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Chapter 1

 

�eneral introdu�tion and thesis outline 
 

�he �lo�al �urden and �pidemiolo�y of Knee Osteoarthritis  
Osteoarthritis rOAs is a leading cause of chronic pain and long-term disability among 
adults worldwide1–3. As of 2020f approximately 595 million people were aLected by OAf 
accounting for 7.^� of the global population and reNecting a 132� increase in total 
cases since 19904. Among the various subtypesf 5nee osteoarthritis rKOAs is the most 
prevalent form4. The development of KOA is associated with several well-established 
ris5 factorsf including increasing age4–7f obesity4,6,7f and female sex4,6,7. Additional 
contributors include previous 5nee trauma or surgery6–8f occupations involving fre?uent 
heavy liftingf 5neelingf or s?uatting6,7,9f physically demanding wor57,10f and elite-level 
participation in high-impact sports7,11,12.  
 
In addition to these individual-level ris5 factorsf substantial geographic variation in KOA 
prevalence has been observed. The highest prevalence rates were observed in high-
income regions such as North America and Asia PaciMcf while the lowest rates were 
reported in Southeast Asia and �astern Sub-Saharan Africa4. These regional disparities 
may be partially attributed to variations in lifestyle factorsf life expectancyf obesity 
prevalencef availability of public health resourcesf and biomechanical practices such 
as habitual s?uatting or fre?uent 5nee Nexion6,9,13–15.  
 
Beyond population-level prevalencef increasing attention has been directed toward 
classifying KOA based on phenotypes to better understand disease mechanisms and 
guide personalized treatment16–18. Commonly described KOA phenotypes include 
metabolicf inNammatoryf chronic painf bone-and-cartilage metabolismf minimal 4oint 
diseasef and malaligned biomechanical phenotypes16,17. The latter is primarily driven 
by lower limb malalignment such as varus rbow-leggeds or valgus r5noc5-5nees 
deformities16,17f and is considered to be responsible for the disease in 12�-22� of 
individuals with KOA17. For every 1° increase in varus alignmentf the load transmitted 
through the medial compartment during wal5ing increases by approximately 5�19. 
ReNecting these biomechanical eLectsf lower limb malalignment has been associated 
with a 1.5- to nearly 3-fold increased ris5 of developing KOA20,21f and with an almost 4-
fold higher ris5 of incident cartilage damage22. In additionf varus alignment increases 
the load on the medial 5nee compartment and is therefore strongly associated with an 
increased ris5 of medial compartment degeneration and a lower ris5 of lateral 
compartment involvement20,23. In contrastf valgus alignment overloads the lateral 
compartmentf which is li5ed to greater lateral cartilage degeneration and reduced 
medial degeneration20,23.  
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�oo5ing aheadf the global burden of KOA is pro4ected to increase substantially in the 
coming decadesf not only among older adults but also among younger individuals
rFigure 1s24. By 2050f the number of KOA cases is pro4ected to rise substantially 
compared to 20204f largely due to population aging and increasing obesity rates4.
Howeverf even after ad4usting for age and obesityf KOA prevalence in postindustrial 
populations r197^–2015s remains more than twice as high as in early industrial 
populations r1905–1940s in Western countries25. Furthermoref the increasing 
prevalence of 4oint in4uries continues to play a substantial role in KOA development26,27. 
As KOA becomes more widespread globallyf the resulting healthcare costsf productivity 
lossesf and reduced ?uality of life present a pressing and multifaceted public health 
challenge for individualsf healthcare systemsf and societies as a whole7,28,29. 

�adiolo�ical Assessment of Knee Osteoarthritis
Radiographic assessment is a widely used method for diagnosing and monitoring the 
severity of KOA30,31. A widely applied tool is the Kellgren and �awrence rK{�s grading 
systemf which assesses disease severity based on the presence of osteophytesf 4oint 
space width r
SWs narrowingf subchondral sclerosisf and 4oint deformity32,33. The 
system categorizes KOA into Mve grades r0–4sf where grade 0 indicates no radiographic 
features of OAf and grades 1 to 4 represent doubtfulf mildf moderatef and severe 
disease34f respectively rFigure 2s. Although the K{� system provides a global structural 
assessmentf its categorical nature limits sensitivity to subtle changesf particularly in 

SW31,35. 
SW serves as a surrogate measure for the structural integrity of both articular 
cartilage and the meniscus31,36–38. Among the various 
SW metricsf the minimum 4oint 
space width rm
SWspdeMned as the narrowest distance between the femoral and tibial 
margins within a deMned region of interestpis most fre?uently used in clinical and 
pharmacological studies39. Its ?uantitative nature ma5es it a valuable outcome 
measure for assessing disease progression and evaluating the eLicacy of disease-
modifying interventions in KOA.

Figure 1 - The global prevalence and incidence in numbers of patients presenting 
knee osteoarthritis,  divided in all  patients ( green l ine) and aged between 50-54 
years (purple l ine).24
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�iscordance �et-een �ymptoms and �adio�raphic �indin�s in Knee 
Osteoarthritis
Typical clinical symptoms of KOA include gradual-onset 5nee pain that worsens with 
activityf stiLnessf swellingf pain after prolonged sitting or restf and progressive 
worsening of pain over time40. Clinicians commonly diagnose KOA based on clinical 
criteriaf such as those established by the American College of Rheumatology41 rACRs 
and the guidelines from the �uropean �eague Against Rheumatism r�U�ARs42f which 
emphasize patient-reported symptoms alongside Mndings from physical examination43.
In contrastf radiographic deMnitions of KOApsuch as the K{� grading systempfocus 
primarily on structural 4oint changesf including osteophyte formationf subchondral 
sclerosisf and 4oint space narrowing32. 

Howeverf evidence indicates that clinical symptoms do not consistently correspond 
with radiographic Mndings. Several studies have demonstrated that 5nee pain is an 
unreliable predictor of radiographic KOA43–46. Hannan et al.45 reported that nearly 50� 
of individuals with moderate-to-severe radiographic KOA experience 5nee painf while 
only 15� of individuals reporting 5nee pain show radiographic evidence of KOA. 
Converselyf other research has found signiMcant associations between clinical 
symptomspsuch as painf stiLnessf and functional limitationspand radiographic 
severityf particularly in more advanced KOA stages43,47. In these casesf higher grades of 
radiographic structural damage were associated to increased odds of 5nee pain and 

Figure 2 – Kellgren and Lawrence classification knee osteoarthritis. 
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disability43,47. Collectivelyf this mixed evidence highlights the complex relationship 
between structural 4oint changes and symptomatic aspects of KOA. 
 

�adio�raphic Assessment of �o-er �im� Ali�nment 
�isual assessment of lower limb alignment is insuLicient to provide clinically relevant 
information48. Thereforef it is typically complemented by whole leg radiographs rW�Rssf 
which allow for assessment of the mechanical hip–5nee–an5le angle rmHKAAs. To 
obtain reliable and reproducible mHKAA measurementsf consistency and accuracy in 
radiographic techni?ue are essentialf necessitating the use of a standardized W�R-
protocol49,50.  
 
�ower limb alignment is determined by three components: femoral alignmentf tibial 
alignmentf and intra-articular alignment within the 5nee 4oint. Accordinglyf the mHKAA 
is the sum of three 5ey angles: the mechanical lateral distal femoral angle rm�DFAsf the 
mechanical medial proximal tibial angle rmMPTAsf and the 4oint line convergence angle 
r
�CAs rFigure 3s51. The m�DFA reNects the angle between the femoral mechanical axis 
and distal femoral 4oint linef the mMPTA measures the tibial plateauys orientation 
relative to the mechanical axisf and the 
�CA represents the angle between the tibial 
and femoral 4oint lines51,52. Normal values are 85}–90} for both m�DFA and mMPTAf and 
0}–2} for 
�CA. A varus deformity is characterized by an m�DFA � 90}f mMPTA � 85}f 
andmor 
�CA � 2}f whereas a valgus deformity presents with an m�DFA � 85}f mMPTA � 
90}f andmor 
�CA � 0}�51,52. Thusf a varus or valgus mHKAA reNects a composite deviation 
across all three angular components. 

 
�ro,th �nd �o�d:�e%endent Ch�nges in �o,er �i"� A!ign"ent 
�ower limb alignment undergoes dynamic development throughout the Mrst and 
second decades of lifef with substantial changes in alignment observed over this 
period53. At birthf the lower limbs typically exhibit a varus alignmentf which gradually 
transitions toward a valgus alignmentf pea5ing between the ages of 3 and 5. By the age 
of 7f lower limb alignment generally stabilizes to a physiological reference value li5e 
those observed in adultsf with notable ethnic and gender diLerences53,54. This 
developmental pattern is also reNected in bony alignmentf including the mMPTA and 
m�DFA54.  
 
The ethnic and gender diLerences become more pronounced in adulthood55,56. Men 
generally demonstrate a more varus mechanical hip-5nee-an5le angle rmHKAAs than 
womenf although both sexes tend to fall slightly below the neutral mHKAA of 180}f 
indicating a mild varus tendency55,57–59. SpeciMcallyf men tend to have more varus in the 
tibia rmMPTAsf while women show more valgus in the femur rm�DFAs55–57. �thnic 
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variations are also well-documentedh for instancef Caucasians generally present with 
less varus and reduced femoral valgus compared to Asiansf who often exhibit a more 
pronounced varus alignment56. 

Figure 9 – �he �echanical �i(–Knee–�nkle �ngle K%�K��LD �echanical �edial 
�ro0i%al �i�ial �ngle K%����LD �echanical Lateral �istal Fe%oral �ngle K%L�F�LD 
and 	oint Line �on.ergence �ngle K	L��L %easured on a wholeIleg radiogra(h.
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Among individuals without KOAf the prevalence of varus malalignment ranges from 
approximately 13� to 25�55–58. �algus malalignment is less commonf with reported 
rates varying between 2� and 11�55–58. Conse?uentlyf most individuals without KOA 
exhibit a neutral lower limb alignmentf typically falling within the range of 3} varus to 3} 
valgus55–58. The variations in prevalence li5ely reNect diLerences in study populationsf 
including factors such as agef ethnicityf and the imaging modalities or alignment 
measurement techni?ues used. In contrastf among individuals with symptomatic KOAf 
the prevalence of malalignment is more than three times higher compared with the 
general population. �arus malalignment is particularly commonf reported in 
approximately ^4� to 75� of patientsf whereas valgus malalignment occurs in 7� to 
28� of cases60–62. 
 
In contrast to the neutral lower limb alignment typically observed in adultsf athletesp
especially those engaged in high-impact sports such as soccerpfre?uently develop 
varus alignment during growth. Multiple studies have reported a signiMcantly higher 
degree of varus deformity in athletic populations relative to non-athletes63–67f most 
prominently characterized by a decreased mMPTA68. In the literaturef the Hueter–
�ol5mann law is fre?uently cited as an underlying explanation for this phenomenon. 
This law states that increased compressive forces perpendicular to the growth plate 
axis inhibit longitudinal growthf while reduced loading accelerates it69–74. In athletic 
populationsf repetitive loading and elevated 5nee adduction moments increase medial 
compression at the proximal tibial physis75,76f leading to asymmetric growth and 
progressive varus alignment69–74. Howeverf while this mechanism is widely referenced 
as an explanation for coronal plane growth modulationf empirical evidence supporting 
a direct causal relationship remains limited and is primarily based on observational or 
biomechanical modeling studies77–86. 
 
�he �,ol,in� �ole of 
oint=Preser,in� �trate�ies in Knee Osteoarthritis  
Knee arthroplasty remains a widely accepted treatment for patients with end-stage 
symptomatic KOA who experience insuLicient symptom relief with conservative 
treatments87. Globallyf the number of primary 5nee arthroplasties is increasingf 
accompanied by a notable rise in revision procedures88–90. Revision arthroplasties are 
associated with signiMcantly higher surgical costs and lower patient satisfaction 
compared to primary procedures87,91. Younger patients are particularly at increased ris5 
for revision surgeryf partly due to their higher functional demands and longer life 
expectancy91,92 rFigure 4s. As highlighted earlierf both the incidence and prevalence of 
KOA are increasingf with a particularly concerning trend observed among relatively 
younger individualsf aged between 20 and 54 yearsf who are not yet suitable candidates 
for 4oint replacement rFigure 1s87,91,93. In this populationf 4oint-preserving strategies are 
essential to delay the need for arthroplasty and to maintain 4oint function94,95. A 
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realignment osteotomy is a 4oint-preserving surgical intervention particularly indicated 
for youngf active patients with symptomatic unicompartmental KOA in combination 
with a lower limb malalignment96. This procedure redistributes mechanical loading 
from the aLected to the unaLected compartmentf thereby reducing painf slowing down
disease progressionf and improving functional outcomes97. During an osteotomyf the 
bone is surgically cut and realignedptypically using an open- or closed-wedge 
techni?ue rFigure 5s in either the distal femur or the proximal tibiapto correct the 
mechanical axis. In addition to these clinical beneMtsf partial and even full regeneration 
of the articular cartilage in the previously overloaded compartment has also been 
observed98,99.

�istori��! �vo!ution o� �steoto".
The concept of deformity correction dates to Hippocrates r4^0–370 BCsf who utilized 
the Hippocratic Scamnumpa traction device for bone realignment. In the sixteenth 
centuryf the precursor to osteotomy was osteoclasiaf a procedure in which a deformed 
bone was intentionally fractured and then stabilized in a corrected position to allow for 
proper healing. The Meld evolved graduallyf with various osteotomy techni?ues being 
described by early pioneers. A ma4or milestone occurred in 1880 when Macewen 
published the Mrst dedicated boo5 on osteotomyf detailing 1f800 successful cases 
without signiMcant complications. By the mid-20th centuryf osteotomy had become 
more reMned. In 1948f Brittain introduced distal femoral osteotomy for treating valgus 
alignment in children unresponsive to conservative therapy and adults with lateral 
compartment KOA. Around the same timef Wardle reported his series of high tibial 
osteotomies rHTOssf initiated in 1941f as a treatment of medial compartment KOA. His 

Figure : I Lifeti%e risk of re.ision following total knee re(lace%ent.91
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techni?ue involved performing the osteotomy 4ust below the tibial tuberclef at the 
4unction of the upper and middle thirds of the tibia100,101. 

Indications osteotomy
The traditional ideal candidate for realignment osteotomy has traditionally been 
deMned as a physically active individual aged 40–^0 years with isolated 
unicompartmental KOAf a body mass index rBMIs below 30 5gmmcf non-smo5ing statusf 
varus deformity less than 15}f a bony malalignment greater than 5}f full range of motionf 
intact ligamentous stabilityf and ade?uate pain tolerance102. Howeverf in recent yearsf 
clinical indications have begun to shiftf with increasing consideration of osteotomy in 
broader patient populations. Recent evidence indicates that agef BMIf and smo5ing are 
no longer absolute contraindications96. Younger patients runder 50–55 yearss generally 
have better outcomesf while obesity and smo5ing increase surgical complications but 
do not clearly worsen functional results96. Mild degeneration in the unaLected or 
patellofemoral compartments does not negatively impact outcomesf though advanced 
cartilage damage may raise failure ris596. 

Figure ; I �ntero(osterior radiogra(h of a dou�leIle.el osteoto%1D consisting of 
a %edial o(enIwedge osteoto%1 of the (ro0i%al ti�ia and a lateral closedIwedge 
osteoto%1 of the distal fe%ur.
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�on�=�erm �ur,i,al 
Osteotomies around the 5neef including both medial open-wedge and lateral closed-
wedge techni?uesf have demonstrated good clinical beneMts and long-term survival. 
Patient-reported outcome measures show signiMcant improvement following 
osteotomiesf with sustained beneMts observed even in longer-term follow-up. These 
improvements have been consistently documented across multiple studies involving 
both open- and closed-wedge approaches103–107. Additionallyf return to sport outcomes 
are favorablef with over 80� of patients typically returning to physical activity following 
osteotomies around the 5nee104,108–110. Although there is often a shift toward lower-
impact sportsf a considerable proportion of patients return to their preoperative sport 
level104,108,109. Notablyf return to sport rates and performance levels appear to be 
superior in osteotomy patients compared to those undergoing unicompartmental 5nee 
arthroplasty rUKAs111,112. In addition to their clinical beneMtsf osteotomies have 
demonstrated favorable long-term survival outcomes. A systematic review reported 
survival ratespdeMned as the percentage of osteotomies not converted to total 5nee 
arthroplasty rTKAspranging from 8^–100� at 5 yearsf ^4–97.^� at 10 yearsf and 44–
93.2� at 15 years97. These Mndings are also supported by individual studies reporting 
comparable outcomes113–117.  
 
Impact of Osteotomies on Knee Arthroplasty Outcomes 
Despite these advantagesf osteotomies are performed relatively infre?uently and are 
greatly outnumbered by 5nee arthroplasty procedures118–120. This reluctance may be 
attributed to concerns about postoperative painf rehabilitationf complicationsf and 
more favorable Mnancial model for arthroplasty121. Additionallyf there has been ongoing 
debate about the impact of prior osteotomy on the outcomes of subse?uent 5nee 
arthroplasty. Howeverf several studies have shown that prior high tibial osteotomy 
rHTOs does not negatively impact TKA outcomes. A self-matched case-control study 
and a large population-based analysis found no signiMcant diLerences in implant 
survival up to 15 years post-TKA between patients with and without previous HTO114,122. 
A recent meta-analysis further conMrmed comparable short- to midterm survival and 
complication rates123. Notablyf a Dutch registry study reported superior 12-year 
revision-free survival for TKA after HTO compared to TKA after UKAf with a signiMcantly 
lower revision ris5 in the former group124. 
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�hesis aim 
The rise in the global burden of KOApparticularly among younger and physically active 
individualsphighlights the growing need for accurate diagnostics and eLective 4oint-
preserving treatment strategies. In this contextf osteotomy has gained attentionf as it 
has shown promising clinical outcomes and long-term 4oint preservation in these young 
patients. To support the development and reMnement of such 4oint-preserving 
strategiesf this thesis aims to advance four interrelated domains of KOA research:  

1. �valuating and optimizing radiographic assessment of KOA 
2. Determining the impact of lower limb malalignment 
3. �nhancing osteotomy care 
4. Assessing the impact of previous osteotomy on TKA 

 
�ontents of this thesis 
Firstf the thesis explores how radiographic and magnetic resonance imaging-based 
imaging modalities can more accurately evaluate 4oint structure and disease 
progressionf while accounting for technical factors such as patient positioning. These 
eLorts aim to establish more reliable and clinically relevant methods for monitoring 
KOA progression and evaluating treatment eLects. Secondf the thesis examines the 
impact of lower limb malalignment through both longitudinal and cross-sectional 
analyses. It investigates how sporting activities inNuence alignment parameters and 
explores the conse?uences of malalignment on 4oint healthpnot only in the 5neef but 
also in the hipf providing insights into the complex interplay between physical activityf 
biomechanical alignmentf and the long-term musculos5eletal health of the lower 
extremities. Thirdf the thesis focuses on improving osteotomy care by reMning 
preoperative planningf enhancing the assessment of bone healingf and optimizing 
surgical techni?ues. By evaluating new planning conceptsf biomaterialsf and 
standardized outcome measuresf this wor5 aims to advance the ?uality of care and 
improve outcomes for patients undergoing realignment surgery. Finallyf the thesis 
investigates the impact of previous osteotomy on TKAf clarifying how 4oint-preserving 
surgery inNuences subse?uent reconstructive procedures and their outcomes. 
Collectivelyf this thesis contributes to more precise diagnostics and more eLective 
4oint-preserving strategies for individuals with KOApparticularly relevant for the 
growing population of youngerf active patients in the midst of their professional and 
social livesf who strive to maintain mobility and function while delaying or avoiding 4oint 
replacement.  
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�bstra�t  
 
�b#ective? Correlations between minimum 4oint space width rm
SWs and MRI-based 
cartilage thic5ness are strong in cross-sectional analyses and moderate in longitudinal 
analysesf possibly due to 5nee rotation and Nexion. This study investigates the eLect of 
5nee positioning during radiographic ac?uisition on the diLerence between m
SW and 
MRI-based cartilage thic5ness.  
�ethods? Radiographic m
SW from the index 5nee was determined from baseline r2^5 
patientss and 24-month follow-up r1^5 patientss on Mxed-Nexion radiographs from IMI-
APPROACH rmulticenter OA studys patients using automated software. Statistical 
Shape Models were used to ?uantify 5nee rotation and Nexion on radiographs. Cartilage 
thic5ness was assessed by manual segmentation from MRI. DiLerences between 
m
SW rradiographss and cartilage thic5ness rMRIs were assessed at baseline and 
follow-up. Multivariable linear regression was used to evaluate the impact of 5nee 
Nexion and rotation on the diLerence between m
SW and cartilage thic5ness.  
Results? In cross-sectional analysisf diLerences between X-ray and MRI were 
signiMcantly inNuenced by 5nee rotation rR � -0.18f P � 0.001s. �ongitudinal change in 
diLerences between X-ray and MRI were associated with changes in 5nee Nexion rR � 
0.19f P�0.002s. Increases of one standard deviation in internal rotation and extension 
at follow-up resulted in a 0.2 mm false surrogate measurement of cartilage changes on 
radiographs.  
Conclusion? �uantiMed 5nee positioning signiMcantly aLects diLerences between 
m
SW measured on radiographs and MRI-based cartilage thic5ness. The longitudinal 
analyses revealed that 5nee Nexion was related to these diLerencesf while 5nee 
rotation was only related to cross-sectional diLerences. These Mndings highlight the 
importance of 5nee positioning during radiographic ac?uisition in contributing to false 
surrogate measurement of cartilage status and cartilage change.   
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*0 �ntrodu�tion  
 
Radiographic evaluation is a widely used method for diagnosing and monitoring the 
severity and progression of 5nee osteoarthritis rOAs30,31. The minimum 4oint space width 
rm
SWs measured on a posteroanterior 5nee radiograph in semi-Nexed 4oint position 
under loading is commonly used as a surrogate measure of cartilage and meniscus 
integrity andmor degenerationf with the intent to monitor progression of 5nee OA31,36–38. 
The 
SW is integrated into widely adopted categorical grading systems that try to 
capture 5nee OA severity on radiographsf such as the Kellgren { �awrence rK�s 
score32,33,38,125. Howeverf the K� score is less sensitive to subtle changes in ?uantitative 
parametersf such as changes in the continuous measure of m
SW31. Accurate and 
reliable measurement of radiographic OA parameters are essential for assessing 
structural changes in 5nee OAf especially when evaluating the eLectiveness of new 
treatments126.  
 

Radiographic 
SW reNects not only cartilage thic5nessf but is also inNuenced by 
additional factorsf such as the meniscus and positional diLerences during 
a?uisition127–130. While cross-sectional studies often reveal strong correlations between 

SW and cartilage thic5ness measurements obtained from non-weight-bearing 
Magnetic Resonance Imaging rMRIs131,132f longitudinal analyses demonstrate only 
moderate correlations between changes in 
SW and cartilage thic5ness133–135. Possible 
explanations for these diLerences include positional diLerences during radiographic 
ac?uisitionf changes in meniscal extrusion and lower cartilage ?uality136. �ariations in 
5nee rotation and Nexion are well-recognized limitations in assessing 5nee OA 
progression when using radiographs50,129,130,137,138. For instancef Kan et al.129 reported 
signiMcantly smaller medial 
SW in Nexion views compared to extended viewsf while 
Kinds et al.130 observed that full leg extension increased 
SW measurements.  
 

Positional diLerences during radiographic ac?uisitionf such as 5nee rotation and 
Nexionf can be captured with statistical shape models rSSMs. SSMs describe bone 
shapes observed in radiographsf capturing both anatomical diLerences re.g.f wider 
condyless and positioning eLects re.g.f 5nee rotation or Nexions. The SSMs ?uantify 
subtle variations in 5nee positioning on radiographs. Shape variations are categorized 
into distinct shape modesf allowing separation between true anatomical 
characteristics and those due to patient positioning139–142. Hencef if se?uential 
radiographs are being made in time and no large changes in bone geometry are 
expectedf the SSM will mostly represent the positioning with respect to radiographic 
ac?uisition. The aim of this study was twofold. Firstlyf to determine whether cross-
sectional diLerences between radiographic based m
SW and MRI-based cartilage 
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thic5ness can be attributed to positioning during radiographic ac?uisition. Secondlyf to 
evaluate the eLect of change of positioning during radiographic ac?uisition over time. 
This longitudinal analysis provides insights into the impact of positioning on the 
thoughtfulness of progressors and non-progressors of KOA. We hypothesized that 
diLerences in positioning of 5nee Nexion and rotation during radiographic ac?uisition 
will bias the interpretation of measured m
SW rsurrogates when compared to MRI-
based cartilage thic5ness.  
 

+0 
ethods 
 
4:3 Patients 
The prospective Applied Public-Private Research enabling OsteoArthritis Clinical 
Headway rIMI-APPROACH cohorts cohort is an observationalf longitudinal cohort that 
enrolled patients with predominantly femorotibial OA selected from Mve �uropean 
cohorts143 rrCH�CK rUtrechtf The Netherlandssf HOSTAS r�eidenf The Netherlandssf 
MUST rOslof Norwaysf PROCOAC rA Coru:af Spainsf and DIGICOD rParisf Francess or 
from their outpatient departments. Recruitment relied on machine-learning models to 
predict the probability of increased or sustained 5nee pain or structural progression 
during the two-year follow-up143. The index 5nee of the participants was selected based 
on American College of Rheumatism rACRs criteria. If both 5nees met the ACR criteriaf 
participants indicated their most aLected 5nee to use as index 5neeh if participants 
indicated no diLerencef the right 5nee was chosen as index 5nee. A detailed description 
of the inclusion and exclusion criteria has been published previously143. Medical ethics 
committees of all participating centers approved the studyf and all patients provided 
written informed consent. The study was registered under clinicaltrials.gov nr: 
NCT038835^8.  
 
4:4 Ima�in� protocol for !nee radio�raphy and 
�I  
Knee radiographs and MRI-scans of the patients were included in this study. The 
radiographs were obtained following the Buc5land-Wright protocolf with a 
posteroanterior view of the 5nee in semi-Nexed position r7° - 10°s and under weight-
bearing conditions36,143. The MRI protocol included sagittal 3D spoiled or volume-
interpolated gradient echo se?uencesf incorporating selective water excitation or fat 
suppression techni?ues for ?uantitative cartilage morphometry. These 3D MRI scans 
were independent of patients positioning. Furthermoref sagittalf axialf and coronal 
intermediate-weighted fat-suppressed se?uences were ac?uired for the assessment of 
the MRI Osteoarthritis Knee Scores rMOAKSs. Among the Mve participating centersf two 
centers used 1.5T scannersf while the remaining three centers deployed 3T systems.  
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4:5 Ima�in� assessment 
This study included 5nee radiographs of the index 5nee at baseline and 24 months 
follow-up. The radiographic m
SW rmms in the medial compartment was provided by 
automated software rOrthopedic Digital Image Analysis rODIAss144. The K� score rrange: 
0-4s was determined at both time points by one experienced reader143.  
 
The medial femorotibial compartment cartilage thic5ness rmms of the index 5nee was 
determined on MRI-scans at baseline and 24-months follow-up. Cartilage thic5ness 
was manually segmented from the MRIs by experienced readers using custom software 
rChondrometricsf GmbHf Freilassingf Germanys. This involved measuring the mean 
cartilage thic5ness rmms of the medial tibia rMTs and the weight-bearing rcentrals part 
of the medial femur rcMFs. The cartilage thic5ness for the weight-bearing medial 
femorotibial compartment rMFTCs was calculated rMFTC � MT � cMFs145. The 
?uantitative cartilage measurements performed on MRI were used in this study as a 
reference rground truths for the surrogate cartilage thic5ness of m
SW measurements 
on radiographsf thereby including the meniscus status rbased on MRIs as relevant 
parameter for radiographical m
SW.  
 
