo (TSE) imaging without fat saturation (coronal,
radial and axial orientation) and a high-resolution axial-oblique 3D T1-weighted volume
interpolated breath-hold examination (VIBE) sequence [18]. Sequence parameters for the
coronal PD-w sequence were repetition time (TR)/echo time (TE), 2600/11 milliseconds
(ms), slice thickness of 2 millimeters (mm), 170 × 170 mm field of view, matrix size of
269 × 384, acquisition time (AT) of 3 min. Sequence parameters for the 3D T1-w VIBE
sequence were TR/TE, 15/3.3 ms, slice thickness of 0.8 mm, 160 × 160 mm field of view,
matrix size of 192 × 192, and an acquisition time of 8:46 min.

Modified Kerboul angles were measured for each of the patients from the MR images,
according to the method of Ha et al., where the greatest extension was assessed in the
midcoronal and midsagittal planes and summed, since measuring from only the coronal
plane is not as accurate in the quantification of necrosis [19]. Additionally, Tönnis scores to
assess the degree of hip osteoarthritis were included, with grades from 0 (no osteoarthritis
present) to 3 (large cysts, avascular necrosis, and severe narrowing of joint space) [20,21]
(Table 1).

Table 1. Demography and radiography of the study population.

Parameter Mean ± SD/Number of Hips (%)

Patients (hips) 26 (30 hips)
Age (Mean ± SD) 30 ± 7
Sex (male in%) 53.85
Etiology, hips
Idiopathic (%)
Posttraumatic (%)
Systemic (%)
Perthes Disease (%)
Treatment, hips (%)
Non-Operative Treatment
Hip Arthroscopy
Surgical Hip Dislocation (total)
Concomitant Femoral Osteotomy
Periacetabular Osteotomy
First Surgery: Total Arthroplasty

13 (43)
3 (10)
11 (37)
3 (10)

12 (40)
0 (0)
14 (47)
5 (16)
1 * (3)
3 (10)

Tönnis grade of osteoarthritis, hips (%)
Tönnis grade < 2 28 (93)
Tönnis grade ≥ 2 2 (7)
ARCO grading
ARCO I (%)
ARCO II (%)
ARCO IIIA (%)
ARCO IIIB (%)

2 (7)
4 (13)
13 (43)
11 (37)

Modified Kerboul angle (Mean ± SD◦) 198 ± 77
Values are expressed as the Mean ± Standard Deviation or as the number of hips and the percentage of the total;
ARCO = Association Research Circulation Osseous Staging for osteonecrosis of the femoral head; * = surgical hip
dislocation was also performed for this hip.

2.1. Manual and Automatic Segmentation of FHN

Manual segmentation of the necrotic bone and unaffected femoral head was performed
by an expert reader on 3D T1 VIBE MRI and the coronal 2D PD-w sequence using Amira
software (FEI; Hillsboro, Oregon, USA). The manual segmentations were then used to train
a set of convolutional neural networks (nnU-Net) [22] (Figures 1 and 2). The neuronal
network was tested with a 5-fold cross-validation scheme on the unseen data. The 5-fold
cross-validation trains five different networks where 4/5 of the data are used to train and
the remaining 1/5 to test the network. This has the advantage that the overall set can be
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used as unseen data in this configuration. Therefore, the ensemble of the five different
networks built in the nnU-Net framework was not used. The architecture tested consisted
of an ensembled 2D-3D U-Net that was applied on the coronal 2D PD-w TSE sequence. For
the supervised deep learning approach, the manually segmented images were used as the
ground truth, and the mean Dice coefficient was calculated.
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bone (yellow). In this patient, this yielded a necrotic volume of 9.4 cm3 and surface area of 11.5 
cm2. 

 
Figure 2. (A) Manual and (B) automatic segmentation of femoral head necrosis based on the 2D 
PD-w TSE sequence of the same patient as in Figure 1 is shown. Unaffected (red) and necrotic 
bone (yellow) were masked using threshold assisted (A) manual segmentation, which was used as 
the ground truth to train the neuronal network for (B) fully automatic segmentation. Automatic 

Figure 1. Manual segmentation of femoral head necrosis based on the 3D T1 volume interpolated
breath-hold examination (VIBE) sequence is shown. The 3D sequence allows for multiplanar reforma-
tion for the threshold assisted 3D segmentation of the unaffected bone (red) and the necrotic bone
(yellow). In this patient, this yielded a necrotic volume of 9.4 cm3 and surface area of 11.5 cm2.