Meniscal extrusion and meniscus damage were assessed using the semi-?uantitative 
MOAKS instrument by an experienced radiologist blinded to clinical dataf as meniscal 
extrusion and damage also inNuences the m
SW146. In both the medial and lateral 
compartmentf medial and lateral meniscal extrusion was scored. �ach score ranges 
between 0-3: Grade 0: �2mmh Grade 1: 2 to 2.9mmf Grade 2: 3-4.9mmh Grade 3: 
�5mm146. The presence of meniscal extrusion was deMned as a displacement of more 
than 3 mm of the medial or lateral meniscus147. Meniscal damage of the medial and 
lateral body was classiMed on a scale from 0 to 8f with grades 0 and 1 indicating an 
intact meniscus without a tear. Grades 2 to 4 correspond to varying types of tearsf while 
grades ^ to 8 reNect macerationf signifying loss of meniscal substance146. A distinction 
was made between an intact meniscus rgrades 0 and 1s and a non-intact meniscus rall 
other gradess.  
 

4:6 �tatistical shape modellin� 
We used the validated software BoneFinder® rwww.bone-Mnder.comf The University of 
Manchesterf UKs to automatically annotate landmar5s on 5nee radiographs148–150. The 
landmar5s included the edges of the distal femurf proximal tibiaf and patella144. These 
annotated landmar5s served as input for generating the SSM based on a principal 
component analysis rPCAs to identify the predominant factors responsible for the 
observed variations in bone morphology. PCA simpliMed the dataf generating 
independent modes of shape that reNect the variation from the average shape142. �ach 
shape mode was ?uantiMed in standard deviations. As 5nee Nexion and rotation with 
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respect to the radiographic source and detector is also represented in the 2D pro4ection 
of the radiographf this positioning is also revealed in the SSM. SSMs can ?uantify subtle 
variations in 5nee positioning that are not always visually apparent rFigure 1sf by 
comparing each individual radiograph to the average 5nee positioning of the cohort. In 
this wayf the SSM serves as a measurement method to ?uantify positioning variations. 
SSM was generated from 5nee radiographs of the index 5nee at baseline and at 24-
month follow-up. Shape analyses of the IMI-APPROACH cohort revealed that the two 
largest principal components indicate 5nee rotation rshape mode 1s and 5nee Nexion 
rshape mode 2sf both expressed in standard deviations rSDs. 

4:7 �esi�n of the study
This study consists of two phasesf using patients from the IMI-APPROACH cohort. In 
the Mrst phasef a cross-sectional analysis assessed whether diLerences between 
m
SW and MRI-based cartilage thic5ness can be attributed to 5nee Nexion and rotation 
during ac?uisitionf with the MRI-based meniscus status considered. All patients with 
baseline radiographs and MRI scans of the index 5nee were included. In the second 
phasef a longitudinal analysis was performedf calculating the diLerence in 5nee Nexion 

Figure 7 I �0a%(le of knee radiogra(hs of the sa%e (atient at �aseline KleftL and 
2:I%onth followIu( Kr ightL.  �t followIu(D the knee is (ositioned in greater e0ternal 
rotationD as indicated �1 a change in sha(e %ode 7 K4�ode 7 T –7.9LD  while the 
degree of fle0ionHe0tension re%ains unchanged K4�ode 2 T 6.6L.  ���s allow for 
the )uantification of such su�tle differences in knee (ositioningD which are often 
not .isuall1 a((arent. 
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and rotation over 24 months r�Mode 1 and �Mode 2s and the changes in m
SW r�m
SWs 
and MRI cartilage thic5ness r�Cartilage thic5nesss over 24 monthsf incorporating MRI-
based meniscus status as a parameter. The longitudinal �diLerence was determined 
by subtracting �m
SW from �Cartilage thic5nessf which provided the diLerence in MRI-
based and radiographical-based change in m
SW. Patients with both baseline and 24-
month radiographs and MRI scans were included. For the longitudinal analysisf 
baseline meniscal extrusion and meniscal damage were used. 
 

4:8 �tatistical analysis 
All statistical analyses were performed using Statistical Pac5age for the Social 
Sciences rSPSSs version 27.0 software rIBMf Armon5f New Yor5s. Descriptive statisticsf 
displaying means and standard deviations rSDssf or numbers and percentagesf were 
provided. Histograms were assessed for normal distribution. Univariable linear 
regression was employed to assess the impact of Mode 1 rinternalmexternal rotationsf 
Mode 2 rNexionmextensionsf meniscal extrusionf and meniscal tears on the diLerence 
between MRI-based cartilage thic5ness and minimal 4oint space width rm
SWs 
independently. Moreoverf multivariable linear regression was used to analyze the 
impact of Mode 1 rinternalmexternal rotationsf Mode 2 rNexionmextensionsf meniscal 
extrusionf and meniscal tears on the diLerence between MRI-based cartilage thic5ness 
and m
SW. The degree of underestimation and overestimation of �m
SW relative to 
�MRI-based cartilage thic5ness was determined using the R coeLicients from the 
multivariable regression analysis in patients without meniscal extrusion or meniscal 
damage. Furthermoref the change in m
SW is often used as the surrogate measure of 
cartilage degeneration over a speciMc time. Thereforef our methodology was also 
applied to examine how changes between baseline and follow-up in Mode 1 and Mode 
2 r�Mode 1f �Mode 2sf as well as meniscal extrusion and meniscal tearsf inNuenced 
the change in m
SW compared to the change in MRI-based cartilage thic5ness 
r�DiLerences. Statistical signiMcance was deMned as a p-value � 0.05. 
 

,0 �esults 
 
5:3 Patients and data assessment  
A total of 297 IMI-APPROACH patients Were initially considered for the study. Howeverf 
15 patients had missing MRI scan parameters rMOAKS andmor cartilage thic5nesssf and 
17 patients had incompletef radiographic parameters reither ODIA software 
measurements or SSM were missings. As a resultf a total of 2^5 patients were included 
in the Mrst phase of the study. �very patient participated with one rindexs 5nee. The 
characteristics of the patients included in the cross-sectional study are detailed in 
Table 1.  
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�a�le 7 – �he characteristics of the included ���I�������� cohort (atients.  
 �aseline C
F265D 
Age ryearss ^^.^ r7.2s 
Sexf no. r�s women 20^ r77.7�s 
Body Mass Index r5gmm2s 27.9 r5.1s 
m
SW medial compartment rmms 3.^ r1.4s 
Cartilage thic5ness medial compartment rmms 3.5 r1.1s 
Medial extrusion of the medial meniscusf no. r�s 
  No meniscal extrusion 
  Meniscal extrusion 
  Unscorable 
�ateral extrusion of the lateral meniscusf no. r�s 
  No meniscal extrusion 
  Meniscal extrusion 
  Unscorable 

 
179 r^7.5�s 
79 r29.8�s 
7 r2.^�s 
 
23^ r89.1�s 
27 r10.2�s 
2 r0.8�s 

K{� gradef no. r�s  
  Grade 0 47 r17.7�s 
  Grade 1 72 r27.2�s 
  Grade 2 ^0 r22.^�s 
  Grade 3 72 r27.2�s 
  Grade 4 
  Missing 

11 r4.2�s 
3 r1.1�s 

Mean (standard devia-on (SD) are depicted, unless stated otherwise.; no., number; mJSW, minimum 
joint space width; K&L, Kellgren and Lawrence 
 
The longitudinal analysis included 1^2 participants r77.8� womens with a baseline 
mean age of ̂ ^.0 years rSD 7.5s and BMI of 28.1 5gmmc rSD 5.2s. The follow-up of the IMI-
APPROACH patients occurred during the CO�ID-19 pandemicf which contributed to 
the missing follow-up data. Over 24 monthsf mean age increased by two years to ^8.0 
yearsf BMI remained stable at 27.9 5gmmcf and mean m
SW of the medial compartment 
decreased from 3.8 mm rSD 1.3s to 3.7 mm rSD 1.4s. The mean cartilage thic5ness of 
the medial compartment decreased from 3.0 mm rSD 0.7s to 2.9 mm rSD 0.7s. Most 
participants remained within K� grades 2-4 r54�s at both baseline and 24 months 
follow-up. The absolute �diLerence between �MRI-cartilage thic5ness and �m
SW is 
0.37 � 0.3^ mm. For patients with a 0 SD for rotation rmean rotations rN � 24sf this 
�diLerence between �MRI-cartilage thic5ness and �m
SW is 0.35 � 0.37 mm. For 
patients with a 0 SD for Nexion rmean 5nee Nexions rN � 29sf this �diLerence is 0.5 � 0.4 
mm. 
 
5:4 �tatistical shape modes 
24 shape modes were created to describe 90� of the shape variation. Shape mode 1f 
the primary mode of variationf represented 5nee rotation and accounted for 33.^� of 
total variation in shape. The positioning of both the patella and medial femoral condyles 
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played a crucial role in discerning 5nee rotation rFigure 2s. A positive �Mode 1 denoted 
an increase in internal rotation at follow-up r24 monthss relative to baseline. Shape 
mode 2f reNecting 5nee Nexionmextension accounts for 25.4� of total variation in shape. 
The location of the patella and medial tibial plateau indicated an important part of 
recognizing 5nee Nexion rFigure 2s. A positive �Mode2 denoted an increase in Nexion. 

5:5 �tatistical shape modes and  oint space -idth measurements
Univariable regression revealed that 5nee rotation rP � 0.01f R � -0.12s and Nexion rP � 
0.02^f R � 0.11s signiMcantly inNuenced cross-sectional diLerences between MRI 
cartilage thic5ness and m
SW. Medial rP � 0.002f R � 0.30s and lateral meniscal damage 
rP � 0.003f R � -0.3^s were also signiMcantf while meniscus extrusion showed no 
signiMcant eLects rMedial: P � 0.93f R � 0.00h �ateral: P � 0.^5f R � -0.03s.

Figure 2 I �ositioning �ode 7 and �ode 2 of the ���I�������� cohort.  �L �ha(e 
%ode 7 Kknee rotationL. �he %ean knee rotation K6 standard de.iation K��LL and 
the R9HI9 �� are shown. �L �ha(e %ode 2 Kknee fle0ionL. �he %ean knee fle0ion K6 
standard de.iation K��LL and the R9HI9 �� are shown.
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Using multivariable regressionf 5nee rotation rmode 1s signiMcantly inNuenced the 
cross-sectional diLerence between MRI cartilage thic5ness and m
SW rP � 0.001f R � -
0.18s rFigure 3s. In Figure 3f mode 1 is plotted against the diLerence between MRI 
cartilage thic5ness and m
SW. Internal rotation was associated with an overestimation 
of m
SW compared to MRI cartilage thic5ness rm
SW � MRI-based cartilage thic5nesssf 
whereas external rotation caused an underestimation rm
SW � MRI-based cartilage 
thic5nesss. In contrastf 5nee Nexion rmode 2s showed no signiMcant relationship with 
the cross-sectional diLerence rP � 0.20f R � 0.0^s rFigure 3s. Medially extrusion of the 
medial meniscus and laterally extrusion of the lateral meniscus showed no signiMcant 
relationship with the cross-sectional diLerence rMedial: P � 0.98f R � -0.00h �ateral: P � 
0.91f R � 0.01s. Finallyf medial and lateral meniscal damage resulted in a signiMcant 
diLerence between MRI cartilage thic5ness and m
SW rMedial: P � 0.001f R � 0.33h 
�ateral: P � 0.003f R � -0.38s. 

In the multivariable analysis of longitudinal changesf more internal rotation at follow-
up compared to baselinef indicated here as positive �Knee rotation r�mode 1sf showed 
no signiMcant eLects with the diLerence over time rP � 0.72f R � 0.02s rFigure 4s. In 
Figure 4f �mode 1 is plotted against the �diLerence between MRI cartilage thic5ness 
and m
SW. �Knee Nexion r�mode 2s was signiMcantly associated with longitudinal 
diLerences rP � 0.002f R � 0.19s rFigure 4sf where more 5nee Nexion at follow-up results 
in a reduction in m
SW that does not represent an actual decrease in m
SWf while more 
extension at follow-up can create a false impression of m
SW increase. Medially 
extrusion of the medial meniscus and laterally extrusion of the lateral meniscus 
showed a signiMcant relationship with the longitudinal diLerence rMedial: P � 0.001f R 

Figure 9 I �elationshi( �etween the standard de.iation of sha(e %odes for 
rotation K�L and fle0ionHe0tension K�L and the difference �etween %	�� and 
cartilage thickness. �he sha(e %odes are re(resented �1 their  standard 
de.iations within this (o(ulationD where 6 corres(onds to the a.erage sha(e 
%ode Ki.e.D  the a.erage knee rotation and fle0ionHe0tension of the cohortL.  �n the 
.ertical a0is the difference is (ro.ided �1 ���Icartilage thickness – %	��. 

A. B.
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� 0.1^h �ateral: P � 0.001f R � -0.21s. Meniscal damage showed no signiMcant 
associations with the longitudinal diLerence rMedial: P � 0.39f R � 0.07h �ateral: P � 
0.08f R � -0.17s. 

We determined the degree of underestimation rm
SW � MRI-based cartilage thic5nesss 
and overestimation rm
SW � MRI-based cartilage thic5nesss of �m
SW compared to 
�MRI-based cartilage thic5ness for patients without meniscal extrusion and meniscal 
damagef as this represents the largest group in our study population. A one SD increase 
in internal rotation causes a 0.02 mm overestimation of m
SW compared to MRI-based 
cartilage thic5nessf while a similar increase in Nexion results in a 0.2 mm 
underestimation. When both parameters increase by one SDf m
SW is underestimated 
by 0.2 mm. These eLects become more pronounced with a two SD increase. A two SD 
increase in internal rotation and a two SD increase in 5nee extension result in an 
overestimation of m
SW by 0.43 mm.

Figure : I �elationshi( �etween differences in standard de.iation of sha(e %odes 
for rotation K�L and fle0ionHe0tension K�L and the ∆difference �etween changes of  
%	�� during followIu( and the changes in cartilage thickness found in ���. �he 
sha(e %odes are re(resented �1 their  standard de.iations within this (o(ulationD 
where 6 corres(onds to the a.erage sha(e %ode Ki.e.D  the a.erage knee rotation 
and fle0ionHe0tension of the cohortL.  �n the .ertical a0is the Ydifference is 
(ro.ided �1 Y���Ithickness IY%	��. �husD a loss or gain in %	�� found during 
followIu( is skewed relati.e to the cartilage thickness %easure%ents on ���D 
de(endent on the (ositioning differences of the knee during the two ac)uisitions 
of the radiogra(hs.

A. B.
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-0 �is�ussion  
 
In this studyf we investigated whether diLerences between surrogate cartilage 
thic5ness rm
SWs from 5nee radiographs and cartilage thic5ness from 5nee MRI could 
be rat least partiallys attributed to positioning during radiographical ac?uisition. This 
was determined at a single time point rcross-sectionals and over a two-year follow-up 
period rlongitudinals. Our Mndings showed that 5nee rotation rdetermined by SSM mode 
1s signiMcantly aLected the cross-sectional diLerence between the m
SW and the 
cartilage thic5ness from MRI when meniscal status was not considered. It was shown 
that internal rotation caused an overestimation and external rotation an 
underestimation of m
SW compared to MRI cartilage thic5ness. Knee Nexion rSSM 
mode 2s had also a signiMcant eLect on the cross-sectional diLerence when meniscal 
status was not consideredf where 5nee Nexion caused an underestimation and 5nee 
extension an overestimation of m
SW compared to MRI-cartilage thic5ness. When 
examining the multivariable modelf we observed that meniscal damage and 5nee 
rotation have a signiMcant eLect on the diLerence between the m
SW and the cartilage 
thic5ness from MRI. Knee Nexion and meniscal extrusion did not have a signiMcant 
eLect. 
 
�ongitudinallyf 5nee rotation showed no signiMcant eLect on the �diLerence between 
�m
SW and �MRI cartilage thic5ness. Knee Nexion diLerences r�mode 2s showed a 
signiMcant eLect on the �diLerence. More speciMcallyf 5nee Nexion resulted in an 
underestimationf while 5nee extension led to an overestimation of changes in m
SW. 
Thusf increased Nexion at follow-up may result in a false conclusion of cartilage loss 
based on m
SWf while increased extension may lead to undetected cartilage thinning 
or even a falsely detected increase in cartilage rsurrogates thic5ness. Meniscal 
extrusion at baseline showed a signiMcant eLect on the longitudinal diLerencesf and 
meniscal damage showed no signiMcant eLect on the �diLerence. Notablyf a 2 SD 
increase in internal rotation and a 2 SD increase in 5nee extension resulted in a false 
increase of m
SW by 0.43 mm. These Mndings underscore the critical role of 5nee 
positioning during radiographic ac?uisition in contributing to the diLerences between 
m
SW and MRI-based cartilage thic5ness.  
 
Knee rotation and Nexion biases are well-5nown limitations in measuring KOA 
progression using radiographs50,129,130,137,138. Studies have shown that variations in 5nee 
positioning can signiMcantly aLect 
SW measurementsf leading to inconsistencies in 
assessing cartilage degeneration. Kan et al.129 found that medial 
SW was signiMcantly 
smaller in Nexion view compared to the extended viewf while Kinds et al.130 concluded 
that leg extension increases 
SW measurements. Our research demonstrates that 
these positioning eLects may contribute to the diLerences between MRI-based 
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cartilage thic5ness and radiographic m
SW measurements. Despite using the 
standardized Buc5land-Wright protocol36�in our studyf the shape modes with the largest 
variation were those related to 5nee positioningf speciMcally rotation and Nexion. We 
employed SSMs due to their ability to capture and ?uantify these variations in shape in 
a rigorous mathematical approachf expressing the variation in terms of standard 
deviation within the measured population. One of the 5ey strengths of this method is 
its ability to ma5e even small variations in 5nee positioning visible and measurable. In 
the study by Haver5amp et al.�142f SSMs were also used to assess the eLect of 5nee 
Nexionf concluding that OA 5nees were more extended compared with control 5nees. It 
is possible that the patientzs positioning may be inNuenced by the thic5ness of the MRI 
cartilage and thus the severity of KOA. Additionallyf patients experiencing high levels of 
pain may have limited 5nee extension. Ultimatelyf various factors could contribute to 
the positioning of the patient. In our studyf we compare m
SW measurements with the 
referencef MRI-based cartilage thic5nessf and examined the eLect of positioning over 
timef providing us more sensitive measurements per patients and oLering a deeper 
understanding of how positioning inNuences the diLerence between cartilage 
thic5ness and m
SW.  
 
In addition to the variability in 5nee positioningf we observed a considerable variability 
in the diLerence between the m
SW and MRI-based cartilage thic5nessf as revealed in 
Figure 3 and Figure 4. The m
SW measurements are inNuenced by multiple factorsf 
including the measurement techni?uef and the speciMc radiographic protocol used151. 
Notablyf automatic measurement of m
SW resulted in more consistent outcomes than 
the manual measurement methodf highlighting the potential beneMts of automated 
techni?ues for improving measurement accuracy152. Previous research has extensively 
compared radiographic 
SW measurements with cartilage thic5ness from non-weight-
bearing MRI scans. While cross-sectional studies show strong correlations between 
these methods131,132f longitudinal analyses often reveal wea5 or no signiMcant 
correlations between changes in 
SW and cartilage thic5ness� 133–135f possibly due to 
factors such as meniscal extrusionf cartilage ?ualityf loading eLectsf and 
positioning136. Meniscal extrusion does contribute to these diLerences over time. More 
speciMcallyf the longitudinal diLerence between m
SW and MRI-based cartilage 
thic5ness was smaller in patients with medial or lateral meniscus extrusion compared 
to those without meniscal extrusion. Howeverf it is important to note that most patients 
r89.1�s had no meniscal extrusion at baseline. Our study demonstrates that 
diLerences between cartilage thic5ness and m
SW can be partially explained by 
changes in radiographic positioning r5nee rotation and Nexionsf with meniscal extrusion 
also contributing to these diLerences. This highlights the importance of considering 
positioning and technical aspects when interpreting m
SW measurements in both 
research and clinical settings.  
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Changes in m
SW serve as a primary outcome in numerous clinical investigations. 
Moreoverf m
SW often serves as an inclusion criterion in OA studiesf such as in the case 
of IMI-APPROACH cohort. In this cohortf m
SW was utilized as a parameter in a 
machine-learning model to predict the probability of increased or sustained 5nee pain 
and structural OA progression during the 24-month follow-up�143. In addition to m
SWf 
other 4oint space width r
SWs measures existf such as mean 
SW and Mxed location 

SW135,153. Howeverf m
SW is the most used measure in OA studies and clinical 
investigations. Our research highlights thatf despite the standardized Buc5land Wright 
radiograph ac?uisition protocol36f 5nee rotation accounts for 33.^� and 5nee Nexion 
for 25.4� of the total variation of 2D presented shape on the radiographs. It seems that 
there is a substantial inNuence of 5nee rotation and Nexion on the truthfulness of 
classiMed progressors and non-progressors. This may result in falsely included patients 
into research cohorts based on their disease severity. Moreoverf this method of m
SW 
analyses on radiographs may induce noise when categorizing patients into progressors 
and non-progressors in a research cohortf for instance for the assessment of treatment 
eLectiveness. These insights emphasize the critical role of 5nee positioning during 
radiographical ac?uisition when m
SW is utilized as a primary endpoint or inclusion 
criterion in OA research. �ven with the use of standardized radiograph ac?uisition 
protocolsf we still observe the eLect of 5nee positioning. Thereforef it is crucial to 
account for the inNuence of 5nee positioning when interpreting m
SW results. �oo5ing 
aheadf it may be necessary to investigate alternative OA measures on radiographs that 
exhibit reduced sensitivity to positioning variations. 
 
Our current study had several limitations. Firstlyf we used cartilage thic5ness on MRI 
scans for comparison to m
SW. Howeverf m
SW reNects both cartilage and meniscus 
and is measured in a weight-bearing positionf whereas MRI-based cartilage thic5ness 
exclusively represents cartilage and is obtained in a non-weight-bearing position. 
Additionallyf an increased cartilage thic5ness over time can be caused by cartilage 
swelling due to increased water content from collagen cleavage154–157. Howeverf this 
type of cartilage is li5ely more Nexible and leads to a decrease in m
SW under loading 
such as occurs during the weight bearing radiographical ac?uisitionf while 
simultaneously showing an increase in cartilage thic5ness on MRI performed without 
loading conditions136. In such case the MRI-based cartilage thic5ness does not serve as 
best representative of cartilage status and its ground truth becomes ?uestionable. 
Secondlyf potential measurement errors in m
SW measurements could inNuence the 
outcomes of this study. In most studiesf m
SW is measured using specialized software 
such as e.g. Knee Imaging Digital Analysis31. Howeverf we opted for fully automated 
software rODIAs that automatically selects the anterior edge of both the lateral and 
medial tibial plateau and provides validated reproducible results144 of m
SW over a 
speciMc region of the medial and lateral 4oint space. Thirdlyf while our study primarily 
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addresses the positioning of the patientys 5nee in terms of Nexion and rotationf it is 
important to note that the position of the X-ray tube above or below the 5nee 4oint can 
also aLect m
SW measurements50. Fourthlyf we only examined the eLect of positioning 
on the diLerences in the medial compartment. This limitation means that potential 
eLects on the lateral compartment were not assessedf which could provide a more 
comprehensive understanding of the impact of positioning on 5nee 4oint morphology. 
Fifthlyf although this study demonstrates that positioning contributes to the diLerences 
between m
SW and actual cartilage thic5nessf the translation to clinically relevant 
diLerences remain an open ?uestion. This aspect re?uires further investigation in a 
larger study population to better understand how these variations impact clinical 
interpretation and decision-ma5ing. Moreoverf our study does not clarify whether the 
change in m
SW due to positioning is explained by a diLerent viewing angle of the 4oint 
or by an inherent change in 
SW. This can be determined in future research. Finallyf the 
timing during the day of the MRI-scan has the potential to impact cartilage thic5ness 
measurements. Both gravity and physical activity can aLect cartilage thic5ness in the 
5nee158. A study by Danieli et al.158 demonstrated that after ^0 minutes of runningf 
cartilage thic5ness decreased signiMcantlyf ranging from 0.02 to 0.19 mm depending on 
the location.  
 

.0 �on�lusion 
 
In conclusionf our study highlights the signiMcant impact of 5nee positioning on 
diLerences between weight-bearing m
SW and non-weight-bearing MRI cartilage 
thic5ness. Cross-sectional analyses revealed that 5nee rotation notably inNuenced 
these diLerencesf with internal rotation overestimating and external rotation 
underestimating m
SW. �ongitudinal analyses indicated that 5nee Nexion played a role 
in longitudinal diLerencesf where increased Nexion at follow-up results in a reduction 
in m
SW that does not represent an actual decrease in m
SW. When both internal 
rotation and extension increased by 2 standard deviations from average in the current 
populationf the combined eLect resulted in a 0.4 mm false Mnding of surrogate cartilage 
change on radiographs. These Mndings underscore the critical role of 5nee positioning 
during radiographic ac?uisition in contributing to the diLerences between m
SW and 
MRI-based cartilage thic5ness.  
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Abstract 
 
Objective: To investigate the associations between whole joint cartilage and meniscal 
morphology on MRI and radiographic joint space width (JSW) measures and in knee 
osteoarthritis (KOA), to determine whether bicompartmental measures demonstrate 
stronger associations than unicompartmental ones, and to evaluate their correlations 
with Kellgren and Lawrence grading.  
Methods: A cross-sectional analysis of baseline radiographs and MRIs from 262 KOA 
participants in the prospective, multicenter IMI-APPROACH cohort was conducted. 
Radiographic measures included minimum joint space width (mJSW), fixed location 
JSW (JSW(x)), mean JSW, and joint line convergence angle (JLCA), assessed using fully 
automated software. JSW was evaluated both unicompartmentally and 
bicompartmentally. Cartilage morphology, full-thickness cartilage loss, meniscal 
extrusion, tears, and maceration were assessed using the semi-quantitative MRI 
Osteoarthritis Knee Score to summarize whole-joint cartilage and meniscal 
morphology. Associations of radiographic measures with MRI outcomes were assessed 
using multivariable linear regression; Spearman correlations with Kellgren and 
Lawrence (KL) were also evaluated. 
Results: MRI-defined meniscal maceration was associated with unicompartmental 
and bicompartmental JSW measures. Full-thickness cartilage loss was associated with 
unicompartmental (95% CI [-0.16; -0.02]) and bicompartmental mJSW (95% CI [-0.14; 
-0.02]), and JLCA (95% CI [0.04; 0.22]). Models explained 32–39% of variance for 
unicompartmental and 23–45% for bicompartmental measures (R²). Bicompartmental 
measures showed stronger correlations with KL grading than unicompartmental 
measures (95% CI: –0.31 to –0.02). 
Conclusions: Associations between whole-joint cartilage and meniscal degeneration 
are similar for uni- and bicompartmental JSW, with bicompartmental JSW showing 
stronger correlations with KL grades. These findings support including both 
compartments in radiographic assessment to improve structural evaluation in KOA. 
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*0 �ntrodu�tion 
 
For radiographic assessment of 5nee osteoarthritis rKOAsf 5ey parameters include 4oint 
space width r
SWsf Kellgren and �awrence rK�s gradingf and 4oint line convergence 
angle r
�CAs. 
SW is often the primary outcome in clinical trials and a common 
inclusion criterion in OA cohort studies38,143. 
SW can be measured as minimum 
SW 
rm
SWsf fixed location 
SW r
SWrxssf or mean 
SW153. These 
SW measures are typically 
applied unicompartmentallyf most often the medial compartmentf or are used without 
specifying the compartment38,153.  

 
Since KOA is considered a whole 4oint diseasef assessing both the medial and lateral 
compartments provides a more accurate representation of disease progression. The 
K� grading system offers a 4oint-wide score based mainly on osteophytes and 4oint 
space narrowingf but its categorical nature limits sensitivity to subtle changes31f and 
may have lower reproducibility Thereforef continuous variablesf such as 
SW and 
�CAf 
offer an alternative to superiorly assess progression. The 
SW can be expressed as a 
bicompartmental averagef considering both the medial and lateral compartments. The 

�CA is defined as the angle between the femoral and tibial 4oint lines31. It reflects 
cartilage lossf meniscal damagef and extrusion within one compartment relative to the 
contralateral compartment159. 

 
Despite the widespread use of these measuresf the relationship between 
unicompartmental 
SW and whole 4oint cartilage and meniscal morphology remains 
unclearf and the potential of bicompartmental measures is insufficiently explored. 
Because of the higher prevalence of medial compartment OAf most observational 
cohorts and clinical trials have focused primarily on the medial tibiofemoral 
compartment160,161f and the ma4ority of published studies restrict 
SW measurement to 
this location153,162,163. Furthermoref it is common practice to compare such 
unicompartmental 
SW measures with the whole-4oint K� score135,163,164. To address 
these gapsf this study investigates three 5ey research ?uestions. Firstf we assess the 
cross-sectional correlation between whole 4oint cartilage and meniscal morphology 
assessed on MRI-scans and unicompartmental 
SWh secondf we examine whether 
bicompartmental measures yield stronger associations than unicompartmental onesh 
thirdf we evaluate the correlations of uni- and bicompartmental 
SW measures with K� 
grading We hypothesized that whole-4oint cartilage and meniscal morphology would be 
more strongly associated with bicompartmental 
SW measures than with 
unicompartmental measuresf and that bicompartmental 
SW would show stronger 
correlations with K� grading compared to unicompartmental 
SW. 
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+0 
ethods 
 
4:3 Participants 
In the prospective Applied Public-Private Research enabling OsteoArthritis Clinical 
Headway rIMI-APPROACHs cohortf 297 participants with femorotibial OA were 
included in five �uropean centers and followed for 2 years143.Recruitment was based 
on the clinical criteria from the American College of Rheumatology rACRs and 
predictive models using radiographsf demographicf and clinical data from the 
screening visit to identify OA patients most li5ely to experience pain or structural 
progression over two-years143,165. Additional inclusion criteria included the ability to 
wal5 unassistedf primarily tibiofemoral KOAf and meeting the ACR clinical 
classification criteria for KOA143. At baselinef participants had weight-bearing 
radiographs and MRI of the index 5nee. Those without baseline radiographs or MRI were 
excluded in this study. 
 
The study was approved by Institutional Review Boardsf followed ethical and legal 
guidelinesf including Good Clinical Practice and the Declaration of Helsin5i. It was 
registered rNCT038835^8sf and all participants gave informed consent. 
 

4:4: �adio�raphic Ima�in� Assessment 
The radiographs were obtained following the Buc5land-Wright protocolf with a 
posteroanterior view of the 5nee in semi-flexed position r7° - 10°s and under weight-
bearing conditions36,166. Standard exposure parameters were applied r55 5�f 5 mAss 
with a focal film distance of 1.2 mf the 5nee positioned against the detectorf and the 
feet fixed in 7.5} external rotation. All radiographs were evaluated using the K� grading 
system by a blinded rheumatologist trained for K� scoring without specific prior 
experience. For four patients r1.5�sf the baseline K� grade from this observer was 
unavailableh given the high interobserver reliability r?uadratic weighted 5appa � 0.9sf 
the corresponding K� grades from the second trained observer were usedf resulting in 
a complete dataset. In additionf all 5nee radiographs were automatically analyzed 
using Orthopedic Digital Image Analysis rODIAs144 software to determine the m
SWf 

SWrxsf mean 
SWf and 
�CA in the medial and lateral compartments rFigure 1s. ODIA 
calculates mean 
SW by fitting 30 intra-articular circles within the 4ointf with circle 
diameters representing 
SW per compartment144. The smallest diameter per 
compartment defined the medial and lateral m
SW144f while 
SWrxs was measured at 
0.275 rmedials and 0.725 rlaterals along the 4oint linef where 0 represents the most 
medial and 1 the most lateral point153. For unicompartmental measuresf the medial 
compartment was usedh bicompartmental values were calculated as the average of 
medial and lateral 
SW. 
�CA was defined as the angle between the distal femoral and 
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proximal tibial 4oint lines144f with neutral ranging from 0}–2}f varus as �2}f and valgus as 
�0}51.

4:5 
a�netic �esonance Ima�in� Assessment
MRI of the index 5nee was performed across five participating clinical sites. Two 
centers utilized 1.5 Tesla scanners rA Coru:a: Ingenia CXf Philips Medical Systemsf 
Netherlandsh Oslo: Aeraf Siemens Healthcaref Germanysf while the remaining three 
centers employed 3 Tesla systems rUtrecht: Ingenia or Achievaf Philips Medical 
Systemsf Netherlandsh �eiden: Ingeniaf Philips Medical Systemsf Netherlandsh Paris: 
S5yraf Siemens Healthcaref Germanys. The standardized imaging protocol included 
axialf sagittalf and coronal intermediate-weighted fat-suppressed se?uencesf along 
with a coronal T1-weighted turbo spin-echo se?uencef all of which were applied for 
semi-?uantitative assessment. All MRI examinations were performed without contrast 
administration. Whole 4oint cartilage and meniscal morphology was assessed using 
the semi-?uantitative MRI Osteoarthritis Knee Score rMOAKSs146f scored by an 
experienced radiologist with 17 years of experience at the time of readingf who was 
blinded to clinical data. The whole 4oint health evaluation included cartilage 
morphologyf meniscal extrusionf and tears.

2...1 Cartilage morpholog' 
Cartilage loss was categorized based on a real extent of partial cartilage loss and on 
percentage of full-thic5ness cartilage loss within that subregion rFigure 2A and 2Bs. 
Area extent involvement was graded from 0 to 3 r� 10�f 10-75�f �75�s and full-
thic5ness cartilage loss represents the percentage of complete loss in a given 
subregion and was also graded from 0-3146. Grading was performed in femoral 
rposteriorf centrals and tibial ranteriorf centralf posteriors subregions of both 

Figure 7 I �adiogra(hic �%aging �ssess%ent. �easure%ents include the %	�� in 
the %edial and lateral co%(art%entsD the fi0ed "oint s(ace width K	��K0LLD  the  
%ean 	��D and the "oint l ine con.ergence angle K	L��L.
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compartments. Whole 4oint cartilage loss was defined as the sum of scores across 10 
subregionsf ranging from 0 to 30. The same method was applied to full-thic5ness 
cartilage loss. 
 
2...2 �eniscal e&trusion  
Whole 4oint meniscal extrusion was calculated as the sum of medial extrusion of the 
medial meniscus and lateral extrusion of the lateral meniscus rFigure 2Cs. �ach 
extrusion was graded from 0 to 3: Grade 0: �2 mmf Grade 1: 2–2.9 mmf Grade 2: 3–4.9 
mmf and Grade 3: �5 mm146. The total score ranged from 0 to ^. 
 
2.... �eniscal tears  
Meniscal tears were assessed in the anterior hornf bodyf and posterior horn of both the 
medial and lateral meniscus146. Grade 0 indicated an intact meniscusf while Grades 2 
to 4 reflected varying tear typesf and Grades ^ to 8 indicated different degrees of 
maceration rFigure 2Ds. Patients were categorized into any tear ryesmnosf and any 
maceration ryesmnos.  
 
4:6 �tatistical analysis 
All statistical analyses were performed using SPSS �ersion 29.0. Descriptive statistics 
rmeansf SDf fre?uenciesf percentagess were calculated. Multivariable linear 
regression examined the association of partial cartilage lossf full-thic5ness cartilage 
lossf meniscal extrusionf and tears rindependent variables with unicompartmental and 
bicompartmental 
SW measures and 
�CA rdependent variabless. Standardized beta 
coefficients were reportedf representing the change in the outcome per 1 standard 
deviation increase in the exposure. Diagnostic chec5s were performed for all linear 
regression models. Normality of residuals was assessed using �� plotsf 
homoscedasticity was evaluated via plots of standardized residuals versus 
standardized predicted valuesf and multicollinearity was chec5ed with �IF r�5 for all 
predictorss. Spearmanzs rho rUs correlations assessed the relationships between K� 
gradingf unicompartmental and bicompartmental 
SW measuresf and 
�CA rFigure 1sf 
with the absolute 
�CA value used. Statistical tests rSteigerys �-tests were used to 
compare the significance of correlations sharing one variable in common rK�-gradingsf 
with �� representing the test statistic for the difference between dependent 
correlations. A p-value � 0.05 was considered statistically significant.  
 
In additionf sensitivity analyses were conducted to evaluate the robustness of the 
findings. Two models were specified: Model 1 included full-thic5ness cartilage lossf 
partial cartilage lossf meniscal extrusionf horizontal meniscal tearf vertical meniscal 
tearf complex meniscal tearf and meniscal macerationh Model 2 additionally ad4usted 
for agef genderf weightf and height.  
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,0 �esults 

5:3 Participants
Of the 297 participants in the IMI-APPROACH cohortf 2^2 participants were included 
with the re?uired baseline data. The average age was ^^.^ � 7.2 yearsf and most 
participants were female r7^.7�s. A detailed description of the participants can be 
found in Appendix A.

Figure 2 I ���K� assess%ent of ��� features contri�uting to "oint s(ace width  
and narrowing. �L �oronal inter%ediateIweighted fat su((ressed 9 � ��� shows 
diffuse su(erficial  cartilage da%age in the central su�region of the %edial fe%ur 
Kshort arrowsL corres(onding to grade 9.6 ���K�. �n additionD there is wideI
s(read su(erficial  thinning K grade 9.6L of cartilage at the central su�region of the 
%edial ti�ia KarrowheadsL. �here is grade 7 e0trusion of the %edial %eniscus Klong 
arrowL. �L �nother coronal i%age o�tained at a 9 � s1ste% shows wideIs(read full 
thickness cartilage loss K���K� grade 9.9L at the central %edial fe%ur KarrowsL 
and ti�ia KarrowheadsL. �L �oronal ��� ac)uired at 9 � shows a grade 9 e0trusion 
of the %edial %eniscus (rotruding < %% %ediall1 of the edge of the %edial ti�ial  
(lateau K.ertical l ines and dou�leIheaded arrowL. �n additionD there is su(erficial  
cartilage da%age K���K� 2.6L at the central su�region of the %edial fe%ur. �L
�agittal inter%ediateIweighted fat su((ressed ��� o�tained at 7.; � shows a  
classic degenerati.e hori2ontalI o�li)ue tear of the (osterior horn of the %edial 
%eniscus KarrowsL.
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5:4 Association of 
�I -hole  oint cartila�e and meniscal morpholo�y -ith 
unicompartmental 
�� measures  
MRI-defined full-thic5ness cartilage loss was associated with m
SW rbeta � -0.29f 95� 
CI t-0.1^h -0.02us. Partial cartilage lossf meniscal extrusionf and meniscal tears were 
not associated with m
SWf 
SWrxsf and mean 
SW. Meniscal maceration was 
associated with a reduction of m
SW rbeta � –0.33f 95� CI t–1.29h –0.48usf 
SWrXs rbeta 
� –0.23f 95� CI t–1.03h –0.20uf and mean 
SW rbeta � –0.27f 95� CI t–1.10h -0.31us. The 
models explained 22�f 13�f and 15� of the variance for m
SWf 
SWrxsf and mean 
SWf 
respectively rRc valuess. These results are shown in Table 1. The results of the sensitivity 
analyses are presented in Appendix C. 
 
5:5 Association of 
�I -hole  oint cartila�e and meniscal morpholo�y -ith 
�icompartmental 
�� measures and 
��A 
Full-thic5ness cartilage loss was associated with bicompartmental m
SW rbeta � -
0.2^f 95� CI t-0.14h -0.02us and 
�CA beta � 0.29f 95� CI t-0.4h0.22us. Partial cartilage 
lossf meniscal extrusionf and meniscal tears were not associated with average m
SWf 
average 
SWrxsf average mean 
SWf and 
�CA. Meniscal maceration was associated 
with a reduction of average m
SW rbeta � –4.19f 95� CI t–1.00h–0.3^usf average 
SWrXs 
rbeta � –0.25f 95� CI t–0.84h–0.23uf average mean 
SW rbeta � –0.2^f 95� CI t–1.00h–
0.28usf and 
�CA rbeta � 0.23f 95� CI t0.31h1.32us.The models explained 25�f 34�f 
25�f and 23� of the variance for bicompartmental 
�CAf m
SWf 
SWrxsf and mean 

SWf respectively rRc valuessf which seems higher than for unicompartmental 
measures. Results are summarized in Table 1. The results of the sensitivity analyses 
are presented in Appendix C. 
 
5:6 �orrelation -ith Kell�ren and �a-rence �core 
The unicompartmental 
SW measures rm
SWf 
SWrXsf mean 
SWs showed wea5 
correlations with K� gradingf with Spearmanys U � -0.3 r95� CI: -0.44 to -0.21 for m
SWh 
-0.40 to -0.17 for 
SWrXsh -0.40 to -0.18 for mean 
SWs. Bicompartmental 
SW measures 
were also correlated with K� gradingf with U values of -0.5 r95� CI: -0.54 to -0.35s for 
average m
SWf -0.4 r95� CI: -0.48 to -0.27s for average 
SWrXsf and -0.4 r95� CI: -0.47 
to -0.25s for average mean 
SW. The 
�CA showed a moderate correlation with K� rU � 
0.5f 95� CI: 0.35 to 0.55s. 
 
Bicompartmental 
SW measures showed stronger correlations with K� grading than the 
corresponding unicompartmental measures rm
SW: �� � -5.^f 95� CI t-0.31h -0.1^uh 

SWrXs: �� � -2.7f 95� CI t-0.19h -0.04uh mean 
SW: �� � -2.24f 95� CI t-0.21h -0.02us. 

�CA was more strongly correlated with K� grading than all unicompartmental 
SW 
measures r�� � 3.3f 95� CI t0.11h0.3^us. These resultsf including confidence intervals 
and the K� 2–4 subanalysisf are summarized in Appendix B. 
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-0 �is�ussion 
 
This study examined whether unicompartmental 
SW measures were associated with 
MRI-assessed whole 4oint cartilage and meniscal morphology and if bicompartmental 
measures show stronger associations. Bicompartmental measures show similar 
associations with advanced structural damagef including full-thic5ness cartilage lossf 
partial cartilage lossf meniscal extrusionf tearsf and macerationf as unicompartmental 
measures. Bi-compartmental 
SW showed stronger correlations with K� grades than 
unicompartmental 
SWf indicating that bicompartmental measures may better reflect 
overall radiographic disease severity. The absence of association with partial cartilage 
loss suggests that 
SW measures primarily reflect more severe cartilage degeneration 
rather than diffuse 4oint changes. Moreoverf the lac5 of associations with meniscal 
extrusion and meniscal tears indicates that 
SW predominantly reflects meniscal 
maceration rather than extrusion or tears. Ta5en togetherf these findings support the 
use of bicompartmental measures as more sensitive indicators of 4oint structural 
damage in radiographic assessment. 
 
Our findings also showed that full-thic5ness cartilage loss had a higher regression 
coefficient with 
SW measures than partial cartilage loss. While cartilage loss includes 
both partial and full-thic5ness lossf full-thic5ness loss refers to complete cartilage loss 
within a specific subregion. Although prior research indicated that both partial and full-
thic5ness cartilage defects contribute to the development of KOA167f no previous 
studies have clearly shown that full-thic5ness cartilage loss has a stronger association 
with 
SW than partial cartilage loss. This emphasizes that full-thic5ness loss is 
fundamentally different from superficial cartilage lossf a distinction that is not fully 
captured by commonly used measures such as average cartilage thic5ness or cartilage 
volume. Thereforef including full-thic5ness lossf for example ?uantified as denuded 
bone areaf as a continuous measure is important to more accurately reflect its effect 
on 
SW.  
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Additionallyf meniscal maceration showed higher regression coefficient with 
SW than 
meniscal extrusion or tears. The sensitivity analysisf in which distinctions were made 
according to tear typef did not result in higher R-s?uared values. Notablyf the 
contribution of meniscal extrusion to 
�CA also appeared to be higher than that of other 
bicompartmental measures. This finding can be explained by the more fre?uent medial 
extrusion of the medial meniscus compared to lateral extrusion of the lateral meniscus 
in the IMI-APPROACH168. The same trend of more involvement of the medial meniscus 
was observed for anterior extrusion. Since 
�CA reflects the angle between the distal 
femur and proximal tibia51,144f this usually asymmetrical meniscal extrusion li5ely 
explains its stronger association with 
�CA compared to other bicompartmental 
SW 
measures. 
 
Our study highlights the importance of evaluating both the medial and lateral 
compartments in radiographic assessments of KOA. When focusing on a single 
compartmentf it is essential to explicitly report the compartment from which 
SW 
measurements are derivedpa detail that is fre?uently omitted in the literature135,169. 
The reliability of 
SW measurements has improved with computerized analysis152h 
howeverf the smallest detectable difference rSDDs ranges between 0.5–1.5 mm with 
semi-automated methods31 but decreases to 0.30–0.^8 mm with fully automated 
software144. The 
�CAf although not yet widely included as a radiographic measure in 
KOA assessmentsf showed stronger correlations with K� grading than 
unicompartmental 
SW measures. 
�CA is relatively simple to measure manually and 
has shown high inter- and intra-observer reliability159f with a SDD of 0.48°144. In additionf 
it does not re?uire radiograph calibration.  
 
This study has several limitations. Firstf the cross-sectional design limits conclusions 
on KOA progressionf longitudinal studies are needed to assess the added value of 
bicompartmental measures. Secondf measurement and positional errors in 
SW may 
have influenced results170. We used fully automated softwaref which is reproduciblef 
but minor inaccuracies in landmar5 detection may still occur31. Thirdf we selected 
specific cartilage and meniscal parameters from the MOAKS. Including additional 
parameters may enhance the associations observed and offer a more comprehensive 
assessment of whole 4oint health. Fourthf simultaneous medial narrowing and lateral 
widening may offset each otherf potentially obscuring true changes in 
bicompartmental 
SW measures. Fifthf in this study we focused on m
SWf mean 
SWf 
and 
SWrXs as our 
SW measures. Howeverf a previous publication by Cheung et al.171 
concluded that measurement of multiple 
SWs across the tibial plateau yields superior 
predictive performance for KOA compared with m
SW. This multiple 
SWs measure 
was not included in this studyf although the mean 
SW can be considered a measure 
of 
SWs across the tibial plateau. Finallyf in this study we focused on the MOAKS score 
as a measure of whole-4oint cartilage and meniscal morphology. Howeverf for future 
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research it would be valuable to also include T2 mapping in order to draw conclusions 
whether changes in compositional measures of cartilage may have an impact on 
radiographic 
SW measures longitudinally136,172. 

 
.0 �on�lusion 

 
This study highlights that MRI-based measures of cartilage degeneration and meniscal 
pathology show similar associations with uni- and bicompartmental radiographic 
SW 
measuresf while bicompartmental 
SW measures show stronger correlations with K� 
grades. These findings emphasize the importance of incorporating both compartments 
in KOA assessmentsf as reliance on unicompartmental measures alone may not fully 
capture whole 4oint cartilage and meniscal morphology.  
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�ppendi' � 2 
arti�ipants 

Figure A1 shows the Nowchart of included participants from IMI-APROACH. Table A1 
presents baseline characteristicsf categorized into patient characteristicsf 
unicompartmental and bicompartmental radiographic assessmentsf and whole 4oint 
health on MRI. Figure A2 illustrates the distribution of whole 4oint health by parameter.

�a�le �7 I �aseline characteristics of the included (artici(ants nT 2<2.
Patient characteristics
Age ryearssf mean ( SD ^^.^ ( 7.2
Sex rfemalesf n r�s 201 r7^.7s
Kellgren and �awrencef n r�s
    Grade 0
    Grade 1
    Grade 2
    Grade 3
    Grade 4

47 r17.9s
74 r28.2s
^1 r23.3s
71 r27.1s
9 r3.4s

Radio raphic assessment medial 
compartment
m
SW rmmsf mean ( SD 3.^ � 1.3
Mean 
SW rmmsf mean ( SD 4.3 � 1.3

SWrxs rmmsf mean ( SD 5.0 � 1.3
Radio raphic assessment lateral 
compartment
m
SW rmmsf mean ( SD 3.7 � 1.5
Mean 
SW rmmsf mean ( SD 5.4 � 1.4

SWrxs rmmsf mean ( SD 5.4 � 1.^
Radio raphic assessment bicompartmental

Figure �7 – Flowchart of (artici(ants inclusion in the stud1.
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Average m
SW rmmsf mean ( SD 3.7 � 1.2
Average mean 
SW rmmsf mean ( SD 4.9 � 1.0
Average 
SWrxs rmmsf mean ( SD 5.2 � 1.2

�CA rdegreessf mean ( SD 1.^ � 2.3
�hole #oint health> �R�
Full-thic5ness cartilage lossf mean ( SD 2.3 � 3.7
Partial cartilage lossf mean ( SD ^.^ � 5.5
Meniscal extrusionf mean ( SD 1.3 � 1.3

mJSW, minimum joint space width; JSW(x), fixed location joint space width; JSW, joint space 
width; JLCA, Joint Line Convergence Angle

Figure �2 I �istri�ution of whole "oint health %easured on ��� using the ���K�D 
stratified �1 fullIthickness cartilage lossD (artial cartilage lossD %eniscal 
e0trusionD %eniscal tearsD and %eniscal %aceration.
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�ppendi' � 2 �orrelations �ell�ren and 	a&ren�e 
 
�a�le �7 I �orrelations �etween unico%(art%ental 	�� %easuresD 
�ico%(art%ental 	�� %easures and 	L�� with the Kellgren and Lawrence scoreD 
as well as correlations �etween unico%(art%ental and �ico%(art%ental 	�� 
%easures. 

mJSW, minimum joint space width; JSW(x), fixed location joint space width; JSW, joint space 
width; JLCA, Joint Line Convergence Angle 

 
�a�le �2 I �o%(arison of correlations of unico%(art%ental .ersus 
�ico%(art%ental 	�� %easuresD with KL grading as the .aria�le in co%%onD 
using �teigerOs �Itest.  

 �H ;5H C� P-value 
�nicompartmental versus 
bicompartmental 

   

   m
SW  -5.^ t-0.31h -0.1^u � 0.001 
   
SWrxs  -2.7 t-0.19h -0.04u � 0.01 
   Mean 
SW  -2.2 t-0.21h -0.02u 0.03 
	LC� versus unicompartmental 	�� 
measures 

   

   
�CA versus unicompartmental m
SW 3.3 t0.11h 0.3^u � 0.001 
   
�CA versus unicompartmental 
SWrxs 3.3 t0.11h 0.3^u � 0.001 
   
�CA versus unicompartmental mean 
SW 3.3 t0.11h 0.3^u � 0.001 

mJSW, minimum joint space width; JSW(x), fixed location joint space width; JSW, joint space 
width; JLCA, Joint Line Convergence Angle 

  

 �pearmanEs 
rho 

Confidence interval P-value 

�nicompartmental    
m
SW  -0.3 t-0.44h -0.21u � 0.001 

SWrxs  -0.3 t-0.40h -0.17u � 0.001 
Mean 
SW  -0.3 t-0.40h -0.18u � 0.001 
�icompartmental    
Average m
SW -0.5 t-0.54h -0.35u � 0.001 
Average 
SWrxs -0.4 t-0.48h -0.27u � 0.001 
Average mean 
SW -0.4 t-0.47h -0.25u � 0.001 

�CA 0.5 t0.35h0.55u � 0.001 
�nicompartmental 
versus bicompartmental 

   

m
SW  0.8 t0.^9h 0.80u � 0.001 

SWrxs  0.8 t0.70h 0.81u � 0.001 
Mean 
SW  0.7 t0.^8h 0.80u � 0.001 
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�a�le �9 – �u�anal1sis of correlations �etween unico%(art%ental 	�� %easuresD 
�ico%(art%ental 	�� %easuresD and 	L�� in (atients with Kellgren and Lawrence 
KKLL grades 2–:. 

 �pearmanEs rho Confidence interval P-value 
�nicompartmental    
m
SW  -0.3 t-0.42h -0.10u 0.002 

SWrxs  -0.2 t-0.40h -0.08u 0.003 
Mean 
SW  -0.3 t-0.41h -0.09u 0.003 
�icompartmental    
Average m
SW -0.4 t-0.50h -0.20u � 0.001 
Average 
SWrxs -0.3 t-0.42h -0.10u 0.001 
Average mean 
SW -0.3 t-0.45h -0.13u � 0.001 

�CA 0.3 t0.15h 0.4^u � 0.001 

mJSW, minimum joint space width; JSW(x), fixed location joint space width; JSW, joint space 
width; JLCA, Joint Line Convergence Angle 

 
�ppendi' � 2 �ensitivit( anal(sis 
 
The results of the sensitivity analyses are presented in Table C1 and Table C2.  
 
When analyzing meniscal tears separatelyf vertical tears occasionally contributed 
signiMcantly to the modelsh howeverf these Mndings did not alter the overall conclusions 
rTable C1s. For unicompartmental measuresf the explained variance rRcs was 21� for 
m
SWf 14� for 
SWrxsf and 15� for mean 
SW. For bicompartmental measuresf Rc 
values were higherf with 35� for m
SWf 25� for 
SWrxsf 27� for mean 
SWf and 24� for 

�CA. These Rc values are comparable to those observed in the simpliMed modelsf in 
which meniscal tears were included as a binary variable ryesmnos. 
 
Similarlyf ad4usting for agef sexf heightf and weight identiMed some additional 
signiMcant associationspsuch as height and weight contributing to certain 
bicompartmental measurespbut the overall pattern of associations remained 
unchanged. For unicompartmental measuresf the explained variance rRcs was 25� 
across m
SWf 
SWrxsf and mean 
SW. For bicompartmental measuresf Rc values seems 
higherf with 43� for m
SWf 40� for 
SWrxsf 42� for mean 
SWf and 27� for 
�CA rTable 
C2s. These Rc values appear higher than those observed in the simpliMed modelsf in 
which this variable was not included.  
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�bstra�t  
 
�b#ectives: This study investigated the association between alpha angles of the hip 
and tibial genu varum in a healthy population with e?ual male-to-female distribution. It 
also examined sex-based differencesf explored the impact of sports participationf and 
assessed the interplay between these conditions.  
�ethods: Tibialf femoralf intra-articular 5nee deformitiesf and the alpha angle of the 
hip were analyzed in 200 healthy volunteers r400 legss aged 20-27 years using weight-
bearing radiographs. The Tegner score was retrospectively collected and used to 
distinguish between high and low sports activity. Generalized estimating e?uations 
were used to examine the association between lower limb malalignment and alpha 
anglef accounting for side and gender.  
Results: Tibial alignment was associated with the alpha angle rR�-0.02f P�0.002sh tibial 
genu varum was associated with a higher alpha angle. Other deformities and their 
interaction with sports activity had no association with the alpha angle. Males exhibited 
a higher alpha angle rR�0.19f P�0.001f P�9.0}s and more tibial genu varum rR�-0.95f 
P�0.002f P�1.1}s than females. High sports activity was associated with increased 
tibial genu varum rR�-0.75f P�0.02s compared to low sports activity.  
Conclusion: This study found a significant association between alpha angle and tibial 
genu varum. Males exhibited higher alpha angles and more tibial genu varum than 
females. While higher sports activity was associated with tibial genu varumf no 
differences in alpha angle were seen across activity levels. These findings urge for 
future research to further explore mechanical load ad4ustments that prevent genu 
varum and primary cam morphologyf reducing osteoarthritis ris5. 
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*0 �ntrodu�tion 
 
Cam morphologyf characterized by an aspherical shape of the femoral head due to 
abnormal bone formation at the anterolateral head-nec5 4unction173f significantly 
increases the ris5 of developing hip osteoarthritis174–176. Cam morphology mostly 
develops gradually during adolescencef particularly in young male athletes engaged in 
high impact sports and is then referred to as primary cam morphology177,178. This 
morphology is believed to emerge in response to repetitive mechanical loadingf which 
redistributes stress and stimulates extra bone growth179,180f and stabilizes after closure 
of the proximal femoral growth plate 179.  
 