Images were volume-cropped with a spacing of 160 × 30 × 160 voxels and 0.44 × 2.4
× 0.44 mm.

The network was trained for 60 epochs. Otherwise, the default settings were kept.
The volume and surface of the necrotic and unaffected region were calculated for the

manual and the automatic segmentations from the neural network. The percent of necrotic
bone volume and necrotic femoral head surface were calculated.

To calculate the surface, the segmentation was converted into a contour, and a plane
was fitted to the flat portion where the segmentation ends in the femoral neck. Everything
within a distance of 3 mm to the plane was removed and was not part of the surface of
the femoral head. Then, the surface was calculated for the overall femoral head and the
necrotic part.

2.2. Statistical Analysis

Dice coefficients were calculated to assess the accuracy of the automatic segmentation.
The mean difference between the two manual segmentations plus the difference between
the 2D manual segmentation and the automatic ones were compared with the paired
t-tests and the correlation was assessed with the Pearson correlation coefficients. We then
compared the absolute and relative size of the necrosis between early and advanced stages
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of AVN (ARCO I/II versus IIIA/B) using Mann–Whitney U tests. A p-value less than
0.05 determined the statistical significance. Pearson correlations were also run for the six
parameters for each segmentation relative to the modified Kerboul angle.
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Figure 2. (A) Manual and (B) automatic segmentation of femoral head necrosis based on the 2D PD-w
TSE sequence of the same patient as in Figure 1 is shown. Unaffected (red) and necrotic bone (yellow)
were masked using threshold assisted (A) manual segmentation, which was used as the ground truth
to train the neuronal network for (B) fully automatic segmentation. Automatic segmentation yielded
comparable values as manual segmentation for relative necrotic volume (10 cm3 vs. 11.3 cm3) and
relative necrotic surface area (11.8 cm2 vs. 13.5 cm2). Dice coefficient for necrotic bone was 90% and
94% for the unaffected bone.

3. Results
3.1. Manual Segmentation of 3D MRI versus Manual Segmentation of 2D MRI

Upon direct comparison, the ground truth manual segmentation of 3D MRI was con-
sistent with the manual segmentation of 2D MRI. The mean differences and 95% confidence
intervals (CI) between the 3D and 2D segmentations were 0.08 ± 2.8 cm3 and −0.97 to
1.1 cm3 (volume of necrosis), 1 ± 6% and −2 to 3% (percent of necrotic bone volume),
0.4 ± 3.3 cm2 and −0.9 to 1.6 cm2 (surface of necrotic bone), −0.5 ± 4.2 cm2 and −2.1 to
1.1 cm2 (unaffected femoral surface), and 1 ± 5% and 1 to 3% (percent of necrotic femoral
head surface). Each of these five parameters had p-values above the 0.05 threshold, ex-
cept for the sixth parameter (volume of unaffected bone), which had a mean difference
(p = 0.0234) and CI of –1.5 ± 3.4 cm3 and –2.7 to −0.2 cm3, respectively. Furthermore,
the correlations between the 3D and 2D segmentations for all six parameters were strong
(Rp > 0.9), with p < 0.001 (Tables 2 and 3).

3.2. Manual Segmentation of 2D MRI Versus Automatic Segmentation of 2D MRI

Accuracy of the automatic segmentation as assessed with Dice coefficients for the auto-
matic model were 75 ± 15% and 91 ± 5% for the necrotic and unaffected bone, respectively.
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Upon direct comparison, the manual segmentation of 2D MRI was comparable with the
automatic segmentation of 2D MRI (all p > 0.05). The mean differences and confidence
intervals (CI) between the segmentations were 0.9 ± 2.7 cm3 and –0.1 to 1.9 cm3 (volume of
necrosis), −0.8 ± 2.8 cm3 and −1.8 to 0.3 cm3 (volume of unaffected bone), 2 ± 5% and 0 to
4% (percent of necrotic bone volume), 1.5 ± 4 cm2 and −0.01 to 3 cm2 (surface of necrotic
bone), 0.7 ± 2.6 cm2 and −0.3 to 1.6 cm2 (unaffected femoral surface), and 3 ± 7% and 0 to
5% (percent of necrotic femoral head surface). Each of these six parameters showed strong
correlations between the segmentations (Rp > 0.9), with p < 0.001 (Tables 2 and 4).