The same phenomenon is recognized in the tibiaf where genu varum is more commonly 
observed in high impact athletes than in non-athletes63,64,66,181. Genu varum increases 
medial 5nee load and is a predictive factor for the development of 5nee 
osteoarthritis21,22,182. High sports participation during youth have been lin5ed to the 
development of genu varum in the proximal tibia by the end of growth66.  
 
While the eLects of primary cam morphology and lower limb malalignment have been 
studied independentlyf their interplay has not yet been investigated. Thereforef the 
primary ob4ective of this study was to investigate the association between alpha angles 
of the hip and tibial genu varum in a healthy population with e?ual male-to-female 
distribution. We hypothesize that alpha angle is associated with tibial genu varumf as 
both cam morphology and genu varum appear to develop in response to mechanical 
loading during late s5eletal growthf 4ust before physeal closure66,179. The secondary 
ob4ectives were to examine sex-based diLerences in alpha angle and genu varumf and 
to explore the potential inNuence of sports participation on these variations. Clinicallyf 
both cam morphology and genu varum are associated with an increased ris5 of 
developing hip and 5nee osteoarthritisf respectively. Demonstrating a signiMcant 
association between these conditions would provide important insights into possible 
shared developmental mechanisms and suggest that modifying mechanical load 
during s5eletal growth could help prevent these structural changes66,179f ultimately 
contributing to the prevention of hip and 5nee 4oint pathologiesf which is increasingly 
important given the rising incidence and prevalence of osteoarthritis183. 
 

+0 
ethods 
 
4:3 Participants 
A total of 200 healthy young adultsf aged between 20 and 27 yearsf participated in this 
cross-sectional study66. The study was conducted from October 2009 to March 2010. 
Participants were recruited as volunteers from movie theatresf technical high school 
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and university campusesf and 4ob recruitment bureaus. �ligibility criteria re?uired no 
prior history of orthopedic issues or trauma. The study group consisted of 100 males 
and 100 females. Participants were retrospectively surveyed regarding their sports 
activities during their growth period. All participants provided written informed 
consentf and the study protocol was reviewed and approved by the institutional ethics 
committee of the University of �euvenf Belgium rB3222009707^s prior to 
commencement.  
 

4:4 �adio�raphic Ima�in� Protocol 
All participants underwent weight-bearing full-leg radiography following the protocol 
outlined by Paley51. Radiographs were obtained with participants standing barefootf 
feet together in the vstand at attentionw positionf and patellae facing forward. The X-ray 
beam was aligned with the 5neef and the radiography tube was positioned 305 cm 
away. Radiographic parameters were set to 500 mA and 75 5�f with individual 
ad4ustments made when necessary. All radiographs were calibratedf and a blinded 
examiner rWCs conducted all measurements of lower limb alignment using the AGFA 
PACS software rAgfa-Gevaerts.  
 
4:5 �adio�raphic measurements 
Radiological lower limb malalignment consists of three components: the mechanical 
medial proximal tibial angle rmMPTAsf the mechanical lateral distal femoral angle 
rm�DFAsf and the 4oint line convergence angle r
�CAs rFigure 1s. The mMPTA ?uantifies 
tibial plateau alignment and was defined as the angle between the mechanical axis of 
the tibia and the proximal tibial 4oint line51 rFigure 1s. A neutral mMPTA ranges from 85} 
and 90}f with tibial genu varum alignment * 85} and tibial genu varum alignment as + 
90}. The m�DFA measures femoral alignment and is defined as the angle between the 
mechanical axis of the femur and the distal femoral 4oint line51 rFigure 1s. A neutral 
m�DFA ranges from 85} and 90}f with femoral genu varum alignment + 90} and femoral 
genu valgum alignment as * 85}. The 
�CA evaluated 5nee 4oint congruity and was 
defined as the angle between the femoral and tibial 4oint lines51 rFigure 1s. Normal 
�CA 
values range between 0} and 2}f with values � 2} indicating an intra-articular genu 
varum alignment and values � 0} indicating an intra-articular genu valgum alignment. 
All radiographs were calibratedf and a blinded examiner conducted all measurements 
of lower limb alignment using the AGFA PACS software rAgfa-Gevaerts. 
 
The alpha angle ?uantifies femoral head sphericity rFigure 1s. It is defined by the 
intersection of the femoral head-nec5 axis and a line from the femoral head center to 
the alpha pointpthe first deviation of the femoral head-nec5 4unction from the best-
fitting circle. The alpha angle was automatically determined on the weight-bearing full-
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leg radiograph using a validated method184. Primary cam morphology was ?uantified 
using an alpha angle � ^0}185.  
 
4:6 Athletic acti,ity durin� adolescence 
Participants were retrospectively surveyed about their sports activities during 
childhood and adolescencef categorized into three age groups. These age groups 
account for sex-specific growth stages: 10–12f 13–14f and 15–17 years for malesf and 
8–10f 11–12f and 13–15 years for females. Sports activities were ?uantified using the 
Tegner activity scale186f a validated instrument ranging from 0 rdisability due to 5nee 
problemss to 10 rparticipation in competitive elite-level sportss. Scores of 7 or higher 
were classified as high-activity athletesf whereas scores below 7 indicated low-activity 
athletes. 
 
Participants were then grouped based on time-varying covariates187f which is a method 
that accounts for changes in activity levels over time. They were categorized into four 
exposure patterns: high sport activity throughout childhoodf low sport activity 
throughout childhoodf high sport activity transitioning to low sport activityf and low 
sport activity transitioning to high sport activity. Additionallyf participants were as5ed 
whether they played soccer. For this specific group of soccer playersf radiographic 
measurementspincluding the mMPTAf m�DFAf 
�CAf and alpha angle pwere 
compared to those of non-soccer players and non-soccer players with high levels of 
sports activity. 
 

4:7 �tatistical analysis 
All statistical analyses were performed using SPSS version 27.0 rIBMf Armon5f NYs in 
accordance with the Chec5list for Statistical Assessment of Medical Papers22. 
�ariables were assed for normality using histograms. Descriptive statisticsf including 
means and standard deviations rSDss for normally distributed dataf and medians with 
inter?uartile ranges rI�Rs for non-normally distributed dataf were provided. A 
generalized estimating e?uation model with a gamma distribution was used to analyze 
the alpha angle rdependent variablesf considering mMPTAf m�DFAf 
�CAf genderf and 
sports activity as independent variables. Side was included in the model to ad4ust for 
correlations in within sub4ect variablesf using an unstructured wor5ing correlation 
matrix. Additionallyf the effect of gender and sport activity on alpha angle and mMPTA 
was examinedf with side included to account for correlations between repeated 
measurements. Statistical significance was defined as a p-value � 0.05.  
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Figure 7 I �easure%ents of ti�ialD  fe%oralD and intraIarticular knee defor%itiesD 
along with the al(ha angle of the kneeD on weightI�earing fullIleg radiogra(hs.
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,0 �esults 
 
5:3 Patient characteristics 
The study included 100 males and 100 females. The mean BMI was 22.1 � 3.1 5gmmc. 
The median alpha angle was 4^.1} rI�R 10.4}s. Of the participantsf 54 legs r13.5�s had 
an alpha angle � ^0} rmedian alpha angle ^7.2}f I�R 12.8}s. The mean mMPTA was 84.1 
� 2.1}f m�DFA was 88.0 � 1.8}f and 
�CA was 0.3 � 1.1}. Of the participantsf ^^ had 
tibial genu varum rmean mMPTA 83.8 � 1.0}sf and 2^ legs had tibial genu valgum rmean 
mMPTA 91.0 � 0.9}s. Femoral genu valgum was present in 19 legs rmean m�DFA 84.1 � 
0.7}sf while femoral genu varum was found in 42 legs rmean m�DFA 91.0 � 1.^}s. 
Additionallyf 21 legs showed intra-articular genu varum rmean 
�CA 2.5 � 0.5}sf and 117 
legs had intra-articular genu valgum rmean 
�CA -1.1 � 0.8}s. 
 
5:4 �port acti,ity 
Regarding sport activity levelsf the mean Tegner score during the second decade of life 
was ^.3 � 2.3 for males and 4.8 � 1.8 for females. Of the participantsf 92 r4^.0�s had 
low sport activityf ^8 r34.2�s had high sport activityf 23 r11.^�s switched from high to 
low activityf and 17 r8.5�s increased their activity levels during childhood. Among 
malesf 54 r108 legss r54.0�s did not play soccer during childhoodf with 12 r24 legss 
r12.0�s having high activity based on the Tegner score. 31 males r^2 legss r31.0�s 
played soccer throughout this periodf all with high activityf except for one. Ten males 
r10.0�s discontinued playing soccer during childhoodf while five r5.0�s started. 
Soccer players showed a lower mMPTAf when compared to non-soccer players and 
male non-soccer players with a high level of sports activity during childhood rTable 1s. 
Furthermoref soccer players exhibit a higher alpha angle of the hip than both non-
soccer players and male non-soccer players with a high sports activity level during 
childhood rTable 1s. Female soccer players were excluded from these analyses due to 
the limited sample sizef as only two women had played soccer during childhood. 
 
�a�le 7 I �adiological %easure%ents for %ale soccer (la1ers K
 T 97D <2 legsLD 
%ale nonIsoccer (la1ers K
 T ;:D 76> legsLD and %ale nonIsoccer (la1ers with a 
high s(orts acti.it1 le.el K
 T 72D 2: legsL. %����D %L�F�D and 	L�� are 
(resented as %ean X ��. �l(ha angle is (resented as %edian K���L. 

 �	
�A� ����A� ���A� A�����A���
�
Male soccer players  85.4° ( 2.2° 87.9° ( 1.8° 0.14° ( 1.2° 52.4° (16.0°) 
Male non-soccer players  87.0° ( 1.7° 87.9° ( 2.2° 0.38° ( 1.1° 50.7° (9.3°) 
Male non-soccer players 
high sport activity level 

86.7° ( 2.7° 88.3° ( 1.2° 0.3° ( 1.2° 49.1° (6.2°) 

mMPTA, mechanical medial proximal -bial angle; mLDFA, mechanical lateral distal femoral angle; 
JLCA, joint line convergence angle   
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5:5 Association �et-een �ender; sport acti,ity; and radio�raphic 
measurements 
The generalized estimating e?uation analysisf accounting for sidef revealed that the 
mMPTA had a significant association with alpha angle rR � -0.02f 95� CI t-0.03f -0.01uf 
P � 0.002s rFigure 2As. This indicates that a lower mMPTAf representing increased tibial 
genu varumf was associated with a higher alpha angle. The same trend was observed 
when comparing the three tibia groupsf with tibial genu varum mMPTA showing higher 
alpha angles than the neutral group rFigure 2Bs. In contrastf neither the m�DFA rR � -
0.01f CI t-0.02f 0.00uf P � 0.21s nor the 
�CA rR � 0.01f CI t-0.01f 0.02uf P � 0.48s showed 
a significant relationship with the alpha angle. Furthermoref the interaction terms 
between exposure patterns of sport activity and mMPTAf m�DFAf and 
�CA were not 
statistically significant.  

Males show a significantly lower mMPTA than females rR � -0.95f CI t-1.5^f -0.34uf P � 
0.002sf accounting for side and sport activity rFigure 3As. Males also have a significantly 
higher alpha angle than females rR � 0.19f CI t0.14f 0.23uf P � 0.001s rFigure 3Bs. High 
sports activity was associated with a lower mMPTA compared to low sport activity rR � 
-0.75f CI t-1.37f -0.13uf P � 0.02sf accounting for gender and side rFigure 3Cs. No 
statistically significant difference in alpha angle and sports activity was found rR � -
0.01f CI t-0.05f 0.04uf P � 0.79s rFigure 3Ds.

Figure 2 – �elationshi( �etween %edial (ro0i%al ti�ial angle K%����L and the 
al(ha angle. �L �catter (lot showing the relationshi( �etween the %���� and the 
al(ha angleD de%onstrating a significant association. �L �o0(lot of al(ha angles 
for the three ti�ia grou(sE genu .aru% K<< lower l i%�sLD neutral K96> lower l i%�sLD 
and genu .algu% K2< lower l i%�sL.
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-0 �is�ussion

This study investigated the association between hip alpha angles and tibial genu varum 
in a healthy population with an e?ual male-to-female distribution. The most important 
finding of this study was the significant association between alpha angle and tibial 
deformityf with a lower mMPTA lin5ed to a higher alpha angle. No statistically 
significant interaction with sport activity was detectedf suggesting that mMPTAys 
influence on alpha angle is not affected by activity level. Both primary cam morphology 
and tibial genu varum are associated with an increased ris5 of hip and 5nee 
osteoarthritis174–176,182f respectivelyf indicating the potential clinical importance of their 
association. Additionallyf males had significantly higher alpha angle values and lower 
mMPTA compared to femalesf reinforcing that primary cam morphology and tibial 
varus are more common in males55,57,58,177,188–190.

Current literature highlights the association between primary cam morphology and 
high-impact sportsf particularly soccerf li5ely due to the repetitive mechanical stress 
on the hip during adolescence174,177,179,180,191. Our study found no significant differences 
in alpha angle between high and low sport activity levels during childhood. Howeverf 
male soccer players had a higher alpha angle compared to male non-soccer players 
and male non-soccer players with high sport activity levels. The literature further 
supports the association between involvement in sportsf and greater tibial varusf 
emphasizing the role of physical activity in shaping lower leg alignment 21,63,64,66,181. 
Notablyf lower leg alignment has been widely ac5nowledged as a contributing factor to 

Figure 9 I �ifferences in radiogra(hic %easure%ents �etween %ales and fe%alesD 
as well  as �etween low and high s(ort acti.it1 grou(s. �L %���� co%(arison 
�etween %ales and fe%ales. �L �l(ha angle co%(arison �etween %ales and 
fe%ales. �L %���� co%(arison �etween lowI and highIacti.it1 athletes. �L �l(ha 
angle co%(arison �etween lowI and highIacti.it1 athletes.
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the ris5 of sports in4uries192. Our study also showed that participants with high sport 
activity during childhood had a significantly lower mMPTA compared to those with low 
sport activityf while accounting for gender in a balanced male and female population. 
Male soccer players had a lower mMPTA compared to male non-soccer players and 
male non-soccer players with high sport activity. Despite these findingsf the direct 
relationship between tibial deformity and alpha angle has been underexplored. Our 
research addresses this gap by demonstrating a significant association between tibial 
deformity and a cam shaped femoral head.  
 
Our study demonstrates an associationf not a causal relationshipf between alpha 
angle and tibial deformity. While causality implies direct cause-and-effectf our findings 
show a statistical connection without confirming direct causality. Kli4 et al.193 
suggested that there is no causal relationship between cam morphology and varus 
orientationf as these features appear to develop simultaneously at the last phase of 
growth. It has been suggested that children with bowlegs may have a functional 
advantage in sports li5e soccerf potentially due to natural selection66. Mechanical 
studiesf for example Hueter-�ol5mannys lawf explain how loading affects 5nee 
growth69–71,194. Primary cam morphology typically develops gradually during s5eletal 
maturation in response to repetitive mechanical loadingf stabilizing after the closure of 
the proximal femoral growth plate177,179. In young soccer playersf the primary cam 
morphology becomes apparent once the growth plate closes177f emphasizing the role 
of sport-specific loading. In additionf previous studies suggest that lower-limb 
alignment and hip morphology are interconnected within the 5inetic chain. Frontal 
5nee alignment has been associated with hip morphology and hip pain195f and 
alterations in frontal 5nee alignment may also lead to changes in frontal hip 
alignment196. Furthermoref hip shape has been lin5ed to 5nee osteoarthritisf and 
femoral morphology has been associated with the development of 5nee pain197f 
highlighting the complex biomechanical relationship between hip structure and 5nee 
4oint pathology198. 
 
Our Mndings suggest that both cam morphology and genu varum alignment may 
develop through similar adaptive mechanisms of the growth plates in response to 
mechanical loading. Conse?uentlyf the observed association may partly reNect shared 
developmental factors rather than a direct biological lin5. Clinicallyf both cam 
morphology and genu varum have been associated with increased ris5s of hip and 5nee 
osteoarthritisf respectively. Understanding their relationship may provide insight into 
these shared mechanisms and help guide strategies to modify mechanical load during 
growthf potentially reducing the ris5 of future 4oint pathology183. Further research is 
needed to explore how mechanical load ad4ustments during growth might prevent the 
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development of tibial genu varum and cam morphologyf potentially reducing the future 
ris5 of osteoarthritis. 
 
Primary cam morphology and tibial genu varum are associated with an increased ris5 
of hip174–176 and 5nee osteoarthritis21–23,199f posing a significant threat to 4oint health. 
Osteoarthritis is a ma4or global health burden with rising healthcare costs7,183. Aging 
and obesityf 5ey ris5 factors200,201f are increasingf with obesity expected to reach 50� 
by 2030202,203 and the elderly population continuing to grow5. As a resultf osteoarthritis 
prevalence will rise further183. Targeted prevention strategies during s5eletal growth 
could potentially reduce osteoarthritis incidence. Ad4usting mechanical loads on the 
5nees in males may help prevent varus alignment and its associated pathologies66,179. 
Similarlyf modifying athletic activities during critical growth periods could influence the 
development of primary cam morphology179f which may contribute to reducing 
osteoarthritis prevalence. Thereforef future research should focus on investigating the 
effects of mechanical load ad4ustments in individuals at ris5 for developing primary 
cam morphology and varus alignment. Such preventive strategies could play a pivotal 
role in reducing the incidence of both hip and 5nee osteoarthritis in athletesf 
contributing to the long-term 4oint health and reducing healthcare burdens. 
 
This study has several limitations. Its retrospective design may have introduced recall 
biasf particularly regarding self-reported sports participation during adolescence. 
Furthermoref the radiographic assessments of lower limb alignment were conducted 
by a single observer who was blinded to additional information. The accuracy of the 
observer may influence these measurementsf potentially leading to systematic bias. 
Howeverf previous studies have shown that both intra- and interobserver reliability are 
excellentf with reported values exceeding 0.85 for these measurements49,204. The alpha 
angle measurement accuracy depends on accurate landmar5 placement. The 
automatic search model was trained on a different dataset consisting of primarily 
anteroposterior pelvic radiographs. Howeverf the training set of the automatic search 
model also contained long-limb radiographs li5e those used in the current study. 
Thereforef we thin5 that the automated method could be used appropriately on the 
weight-bearing full-leg radiograph. Another limitation is the use of weight-bearing 
radiographsf where 5nee positioning may affect the reliability of the 
measurements50,205,206. We mitigated this by standardizing limb rotation to ensure 
forward facing patellae51. Howeverf detection of primary cam morphology on weight-
bearing full-leg radiographs is limited by pro4ection: cam morphology is typically 
located anterolaterally on the femoral head-nec5 4unction and is best visualized with 
the hip in slight internal rotation or on dedicated lateral views. Since weight-bearing 
full-leg radiographs are ta5en in a neutral position and no lateral hip views were 
availablef the prevalence of primary cam morphology in this cohort is li5ely 
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underestimated. In additionf the cross-sectional study design precludes any causal 
inferencef and the study cohort consisted of healthy young adultsf which may limit 
generalizability to symptomatic populations with femoroacetabular impingement. 
Finallyf no power calculation was performed for the current study ob4ectives. 
 

.0 �on�lusion 
 
In conclusionf this study investigated the association between lower limb 
malalignment and alpha angle in a healthy participant population with an e?ual male-
to-female distribution. We found a significant association between alpha angle and 
tibial genu varumf with genu varum lin5ed to a higher alpha angle. Males exhibited 
higher alpha angles and more tibial varus than females. While higher sports activity was 
associated with a tibial genu varumf alpha angle and femoral or intra-articular 5nee 
deformities showed no difference across activity levels. Future research should focus 
on mechanical load ad4ustments in at-ris5 individuals to potentially prevent leg 
malalignment and cam morphologyf which may help reduce the incidence of 5nee and 
hip osteoarthritis and improving long-term 4oint health. 
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Abstract 
 
Objective: This study aimed to divide leg malalignment into digerent categories of 
valgus and varus of the femur, tibia, and intra-articular knee joint and investigates 
whether knee osteoarthritis (OA) patients are susceptible for changes of such leg 
deformities over time.  
Methods: This study included 317 radiographs and CT-images on baseline and 24 
months of 169 patients (median age 67, 78.2% female) of the prospective European 
IMI-APPROACH cohort, enrolled for knee OA. Femoral, tibial, and intra-articular 
geometry was determined. Digerent categories were analyzed based on varus or valgus 
in the femur, in the tibia, or within the intra-articular joint. Changes of these variables 
over time and their correlations were determined with mixed model analysis. 
Results: Femurs tended to become more varus-like over the two-year follow up (0.3°, 
95% CI 0.6°–0.1°, p=0.02), bony valgus femurs became more varus shaped (1.1°, 95% 
CI:1.7°–0.5°, p<0.001). Patients with bone varus and a normal joint line convergence 
angle (JLCA) showed a significant increase in intra-articular joint varus, with a mean 
JLCA increase of 1.1° (95% CI:0.4°–1.7°, p=0.005). By two years, they reached the 
threshold for defining intra-articular joint varus deformity, with a JLCA of 2.0°. 
Conclusions: Substantial intra-articular joint and bone varus progression was 
observed within two years. This study shows that bone deformity is to some extent a 
dynamic process and there is a growing varus malalignment in the intra-articular knee 
joint and bones. Thereby this study emphasizes the importance of leg malalignment for 
progression of intra-articular knee joint changes in early OA. 
 �
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*0 �ntrodu�tion  
 
Osteoarthritis rOAs is a ma4or healthcare burden with an estimated 595 million people 
worldwide affected in 2020207. The 5nee is the most affected 4ointf and the disease is 
characterized as multifactorialf involving structural alterations in the subchondral 
bonef hyaline cartilagef ligamentsf capsulef synoviumf and periarticular muscles7. The 
doctrine of OA as a passive wear-and-tear degenerative disease is changing to a much 
more complex pathogenesisf which involves metabolicf inflammatoryf and 
mechanical factors7. Given this complexityf OA healthcare could benefit from more 
refined disease framewor5s derived from phenotypes to provide more personalized 
treatments at an early stage of the disease process208–212.  

 
One of the investigated OA phenotypes is a biomechanically malaligned legf with a 
varus or valgus overall leg shape. In generalf a deviation of �2} from neutral hip 5nee 
an5le angle rHKAs is considered pathologicalf although many people with a 
malalignment are not aware of their deformity58,213. �arus and valgus malalignment 
shift the mechanical leg axis from the middle to respectively the medial or lateral 
compartment of the 5nee resulting in potential excessive loading with a higher ris5 of 
cartilage and meniscus degeneration in one of these compartments7,16,23,208,212. The 
correlation between malalignment of the leg and 5nee OA initiation or progression is 
not straightforward21,23,182,212,214–219. Only radiological progression and not clinical 
progression has been correlated to malalignmentf but this correlation is difficult to 
predict in the individual patient�21,23,182,212,214–219. 

 
Malalignment of the leg can be the result of three aspects: is deformity in the tibiah iis 
deformity in the femurh andmor iiis non e?ually distributed cartilage loss in the 5nee 4ointf 
potential surrounding soft tissue laxityf and meniscal abnormalities which leads to an 
intra-articular 4oint deformity220,221. 

 
This study aimed to investigate three potential sources of lower limb deformityp
femoralf tibialf and intra-articular 5nee 4oint pto assess how bony and intra-articular 
4oint geometry changes over time in patients with 5nee OA. Our hypotheses are that 
bone deformities drive intra-articular 4oint change over timef with valgus bones towards 
more valgus intra-articular 4oint progression and varus bones towards more varus intra-
articular 4oint progression7,16,21,23,208,212,222–224.  
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+0 
ethods 
 
4:3 Patients 
This study included 297 5nee radiographs and whole-body Computed Tomography 
rCTs-images of the IMI-APPROACH cohort. IMI-APPROACH is a two-year �uropean 
cohort study to describef validatef and predict phenotypes of OA using clinicalf 
imagingf and biochemical mar5ers143. Recruitment relied on positive clinical American 
College of Rheumatology rACRs criteria for 5nee OA41,143 and machine-learning models 
that guide patient inclusion to predict the probability of increased or sustained 5nee 
pain and structural OA progression during the two-years follow-up period. The 
elaborate selection process and the included patients have been described by van 
Helvoort et al.143�

 
4:4 Ima�in� ac'uisition 
Weight bearing 5nee radiographs rBuc5land-Wright protocols36,143 and supine whole-
body Computed Tomography rCTs images of 297 patients were available of the index 
and contralateral side on baseline and after 24 months follow-upf resulting in a total of 
594 5nees available for analysis143. CT images were used for the femoral and tibial 
analyses of varus andmor valgus. The 5nee radiographs were used to measure the intra-
articular 4oint varus or valgus.  
 
4:5 Ima�e analyses 
The mechanical lateral distal femoral angle rm�DFAs and mechanical medial proximal 
tibial angle rmMPTAsf both indicators for femoralmtibial varus andmor valgus deformityf 
were automatically measured on both CT timepoints with validated software rFigure 
1s225,226. The intra-articular 4oint varus or valgus deformity was ?uantified as the 4oint line 
convergence angle r
�CAs on 5nee radiographs at both time pointsf using the 
Osteoarthritis Digital Image Analysis rODIAs tool144. Mean error of automated 
�CA 
measurements when compared to manually chec5ed ODIA measurements was 
defined in a previous study as 0.4°144.   
 
The hip 5nee angle rHKAs reflects the amount of varus or valgus in the leg by measuring 
the angle between the mechanical axes of the femur and tibia rFigure 1Ds on 
standardized whole leg radiographs49,50. The arithmetic hip-5nee-an5le angle raHKAs is 
a surrogate for the HKA and represents the mechanical axis deviation attributable 
solely to the bony deformities of the femur and tibia. The aHKA was calculated by 
subtracting the m�DFA from the mMPTAf resulting in negative values for a bony varus 
and positive values for a bony valgus rFigure 1�s211.  
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The change over the 24 months follow-up in femoral and tibial geometry was measured 
for different categoriesf by dividing the 5nees into bony and intra-articular space 
induced deformities based on the 
�CAf m�DFAf and mMPTA at baseline rTable 1s. The 
change over 24 months in intra-articular space geometry was also measured for 
different categoriesf based on bony and intra-articular space deformitiesf defined by 
the 
�CA and aHKA on baseline rTable 1s. The normal values for mMPTAf m�DFAf aHKAf 
and 
�CA as proposed by Paley were used to differentiate between normal and 
pathological deformities213,227. The change in 5nee geometry of the tibia rmMTPAsf 
femur rm�DFAsf and intra-articular 4oint r
�CAs between baseline and 24 months was 
analyzed for each alignment category. 