Table 2. Quantification of femoral head necrosis based on manual segmentations of 3D and 2D MRI
and the automatic segmentation of 2D MRI using deep learning.

Parameter
Manual Segmentation
of 3D MRI

Manual Segmentation of
2D MRI

Automatic Segmentation
of 2D MRI

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Volume of necrosis (cm3) 8.9 ± 7.4 0.7 to 29 8.8 ± 7.4 0.6 to 28 7.9 ± 6.3 0.9 to 23
Volume of unaffected bone (cm3) 39 ± 15 20 to 72 41 ± 15 20 to 71 42 ± 14 22 to 73
Percent of necrotic bone volume (%) 19 ± 15 2 to 59 18 ± 15 1 to 54 16 ± 13 2 to 47
Surface of necrotic bone (cm2) 14 ± 9.3 1.3 to 35 13 ± 9.5 1.6 to 38 12 ± 8.2 0.8 to 33
Unaffected femoral head surface (cm2) 59 ± 14 36 to 90 59 ± 13 42 to 87 59 ± 12 44 to 84
Percent of necrotic femoral head surface (%) 23 ± 15 2 to 58 23 ± 16 3 to 60 20 ± 14 2 to 54

Values are expressed as Mean ± Standard Deviation; cm = centimeters.

Table 3. Comparison of the manual segmentation of femoral head necrosis on 3D MRI with the
manual segmentation of 2D MRI.

Parameter Difference
(Mean ± SD) CI p Value Correlation p Value

Volume of necrosis (cm3) 0.08 ± 2.8 −0.97 to 1.1 0.873 Rp = 0.928 <0.001
Volume of unaffected bone (cm3) −1.5 ± 3.4 −2.7 to −0.2 0.0234 Rp = 0.975 <0.001
Percent of necrotic bone volume (%) 1 ± 6 −2 to 3 0.526 Rp = 0.928 <0.001
Surface of necrotic bone (cm2) 0.4 ± 3.3 −0.9 to 1.6 0.536 Rp = 0.938 <0.001
Unaffected femoral head surface (cm2) −0.5 ± 4.2 −2.1 to 1.1 0.515 Rp = 0.958 <0.001
Percent of necrotic femoral head surface (%) 1 ± 5 1 to 3 0.467 Rp = 0.940 <0.001

Difference values are expressed as Mean ± Standard Deviation; CI are the 95% confidence intervals; Rp denotes
the Pearson correlation coefficient.

Table 4. Comparison of manual versus automatic segmentation of FHN based on 2D MRI.

Parameter Difference,
Mean ± SD CI p Value Correlation p Value

Volume of necrosis (cm3) 0.9 ± 2.7 −0.1 to 1.9 0.0858 Rp = 0.936 <0.001
Volume of unaffected bone (cm3) −0.8 ± 2.8 −1.8 to 0.3 0.152 Rp = 0.982 <0.001
Percent of necrotic bone volume (%) 2 ± 5 0 to 4 0.10 Rp = 0.935 <0.001
Necrotic bone surface (cm2) 1.5 ± 4 −0.01 to 3 0.0517 Rp = 0.910 <0.001
Unaffected femoral head surface (cm2) 0.7 ± 2.6 −0.3 to 1.6 0.173 Rp = 0.979 <0.001
Percent of necrotic femoral head surface (%) 3 ± 7 0 to 5 0.0641 Rp = 0.892 <0.001

Difference values are expressed as Mean ± Standard Deviation; CI are the 95% confidence intervals; Rp denotes
the Pearson correlation coefficient.

3.3. Quantitative Comparison of Early and Advanced Stages of Femoral Head Necrosis

No significant difference (p = 0.0775) was observed for the modified Kerboul angle
between hips with early versus advanced FHN (median of 153◦, interquartile range of 58◦

versus 195◦, 70◦) (Table 5).
For the manual 2D segmentation, examination of the six aforementioned parameters

between early (ARCO 0-II) and advanced (ARCO > II) FHN demonstrated significant
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differences (all p < 0.05) for volume of necrosis, percent of necrotic bone volume, necrotic
bone surface, and percent of necrotic femoral head surface. Accordingly, the median and
(interquartile ranges) reported for these parameters between early and advanced stages
were 2.2 (2.7) vs. 8.9 (10.1), 4 (8) vs. 15 (16), 4.5 (4) vs. 12 (13.6), and 8 (10) vs. 20 (26)
(Table 5).

Table 5. Comparison of the manual and automatic segmentation of femoral head necrosis based on
2D MRI between hips with early versus advanced disease stages.

Parameters
Manual 2D Segmentation
Median (IQR)

Automatic 2D Segmentation
Median (IQR)

ARCO 0-II ARCO > II p-Value ARCO 0-II ARCO > II p-Value

Modified Kerboul angle (◦) 153 (58) 195 (70) 0.0775 153 (58) 195 (70) 0.0775
Volume of necrosis (cm3) 2.2 (2.7) 8.9 (10.1) 0.0133 2.2 (4) 8.8 (7.9) 0.0257
Volume of unaffected bone (cm3) 40 (12.2) 36 (19.2) 0.315 41 (9.9) 37 (12.5) 0.270
Percent of necrotic bone volume (%) 4 (8) 15 (16) 0.0226 6 (6) 13 (16) 0.0199
Necrotic bone surface (cm2) 4.5 (4) 12 (13.6) 0.0152 4.8 (3.6) 12 (8.2) 0.0133
Unaffected femoral head surface (cm2) 54 (12) 55 (16) 0.713 52 (12) 55 (16) 0.825
Percent of necrotic femoral head surface (%) 8 (10) 20 (26) 0.0257 9(4) 21 (12) 0.0116

IQR = interquartile range; ARCO (Association Research Circulation Osseous Staging) where >2 indicates an
advanced stage of femoral necrosis.

Automatic 2D segmentation analysis followed the pattern of the manual 2D segmen-
tation, in which significant differences (p < 0.05) were found for the volume of necrosis,
percent of necrotic bone volume, necrotic bone surface, and percent of necrotic femoral
head surface between early and advanced stages of FHN. The median and (interquar-
tile ranges) reported for these parameters between the early and advanced stages were
2.2 (4) vs. 8.8 (7.9), 6 (6) vs. 13 (16), 4.8 (3.6) vs. 12 (8.2), and 9 (4) vs. 21 (12) (Table 5).

Additional correlation with the modified Kerboul angle was assessed for each of the
three segmentations (manual 3D, manual 2D, and automatic 2D) across the four parameters
of necrosis quantification. Strong correlations were present (Rp > 0.85) for the volume of
necrosis, percent of necrotic bone, surface of necrotic bone, and percent of necrotic femoral
head surface, with all correlations being significant (p < 0.001) (Table 6). Despite these high
correlations between modified Kerboul angles and 3D quantification of FHN, we observed
marked differences in the relative necrotic volume and relative necrotic surface area in
some patients with comparable Kerboul angles (Figure 3).

Table 6. Correlations between the manual segmentation of 3D and 2D MRI and automatic segmenta-
tion of 2D MRI against the modified Kerboul angle.

Parameter

Manual Segmentation of
3D MRI

Manual Segmentation of
2D MRI

Automatic
Segmentation of 2D
MRI

vs
Modified
Kerboul

p-Value
vs
Modified
Kerboul

p-Value
vs
Modified
Kerboul

p-Value

Volume of necrosis (cm3) Rp = 0.859 <0.001 Rp = 0.865 <0.001 Rp = 0.867 <0.001
Percent of necrotic bone volume (%) Rp = 0.883 <0.001 Rp = 0.896 <0.001 Rp = 0.913 <0.001
Surface of necrotic bone (cm2) Rp = 0.861 <0.001 Rp = 0.869 <0.001 Rp = 0.866 <0.001
Percent of necrotic femoral head surface (%) Rp = 0.881 <0.001 Rp = 0.881 <0.001 Rp = 0.909 <0.001

Rp denotes the Pearson correlation coefficient.
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Figure 3. Quantification of femoral head necrosis with modified Kerboul angles and 3D quantification
using fully automated 3D models of the femoral head in two different patients. (A–C) 43-year-old
man and (C–F) 36-year-old woman with advanced femoral head necrosis (ARCO 3A) and comparable
Kerboul angles of (A) 175◦ and (D) 190◦. In contrast, marked differences were observed between
both patients for (C,F) relative necrotic volume (13% versus 22%) and relative necrotic surface area
(14% versus 24%), underlining the potential of deep learning-based 3D quantification to improve
surgical planning.