4:6 �tatistical analyses
Descriptive statistics were computed using means with the standard deviation rSDs or 
medians with rangef where appropriate. Changes in 5nee morphology rmMPTAf m�DFAf 
and 
�CAs from baseline to 24 months were analyzed using a mixed model analysisf 
correcting for the possible inNuence of the inclusion of patientsy left and right 5nees. 
The possible diLerence between changes in the diseased index and contralateral 5nee 
was tested using the same mixed model analyses. P values � 0.05 were considered 
statistically signiMcant. All analyses were performed in IBM SPSS Statistics v2^.0.0.1 
rArmon5f New Yor5f United Statess. 

Figure 7 – �L �easure%ent of the %echanical lateral distal fe%oral angle 
K%L�F�LD �L "oint l ine con.ergence angle K	L��LD and �L %echanical %edial 
(ro0i%al ti�ial  angle K%����L. 
or%al range of %L�F� and %���� is �etween >;Q  
and ?6QD while nor%al range of 	L�� is �etween 6Q and 2Q550.  �arus (rogression  
has a (ositi.e effect on the 	L�� and .algus (rogression a negati.e effect.  �L�he 
hi( knee angle K�K�L is %easured as the angle �etween the %echanical a0es of 
the fe%ur and the ti�iaD �L �he arith%etic hi( knee ankle angle Ka�K�L 
re(resenting the �on1 .algusH.arus was calculated �1 su�tracting the %L�F� 
fro% the %����D a de.iation of X2Q fro% neutral a�K� is considered (athological.
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�a�le 7 I �election criteria for the grou(sO nor%al align%entD intraIarticular "oint 
.algus or .arus defor%it1D �one .algus or .arus defor%it1D and �oth �one and 
intraIarticular "oint .algus or .arus defor%it1. �he selection was �ased on 	L�� 
%easure%ents on knee radiogra(hsD and %echanical lateral distal fe%oral angle 
K%L�F�L %echanical %edial (ro0i%al ti�ial angle K%����L on rendered 9� 
%odels of the ��Iscans. �he arith%etic hi( knee ankle angle Ka�K�L was 
calculated �1 su�tracting the %L�F� fro% the %����D re(resenting the �on1 
o.erall  leg align%ent. 

	L��D 	oint Line �on.ergence �ngleF %L�F�D %echanical Lateral �istal Fe%oral �ngleF %����D 
%echanical �edial �ro0i%al �i�ial �ngleF a�K�D �rith%etic �i(–Knee–�nkle �ngle 
 

,0 �esults 
 
This study included 317 5nees of 1^0 patients with available baseline and 24 months 
5nee radiograph and CT-scan. Table 2 summarizes the baseline and 24 months 
characteristics of all included 5nees. 
  

 	LC� 
�ntra-articular 

#oint space 
varusAval us  

mLD�� 
�emur 

varusAval us  

m�P�� 
�ibia 

varusAval us  

a�
� 
�one 

varusAval us 


ormal 0} - 2Q 85} - 90Q 85} - 90Q -2} - 2Q 
	LC� varus � 2Q 85} - 90Q 85} - 90Q -2} - 2Q 
�one varus 0} - 2Q � 90Q  � 85} � -2} 
�one and 
	LC� varus 

� 2Q � 90Q � 85} � -2} 

	LC� val us � 0Q 85} - 90Q 85} - 90Q -2} - 2Q 
�one val us 0} - 2Q � 85Q � 90} � 2Q 
�one and 
	LC� val us 

� 0Q � 85Q � 90} � 2Q 
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�a�le 2 I �aseline and 2: %onths characteristics of 7<6 (atients with knee 
osteoarthritis and 97= included knees. ��� T �od1 %ass inde0D KL T Kellgren and 
LawrenceD %���� T %echanical %edial (ro0i%al ti�ial angleD %L�F� T 
%echanical lateral distal fe%oral angleD 	L�� T "oint l ine con.ergence angleD 
a�K� T arith%etic hi( knee ankle angle.  

 �aseline 24 months 

Knee 4oint sidef n r�s �eft � 1^0 r;6.;Rs 
Right � 157 r:?.;Rs 

Genderf n r�s Male � 35 r87.>Rs 
Female � 125 r=>.8Rs 

BMI r5gmm2s at baselinef mean rSDs 27.7 r�� ;.6s 

Age at baselinef median rranges  ^7 r,a' e :> H >8s 

K� grade of index 5nee at baselinef n r�s 
                                                      Grade 0 
                                                      Grade 1 
                                                      Grade 2 
                                                      Grade 3 
                                                      Grade 4 

 
84 r8<.;Rs 
94 r8?.=Rs 
^7 r87.7Rs 
^2 r7?.<Rs 
10 r9.8Rs 

mMPTA}f mean rSDs  87.0} r�� 8.7Qs 8^.9} r�� 8.8Qs 

m�DFA}f mean rSDs 8^.0} r�� 8.7Qs 8^.3} r�� 8.7Qs 


�CA}f mean rSDs 1.4} r�� 8.6Qs 1.^} r�� 8.7Qs 

aHKA}f mean rSDs 1.0} r�� 8.=Qs 0.^} r�� 8.<Qs 

���D �od1 �ass �nde0F KLD Kellgren–LawrenceF %����D %echanical �edial �ro0i%al �i�ial �ngleF 
%L�F�D %echanical Lateral �istal Fe%oral �ngleF 	L��D 	oint Line �on.ergence �ngleF a�K�D 
�rith%etic �i(–Knee–�nkle �ngle 

 
5:3 �emoral and ti�ial ,arus or ,al�us chan�es o,er time 
All 317 included femurs tended to become signiMcantly more varus-li5e ron average 
0.3}f 95� CI 0.^} – 0.1}f p � 0.02s over the two years follow-up period. �algus femurs 
with normal intra-articular 4oint geometry rn � 44s had a signiMcant progression towards 
varus of 1.1} r95� CI 1.7} – 0.5}f p � 0.001s rFigure 2Af red lines. �algus femurs with intra-
articular 4oint varus rn � 2^s revealed a signiMcant progression towards varus toof with 
on average 1.0} r95� CI 1.8} – 0.3}f p � 0.009s rFigure 2Af brown lines. 
 
Overallf valgus tibias rn � 25s tended to become more varus-li5e with an average 
decrease in mMPTA of 0.5} rFigure 2Bf green rp � 0.579sf brown rp � 0.181s and red lines 
rp � 0.303ss. This phenomenon was not statistically signiMcant. There was a signiMcant 
change in mMPTA observed in 5nees with normal intra-articular 4oint geometry and 
mMPTA on baseline rFigure 2Bf yellow linesf albeit not relevant as the mean was 0.1} 
r95� CI 0.0} – 0.2}f p � 0.02^s and below the measurement accuracy.  
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The combined femur-tibia geometry showed a mean shift toward varus of 1.2} r95� CI 
0.8 – 1.2}f p � 0.001s in patients presenting with valgus deformity at baselinef indicating 
progressive varisation of the aHKA over the two�year follow�up rFigure 3s.

Figure 2 I �ean gra(hs with the ?;Z confidence inter.al K��L of the change in 
fe%ur geo%etr1 e0(ressed as %echanical lateral distal fe%oral angle K%L�F�LK�L 
and ti�ia geo%etr1 e0(ressed as %echanical %edial (ro0i%al ti�ial angle 
K%����L K�L �etween �aseline and 2: %onths. �ignificant K� W 6.6;L changes are 
%arked with MGN and tested through a %i0ed %odel anal1sis.
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There were no signiMcant diLerences between the index and contralateral 5nees when 
analyzing the changes in femur and tibia geometryf p � 0.719 for m�DFA and p � 0.74^ 
for mMPTA respectively.  

5:4 Intra=articular  oint ,arus or ,al�us chan�es o,er time
In generalf intra-articular spaces tended to also become more varus li5e over the two 
years follow upf meaning an increase in 
�CA. Most of these changes towards varus and 
valgus were non-signiMcant except for the group with bone varus and normal intra-
articular 4oint geometry on baseline. These patients rn � 15s showed a signiMcant 
increase in intra-articular 4oint varus after two yearsf with a mean 
�CA increase of 1.1} 
r95� CI 0.4}–1.7}f p � 0.005s. By two yearsf they reached the threshold for deMning intra-
articular 4oint varus deformityf with a 
�CA of 2.0} rFigure 4f yellow lines. 

Figure 9 I �ean gra(hs with the ?;Z confidence inter.al K��L of the change in 
arith%etic hi(IkneeIankle angle Ka�K�L �etween �aseline and 2: %onths. �he 
green surface indicates the nor%al a�K� .alue �etween I2Q and 2QD while the red 
surfaces indicate a�K� .alues. �ignificant K� W 6.6;L changes are %arked with MGN 
and tested through a %i0ed %odel anal1sis.
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-0 �is�ussion

This study aimed to measure the bony and intra-articular 4oint varus andmor valgus 
geometry in a 5nee OA cohortf to classify them into speciMc categoriesf and measure 
the possible changes in geometries over time. Surprisinglyf against our expectationf 
this study observed small changes in femur and tibia geometries even within the two-
year follow-up periodf with a tendency to become more varus-li5e during this period. 
This was mostly pronounced in valgus femurs ron average 1.1°s and valgus tibias ron 
average 0.5}s on baseline. All intra-articular 4oint geometries had the tendency to 
progress towards a more varus shapef except for the 5nees with an already intra-
articular 4oint varus at baseline. This eLect was observed over a relatively short two-
year periodf and the progression toward varus is expected to continue until it stabilizes. 
The intra-articular 4oint progression towards varus was most signiMcant for 5nees with 
a normal intra-articular 4oint geometry and bone varus deformityf which indicates 
continuous overload at the medial compartment ma5ing cartilage tissue susceptible 
for cartilage degeneration within the medial compartment rFigure 4 yellow lines. 
SpeciMcallyf cartilage degeneration in one 5nee compartment might further the overall 

Figure : I �ean gra(hs with the ?;Z confidence inter.al K��L of the change in 
calculated "oint l ine con.ergence angle K	L��L �etween �aseline and 2: %onths. 
�he green surface indicates the nor%al 	L�� .alue �etween 6Q and 2QD  while the 
red surfaces indicate a�nor%al 	L�� .alues. �arus and .algus arith%etic hi( knee 
ankle angle Ka�K�L were calculated as surrogate for the �on1 align%entD �1 
su�tracting the %echanical lateral fe%oral angle fro% the %echanical %edial 
(ro0i%al ti�ial  angle. �ignificant K� W 6.6;L changes are %arked with MGN.
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varus or valgus malalignmentf thereby creating positive feedbac5 that drives OA 
progression. 
 
In a recent study by Palmer et al.214f conducted to explore the potential for clinical and 
structural progression of OA because of leg malalignmentf patient inclusion was 
determined based on their susceptibility to cartilage degeneration. Patients with 4oint 
space widths below 1�mm were excludedf which revealed that varus tibial alignment 
was associated with increased odds of structural progression in 5nee osteoarthritis. In 
agreementf the results of our current study revealed that mainly patients with bone 
varus and normal intra-articular 4oint were susceptible for structural radiographical OA 
progression. The relation between cartilage thic5ness and change in intra-articular 4oint 
space geometry was also observed by Colyn et al.228f with a correlation between 
Kellgren and �awrence rK�s grades and 
�CA progression. Sof it seems li5ely that 
changes in intra-articular 4oint geometry are mainly observed in 5nee 4oints with mild to 
moderate OAf and therefore cartilage tissue susceptible for rfurthers degeneration. Our 
current study did not include K� grades to test their potential eLect on geometry 
changes over timef which should be considered for future research. 
 
In the study of Colyn et al.228 the 
�CA was measured on standing whole leg radiographsf 
which also provided the complete varusmvalgus stance of the leg. They concluded that 
the 5nee progression towards varus was mostly the result of an increased varus shape 
in the tibia rmMPTA � 85}s and increase in intra-articular 4oint space deformity r
�CA � 
2}s228. In our current studyf a bony change in both femur and tibia tends to change 
towards a varus shape. Strangelyf this progression happened mostly in the valgus 5nees 
and not in the varus 5nees. �algus 5nees may still predominantly load the medial 
compartment of the 5nee 4oint. It should be realized that in normal leg alignment the 
medial compartment ta5es signiMcantly more load than the lateral compartmentf on 
average ^0� - 70� of the total load229. Hencef even in a slightly valgus shaped leg still 
most of the loading will pass through the medial side. 
 
Albeit somewhat unexpectedf the femoral geometry progression towards varus in 
valgus 5nees is worth exploration in future studies. We hypothesize that the change in 
morphology could possibly be the result of two theories. The Mrst theory comes from 
gait explorationsf in which several studies demonstrated a diLerence in gait between 
OA aLected and healthy 5nees230–232. This principle of altered gait in patients with 5nee 
OA has even been translated into targeted gait alterations as a treatment to achieve 
pain relief233. These alterations in gait support our hypothesis that it is plausible for 5nee 
OA patients to develop uni?ue coping mechanisms for pain relief through alterations in 
their wal5ing patterns. Over timef an altered gait pattern possibly aLects the 
morphology of a bone as a result of diLerent loads. The second theory is that bone 
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morphology only changes at the 5nee 4oint ends of the bones due to possible Nattening 
of one compartment and simultaneous formation of osteophytes because of 5nee OA. 
These could potentially aLect our calculation of varus and valgus parameters rm�DFA 
and mMPTAs. 
 
Both research and clinical care of 5nee OA could beneMt from further phenotyping of 
diLerent varusmvalgus types as suggested previously213,234,235. The result of the current 
study indicates to diLerentiate malalignment categories based on the presence of an 
intra-articular 4oint space varusmvalgus or varusmvalgus in the bone structures. The 
normal range of intra-articular 4oint space geometry is 2} in 
�CAf therefore an increase 
in varus shape of 1.1} within a short period of 2 years is relevant. With this 5nowledge 
future studies could attempt to determine more exactly why some patients become 
progressorsf while others are not21,182,214–219. This could help in more exact predictions 
for OA progression and patient indication for therapies.   
 
Patients included in our current study were selected via an algorithm designed by the 
IMI-APPROACH consortiumf based on pain among other things using the ACR 
criteria143. From a surgical perspectivef one might 4ustify performing a 5nee osteotomy 
in the femur andmor tibia speciMcally in patients that present a varus malformation. 
Patient cases presenting 5nee OA related symptoms and mild radiographical structural 
manifestations might favor from such an intervention to prevent increases r1.1} in 
�CA 
withing two yearss in the overall varus shapef which furthers to progression of cartilage 
loss in a positive feedbac5 loop. On the contraryf in cases of femoral valgus and normal 
intra-articular 4oint space geometry a possible delay in surgical intervention might be 
considered since our data revealed a decrease in valgus shapes even within this 
relatively short two-year period. The timing of an osteotomy to prevent further OA 
progression can be challengingf but current dataf such as from the IMI-APPROACH 
cohortf can help guide the optimal timing for this surgery. 
 
Our current study had limitations. Firstf the formation of osteophytes and bone 
remodeling due to OA progression could also inNuence 5nee geometry measurementsf 
in particular the 4oint line angles228,236. Future research could delve into the possibility 
of osteophyte formations and the inNuence on bone geometry measurements. Secondf 
the selection process of the patients led to a s5ewed distribution between males and 
females for analysesf since females are predominantly present in the IMI-APPROACH 
cohort143. This potentially led to a more valgus distributed cohort237. Thirdf all 
measurements were performed fully automaticallyf which may introduce 
measurement error. Howeverf this automated method has been extensively validated 
and shows excellent agreement with manual measurements. Fourthf no clinical 
outcomes were included in the present study. Future research should evaluate whether 
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changes in leg geometry translate into clinically relevant outcomes. Fifthf the 24 month 
follow up period may be insuLicient to fully capture the natural course of OA 
progression. Neverthelessf even within this relatively short timeframef we observed 
signiMcant changesf indicating that meaningful disease progression can occur over 
such a period. Sixthf intra�articular 4oint progression may be inNuenced by meniscal 
pathology or meniscectomyf which was not captured in our dataset and should be 
investigated in future research. This potential contributor should be examined in future 
studies. �astlyf the IMI-APPROACH cohort included patients based on their li5elihood 
of OA progression. The result of the current study is therefore not representative for 
healthy patients without clinical symptoms and having varusmvalgus deformities.   
 

.0 �on�lusion 
 
Most bones show a trend to become more varus shaped in timef even femurs with a 
strong valgus shape showed a trend to normalize. Substantial intra-articular 4oint varus 
progression was observed within two yearsf in particular within patients that had bone 
varus at baseline. This study shows that bone deformity is to some extent a dynamic 
process and there is a growing varus malalignment in the intra-articular 5nee 4oint as 
well as in the bones. Thereby this study emphasizes the importance of leg 
malalignment for progression of intra-articular 5nee 4oint changes in early OA.  
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�bstra�t 
 
�ack round: �ower limb malalignment increases the ris5 of unicompartmental 5nee 
osteoarthritis rKOAs. This study investigates the association between 5nee cartilage 
?ualityf assessed via MRI-based T2 mappingf and lower limb malalignment. It also 
examines whether cartilage ?uality is more inNuenced by bony or intra-articular 
malalignment. 
�ethods? In this cross-sectional analysis of 15^ 5nees from the IMI-APPROACH cohortf 
tibiofemoral cartilage T2 values were measured using high-resolution MRIf 
distinguishing superMcial and deep layers. Malalignment was categorized into entire 
legf bonyf and intra-articular malalignment rvia the 
oint �ine Convergence Angles. 
Correlations between T2 values and alignment were assessed using Spearmanys rho. A 
subgroup analysis evaluated cartilage ?uality in constitutional malalignment 
rmalalignment without intra-articular deviations. 
Results? Cartilage T2 values were signiMcantly associated with alignment. �arus 5nees 
showed signiMcantly longer T2 in the superMcial medial cartilage rU � –0.2f * � 0.04sf and 
valgus 5nees in the lateral compartment rU � 0.1f * � 0.35s. Associations were strongest 
for intra-articular malalignment rU � 0.3f * � 0.01s. In constitutional varusf a non-
signiMcant medial T2 prolongation was observed rU � –0.2f * � 0.28sh no changes were 
found in constitutional valgus.  
Conclusion? �ower limb malalignmentf particularly intra-articular malalignmentf is 
associated with compartment-speciMc lower cartilage ?ualityf as reNected by longer T2 
values. Distinguishing between bony and intra-articular malalignmentf rather than 
overall limb alignmentf should be a focus of future studies on malalignment. Future 
research should explore whether constitutional malalignment and early cartilage 
alterations may trigger cartilage degeneration and KOA progression.  
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*0 �ntrodu�tion  
 
Knee osteoarthritis rKOAs is the most common progressive 4oint disease worldwide183. 
The prevalence of KOA in individuals aged over 40 years is 22.9� worldwidef posing a 
signiMcant health issue183. With aging and an increasingly obese populationf it is 
becoming even more prevalent than in previous decades183. KOA is characterized by the 
gradual brea5down of the protective cartilage in the 4ointf accompanied by 
inNammation and changes in surrounding tissuesf which contribute to painf stiLnessf 
and a diminished range of motion238.  
 
The radiological diagnosis of KOA is often made at a late stagef as radiographs reveal 
KOA changes at a relatively late stage239. T2 mapping using Magnetic Resonance 
Imaging rMRIs scans is a powerful tool for assessing cartilage compositionf as it reveals 
water content and collagen Mber orientation136,240f with prolonged T2 indicative of 
poorer cartilage ?uality172,241. T2 mappingf highly sensitive to changes in collagen 
concentration and fragmentation of the collagen matrixf has proven to be a valuable 
tool for assessing cartilage degenerationf with histological studies suggesting its 
reliability and providing critical insights into in vivo cartilage degeneration242,243.  
 
Individuals with lower limb 4oint malalignment are at increased ris5 of developing 
unicompartmental KOA23,182f as the asymmetric loading of a single tibiofemoral 
compartment causes cartilage degeneration22. �ower limb malalignment 
encompasses both bony malalignment and intra-articular 5nee 4oint malalignment�244. 
Bony alignment refers to the alignment of the tibial andmor femoral bones. Intra-articular 
malalignmentf in contrastf refers to structural abnormalities within the 5nee 4oint itselff 
including cartilage degenerationf meniscal damagef and meniscal extrusion159,245. 
Some individuals exhibit constitutional varusf which means that only bony 
malalignment is presentf without intra-articular 5nee 4oint malalignment58. As a resultf 
these individuals do not show radiological evidence of KOAf but they do have lower limb 
malalignment. Howeverf these individuals are at an increased ris5 of developing KOA 
over time246. MRI T2 mapping may oLer a valuable tool for assessing cartilage ?uality in 
these individualsf potentially identifying those at elevated ris5 for developing 
unicompartmental KOA. By enabling timely interventionsf this techni?ue could play a 
critical role in mitigating disease progression and reducing long-term 4oint damage.  
 
Sharma et al.22 investigated the relationship between KOA progression based on MRI 
and lower limb malalignment. Their study showed that varus 5nee malalignment was 
associated with the development of cartilage damage in the medial compartment and 
demonstrated reduced ris5 of cartilage damage in the less-loaded compartment in 
either varus or valgus 5nees. Howeverf the study did not utilize T2 mapping and did not 
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distinguish between malalignment attributable to bony and intra-articular 5nee 4oint 
malalignment. Identifying this diLerence is importantf as intra-articular 5nee 4oint 
malalignment reNects unicompartmental cartilage andmor meniscal lossf which are 
part of the 4oint degeneration process159.  
 
Thereforef this cross-sectional study in participants with KOA examines the association 
between 5nee cartilage ?uality rT2s and lower limb malalignmentf focusing on whether 
the association of the entire leg malalignment is primarily inNuenced by intra-articular 
or bony malalignment. We hypothesized that bony varus alignment is associated with 
lower cartilage ?uality reNected by longer T2 in the medial compartment. Converselyf 
bony valgus alignment was expected to be associated with lower cartilage ?uality 
rlonger T2s in the lateral compartmentf reNecting the isolated eLects of lower limb 
malalignment on T2 related cartilage ?uality.  
 

+0 
ethods  
 
4:3 Participants 
In the prospective Applied Public-Private Research enabling OsteoArthritis Clinical 
Headway rIMI-APPROACHs cohortf 297 KOA participants from Mve �uropean centers 
were followed for 2 years143. Participants aged 18 years and older were selected based 
on the li5elihood of experiencing structural andmor 5nee pain progression over a two-
year period. The index 5nee was selected based on American College of Rheumatology 
rACRs criteria. In case of e?ual symptoms in both 5neesf the right 5nee was chosen. The 
inclusion and exclusion criteria for the IMI-APPROACH cohort have been previously 
published143. Participants underwent low dose whole body computed tomography rCTs 
scanf weight-bearing posteroanterior radiographs according to the Buc5land-Wright 
protocol and 1.5 or 3.0 T MRI scans of the index 5nee at baseline 143,145. Participants with 
available baseline CT scansf radiographsf and 3T MRI scansf including T2-mappingf 
were included in this study. 
 
The study was approved by the Institutional Review Boardsf following protocolsf Good 
Clinical Practicef the Declaration of Helsin5if and all ethical and legal regulations. The 
study was registered under clinicaltrials.gov nr: NCT038835^8 and informed consent 
was obtained.  
 
4:4 Ima�in� assessment 
The Kellgren and �awrence rK{�s score was determined by one experienced observer 
on 5nee radiographs with good reliability247. Based on these scoresf participants were 
categorized into two groups: those with no or doubtful radiographic OA rK{� 0–1s and 
those with mild to severe radiographic OA rK{� 2–4s. Furthermoref all weight-bearing 
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5nee radiographs were reproducibly and automatically analyzed using the 
Osteoarthritis Digital Image Analysis rODIAs to determine the 
oint �ine Convergence 
Angle r
�CAs in weight-bearing position rTable 1s rFigure 1s144. The 
�CA obtained from 
radiographs served as a measure of intra-articular alignment and can be considered a 
unicompartmental rnon-symmetricals loss of cartilage andmor meniscus of the 5neef 
while 
�CA alterations may also be inNuenced by soft tissue tension or laxity159,245. A 

�CA between 0-2° is considered as healthy rTable 1sf while a 
�CA outside this normal 
range is considered pathological and a visible sign of KOA51. 
 
�a�le 7 I �he align%ent classification for nor%alD .arus and .algus align%ent. �he 
align%ent was deter%ined for 	L�� on standing knee radiogra(hsD and �one 
%or(holog1 on rendered 9� %odels of the ��Iscans. 

	L��D "oint line con.ergence angleF  
 
The femur and tibia were automatically segmented from the low dose whole body 
Computed Tomography rCTs using a deep learning approach225. Bony deformities in the 
individual bones of the tibia rmechanical medial proximal tibial angle rmMPTAss and 
femur rmechanical lateral distal femoral angle rm�DFAss were automatically 
determined from CT-scan as proposed by Paley51,226 rSee Figure 1s. The bony alignment 
was determined by mMPTA – m�DFA � 180°f as proposed by MacDessi et al.244 and 
represents the alignment of the tibial and femoral bones. A bony varus alignment was 
deMned as 178} or lessf and a bony valgus alignment as 182} or more248 rTable 1s. The 
deformity of the entire leg rmechanical hip-5nee-an5le angle rmHKAAss reNects both 
bony deformity and intra-articular 5nee 4oint deformity r
�CAs and can be calculated 
using the formula mMPTA - m�DFA - 
�CA � 180}. The mMPTA and m�DFA were obtained 
from CT imagingf which is independent of patient positioningf whereas the weight-
bearing 
�CA was assessed using weight-bearing radiographs. A neutral mHKAA ranges 
from 178} to 182}f with varus alignment deMned as 177} or lessf and valgus alignment 
as 183} or more51. Coronal lower limb malalignment was classiMed into three 
categories: entire leg alignment r1sf bony alignment in femur andmor tibia r2sf and intra-
articular alignment r3s. 
  

  	LC� �on1 ali nment 
Normal  ~0} - 2}~ ~178} - 182}~ 
�arus Intra-articular  � 2} ~178} - 182}~ 

Bones ~0} - 2}~ � 178} 
�algus Intra-articular  � 0} ~178} - 182}~ 

Bones ~0} - 2}~ � 182} 
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Cartilage T2 timesf reNecting cartilage matrix ?ualityf were determined using high-
resolution MRI for both tibial and femoral cartilage. T2 times were obtained by manualf 
?uality-controlled cartilage segmentation rChondrometrics GmbHf Freilassingf 
Germanys249,250. Due to the recognized spatial variation of cartilage T2 with tissue 
depth251f the cartilage was divided into the top 50� rsuperMcials and bottom 50� 
rdeeps251f based on the local distance between the segmented cartilage surface and 
bone interface249 and the superMcial and deep layer T2 times were calculated for both 
the medial and lateral compartment252 rFigure 2s. 

Figure 7 I �l lustration of coronal lower l i%� %alalign%entE �ntire leg align%ent 
K%echanical hi(IkneeIankle angle K%�K��LLD  �on1 align%ent K%echanical %edial 
(ro0i%al ti�ial  angle K%����LLD  %echanical lateral distal fe%oral angle K%L�F�LLD 
and intraIarticular knee "oint align%ent K"oint l ine con.ergence angle K	L��LL.
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4:5 �tatistical analysis 
All statistical analyses were performed using Statistical Pac5age for the Social 
Sciences rSPSSs �ersion 29.0 software. Descriptive statisticsf including means and 
standard deviations rSDs were computed. The Shapiro-Wil5 test was used to assess the 
normality of the data. Spearmanzs rho r�s was used to assess correlations between 
cartilage T2 in medial and lateral 5nee compartments and the three alignment 
parameters: entire leg alignment r1sf bony alignment r2sf and intra-articular alignment 
5nee 4oint alignment r3s rFigure 1s. Spearmanzs rho between 0.00 and 0.19 was 
considered very wea5f 0.20–0.39 wea5f 0.40–0.59 moderatef 0.^0–0.79 strongf 0.80–
1.00 very strong253. Furthermoref Spearmanzs rho r�s were conducted for the subset of 
participants with constitutional 4oint malalignment without any intra-articular 5nee 
4oint deformity rnon-pathological 
�CA of 0-2}s. The latter subset may strengthen the 
pure eLects of valgus or varus on T2 related cartilage ?uality. Finallyf a Mann-Whitney 
U test was performed to determine whether T2 times diLered signiMcantly between K{� 
scores. 