4. Discussion

In its progression, FHN leads to the collapse of the femoral head in a large num-
ber of patients, with 67% developing collapse even without the manifestation of clinical
symptoms [12,23]. Accurate disease staging is thus imperative for FHN to dictate the right
course of treatment, particularly in younger patients who may be able to avoid total hip
arthroplasty and preserve the native joint [24]. Within our work, we sought to expand

113



J. Pers. Med. 2023, 13, 153

upon the current FHN staging and Kerboul angle through the inclusion of 3D volumetric
and surface area quantification of necrotic lesions. We retrospectively analyzed the MRIs
of 26 patients (30 hips) with FHN and varying ARCO stages upon which we performed
the manual segmentation of FHN based on a 3D T1-w sequence. The segmentation of the
3D sequence served as the reference standard as it has high-spatial resolution with thin
and continuous slices alike. Since numerous different 3D MRI sequences are available
and not routinely performed in the workup for FHN, we further compared segmentation
accuracy using the standard 2D PD-w TSE sequence and subsequent automatic segmen-
tation using a supervised deep learning approach. Indeed, we could show that accurate
quantification of FHN was possible when performed manually and fully automatically on
2D MRI (Tables 2–4). To the best of our knowledge, our study is the first to show that deep
learning based segmentation is accurate for the 3D quantification of femoral head necrosis.
Previous studies were successful in being comparable to orthopedic surgeons in diagnosing
necrosis [25–27], with one study in particular utilizing 3D MRIs to allow for a potentially
earlier diagnosis of femoral necrosis [25]. Our study also demonstrated this, as we found
it to be equivalent across the six parameters of necrosis (Table 4) and correlates equally
well with the modified Kerboul angle as the other manual segmentations (Table 6). This
shows that not only was the automatic model accurate, but volumetric parameters (such as
volume of necrosis and percent of necrotic bone) and surface ones (surface of necrotic bone
and percent of necrotic femoral head surface) could be just as viable to predict necrosis as
the modified Kerboul angle parameter.

Kerboul angle, as first described by Kerboul et al. [28], is a method to evaluate the total
necrotic angle from lateral and anterior-posterior radiographs, which was then improved
upon with the advent of the MRI [29]. The modified Kerboul angle is now typically used to
assess the extent of necrosis to predict future collapse, being the sum of the necrotic angles
in the coronal and sagittal planes on the MRI, and has shown promise [30]. However, as
Steinberg et al. pointed out in their study, the modified Kerboul angle is more variable than
parameters such as the index of necrosis and the modified index of necrosis, even when
assuming a percentage of femoral head involvement from a 250-degree angle for the head
rather than the 180-degree angle, which was previously implemented [31,32]. Our results
seem to support the notion that the modified Kerboul angle is a less sensitive metric relative
to the 3D volumetric assessment, given that the volume of necrosis, percent of necrotic bone
volume, necrotic bone surface, and percent of necrotic femoral head were all significantly
different between early and advanced staged ARCO whereas the Kerboul angle was not
(Table 5). Although our sample size was not sufficient to perform subgroup analysis
between hips with focal or more extensive FHN, we could observe marked differences
when performing automated quantification of FHN compared to measuring the Kerboul
angles alone (Figure 3). Other studies have also demonstrated the difficulty in measuring
the actual size of a 3D lesion with 2D angular measurements [31,33,34].

Currently, the ARCO classification is widely utilized to distinguish between the differ-
ent stages of AVN based on MRI, radiograph, and the degree of femoral depression in the
more advanced stages [12]. However, 3D volumetric assessment was not incorporated in
this analysis to better categorize the stages, which could prove invaluable in ensuring that
patients undergo the essential surgical course [35]. Based on our results, the quantification
for volume and surface area were more sensitive than the Kerboul angle, and should be
used to make ARCO staging and AVN diagnosis more robust clinically. Furthermore, our
results confirm that the amount of necrosis in terms of volume and surface area increased
from the threshold of ARCO stage II, indicating that once collapse takes place, there is
indeed a substantial change in the joint (Table 5) [36].