The False Discovery Rate rFDRs rthe rate of Type I errors due to multiple testings was 
controlled at 5� through the Ben4amini-Hochberg method254. The obtained p-values 
were sorted in ascending order and corrected using the Ben4amini-Hochberg method. 
With � tests and �1�2 as the smallest obtained p-valuef the corrected p-value was 
determined as �1�2 � !" .

A priori power analysis was conducted using GkPower version 3.1 to determine the 
re?uired sample size for detecting a statistically signiMcant correlation255. Assuming a 
signiMcance level rQs of 0.05 and a desired power r1 � Rs of 0.80f with a medium eLect 

Figure 2 I �e(resentati.e �2 %a((ing i%ages of the %edial Kto( rowL and lateral 
K�otto% rowL co%(art%ents across KellgrenILawrence KKLL grades 6–:. �olorI
coded o.erla1s indicate �2 rela0ation ti%esD with higher .alues Kwar%er colorsL 
reflecting lower cartilage )ualit1.  
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size rr � 0.30s based on Cohenys conventionsf the analysis indicated that a minimum of 
84 participants would be needed. With this sample sizef the actual statistical power to 
detect the speciMed correlation was 80�. 
 

,0 �esults 
 
5:3 Participants 
Of the 297 participants of the IMI-APPROACH cohortf 152 participants had the re?uired 
baseline data r5nee radiographsf T2-mapping on 3T MRIf and CT scanss and were 
included. Average age was ^^.7 (�7.0 years and the participants were predominantly 
female r81.4�s. 79 participants r50.^�s had a K{� score of 0 or 1f while 70 participants 
r49.4�s had a K{� score between 2 and 4. See Table 2.  
 
The mean mHKAA rproviding the total alignment of the entire leg including the intra-
articular portions was 179.8 (�3.0°f with 29.5� exhibiting varus and 18.^� exhibiting 
valgus alignment. The mean bony alignment was 180.0 (�2.7°. A total of 71 participants 
r45.5�s exhibited a bony malalignment without any intra-articular 5nee 4oint deformity. 
Of these participantsf 2^.8� exhibiting a varus bony alignment and 73.2� a valgus bony 
alignment. Finallyf the mean 
�CA was 1.5(�2.1°. A total of 71 participants r45.5�s had 
a 
�CA within the normal rangef 57 r3^.5�s demonstrated a varus 
�CAf and 28 r17.9�s 
exhibited a valgus 
�CA.  
 
�a�le 2– �atient characteristics of the included (artici(ants nT 7;<.  

��D �tandard de.iation.  
 
5:4 Kell�ren and �a-rence and �4 times 
The deep layer of the medial compartment demonstrated a signiMcantly shorter T2 time 
rbetter cartilage ?ualitys in the K{� 0-1 group in comparison to K{� 2-4 rmedian 30.9 ms 
vs 35.8 mss rP � 0.001s rFigure 3s. �i5ewisef the deep layer of the lateral compartment 
exhibited a signiMcantly shorter T2 time within the K{� 0-1 group when compared to the 
K{� 2-4 group rmedian 31.8 versus 33.9 mss rP � 0.001s rFigure 3s. The superMcial layer 
of the medial and lateral compartment did not exhibit a signiMcant diLerence between 

Age ryearssf mean ( SD ^^.7 ( 7.0 
Body Mass Index r5gmm2sf mean ( SD 2^.8 ( 4.1 
Sex rfemalesf n r�s 127 r81.4s 
Kellgren and �awrencef n r�s 
    Grade 0 
    Grade 1 
    Grade 2 
    Grade 3 
    Grade 4 

 
38 r24.4s 
41 r2^.3�s 
31 r19.9s 
41 r2^.3s 
5 r3.2s 
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the groups rMedial: P � 0.12 �ateral: P � 0.8^s rFigure 3s. Additionallyf K� grade and 
�CA 
were moderately positively correlated rU � 0.43f 95� CI 0.29–0.5^f P � 0.001s. 

5:5 Ali�nment and �4 times correlation in the entire �roup
For all three aspects of rmalsalignment it was found that varus shapes had higher T2 
time rmore cartilage degenerations at the medial compartment compared to the lateral 
compartment. In line with thisf valgus shapes had higher T2 at the lateral compartment
rFigure 4s. 

More speciMcally in the superMcial layer of the medial compartmentf a wea5 but 
statistically signiMcant correlation was evident between the T2 time and the entire leg 
rmHKAAs r� � -0.31f p � 0.001s. Converselyf a very wea5 signiMcant correlation was 
noted between the T2 time and bony alignment r� � -0.19f p � 0.04s. Furthermoref a 
signiMcantf wea5 correlation was detected between the T2 times and the 
�CA derived 
from weight-bearing radiographs r� � 0.31f p � 0.001s. For the superMcial layer of the 
lateral compartment T2 showed very wea5 correlations with mHKAA r� � 0.11f p � 0.59s 
and bony deformity r� � 0.10f p � 0.35s. Moreoverf a correlation of very wea5 strength 
was identiMed between T2 time and the intra-articular alignment r
�CAs r� � -0.05f p � 
0.^2s. See Figure 4 and Table 3. 

For the deep layer similar signiMcant correlations were found where again higher T2 
times in the medial compartment corresponded with varus deformities for all three 
aspects of 4oint rmalsalignment. Howeverf for the bony alignmentf no statistically 

Figure 9 – �o%(arison of �2 ti%e across different kne e co%(art%ents and la1ers 
�etween two grou(s KKPL 6I7 and KPL 2I:L.  �sterisks indicate significant 
differences K( V 6.6;L �etween the grou(s for the s(ecified co%(art%ents. 
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signiMcant correlations were found rmedial: � � -0.07f p � 0.49h lateral: � � 0.04f p � 
0.58s. See Figure 4 and Table 3.

Figure : I �orrelation �etween �2 ti%e and the .arious as(ects of ali gn%entE  
entire leg align%ent K%�K��L K�LD  �on1 align%ent K�LD  and intraIarticular 
align%ent K	L��L K�L for the su(erficial  la1er and dee( la1er of the %edial and 
lateral co%(art%ent. G�orrelation is considered statisticall1 significant.

A.

B.

�.
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�a�le 9 I �2 ti%es correlated to the entire leg align%entD �on1 align%ent and intraI
articular align%ent. 

 Spearmanzs 
rho 

Confidence 
interval 

P-value� 

�ntire le  ali nment    
Deep layer of lateral compartment 0.05 t-0.11h 0.21u 0.59 
Superficial layer of lateral 
compartment 

0.11 t-0.05h 0.27u 0.34 

Deep layer of medial compartment -0.23 t-0.37h -0.0^u 0=02 
Superficial layer of medial 
compartment 

-0.31 t-0.45h -0.15u G 0=001 

�on1 ali nment    
Deep layer of lateral compartment 0.04 t-0.12h 0.21u 0.58 
Superficial layer of lateral 
compartment 

0.10 t-0.0^h 0.2^u 0.35 

Deep layer of medial compartment -0.07 t-0.23h 0.09u 0.49 
Superficial layer of medial 
compartment 

-0.19 t-0.35h -0.03u 0=04 

�ntra-articular ali nment    
Deep layer of lateral compartment -0.10 t-0.2^h 0.0^u 0.32 
Superficial layer of lateral 
compartment 

-0.05 t-0.21h 0.11u 0.^2 

Deep layer of medial compartment 0.2^ t0.10h 0.40u 0=004 
Superficial layer of medial 
compartment 

0.31 t0.1^h 0.45u G 0=001 

� * values corrected for multiple testing using the Ben4amini–Hochberg 
The bold * values were considered statistically signiMcant.  
 
5:6 Ali�nment and �4 times correlation in the 
��A=normal �roup 
It should be realized that a malalignment of the intra-articular alignment rFigure 4Cs 
already refers to cartilage degenerationf as a high of low 
�CA represents cartilage loss 
in one compartment of the 5nee 4oint relative to the other. To assess the pure eLects of 
varus or valgus alignment on T2-related cartilage ?ualityf we examine a subset of 
participants without intra-articular 5nee 4oint deformity. This analysis included 71 
participants with normal rstraights 4oint spacef deMned by 
�CA values between 0} and 
2} rTable 1s. This enables to analyze the T2 times in medial and lateral compartments 
with respect to bony alignment only.  
 
In the superMcial layerf there was still a wea5 rnon-signiMcants correlation between the 
T2 times and bone deformity rmedial: � � -0.22h lateral � � -0.04s rFigure 5 Table 4s. In 
the deep layerf this correlation was virtually absent and non-signiMcant rmedial: � � -
0.03h lateral � � -0.05s rFigure 5 and Table 4s.  
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�a�le : I �2 ti%es correlated to the �on1 align%ent of the =7 (artici(ants with 
nor%al 	L�� .alues. 

Spearmanzs 
rho

Confidence 
interval

P-value�

�on1 ali nment 
Deep layer of lateral compartment -0.05 t-0.29h 0.19u 1.00
Superficial layer of lateral compartment -0.04 t-0.28h 0.20u 0.97
Deep layer of medial compartment -0.03 t-0.27h 0.21u 0.81
Superficial layer of medial compartment -0.22 t-0.43h 0.03u 0.28

a p .alues corrected for %ulti(le testing using the �en"a%ini–�och�erg

-0 �is�ussion

This study examined the association between 5nee cartilage ?ualityf assessed by T2 
mappingf and lower limb malalignment. Prolonged T2 timesf indicating lower cartilage 
?ualityf were generally observed in participants with higher K{� scores. This is a Mnding 
that conMrmed previous wor5172,240,256. We evaluated entire leg alignment rmHKAAsf 
bony alignment rreNecting tibial and femoral bowingsf and intra-articular alignment 
r
�CAs. All three measures were associated with reduced cartilage ?uality in the 
superMcial layer of the medial compartment in varus 5nees and the lateral 
compartment in valgus 5nees. The strongest correlations with T2 values were observed 
for 
�CAf while correlations with bony alignment were minimal. This suggests that the 
association between mHKAA and cartilage ?uality is primarily driven by intra-articular 
alignmentf as mHKAA reNects both components. These Mndings highlight the need to 
distinguish between bony and intra-articular deformities in future osteotomy studies 

Figure ; I �orrelation �etween �2 ti%e �on1 align%ent of the =7 (artici(ants with  
	L�� .alues within the nor%al range for the su(erficial  la1er and dee( la1er of the 
%edial and lateral co%(art%ent.
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and clinical decision-ma5ing. In medial KOA with bony malalignmentf osteotomy is 
generally eLective. Howeverf when malalignment is intra-articular onlyf surgical 
outcomes are less predictable96. Thereforef surgical planning should not rely solely on 
mHKAAh bony and intra-articular alignment must be assessed separately. 
 
Furthermoref cartilage ?uality was also assessed in individuals with constitutional 4oint 
malalignmentpdeMned by bony varus or valgus alignment without intra-articular 
deformitypto isolate the eLect of limb alignment on T2 values. MRI T2 mapping was 
used to evaluate cartilage ?uality and potentially identifying those at elevated ris5 for 
unicompartmental KOA. In this subgroupf varus bone bowing was associated with 
higher T2 times in the medial compartmentf but only in the superMcial cartilage layerf 
while no such association was found for valgus alignment. The correlation between 
constitutional varus and elevated T2 times was wea5 and not statistically signiMcantf 
li5ely due to insuLicient statistical power r4^�f U � 0.22f Q � 0.05f N � 71s of this 
subgroup analysis255. Nonethelessf a correlation of 0.3 is insuLicient to reliably indicate 
reduced cartilage ?uality at the individual patient level. We hoped that T2 mapping 
could serve as a radiological biomar5er to identify participants with constitutional 
malalignment and elevated T2 valuesf who may be at increased ris5 for developing KOA 
in the future. Howeverf this hypothesis remains unconMrmed due to the absence of 
longitudinal T2f radiographicf and CT data in the IMI-APPROACH cohort. Moreoverf the 
IMI-APPROACH cohort includes patients with symptomatic KOAf thereby excluding 
individuals with asymptomatic constitutional malalignment. 
 
Regarding the mHKAAf a signiMcant correlation was found only for varus malalignment 
in the superMcial and deep layers of the medial compartment. This may be due to the 
fact thatf in a neutral stancef approximately 70� of 5nee load passes through the 
medial compartment22. �arus alignment increases this loadf leading to overload and 
cartilage degenerationf while valgus alignment distributes the load more evenly. These 
results align with Sharma et al.22f who reported an association between malalignment 
and cartilage damage but did not distinguish between mHKAAf bonyf and intra-articular 
alignment. Additionallyf the higher prevalence of intra-articular varus compared to 
valgus rTable 2s may partly explain the observed correlationf given that mHKAA reNects 
both bony rmMPTAf m�DFAs and intra-articular r
�CAs deformities. 
 
While previous studies on T2 mapping have focused on demographic and early OA 
indicators172,252f our study speciMcally examined lower limb alignment. Our Mndings 
suggest that intra-articular malalignment may aLect cartilage ?ualityh howeverf due to 
the cross-sectional design of this studyf causal interferences cannot be drawn. As 
abnormal 
�CA can be detected on conventional radiographsf the added value of T2 
mapping in symptomatic 5nees may be limited to a theoretical value. In participants 
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with constitutional varusf elevated T2 values were observed in the medial 
compartmentf though not statistically signiMcant. This subgroup li5ely includes 
individuals with limited cartilage degenerationf as no severe bony varus or valgus 
deformities were present. Participants with such deformities may already exhibit 
cartilage loss andmor meniscal extrusionf resulting in an abnormal 
�CA and their 
exclusion from the constitutional malalignment group. Additionallyf we assessed both 
cartilage layers and foundf consistent with previous research257f that the superMcial 
layer showed greater sensitivity to mechanical loadf reNected by higher T2 values in 
participants with mild intra-articular malalignment.  
 
Our study has several limitations. Firstf the additional analysis lac5ed statistical power 
due to the small number of participants with a 
�CA within the normal rangef which may 
explain the non-signiMcant correlation between bony varus and increased medial T2 
times. Only 30 participants r42.3�s showed constitutional malalignmentf indicating a 
limited sample size of constitutional varus or valgus in our cohort. Moreoverf there was 
a predominance of varus lower limb malalignment compared with valgusf which may 
further explain why no signiMcant correlation was found between valgus malalignment 
and increased T2 times in the lateral compartment. Secondf CT scans were ac?uired in 
a supine position rather than weight-bearingf which may have aLected the accuracy of 
bony alignment assessment. Howeverf Roth et al. 258 found minimal diLerences in bone 
deformities between weight-bearing and non-weight-bearing scansf while mHKAA and 

�CA showed signiMcant variation. Thereforef we used 
�CA from weight-bearing 
radiographs to capture intra-articular alignmentf and calculated mHKAA as the sum of 
non-weight-bearing bony alignment rfrom CTs and weight-bearing 
�CA rfrom 
radiographss. Future improvements may include weight-bearing CT scanning259f �OS 
imaging 260f or simulated standing CT reconstructions261. Thirdf interobserver variability 
of the K{� score is another limitation262. Further research may consider utilizing the 

�CA as a measure of KOA instead of the K{� score. Fourthf we assessed only 
superMcial and deep cartilage layers using T2 mapping and did not evaluate the 
subchondral bone that may also contribute to early cartilage pathology263,264. �astlyf 
although 
�CA reNects intra-articular KOA severity through compartmental diLerences 
in cartilage loss or meniscal extrusion159,245f our study did not include direct measures 
of these features. A varus or valgus 
�CA already suggests the presence of cartilage loss 
andmor meniscal extrusionf both features of KOA. 
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.0 �on�lusion 
 
This study demonstrates a signiMcant relationship between lower limb alignment and 
cartilage ?ualityf with alignment assessed in terms of whole-legf bonyf and intra-
articular alignment. Our Mndings support the hypothesis that varus lower limb 
malalignment was associated with reduced cartilage ?uality in the medial 
compartmentf whereasf contrary to our hypothesisf valgus lower limb malalignment 
was not associated with reduced cartilage ?uality in the lateral compartment. The 
strongest correlations were observed for intra-articular alignment. Thereforef future 
research should distinguish between bony and intra-articular malalignment when 
evaluating 5nee alignment. While varus bone bowing in our subgroup analysis showed 
a trend toward increased T2 values in the medial compartmentf this Mnding was not 
statistically signiMcantf li5ely due to the small sample size. Further studies are needed 
to determine whether bony malalignment plays a role in initiating cartilage 
degeneration and OA progression.  
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�bstra�t 
 
�b#ective? �ower limb malalignment accelerates the progression of 5nee osteoarthritis 
rKOAs. Knee realignment osteotomy is a well-established treatment for 
unicompartmental KOA with malalignment. Traditional planning in KOA patients 
corrects deformities with an osteotomy at the metaphysis but overloo5s Paleyzs 
approachf which targets the center of rotation angulation rCORAs. Osteotomy at the 
metaphysis may induce secondary translational deformitiesf which remain unstudied 
in KOA patients. This study aims to identify the CORA in KOA patients with tibial 
malalignment. 
�ethods? Thirty tibiae rten varusf ten neutralf ten valguss from the IMI-APPROACH 
cohort were analyzed using CT scans. The CORAf deMned as the intersection of the 
proximal and distal mechanical axesf was identiMed. Translational deformity was 
calculated by multiplying the CORA-to-osteotomy distance by the tangent of the 
correction angle. 
Results? Among the varus tibiaef 9 out of 10 CORAs were located in the diaphysisf while 
8 out of 10 valgus tibiae had their CORA in the diaphysis. When osteotomies were 
performed in the proximal metaphysis instead of the CORA locationf secondary 
translational deformities of up to 3 cm were induced. 
Conclusion? In KOA patients with tibial malalignmentf the CORA is predominantly 
located in the diaphysis rather than in the proximal metaphysisf where osteotomies are 
typically performed. This discrepancy leads to iatrogenic translational deformities. 
Future research should investigate the clinical impact of these deformities to optimize 
osteotomy planning and potentially improve long-term surgical outcomes. 
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*0 �ntrodu�tion 
 
Osteoarthritis rOAs affected 595 million people globally in 20194f with 5nee 
osteoarthritis rKOAs being the most common type183. As obesity and life expectancy 
rise4,5,200,201,203f KOA prevalence increases183. �ower limb malalignment is a ris5 factor 
for KOA progression23,182,265f shifting the 5neeys mechanical axis and accelerating 
cartilage degeneration7,23,208,212. Realignment osteotomies are a well-established 
treatment for younger patients to postpone 5nee arthroplasty97,266,267f which is 
important as they have a higher ris5 of revision surgery268.  
 
Preoperative planning for 5nee osteotomy is essential for optimal outcomes269. �arly 
methods li5e the Fu4isawa pointf Miniaci linef and Dugdale method100f have evolved into 
the current planning nomenclature proposed by Paley51. Modern planning methods 
focus on calculating the desired wedge height for 5nee osteotomiesf with corrections 
typically performed at the tibial and femoral metaphyseal ends100,270,271. Interestinglyf 
Paleyys approach extends beyond this conventional method by emphasizing the 
correction of deformities at their origin51f a concept well-5nown in reconstructive 
surgery. 
 
Building on this conceptf the center of rotation angulation rCORAs is the point where 
the mechanical axes of a deformed bone intersect51,227. By correcting deformities at the 
CORAf the ris5 of introducing secondary translational deformities is minimized51. Tibial 
osteotomies for unicompartmental KOA are preferably performed at the proximal tibial 
endf as this region is characterized by superior bone healing due to its high trabecular 
density and vascularization272–274 compared to the mid-diaphysis. Conse?uentlyf in 
these proceduresf potential translation of the bone is often assumed and remains 
unaddressed. Thereforef our study aims to identify the CORA of patients diagnosed 
with KOA and associated tibial malalignment. This will provide crucial insights into the 
potential occurrence of iatrogenic deformities.  
 

+0 
ethods 
 
4:3 Patients 
In the prospective Applied Public-Private Research enabling OsteoArthritis Clinical 
Headway rIMI-APPROACHs cohortf 297 KOA participants from Mve �uropean centers 
were included275–279. Some of these participants also exhibited malalignment of the 
femur or tibia. Detailed inclusion and exclusion criteria have been previously 
published143. The study was approved by Institutional Review Boardsf in accordance 
with all relevant ethical and legal regulations. The study was registered under 
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clinicaltrials.gov number: NCT038835^8f and informed consent was obtained from all 
participants. 
 
4:4 Ima�in� assessment 
All patients underwent low-dose whole-body computed tomography rCTs scans. The 
tibia and Mbula were segmented from the CT scans using validated software rMimicsf 
Materialisef �euvenf Belgiums. Bone geometry analyses were performed in 3-matic 
rMaterialisef �euvenf Belgiums. The analyses involved a semi-automated method as the 
functions were scripted in Python language r3-matc plugins.  
 
2.2.1 .� tibial coordinate s'stem 
A patient speciMc 3D coordinate system was constructed per tibiae. The mechanical 
axis ran from the tibial eminences to the distal tibial plafond. The transversal plane had 
its origin at the tibial eminencesf with the mechanical axis as normal vector. The sagittal 
planef perpendicular to the transversal planef crossed the posterior cruciate ligament 
attachment and medial tuberosity border rA5agiys lines280. The coronal planef 
perpendicular to both transversal and sagittal planesf originated at the tibial 
eminences.  
 

2.2.2 C	�� calculation 
The method Mtted a plane to the articulating surface of the medial and lateral tibial 
plateaus rproximal tibial planes and pro4ected a line distally originating from the center 
of the eminence spines at an angle of 87} rcoronal views relative to the proximal tibial 
plane rproximal mechanical axis rPMAss rFigure 1As. Additionallyf a plane was Mtted to 
the articulating surface of the distal tibial plafond rdistal tibial planesf and a line was 
pro4ected proximally at an 89} angle rcoronal views relative to the distal tibial plane 
rdistal mechanical axis rDMAssf originating from the center of the distal tibial plafond 
rFigure 1As. The crossing of the two lines represented the CORA of the coronal tibial 
deformityf and the location of this CORA was calculated with respect to the tibial 
eminence center r5nee 4oint centers rFigure 1As.   
 
2.2.. �one deformit' 
Coronal bone deformities of the tibiaf including the mechanical medial proximal tibial 
angle rmMPTAsf was assessed using Paleyzs method51. The mMPTA was deMned as the 
angle rcoronal views between the mechanical axis of the tibia and the tangent tot the 
proximal tibial plateau rFigure 1Bs. Neutral mMPTA ranged from 85} to 90}. A varus 
mMPTA was deMned as �85}f while a valgus mMPTA was �90}51. A total of thirty tibiae 
were included: ten with a neutral mMPTAf ten with a varus mMPTAf and ten with a valgus 
mMPTA. Participants with tibial deformity were randomly selected to ensure a 
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representative distribution of the mMPTA across the diLerent alignment groups 
rneutralf varusf and valguss.

4:5 �he �oncept of �econdary �ranslational �eformities in Osteotomies
In osteotomiesf translation refers to the sideward displacement of the distal segment 
of the tibia. This occurs when the osteotomy is not performed at the CORAf which is the 
optimal location for performing an osteotomy without creating a secondary 
deformity���. The reason for this translation lies in the 5inematics of the correction. A 
bone deformity creates an angular malalignmentf and when an osteotomy is performed 
at a distance from the CORAf the bone must be corrected by rotating or angulating the 
distal segment to realign it with the proximal segment. This causes a sideward shift in 
the direction of the angular correction. Stated otherwisef when an osteotomy is 
performed outside the CORAf angular correction alone can render the PMA and DMA 

Figure 7 – �efinition of the ���� and the %����. �L �he ���� K�enter of �otation 
of �ngulationL is the intersection of the (ro0i%al %echanical a0is K���D �lack 
dotted l ineL and the distal %echanical a0is K���D gre1 l ineL of the ti�ia. �L �he 
%���� K%echanical �edial �ro0i%al �i�ial �ngleL is the angle for%ed �etween 
the %echanical a0is of the ti�ia and the tangent of the (ro0i%al ti�ial (lateau on 
the coronal (lane. 
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parallel while still malalignedf necessitating medial translation of the distal segment for 
complete alignment. See Figure 2. 

Translation is inNuenced by two factors: the distance from the CORA to the osteotomy 
site281 and the correction angle281. Greater distance and larger correction angles 
increase translational displacement. The translation can be calculated by 

T � d � tan rSs               r�?uation 1s

In this e?uationf T refers to the sideward displacement of the distal segmentf d is the 
distance from the CORA to the osteotomy sitef and S is the correction angle rdegreess 
rFigure 2s. For a varus tibiaf the correction aimed to realign the mMPTA to 90}f whereas 
for a valgus tibiaf the correction targeted an mMPTA of 85}. This aligns with clinical 
practicef where we apply slight overcorrection in KOA patients.

4:6 �O�A location
In addition to assessing the magnitude of the secondary deformityf the location of the 
CORA was also evaluated. The location of the CORA on the tibia was deMned as a 
percentage of the tibial lengthf with 100� representing the proximal end and 0� 

Figure 2 – �he conce(t of iatrogenic translational defor%ities in osteoto%ies 
when the osteoto%1 is (erfor%ed outside the ����. �he ��� is shown in redD the 
��� in �lueD and the ���� is %arked �1 the green circle. �L �he ti�ia with 
defor%it1. �L �igh ti�ial osteoto%1 (erfor%ed awa1 fro% the ���� leads to 
(arallel ��� and ���. �L �ranslation is re)uired to realign the ��� and ���. �L 

o translation is necessar1 when the osteoto%1 is (erfor%ed at the ����.  
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representing the distal end. This method allowed for a descriptive analysis of CORA 
positions in tibiae with varus and valgus deformities. By comparing these positionsf 
diLerences in CORA location between the two deformity groups were identiMed. 
 
4:7 �tatistical analysis 
All statistical analyses were conducted using Statistical Pac5age for the Social 
Sciences rSPSSs �ersion 29.0 software. Descriptive statistics were computedf 
including means and standard deviations rSDs for continuous variablesf and numbers 
and percentages for categorical data.  
 

,0 �esults 
 
5:3 �ocations of �O�A in the �i�ia 
A total of thirty tibiae were included in this studyf consisting of ten individuals with varus 
alignment of the tibiaef ten with neutral alignment of the tibiaef and ten with valgus 
alignmentf based on the mMPTAf all of whom presented with early-stage KOA. Most 
patients were female r73�sf and the mean age was ^2.9 ( 8.0 years. The mean mMPTA 
was 87.3 ( 3.3°.  
 
In neutral tibial alignmentf the mean mMPTA was 87.5 � 1.4}. Since there was no 
deformity in these bonesf the PMA and DMA rFigure 1s were nearly parallelf and no 
CORA was present rFigure 3As. In varus alignmentf the mean mMPTA was 83.4 � 1.0}. 
The CORA in the varus group was located within the proximal metaphyseal region in one 
case and within the diaphyseal region in nine cases rFigure 3Bs. In the valgus alignment 
groupf the mean mMPTA was 91.0 � 0.7}. The CORA of the valgus group was located 
within the metaphyseal region in two cases and within the diaphyseal region in eight 
cases rFigure 3Cs. 
 
In the varus alignment groupf the mean CORA was located at 54.9 � 18.8� of the tibial 
lengthf ranging from 11.9� to 78.5� rFigure 4s. In the valgus alignment groupf the mean 
CORA was situated at 33.0 � 15.9� of the tibial lengthf with a range from 4.1� to 51.^� 
rFigure 4s. In the varus groupf the CORA was located more distally than in the valgus 
group rFigure 4s. 
 
5:4 �econdary �ranslational �eformities in Osteotomies  
For an angular correction of the varus mMPTA to 90}f the mean translation when 
performing the osteotomy on a varus tibia at the metaphysisf as opposed to at the 
CORA sitef was 2.09 cm � 0.85 cmf with a range from 0.17 cm to 3.04 cm. In contrastf 
for an angular correction of the mMPTA to 85} when correcting a valgus tibiaf the mean 
translation was 0.9^ cm � 0.5^ cmf with a range from 0.23 cm to 1.81 cm. Figure 5 
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illustrates the relationship between the distances from the CORA to the high tibial 
osteotomy plane and the corresponding calculated secondary translational deformity.

Figure 9 I �0a%(les of ���� deter%inations in different ti�iae. �L 
eutral ti�iaD 
where the ��� Ksolid l ineL and ��� Kdotted l ineL run nearl1 (arallelD indicating no 
����. �L �arus ti�ia with an e0a%(le where the ���� is in �oth the %eta(h1seal 
and dia(h1seal regions. �L �arus ti�ia with another e0a%(le of the ���� located 
in �oth the %eta(h1seal and dia(h1seal regions. 

A. B. �.

Figure : I ���� locations relati.e to ti�ial lengthD (resented se(aratel1 for .arus 
and .algus ti�iaeD with 766Z re(resenting the (ro0i%al end and 6Z re(resenting 
the distal end.
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-0 �is�ussion

This study aimed to identify the CORA in KOA patients with tibial malalignment and 
explore secondary translation in tibial osteotomies not performed at the CORAf all 
conducted in a cohort comprising patients with KOA. A 5ey Mnding was that 85� of the 
CORAs were in the diaphysisf leading to secondary translational deformities of up to 3 
cmf a novel Mnding not previously reported in the 5nee osteotomy literature. Identifying 
and targeting the CORA during osteotomy planning may improve 5nee realignment and 
postoperative outcomes.

The clinical impact of these secondary translational deformities is unclearf as no 
studies have focused on the eLect of CORA locations in KOA patients with tibial 
malalignment. Potential conse?uences may include altered gait mechanicsf increased 
4oint wearf and unfavorable force distribution within the aLected compartmenth 
howeverf these hypotheses re?uire further investigation. Most existing research on 
osteotomies in KOA focuses on the mechanical hip-5nee-an5le angle23,282,283. What we 
do 5now is that osteotomy is an eLective treatment for relatively young KOA patientsf 
as it can delay the need for 5nee arthroplasty by over 10 years97,113,114,266. Predictors for 
an increased li5elihood of conversion to arthroplasty include radiographic OA severityf 
painf female sexf agef and BMIf with radiographic OA severity being the strongest 
predictor96,113. While osteotomies are eLectivef improving long-term outcomes is 
crucialf especially as KOA increases in prevalence183. Optimizing osteotomy 
techni?ues could improve 5nee function and patient satisfactionf but further research 

Figure ; – �econdar1 translation defor%it1 .alues are (lotted against the 
distances %easured �etween the ���� and the high ti�ial  osteoto%1 (lane. 
�istinctions were %ade for different correction anglesD highlighting the 
relationshi( �etween the secondar1 translation and the correction %agnitude.
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is needed to validate these Mndings and assess their impact on clinical outcomes and 
the long-term eLectiveness of osteotomies in KOA treatment. 
 
In addition to the thirty tibiae analyzedf ten extra tibiae exhibited translational 
deformities rS-shapeds without prior osteotomy rAppendix As. These deformities can be 
conceptualized as a displacement in which the distal segment shifts relative to the 
proximal segment51,227f which is also observed when an osteotomy is not performed at 
the CORA. In valgus mMPTA patientsf the deformities show a varus mechanical lateral 
distal tibial angle. In such casesf two osteotomies with opposing corrections at each 
level are recommended227. These translational deformitiesf common in pediatric 
patients284–286f can cause abnormal gaitf 4oint wearf and premature OA286. To prevent 
these long-term complicationsf corrective osteotomies are often performed in children 
to align the bones properly. 
 
Historicallyf osteotomies are performed in the metaphysis100,287 due to better bone 
healing compared to the diaphysis272–274. The diaphysis consists primarily of dense 
cortical bone with less robust intraosseous blood supplyf while the metaphysis is 
characterized by more metabolically active and vascular trabecular bone272. This 
difference li5ely contributes to higher rates of nonunion and hinge fractures in 
diaphyseal osteotomies273,274. Despite the ris5 of translationf the benefits of fracture 
healing often outweigh this concern. In practicef secondary translation is often 
overloo5edf as the mechanical axis is shiftedf which is the primary goal of the 
procedure. 
 
The concept of secondary translational deformity has been described in the 
literature51,227,281,286f but no studies have focused on CORA location in KOA patients with 
tibial malalignment. Bar5sMeld et al.��� concluded that translational deformities can be 
predicted by the angular correction and distance from the CORA. Howeverf their study 
did not focus on KOA patients and involved smaller simulated distances. Our study 
shows that these distances can reach up to 3 cmf leading to larger translational 
deformities that re?uire further investigationpalthough this was shown in a relatively 
small sample size. Thereforef future research is needed to evaluate CORA locations in 
a larger cohort of KOA patients with lower limb malalignment who are candidates for 
osteotomy. Future research should also assess the long-term eLects of these 
deformities on 5nee functionf survival ratesf and patient outcomes. Moreoverf the 
inNuence of these deformities on force distribution in the aLected compartment should 
be exploredf and whether performing osteotomies away from the CORA enhances or 
diminishes this eLect. 
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High tibial osteotomy is indicated primarily to correct varus or valgus malalignment in 
unicompartmental KOA102. Feucht et al.��� demonstrated that mild varus malalignment 
often results from a deformity in the 4oint line convergence angle r
�CAsf not the bones 
themselves. In these casesf correcting the 
�CA along with tibial realignment is 
recommended. Osteotomy in the proximal tibia is advantageous for 
�CA deformitiesf 
but whether osteotomy is the right approach for 
�CA deformities alone remains 
unclear. In clinical practicef during a high tibial osteotomyf correction of the 
�CA is 
performed alongside tibial realignment. For patients undergoing osteotomy without 
bone deformities but with a deformity of the 
�CAf performing the osteotomy in the 
proximal tibia is advantageousf as the CORA would lie within the 5nee 4oint for these 
patients. Howeverf the ?uestion remains whether osteotomy is the appropriate 
indication for patients with only a deformity of the 
�CA96. Further research is needed to 
better understand the optimal approach for patients with 
�CA deformities. 
 
Several limitations of this study should be ac5nowledged. The study included thirty 
tibiaef a small sample sizef with the goal of raising awareness among orthopedic 
surgeons that the CORA in tibial malalignment is typically not always located in the 
proximal metaphysis. Additionallyf the mean age of our cohort was higher than the 
typical age at which high tibial osteotomy is performedf which may aLect the 
generalizability of our Mndings. Our study focused solely on patients with tibial 
malalignment. Future research should also examine its potential impact on femoral 
double-level osteotomies. Secondf CORA determination was based on CT imagingf not 
whole-leg radiographyf which remains the clinical gold standard. Howeverf CT scans 
eliminate positioning factors50f and Roth et al.258 found minimal diLerences between 
weight-bearing and non-weight-bearing conditions for bony alignment. Thirdf in coronal 
alignment osteotomies for KOA patientsf the osteotomy extends to the hinge point. 
Conse?uentlyf operating at the CORA inevitably induces minimal secondary 
translational deformityf as the center of rotation does not coincide with the CORA. 
Finallyf the standardized correction angles used in this study may diLer from 
individualized surgical planningf which could lead to diLerent magnitudes of 
translational shifts and alignment outcomes. In clinical practicef surgeons increasingly 
avoid over-correctionsf instead aiming for a more neutral alignment. Moreoverf our 
analysis focused on secondary translation following a tibial osteotomyf whereas larger 
corrections in current practice are often managed with double-level osteotomiesf 
which distribute the correction across two bones andf thereforef reduce the degree of 
secondary translation. 
  



118

Chapter 7

 

.0 �on�lusion 
 
This study identiMed the CORA in patients with KOA and tibial malalignmentf 
highlighting the secondary translational deformities that arise because of not 
performing the osteotomy at the CORA. We concluded that 85� of CORAs were in the 
diaphysis and not located in the proximal metaphysisf leading to secondary 
translational deformities of up to 3 cm after high tibial osteotomy. Future studies should 
focus on the clinical implications to possibly improve both its eLectiveness and long-
term sustainability of osteotomies.   
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Figure �7 – �0a%(les of the translational defor%ities in ���I��������D where 
the ��� and ��� run nearl1 (arallel.  �he %ean %���� and %L��� were ?7.6 �
6.: and ?9.?� 7.<D res(ecti.el1. 
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�bstra�t  
 
Purpose: Medial open-wedge high tibial osteotomy rMOW-HTOs is eLective for 
correcting varus 5nee deformity but may unintentionally aLect an5le 4oint alignment. 
This study investigated radiographic factors associated with postoperative an5le 
alignment changes following valgus-producing MOW-HTO. 
�ethods: Radiographic evaluation was performed on a prospective cohort of 50 5nees 
from 49 patients who underwent MOW-HTO. Pre- and postoperative weight-bearing 
long-leg radiographs were analyzed to assess the bone related deformity of the tibia. 
Postoperative an5le alignment was classiMed as deviating closer to neutral or further 
from neutral. Correlation analyses and within- and between-group comparisons were 
performedf with signiMcance set at p � 0.05. 
Results: After MOW-HTOf all alignment parameters shifted toward valgus. Tibial 
deformity predominantly originated from the distal tibiaf with a medial center of 
rotation of angulation rCORAsf reNecting an overall valgus-shaped tibia. Distal tibial 
valgus showed a strong correlation with talar orientation relative to the ground rU � 0.81f 
p � 0.001s. Patients deviating further from neutral had nearly 5} more distal tibial valgus 
than those deviating closer to neutral rp � 0.001sf and more fre?uently showed an 
overall valgus-shaped tibia rp � 0.01s. Additionallyf larger correction angles were 
moderately associated with greater valgus shift of the an5le rU � �0.44f p � 0.001s. 
Conclusion: MOW-HTO results in a valgus shift of the talar orientationf particularly in 
patients with preoperative distal tibial valgusf an overall valgus-shaped tibiaf and larger 
correction angles. Thorough preoperative assessment of tibial morphology is essential 
to better anticipate postoperative an5le alignment changes. 
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*0 �ntrodu�tion 
 
Medial compartmental 5nee osteoarthritis rOAs is a common degenerative 4oint disease 
fre?uently associated with varus lower limb malalignment. Medial open-wedge high 
tibial osteotomy rMOW-HTOs is an eLective 4oint-preserving treatment in which the 
mechanical medial proximal tibial angle rmMPTAspthe angle between the tibial 
plateau and mechanical axis of the tibia227 pis correctedf thereby shifting load from the 
aLected medial to the unaLected lateral compartment96. Favorable outcomes have 
been reportedf with high patient satisfaction and improvements in pain and function103–

107,289–291. Howeverf MOW-HTO may also induce compensatory reorientation of the an5le 
4oint292–296f which can cause or increase an5le 4oint malalignment with concomitant 
an5le 4oint pain293. These changes may contribute to the development of an5le OAf 
ultimately leading to functional impairment and reduced ?uality of life297. 
 
In recent yearsf an5le 4oint alignment has gained increasing recognition as an important 
consideration in the context of MOW-HTOf although the factors contributing to 
postoperative an5le 4oint malalignment remain poorly understood294. A recent 
systematic review highlighted the need for studies that include both pre- and 
postoperative radiographic measurements to better identify ris5 factors for altered 
an5le 4oint alignment292. From a biomechanical perspectivef several parameters are 
involved in postoperative an5le 4oint orientation. Following MOW-HTOf the mMPTA 
increasesf shifting more toward valgus rFigure 1s. Concurrentlyf the mechanical lateral 
distal tibial angle rm�DTAspthe angle between the mechanical axis of the tibia and the 
distal 4oint line1 palso typically shifts toward valgus rFigure 1s. This valgus tendency is 
further reNected at the an5le 4ointf where the An5le 
oint �ine Obli?uity rA
�OspdeMned 
as the angle between the talar dome and the horizontal plane298 pgenerally tilts further 
into valgus rFigure 1s. The center of rotation of angulation rCORAsf deMned as the 
intersection of the mechanical axes in a deformed bone1f indicates whether the tibia 
exhibits a deformityf as it reNects the relationship between the proximal and distal tibial 
4oint lines. When the CORA is located more distallyf the deformity primarily originates 
from the m�DTAf whereas a more proximal CORA indicates that the deformity arises 
from the mMPTA. In additionf the mediolateral position of the CORA provides insight 
into the overall alignment of the tibia: a medially located CORA is associated with an 
overall valgus alignmentf while a laterally located CORA corresponds to an overall varus 
alignment. Conse?uentlyf the CORA inNuences changes in the A
�Oh a medial CORA 
leads to alignment further from neutralf whereas a lateral CORA results in alignment 
closer to neutral. 
 
Ta5en togetherf these observations suggest that the m�DTAf CORA locationf and the 
degree of mMPTA correction may collectively inNuence postoperative A
�Of as a MOW-
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HTO inherently creates a valgus alignment. Conse?uentlyf if the m�DTA or CORA 
already exhibit a valgus alignment preoperativelyf the postoperative valgus alignment 
of the an5le 4oint may become further pronounced. To address this gapf the present 
study had two ob4ectives. Firstf to determine the alignment of the tibiotalar in tibiae 
considered suitable for a valgus-producing MOW-HTO. Secondf to investigate the 
association between the m�DTAf CORA locationf and the degree of mMPTA correction 
with postoperative an5le 4oint alignment in patients undergoing MOW-HTO. A better 
understanding of these parameters may improve preoperative planning and reduce the 
ris5 of long-term an5le 4oint complications.

Figure 7 I �che%atic re(resentation of angular changes in lower l i%� align%ent 
following ���I���. �he (rocedure results in an increase of the %����D 
indicating a shift toward .algus align%ent at the knee. �orres(ondingl1D the 
%L��� also tends to increase toward .algus. �his .algus correction is further 
reflected at the ankleD where the �	L� t1(icall1 changes fro% a neutral toward a 
%ore .algus align%ent.
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+0 
ethods 
 
4:3 �tudy population 
This study was a retrospective analysis of a prospective cohort of patients treated in a 
university medical center in the Netherlands. All patients who underwent MOW-HTO 
and were enrolled in the hospitalys Knee Registry were considered for inclusion. 
Patients who underwent a distal femoral osteotomy or a double-level osteotomy were 
excluded from the study population. Demographic and clinical characteristicsf 
including agef genderf body mass index rBMIsf operated sidef and degrees of correction 
were recorded. Patients were excluded if preoperative andmor four months 
postoperative weight-bearing long-leg radiographs rW�Rss were not obtained. This 
study does not fall under the scope of the Dutch Medical Research Involving Human 
Sub4ects Act rWMOs. It therefore does not re?uire approval from an accredited medical 
ethics committee in the Netherlands. Howeverf an independent ?uality chec5 has been 
carried out to ensure compliance with legislation and regulations rregarding informed 
consent proceduref data managementf privacy aspects and legal aspectss.  
 
4:4 �adio�raphic Assessment 
Pre- and postoperative W�Rs were used to assess several coronal-plane radiological 
parametersf including the Hip-Knee-An5le Angle rHKAAsf mMPTAf 
oint �ine 
Convergence Angle r
�CAsf m�DTAf CORAf and A
�O. The W�Rs were ac?uired 
according to a previously published protocol49.  
 
The HKAA rFigure 2As was deMned as the angle between the mechanical axis of the 
femur and the tibiaf while the mMPTA rFigure 2As represented the angle between the 
mechanical axis of the tibia and the proximal tibial plateau. The 
�CA rFigure 2As was 
deMned as the angle between the distal femoral and proximal tibial 4oint lines. The 
m�DTA rFigure 2As indicated the angle between the mechanical axis of the tibia and the 
distal 4oint line of the tibia227. Normal values for these angles are presented in Table 1. 
 
�a�le 7 I �he align%ent classification for nor%alD .arus and .algus align%ent.  

  �al us 
eutral �arus 
mMPTA +�90} ~85} - 90}~ * 85} 

�CA * 0} ~0} - 2}~ +�2} 
m�DTA * 8^} ~8^} - 92}~ +�92} 

%����D %echanical %edial (ro0i%al ti�ial angleF 	L��D 	oint Line �on.ergence �ngleF %L���D 
%echanical lateral distal ti�ial angle 
 
The A
�O rFigure 2Bs was deMned as the angle between the talar dome and the 
horizontal plane298. The change in A
�O rPA
�Os was calculated as the postoperative 
value minus the preoperative valuef with negative values indicating a shift toward 
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valgus and positive values indicating a shift toward varus. Patients were categorized 
into three groups based on �A
�O: those whose an5le 4oint alignment deviated closer 
to neutral rN � 13sf those with unchanged alignment rchange between �1} and �1}f N � 
9sf and those whose alignment deviated further from neutral rN � 28s. 
 
The CORA rFigure 2Cs was deMned as the intersection of the proximal and distal 
mechanical axes rPMA and DMAs of the tibia. The PMAf representing the mechanical 
axis of the proximal tibiaf was drawn through the center of the proximal tibia at a medial 
angle of 87} relative to the proximal tibial 4oint line227. The DMAf representing the 
mechanical axis of the distal tibiaf was drawn through the center of the distal tibia at a 
lateral angle of 89} relative to the distal tibial 4oint line227. Patients were categorized into 
two groups based on the presence or absence of a CORA. Furthermoref patients with a 
CORA were subcategorized according to its locationpmedialf lateralf or within the 
tibial shaftpas a medially located CORA is associated with an overall valgus alignmentf 
whereas a lateral located CORA corresponds to an overall varus alignment. Moreoverf 
patients were further classiMed based on the proximal or distal position of the CORAf 
with a more proximally located CORA indicating that the deformity arises from the 
mMPTAf whereas a more distally located CORA suggests that the deformity primarily 
originates from the m�DTA. 
 
All measurements were performed by a single observer using standardized methods 
within the Picture Archiving and Communication System rPACSf Sectra ABf �in5=pingf 
Swedens. Measurements were recorded and subse?uently veriMed by a second 
observer. 
 
4:5 Potential �is! �actors for An!le 
oint 
alali�nment 
Potential ris5 factors for postoperative an5le 4oint malalignment after MOW-HTO were 
evaluated using radiographic and geometric parametersf with the A
�O as the outcome 
measure. Firstf the m�DTA was analyzed. Secondf the presence and location of the 
CORA were assessed and classiMed as medial rindicative of valgus alignmentsf lateral 
rindicative of varus alignmentsf or within the tibial shaft. Thirdf the position of the CORA 
was expressed as a percentage of the tibial lengthf with 100� corresponding to the 
proximal tibia and 0� to the distal tibia. Finallyf the inNuence of the correction angle 
was examined. 
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Figure 2 I �adiogra(hic %easure%ents on whole leg radiogra(hs. �L �i(IKneeI
�nkle �ngle K�K��LD �edial �ro0i%al �i�ial �ngle K%����LD 	oint Line 
�on.ergence �ngle K	L��LD and %echanical Lateral �istal �i�ial �ngle K%L���L. 
�L �algus �nkle 	oint Line ��li)uit1 K�	L�L �L �enter of �otation and �ngulation 
K����LD located %ediall1.  �L ���� a�sent as the l ines of the %echanical a0es 
are (arallel.  
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4:6 �tatistical analysis 
Statistical analyses were performed using IBM SPSS Statistics for Windowsf version 30 
rIBM Corp.f Armon5f NYf USAs. Continuous variables are presented as mean � standard 
deviations rSDs or median rinter?uartile range rI�Rssf depending on normalityf which 
was assessed using the Shapiro-Wil5 test. Paired t-tests and Wilcoxon Signed Ran5s 
tests were used for within-group comparisonsf while independent t-tests and Mann-
Whitney U tests were applied for between-group comparisons. Spearmanys rho was 
used to assess correlationsf and categorical variables were compared using the Chi-
s?uared test. P-values � 0.05 were considered statistically signiMcant. 
 
A post hoc power analysis was performed using GkPower 3.1255 rHeinrich-Heine-
Universit�tf DFsseldorff Germanys. Based on an observed mean diLerence in A
�O of 
4.8 � 2.7}f the estimated eLect size was 1.78f corresponding to a re?uired sample size 
of ^ patients to detect a statistically signiMcant diLerence with 90� power rQ � 0.05s. 
 

,0  �esults 
 
5:3 �tudy population 
A total of 50 5nees from 49 patients were includedf of whom 58� were male. The mean 
age was 4^.3 � 8.2 yearsf and the mean BMI was 2^.8 � 3.2 5gmmc. The mean interval to 
postoperative weight-bearing radiographs was 3.7 � 2.5 months. 
 
Postoperativelyf the HKAAf mMPTAf m�DTAf and A
�O all shifted signiMcantly toward 
valgus alignment compared with preoperative values rTable 2s. SpeciMcallyf for the 
A
�Of two an5le 4oints r4.0�s remained in varusf one an5le 4oint r2.0�s showed no 
changef and 47 an5le 4oints r94.0�s shifted to valgus following MOW-HTO. 
 
�a�le 2 – �reo(erati.e and (osto(erati.e radiogra(hic coronal align%ent 
(ara%eters following ���I���.  

 Preoperative Postoperative P-value 
HKAA rmean ( SDs 184.3 ( 2.5} 178.5 (�2.5} � 0.001 
mMPTA rmean ( SDs 8^.2 (�2.2} 91.2 (�3.1} � 0.001 

�CA rmedian rI�Rss 2.0} r2.0}s 2.0} r2.0}s 0.13 
m�DTA rmedian rI�Rss 8^.0} r^.0}s 85.0} r4.0}s � 0.01 
A
�O rmedian rI�Rss 1.0} r^.0}s �4.0} r4.0}s � 0.001 

�K��D �i(IKneeI�nkle �ngleF ��D �tandard de.iationsF %����D �echanical %edial (ro0i%al 
ti�ial angleF ���D �nter)uartile rangeF 	L��D 	oint Line �on.ergence �ngleF %L���D �echanical 
lateral distal ti�ial angleF �	L�D �nkle "oint line o�li)uit1.  
 
5:4 �1ect of m���A on an!le  oint ali�nment 
Preoperativelyf 23 r4^.0�s tibiae demonstrated a valgus m�DTA rmean 82.1 � 2.9}sf 2 
r4.0�s a varus m�DTAf and 25 r50.0�s a neutral m�DTA rmean 88.5 � 1.9}s. Preoperative 
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m�DTA was strongly and positively correlated with preoperative A
�O rU � 0.81f P � 
0.001f 95� CI 0.^8 to 0.89h Figure 3As. A more valgus m�DTA was associated with a 
more valgus orientation of the A
�O.

Analysis of A
�O changes after MOW-HTO revealed that patients whose an5le 4oint 
alignment deviated further from neutral had a statistically signiMcantly lower 
preoperative m�DTA r84.5 � 3.^}s compared with those whose alignment deviated 
closer to neutral r89.2 � 3.^}h P � 0.001sf indicating more preoperative valgus alignment 
in the group that deviated further from neutral rFigure 3Bs. 

5:5 �1ect of �O�A on an!le  oint ali�nment
A CORA was present in 33 5nees r^^.0�f Figure 2Cs and absent in 17 5nees r34.0�f 
Figure 2Ds. Among 5nees with a CORAf it was located medially rindicative of valgus 
alignments in 15 5nees r45.5�f Figure 2Csf laterally rindicative of varus alignments in 8 
5nees r24.2�sf and within the tibial shaft in 10 5nees r30.3�s. 

The median location of the CORA as a percentage of the tibial length was 20.5� rI�R 
52.0sf with 100� representing the proximal tibia and 0� the distal tibia rFigure 4As. This 
indicates thatf on averagef the CORA was located in the distal Mfth of the tibia. There 
was a statistically signiMcant moderate correlation between the location of the CORA 
ras a percentage of the tibial lengths and the preoperative m�DTA rU � -0.55f P � 0.001f 
95� CI -0.7^ to -0.25s. A preoperative valgus m�DTA was signiMcantly associated with 
a more distally located CORA rFigure 4Bs.

Figure 9 I �elationshi( �etween (reo(erati.e %edial lateral distal ti�ial  angle 
K%L���L and ankle "oint l ine o�li)uit1 K�	L�L. �L �catter (lot showing a strong 
(ositi.e correlation �etween (reo(erati.e %L��� and (reo(erati.e �	L�. �L 
�war% (lot il lustrating the (reo(erati.e %L��� in (atients whose �	L� de.iated 
further fro% neutral and those whose �	L� de.iated closer to neutralD  showing 
significantl1 %ore .algus %L��� .alues in (atients whose align%ent de.iated 
further fro% neutral.
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Analysis of CORA characteristics in relation to A
�O changes showed no statistically 
signiMcant diLerences in the presence or absence of a CORA between the groups 
whose an5le alignment deviated closer to neutral r77� presentf 23� absents and those 
whose alignment deviated further from neutral r^0.7� presentf 39.3� absents rP � 0.^3s 
rFigure 5As. Similarlyf the location of the CORA as a percentage of the tibial length did 
not diLer signiMcantly between the two groups r52.5� vs. 14.4�f P � 0.22s rFigure 5Bs. 

In contrastf CORA location diLered signiMcantly between groups. Medial CORAs 
rvalgus tibias were more fre?uent in patients whose an5le 4oint alignment deviated 
further from neutral r42.9�s compared with those whose alignment deviated closer to 
neutral r7.7�s rP � 0.01sf whereas lateral CORAs rvarus tibias were more common in 
patients whose alignment deviated closer to neutral r4^.2�s than in those whose 
alignment deviated further from neutral r3.^�s rP � 0.01s rFigure 5Cs. The mean PA
�O 
was 2.7 � 4.2} toward valgus for medial CORAs and 5.5 � 4.4} toward valgus for lateral 
CORAsh this diLerence did not reach statistical signiMcance rP � 0.15s.

5:6 �1ect of m
P�A correction on an!le  oint ali�nment
The median correction angle was 7.0} r2.0}s. A moderate negative correlation was 
observed between the correction angle and PA
�O rU � �0.44f P � 0.001h Figure ^sf 
indicating that larger correction angles were associated with a greater shift toward 
valgus A
�O. Howeverf no statistically signiMcant diLerence in correction angle was 
found between an5les that deviated closer to neutral r7.0} r4.0}ss and those that 
deviated further from neutral r^.0} r3.0}sh P � 0.19s.

Figure : – ���� location e0(ressed as a (ercentage of the ti�ial length. �L 
�istri�ution of the ���� locationD with the dotted l ine indicating the %edian 
.alue at 26.;Z. �L �catter (lot showing the relationshi( �etween ���� location 
KZ of ti�ial  lengthL and the (reo(erati.e %echanical lateral distal ti�ial angle 
K%L���L. � %ore .algus %L��� was associated with a %ore distall1 located 
����.
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4. Discussion

In this study, we aimed to evaluate the alignment of the tibiotalar joint in tibiae 
considered suitable for valgus-producing MOW-HTO. Preoperatively, 46.0% of tibiae 
demonstrated a valgus mLDTA, 50.0% a neutral mLDTA, and 4.0% a varus mLDTA. In 
most cases, the CORA was located medially, indicating an overall valgus tibial 
alignment. The CORA was located in the distal fifth of the tibia, suggesting that the 
deformity primarily originated from the distal tibial alignment, as reflected by the 
mLDTA. These findings suggest that, in these patients indicated for valgus-producing 

Figure 6 - Relationship between the correction angle and change in ankle joint 
l ine orientation (ΔAJLO). Data are shown according to AJLO outcome groups: 
deviated from neutral and closer to neutral.