Our study had some limitations, the most significant being that all of the patient scans
were acquired with the same site and same MRI vendor. As has been pointed out in previous
deep learning studies, sufficient training of these models requires scans from multiple MR
machines and sites to improve generalizability [37,38]. Our study paves the way for future
work implementing this approach at multiple sites with scanners from different vendors,
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as we have demonstrated that our automatic segmentation could perform equally well to
our ground truth segmentations in the quantification of FHN. Another limitation is our
sample size, which although somewhat smaller due to the lower prevalence of disease,
should be expanded in follow-up studies to both improve the performance of the model
and ensure there is no overfitting or undertraining [36]. Finally, our study was retrospective
in nature, leading to potential selection bias with the number of hips included that were
in the advanced ARCO stage (IIIA or IIIB) relative to the early stages (ARCO I and II).
This could have skewed some of the values obtained for the six parameters for the manual
segmentations and the automatic model.

In conclusion, our deep learning model for AVN proved to be just as accurate as
our ground truth and is the first to accurately quantify necrosis based on 3D models of
the femur. Such models could be further used for 3D printing or finite element analysis
to better simulate the effect of different surgical approaches for treatment of the necrotic
lesion. Furthermore, we were able to corroborate the findings of previous studies that
the modified Kerboul angle is not the most sensitive metric, and proposed/identified
four parameters that outperformed it when distinguishing between early and advanced
necrosis. While larger and more heterogeneous studies need to be carried out as well as
continued improvement of AVN staging, this study will hopefully allow for further work
to optimize surgical decision making and ameliorate patient outcomes with the disease in
the near future.
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Personalised medicine was introduced in arthroplasty a long time ago with the aim
of respecting each individual person for their unique personal characteristics in order
to further improve outcomes. Compared to the early days of arthroplasty, the range of
implant types, implant sizes, geometrical forms and implantation techniques has grown
enormously in recent decades to deal better with the patients’ needs and their anatomy.
Some of those technical evolutions were lauded as being the new holy grail, but most
disappeared again or were assembled within the existing technique as a small upgrade.

The developments in hip arthroplasty seem to be less radical and more conservative,
because of the longevity of the implants and the high satisfaction rates of patients. In
knee arthroplasty, 20% to 30% remain dissatisfied, urging surgeons, designers and implant
companies to find solutions to their problems.

In the past two decades, sizing issues, such as overhang and pain or downsizing and
flexion instability, have been addressed. This led to the development of many different
sizes with more representative anatomical aspect ratios and better surface matching in
almost all modern implants, and culminated in true customised implants manufactured on
a per-patient basis [1–4].

There has also been a renaissance in partial knee replacements, where resurfacing
of only the diseased side of the knee can lead to better results. This could be performed
in possibly up to 50% of patients instead of using totals. The counterpoint of a threefold
higher revision rate of partials compared to total knees can be clearly disarmed by surgical
experience and, lately, also for the first time by registry data. The German arthroplasty
registry (EPRD) shows a non-inferiority of revision rates in those clinics performing a high
volume of partial knees [5–9].

The latest debate concerning individuality in knee arthroplasty is the debate and
trend towards personalized alignment. Each human being has their own unique type of
coronal alignment. The idea is to approach this native alignment more closely with an
oblique implant position. To be able to obtain these more complex goals in surgery, new
technologies are needed, with the newest trend certainly being precision-enabling robots.
Paradoxically, all these precision-enabling techniques such as robots, computer navigation
or patient-specific instruments were used for a decade to avoid surgical outliers outside of
the neutral mechanical axis. Now, they help to implant the same prostheses in different
outlier positions. This new trend clearly shows that the target for coronal alignment has
changed. It only remains to be proven that this improves the subjective outcome of the
patient and will not lead to reduced survivorship. The new generation of robots combines
the advantages and precision of navigation and robotics. It is indisputable that precision is
higher with the help of these technologies compared to conventional jigs and eye-balling,
even compared to experienced surgeons. However, thorough planning is mandatory to
avoid a possible “trash in—trash-out” effect [10–17].
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The difficulty with knee arthroplasty remains that all implants are made from metal
and plastic and that they are supposed to substitute for cartilage, menisci and soft tissue
structures such as ligaments. Furthermore, their shapes and radii of curvature were decided
more than 40 years ago, mainly with the ambition of avoiding early failure of the materials.
Today, these symmetrical implants ask for advanced technological tools to implant them
asymmetrically into the native knee joint. Designing asymmetrical implants that respect the
individual offsets of each part of the human knee might be a better evolution. Today, this
remains difficult because of the logistics coming with this type of treatment and the high
costs. However, if with the economy of scales and a higher volume of usage, the cost of
goods can be reduced, this might be a more appealing concept for the future of arthroplasty.
If this is combined with a robotic type of surgery, reducing the need for instrument sets and
the patient-specific knee eliminates inventory, the value-chain of orthopaedics will have
gone through its first new economic revolution in decades.

However, it is not only the “hardware” that makes the difference. The “software” of
better peri-operative management of the patient has become a milestone in arthroplasty
outcomes. Early mobilization, because of minimally invasive surgery, and improved pain
and anaesthetic protocols are just some examples. Most of the dogmas that have existed in
surgery for decades, and are transmitted from generation to generation of surgeons, were
questioned and critically analysed. Postoperative drains were abandoned, the need for
high pressure tourniquets was discussed and antifibrinolytic agents and local infiltration
analgesia were introduced. The importance of clinical outcome for those changes are
indisputable. While, a few decades ago, patients had to spend several weeks in hospital or
even in bed following a joint replacement, arthroplasty has now become a procedure that is
performed in outpatient surgery centres, where patients can leave the institution on the
same day [18–22].

The growing importance of digitalization and collecting “big data” is relentless and
one of the main topics for the future. The ultimate goal in arthroplasty will be to predict
which technique and what system will help which patient with their unique anatomy. The
collection of such “big data” physiologically and psychologically, pre-, intra- as well as
postoperatively, together with expectations, satisfaction, capabilities and restrictions, will
lead us to understand the real needs of our patients.

Although registers pool all arthroplasties performed, which initially does not seem to
be very individual, national registers have to play a major role in documenting the quality
of different implants and arthroplasty care overall, in order to describe best practice and
report implant outliers. The registers have to be used for research and post-market surveil-
lance, and register data may be a source for intelligent decision tools that can ultimately
help to treat every individual patient better. This also helps in collecting “big data”. Predic-
tive tools based on machine-learning algorithms could reform clinical practice, especially
when combining machine-learning algorithms with data from nationwide arthroplasty
registries [23–32].

Furthermore, early detection and prevention of arthritic changes in the joint, resulting
in the need for arthroplasty, are also changing and will continue to do so. Radiological
detection becomes more subtle with reduced radiation exposure and fast and broad avail-
ability by digitalization. The understanding of pathology and early treatment options
improves almost day by day. Concerning arthroplasty, tissue engineering is just one aspect.
Given the enormous increase in the risks of bone and cartilage defects with the increase
in aging population, the current treatments available are insufficient for handling this
burden, and the supply of donor organs for transplantation is limited. Therefore, tissue
engineering is a promising approach for treating such defects. Advances in materials
research and high-tech optimized fabrication of scaffolds have increased the efficiency of
tissue engineering [33–45].

Pharmacological innovation might become important for the prevention of osteoarthri-
tis in the near future, too. Surgeons remember how rheumatoid arthritis patients were their
main segment of arthroplasty patients because of severe joint destruction and important
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deformities. Since the introduction of disease-modifying drugs, that segment of patients
has severely changed [35,46–48]

One big issue and remaining problem for the coming years and decades to come is the
revision arthroplasty of failed implants. Even with optimized implantation and improved
materials, the more active patients operated on today will potentially need new surgeries
in the future. The threshold age for arthroplasty is also coming down in patients operated
on for sports traumatology in the past and who are experiencing early osteoarthritis. More
surgeries in the elderly population and multi-operated patients will potentially lead to
more peri-prosthetic infections, requiring revision surgeries. Issues such as instability
and aseptic loosening often need to be addressed within the first years after the index
procedure. The removal of implants, infection and osteolysis can lead to bone loss and the
need for bone substitution with cones or resection-type implants. The number of implanted
megaprostheses grows exponentially, as does the number of revisions. The socioeconomic
burden is and will be immense [49–54].

This issue aims to address the cutting-edge topics concerning arthroplasty before,
during and after surgery. It shows how surgeons are continuously looking for new ways to
improve the outcomes for their patients and to share their knowledge with their commu-
nity by sending these messages across as soon as possible so as to share innovation and
improvements in care.
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