Figure 5 - Comparison of CORA characteristics between patients whose AJLO 
deviated further from neutral and those whose AJLO deviated closer to neutral.  
A) Proportion of tibiae with and without a visible CORA, showing no significant  
difference between groups. B) Swarm plot of CORA location as a percentage of 
tibial length, showing no significant difference between groups; horizontal l ines 
indicate medians. C) Distribution of CORA location categorized as medial,  
lateral,  or  within the tibial shaft,  with significantly more medial CORAs in 
patients whose alignment deviated further from neutral and more lateral CORAs 
in those whose alignment deviated closer to neutral.
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MOW-HTOf the tibial deformity primarily originates from the distal tibia rm�DTAs rather 
than from the proximal tibia rmMPTAs.  
 
A secondary aim of this study was to investigate factors contributing to postoperative 
changes in A
�O in patients undergoing valgus-producing MOW-HTOf with speciMc 
focus on the m�DTAf the CORAf and the degree of mMPTA correction. Preoperative 
m�DTA was strongly correlated with preoperative A
�Of suggesting that the distal tibial 
alignment strongly inNuences the orientation of the an5le 4oint line preoperatively. This 
subgroup of patients may potentially beneMt from conservative treatment options such 
as the use of inlaysf which warrants further investigation. Patients whose an5le 
alignment deviated further from neutral after MOW-HTO had signiMcantly lower rmore 
valguss preoperative m�DTA compared with those whose alignment deviated closer to 
neutralf suggesting that preexisting valgus alignment of the distal tibia predisposes to 
further deviation from neutral in postoperative an5le 4oint alignment. A moderate 
positive correlation was found between the preoperative m�DTA and the CORA location 
ras a percentage of the tibial lengthsf with a more valgus m�DTA being associated with 
a more distally located CORA. Moreoverf patients whose postoperative an5le 4oint 
alignment deviated further from neutral exhibited signiMcantly more medially located 
CORAspconsistent with valgus alignmentpthan those whose alignment moved closer 
to neutral. In other wordsf when the tibial deformity originates medially rvalgus-type 
CORAsf the an5le 4oint tends to shift further into valgus after correction. Although the 
CORA tended to be located more distally in patients whose an5le alignment deviated 
further from neutral compared with those whose alignment deviated closer to neutralf 
this diLerence did not reach statistical signiMcance. Finallyf a moderate negative 
correlation was observed between the correction angle and PA
�Of indicating that 
larger correction angles were associated with a shift of the an5le 4oint line toward 
valgus. These Mndings highlight the importance of assessing distal tibial alignment 
when evaluating candidates for valgus-producing MOW-HTO in order to minimize 
potential postoperative an5le 4oint complications. 
 
Furthermoref as expected after a MOW-HTOf the HKAAf mMPTAf and m�DTA all shifted 
toward valgusf conMrming the intended correction eLect of the procedure. This valgus 
shift in m�DTA is in line with biomechanical principlesh howeverf the literature on this 
topic is not entirely consistent. While some studies report a signiMcant change in 
m�DTA after osteotomy294f others have found no statistically signiMcant diLerence299. 
Interestinglyf the CORA could be identiMed in ^^� of casesf while it was absent in 34�. 
To our 5nowledgef no previous studies have reported on the prevalence of the CORA in 
adult patients with varus malalignment. The absence of a CORA may be explained by 
either a straight tibia without evident malalignmentf or by a primarily translational 
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deformity characterized by an S-shaped tibial contour rFigure 2Dsf leading to non-
intersecting mechanical axes227.  
 
Postoperative changes in an5le 4oint alignment following MOW-HTO seem to have 
important clinical implications. New-onset unexplained an5le symptoms have been 
reported in 14–20� of casesf with a mean onset of symptoms around 20 months after 
surgery300,301. An5le 4oints that are less parallel to the ground postoperatively are 
associated with signiMcantly more an5le pain compared to those with more neutral 
alignment at a mean follow-up of over two years293. Moreoverf patients with preexisting 
an5le OA experience a signiMcant worsening of pain after MOW-HTO300–302f and an5le 
4oint alignment deviated further from neutral has been associated to increased patient-
reported pain and may contribute to the development or progression of an5le OAf 
resulting in functional impairment and reduced ?uality of life293,297,303. Although some 
studies found no association between postoperative an5le 4oint alignment and short-
term clinical outcome scores at one year304f the long-term data suggest that 
malalignment can have meaningful conse?uences. Ta5en togetherf these Mndings 
indicate that patients with a valgus alignment of the distal tibia may be particularly 
susceptible to postoperative an5le 4oint related complicationsf highlighting the need for 
careful consideration of whether these patients truly beneMt from proximal tibial 
osteotomies. 
 
At birthf the lower limbs show a varus alignment that gradually shifts to valgusf pea5ing 
around 3–5 years of agef and stabilizing by age seven to a physiological pattern similar 
to adultsf typically with a slight varus HKAA and mMPTA53,54. In our cohortf the HKAA 
shows varus alignmentf whereas the m�DTA appears neutral or valgus. While ^4–75� 
of patients with 5nee OA60–62 and 13–25� of individuals without 5nee OA55–58 have a 
varus 5nee alignmentf comparable data for m�DTA are scarce. �imited evidence 
suggests that men tend to have a more valgus m�DTA than women305. These Mndings 
raise ?uestions about the underlying deformity patterns observed in patients 
undergoing corrective osteotomy. A MOW-HTO is typically performed to correct a varus 
deformity of the 5nee by creating a valgus-producing osteotomy in the proximal tibia. 
Howeverf in our cohortf 15 patients demonstrated a valgus tibial alignmentf as 
indicated by a medially located CORA. This implies that 5nee surgeons fre?uently 
perform a valgus-producing osteotomy on a tibia that is already in valgus when 
considering the CORA location. Among thesef 12 patients showed a postoperative 
deviation of an5le alignment further from neutral following MOW-HTO. Future studies 
should investigate whether modiMed surgical strategiesf such as a double-level 
osteotomy involving both proximal and distal tibial correctionsf could prevent 
postoperative deterioration of an5le 4oint alignment and potentially improve clinical 
outcomes. A distal tibial osteotomy alone primarily alters alignment within the distal 
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tibia and therefore has no direct eLect on the HKAA or on the mechanical load 
distribution across the 5nee 4oint. Combining proximal and distal corrections mayf 
howeverf allow for a more balanced restoration of both 5nee and an5le alignment. 
 
In recent yearsf several studies have reported signiMcant alterations in coronal an5le 
4oint alignment following MOW-HTO293,294,306. �ower preoperative m�DTA values have 
been associated with a more valgus an5le 4oint orientation292–294,306f and the degree of 
coronal correction has been correlated with the magnitude of A
�O change293,301. 
Howeverf no studies have yet examined the inNuence of CORA location on 
postoperative an5le 4oint alignment. Building on thisf the present study combines a 
biomechanical rationale with clinical validationf not only theorizing the eLect of 
m�DTAf CORA locationf and correction magnitude on an5le 4oint alignment but also 
conMrming these relationships using radiological patient data. This approach provides 
new insights into preoperative radiological parameters that are associated with 
postoperative an5le 4oint orientation and may guide more individualized surgical 
planning. The sample size was substantialf and all patients underwent standardized 
postoperative whole-leg radiographs at four monthsf ensuring consistent assessment 
of coronal alignment.  
 
Despite the strengthsf several limitations should be considered. Firstf for an5le 4oint 
alignmentf only A
�O was assessed in this studyf whereas other parametersf such as 
talar tiltf were not included. Secondf clinical outcome data were limitedf restricting the 
ability to directly correlate radiographic changes with patient-reported outcomesf 
especially the long-term clinical eLect on the an5le 4oint. Thirdf the relatively short 
follow-up period may have inNuenced A
�O measurementsf as recent evidence 
suggests that A
�O can continue to change for up to 12 months postoperatively307. 
Fourthf all radiographic measurementsf including m�DTAf CORAf and A
�Of were 
performed by a single observer and subse?uently chec5ed by a second observerf 
providing internal veriMcation> although measurements were not performed 
independently. Neverthelessf the measurement of m�DTA and CORA in patients with 
5nee varus malalignment undergoing MOW-HTO provides valuable insight into which 
individuals may be at ris5 of postoperative deterioration in an5le 4oint alignment. These 
Mndings raise the possibility that patients with a valgus m�DTA could beneMt from 
modiMed surgical strategiesf such as additional distal tibial correctionsf to prevent 
postoperative malalignmenth howeverf this hypothesis re?uires further investigation in 
future studies. 
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.0 �on�lusion 
 
In conclusionf this study aimed to determine the tibiotalar alignment in tibiae 
considered suitable for a valgus-producing MOW-HTO and to investigate the 
relationship between the m�DTAf CORA locationf and the degree of mMPTA correction 
with postoperative an5le 4oint alignment. The findings indicate that the CORA was most 
fre?uently positioned medially within the distal tibiaf suggesting an overall valgus 
configuration of the tibia. This shape is mostly the conse?uence of a valgus m�DTA and 
is associated with postoperative deviation of an5le 4oint alignment further from neutralf 
resulting in an even more valgus shape. Moreoverf larger mMPTA correction angles 
correlated with greater postoperative changes in an5le 4oint alignment. These findings 
emphasize the importance of a comprehensive preoperative evaluation of tibial 
morphology to better anticipate postoperative talar changes.  
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�bstra�t  
 
�ack round? High tibial osteotomy rHTOs is a treatment for 5nee osteoarthritis and 
facilitates concomitant 4oint-preserving procedures. Building on this rolef the present 
study aimed to analyze longitudinal trends in HTO proceduresf Mxation strategiesf and 
their use alongside concomitant treatments over the past decadesf using 
comprehensive patient-level data from a large United States academic medical center. 
�ethods? Operative records were examined to identify HTO casesf yielding 840 
procedures performed between 1988 and 2025. Collected data included patient age 
and genderf osteotomy techni?ue ropen vs. closed wedgesf correction type rvarus vs. 
valgussf Mxation method rstaples vs. platessf preoperative diagnosisf and any 
concomitant procedures. 
Results? HTO volumes were highest between 1990 and 1997f followed by a decline and 
a renewed increase from 2012 onward. �algus-producing osteotomies accounted for 
94� of casesf while varus- and slope-correcting osteotomies were rare r2� and 1�f 
respectivelys. Closed-wedge techni?ues predominated before 2000 r5^�sf shifting 
gradually to open-wedge osteotomies thereafter r44�s. Similarlyf Mxation evolved from 
staplesf primarily used before 2000f to platesf which became the predominant method 
after 2000 r50� vs. 49�s. Overallf 18� of HTOs were performed to facilitate 
concomitant proceduresf with an increasing focus in the past decade. 
Conclusions? Over four decadesf HTO practice has evolved from closed- to open-
wedge techni?ues and from staple to plate Mxationf with a mar5ed increase in 
procedures performed to enable concomitant 4oint-preserving interventions. These 
trends underscore HTOys enduring role in managing 5nee osteoarthritis and optimizing 
outcomes of combined surgical treatments. 
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*0 �ntrodu�tion 
 
Osteotomyf derived from the Gree5 words )-te) rbones and t)&3 rcutsf is a surgical 
techni?ue with a history spanning over 2f000 yearsf traditionally used for the correction 
of limb deformities100,101,308. High tibial osteotomies rHTOs are widely performed for two 
purposes. The Mrst is to achieve realignmentf thereby transferring the weight-bearing 
load from a damaged area of the 4oint surface to a healthierf undamaged area96. The 
second is to facilitate concomitant 4oint-preserving proceduresf such as 
rosteoschondral interventions and meniscal treatments94,309–311.  
 
The concept of deformity correction dates bac5 to Hippocrates r4^0–370 BCsf who 
utilized the Hippocratic Scamnumf a traction device for bone realignment312–314. In the 
sixteenth centuryf osteoclasiaf an early form of osteotomyf involved deliberately 
fracturing a deformed bone and stabilizing it in a corrected position to allow for proper 
healing312–314. In 1835f 
ohn Rhea Barton performed the Mrst documented surgical 5nee 
osteotomyf a supracondylar wedge femoral procedure for an an5ylosed 5nee315,316f at a 
time when anesthesia was not yet available317,318. By the 1850sf �angenbec5papplying 
surgical techni?ues adapted from his experiences in the Schleswig–Holstein Warp
performed several osteotomiesf which at the time carried a high ris5 of infection due to 
the absence of aseptic methods319,320. This problem was later addressed in 1879f when 
William Adams introduced subcutaneous osteotomy with antiseptic principlesf 
signiMcantly reducing infections319. A ma4or milestone occurred in 1880 with 
Macewenys publication of the Mrst dedicated osteotomy boo5f reporting 1f800 
successful cases315. The spread of these techni?uesf supported by improved 
instruments and aseptic precautionsf contributed to the growing popularity of 
osteotomy for deformity correction321.  
 
In the twentieth centuryf osteotomy was introduced as a treatment for 5nee 
osteoarthritis rKOAs. In 1948f Brittain was the Mrst to perform distal femoral osteotomy 
for adults with lateral compartment KOA322. Around the same timef Wardle reported his 
series of HTOs as a treatment for medial compartment KOA323. His results showed 
complete pain relief in all patientsf with very few signiMcant complications323. By 19^4f 
the value of HTO in delaying 4oint degeneration was well established324. In 1985f 
Coventry reMned the procedure by securing lateral closing-wedge HTOs with one or two 
staplesf allowing early weight bearing325. He concluded that patients with earlyf 
symptomatic unicompartmental KOA remain ideal candidates for osteotomypa 
principle that largely holds true today325. 
 
Following Coventryys reMnement of staple Mxation for lateral closing-wedge HTOs325f 
osteotomy Mxation continued to evolve. In 1971f AO T-plates were Mrst reported for 
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stabilizing osteotomiesf providing greater mechanical support than staples alone308. By 
2000f dedicated plates for medial opening-wedge HTOs were introduced326–328f 
enabling more widespread use of opening-wedge procedures. This development 
reduced the need for tibial closed-wedge osteotomiesf which re?uire a Mbular 
osteotomy and are associated with higher rates of neurovascular complications329–331. 
Modern anatomically contoured loc5ing plates now oLer both improved safety and 
stable angular Mxation100. 
 
Building on the historical evolution of osteotomy techni?ues and Mxation methodsf this 
study aims to analyze the longitudinal trends in HTO proceduresf Mxation strategiesf 
and their use alongside concomitant procedures over the past decadesf using 
comprehensive patient-level data from a large academic medical center to assess how 
surgical practice has developed in response to technological and procedural 
advancements. 
 

+0 
ethods 
 
A comprehensive search of operative records was conducted to identify cases of HTOf 
using the terms vhigh tibial osteotomyfw vupper tibial osteotomyfw and vproximal tibial 
osteotomyfw including 14 variants. This search yielded 840 HTO procedures performed 
between 1988 and 2025 in one academic hospital in the United States.  
 
For each proceduref data were collected on the date of osteotomyf patient agef and 
gender. Surgical details included the osteotomy techni?ue ropen- versus closed-
wedgesf type of osteotomy rvarus- or valgus-producingsf method of Mxation rstaples 
versus platessf and preoperative diagnosis. Furthermoref combined treatments were 
collected and categorized into diagnostic arthroscopyf chondroplastymdebridementf 
meniscus repairf meniscal transplantationf ligament reconstructionf cartilage 
treatmentf osteochondral treatmentf or combined procedures group. HTO procedures 
performed to facilitate or support another interventionf such as rosteoschondral 
treatmentf were classiMed as concomitant treatments. 
 

,0 �esults 
 
5:3 �i�h �i�ial Osteotomies Volume and Patient �emo�raphics 
The Mrst recorded procedure in our cohort was performed by Dr. Bernard Morrey on 
uly 
2^f 1988: a lateral closed-wedge high tibial osteotomy stabilized with staple Mxationf 
with a radiograph 20-year post-osteotomy shown in Figure 1. Analysis of the annual 
number of procedures demonstrated that the highest numbers of HTOs occurred 
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between 1990 and 1997 rFigure 2As. Thereafterf a decline was observedf followed by a 
renewed increase in procedure numbers beginning around 2012f continuing through 
the most recent years of observation. 

Over the four decadesf the mean age at which patients underwent HTO gradually 
decreasedf reNecting a trend toward earlier surgical intervention rFigure 2Bs. From 2014 
onwardf a slight increase in mean age was observedf although it remained lower than 
in earlier decades. Regarding genderf nearly every year more men than women 
underwent HTOf with men accounting for 70� of all patients across the entire study 
period.

5:4 �ur�ical Approaches in �i�h �i�ial Osteotomy
�algus- producing osteotomies were performed in the ma4ority of patients r94�s rFigure 
3As. �arus- producing osteotomies were raref accounting for only 18 patients r2�s over 
the entire study period rFigure 3Bs. Tibial slope–correcting osteotomies were performed 
in 1� of casesf with most of these procedures carried out in the past decade rFigure 
3Bs. The Mrst tibial slope–correcting osteotomy was performed on 
une 11f 1992f for a 
preoperative diagnosis of posterolateral instability. The procedure involved an 
anteromedial opening-wedge osteotomy of the proximal tibia.

Re-do osteotomiesf performed due to nonunionf malunionf or post-osteotomy 
malalignmentf accounted for 2� of cases rFigure 3Bs. Given the low numbersf varus-
producing osteotomiesf slope-reducing osteotomiesf and re-do osteotomies are 
presented in Figure 3B according to four time periods.

Figure 7 I �adiogra(hD 26 1ears (osto(erati.el1D of the first recorded lateral 
closedIwedge high ti�ial  osteoto%1.
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5:5 �i.ation 
ethods in �i�h �i�ial Osteotomy
The ma4ority of HTOs were performed using a closed-wedge techni?ue r5^�sf while 
open-wedge osteotomies accounted for 44� of cases. Figure 4A illustrates a clear 
trendf with closed-wedge osteotomies predominating before 2000 and a shift toward 
open-wedge osteotomies thereafter. A similar pattern was observed for Mxation 
methods rFigure 4Bsf with staples predominantly used before 2000 and plates 
becoming the primary Mxation method after 2000. Overallf plates were used in 50� of 
the patientsf staples in 49�f and alternative Mxation techni?ues in 1� of casesf 
including Mve procedures with bone graft onlyf two with Kirschner wiresf and one with 
external Mxation.

Figure 2 – �nnual nu%�er of high ti�ial osteoto%ies (erfor%ed �etween 7?>> and 
262; K�L and %ean (atient age at the ti%e of surger1 o.er the sa%e (eriod K�L.   

�

�
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Among patients who underwent open-wedge osteotomy before 2000 rN � 2^�sf ^5� 
were Mxed with a platef 12� with a bone graftf and 8� each with staplesf pinsf or 
Kirschner wires.

5:6 �oncomitant treatments
Overallf 50� of HTOs were performed in combination with another procedure rTable 1sf 
whereas 50� were performed as isolated HTOs. Focusing on HTOs speciMcally 
performed to facilitate or support another interventionf 147 patients r18�s underwent 
HTO to enable a concomitant procedure. This trend was most pronounced in recent 
yearsf with HTOs increasingly being performed almost e?ually with and without 
concomitant procedures rFigure 5As. The use of HTO to support another concomitant 
intervention has predominantly been observed in the last decade rFigure 5Bsf 
highlighting a recent shift toward combining osteotomy with additional procedures.

�xamining the distribution of concomitant treatmentsf a notable increase was 
observed in osteochondral proceduresf including osteochondral allografts. Meniscus 

Figure 9 I �istri�ution of high ti�ial osteoto%ies �e tween 7?>> and 262;. �algusI
(roducing osteoto%ies are shown for the entire (eriod K�LD  while .arusI
(roducingD ti�ial  slo(e–correctingD and reI do osteoto%ies are su�di.ided into 
four distinct ti%e (eriods K�L.

�

�
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transplantations as a concomitant intervention were Mrst performed from 2008 onward. 
�igament reconstructions showed their pea5 incidence between 1998 and 2007.

�a�le 7 I Fre)uenc1 of (rocedures (erfor%ed in co%�ination with high ti�ial 
osteoto%1 K���L.

Procedures performed in combination with ��� 
umber CHD
Diagnostic arthroscopy 73 r17�s
Chondroplastymdebridement 181 r43�s
Meniscus repair 1^ r4�s
Meniscus transplantation 11 r3�s
�igament 52 r12�s
Cartilage treatment 22 r5�s
Osteochondral treatment 5^ r13�s
Combined treatment 12 r3�s

Figure : I �rends in high ti�ial osteoto%1 techni)ues and fi0ation %ethods. �L 
�istri�ution of closedIwedge .ersus o(enIwedge osteoto%iesD showing a 
(redo%inance of closedIwedge (rocedures �efore 2666 and a shift toward o(enI
wedge osteoto%ies thereafter.  �L �istri�ution of fi0ation %ethodsD il lustrating 
(redo%inant use of sta(les �efore 2666 and (lates after 2666.

�

�
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-0 �is�ussion

This study provides a comprehensive longitudinal analysis of HTO procedures over the 
past four decadesf highlighting important shifts in surgical practice as well as the 
growing number of HTOs performed with concomitant treatments. Using detailed 
patient-level dataf we observed that the number of HTOs pea5ed between 1990 and 
1997f subse?uently declinedpli5ely explained by the expanding adoption of 5nee 
arthroplastypand showed a renewed increase from 2012 onward. Most procedures 
were valgus-producing osteotomiesf with a clear transition from closed-wedge to open-
wedge techni?ues and from staple to plate Mxation after the year 2000. Notablyf 18� of 
all HTOs were accompanied by concomitant proceduresf and their fre?uency has 
shown a mar5ed increase in recent years. To our 5nowledgef this is the Mrst study to 
capture these long-term developments in HTO practice within a uni?ue dataset 
spanning four decadesf oLering an in-depth perspective on evolving surgical strategies 
in real-world clinical practice.

Figure ; I �istri�ution of high ti�ial osteoto%1 K���L (rocedures. �L �ro(ortion of 
(atients undergoing isolated ��� .ersus ��� co%�ined with conco%itant 
treat%ent. �L �reakdown of the s(ecific conco%itant treat%ents (erfor%ed 
alongside ���D su�di.ided into four distinct ti%e (eriods.

�

�
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Building on these trendsf we observed a shift from closed-wedge to open-wedge 
techni?ues coincided with the introduction of dedicated Mxation plates in the early 
2000s�326–328f which facilitated the broader adoption of medial opening-wedge HTOs. In 
contrast to lateral closed-wedge osteotomiesf which re?uire a Mbular osteotomy and 
are associated with higher rates of neurovascular complications329–331f open-wedge 
techni?ues eLectively overcome these limitations. Furthermoref open-wedge HTO 
oLers improved predictability of the desired valgus correction compared with closed-
wedge procedures and the loc5ing plates enables earlier weight-bearing�332,333f further 
contributing to its increasing popularity in recent years. 
 
In our cohortf valgus-producing osteotomies were performed more fre?uently than 
varus-producing procedures. This pattern li5ely reNects the predominance of medial 
compartment pathologyf including a higher prevalence of medial osteoarthritis160,161f 
chondral defects334,335f and meniscal in4uries336f compared with the lateral 
compartment. Another contributing factor is the alignment of the lower limbf which is 
generally more varus than valgus55,56,58,60–62,337f and even in a neutrally aligned 5neef 
approximately ^0� of the load is transmitted through the medial compartment 
compared with 40� laterally338–340. Furthermoref most tibial slope–correcting 
osteotomies have been performed in the past decadef although the Mrst procedure in 
our database was recorded in 1992. Notablyf posterior tibial slope–altering 
osteotomies were initially described by H. De4our at the �yon Knee Conference in 
1991341,342.  
 
Given the rising prevalence of KOA4–7f including among younger patients34f driven by 
aging populations4f increasing obesity4f and a higher incidence of 5nee in4uries26,27f the 
need for 4oint-preserving treatments has become increasingly important. This is 
particularly relevant for younger patientsf as those undergoing total 5nee arthroplasty 
face a higher ris5 of revision surgery91,343. HTO oLers a valuable solution for this groupf 
delaying the need for total 5nee arthroplasty and preserving long-term 5nee function. 
Studies have demonstrated excellent implant survival97,113–117f improved patient-
reported outcomes103,104,106f and high return-to-sport rates108–110 following HTO. 
Furthermoref a randomized controlled trial showed that HTO can slow structural 4oint 
damage and improve clinical outcomes compared with a control group344. Beyond 
standalone proceduresf HTO enhances the eLectiveness of concomitant treatmentsf 
optimizing sagittal alignment in anterior cruciate ligament reconstruction345–347 and 
extending the longevity of cartilage repairs309,348,349. Collectivelyf these advantages 
highlight osteotomy as a powerful and versatile tool in the increasing important Meld of 
5nee preservation.  
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Despite the strength of our studypbeingf to our 5nowledgef the Mrst to capture these 
long-term developments in HTO practice within a uni?ue dataset spanning four 
decadesf oLering an in-depth perspective on evolving surgical strategies in real-world 
clinical practicepthere are several limitations to consider. Firstf our data are derived 
from a single hospital in the United Statesf which may limit the generalizability of our 
Mndings to other populations or countries. The annual number of HTOs performed in 
the U.S. is lower than that reported in many �uropean countries350–353f highlighting the 
need for further research that combines data across multiple continents to obtain a 
more comprehensive view of global HTO practice. Secondf although this study 
describes trends in surgical techni?ues and procedural volumef it does not provide 
complete information on long-term functional outcomesf implant survivalf or revision 
rates across the entire cohort. While this was not the primary aim of the current 
analysisf such outcomes remain important for future investigations. Finallyf our study 
focuses exclusively on tibial osteotomies. Future research could expand this scope to 
include femoral osteotomies and double-level procedures to more fully characterize 
trends in 5nee osteotomy practice. 
 

.0 �on�lusion  
 
This study aimed to analyze the longitudinal trends in HTO proceduresf Mxation 
strategiesf and their use alongside concomitant procedures over four decadesf using 
uni?ue detailed patient-level data from a large academic medical center. Our results 
demonstrate a clear transition from closed-wedge to open-wedge techni?uesf a shift 
from staple to plate Mxationf and a notable increase in the use of HTO in combination 
with concomitant procedures in the last decade. Osteotomies continue to play a 
pivotal role in managing KOA and optimizing the outcomes of concomitant treatments. 
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�$ �ntrodu�tion 
 
Open-wedge osteotomy provides clear clinical beneMts but remains underutilized 
compared to unicompartmental 5nee arthroplasty97,113,114,118–120,266f li5ely due to 
concerns about postoperative painf complicationsf and rehabilitation121. �arly 
postoperative pain following osteotomy is often severe and may be enhanced by 
bleeding and bone marrow lea5age in the osteotomy gap354,355. Managing this blood 
lea5age has been shown to reduce hematoma formationf limb swellingf and early 
postoperative pain356–359. Common gap-Mlling strategies include autologous iliac crest 
bone graftsf allograftsf and synthetic ceramics. Autologous iliac crest bone graft 
remains the gold standard360 due to its immune compatibility and cost-eLectivenessf 
despite drawbac5s such as donor site360,361. Allografts eliminate donor site morbidity 
but carry ris5s of disease transmissionf higher costsf and limited availability362,363. 
Synthetic ceramics are widely used due to their biocompatibilityf availabilityf lac5 of 
immunogenicityf though they typically lac5 osteoinductive properties364,365. 
 
AttraX® Putty rNu�asive Inc.f San Diegof CAs is a synthetic ceramic r�90� R-TCPm�10� 
HAs with demonstrated osteoconductive and osteoinductive properties364,366. While it 
has shown promising results as a standalone graft substitute in spinal fusionf 
demonstrating non-inferiority to autograftf its use in osteotomies remains 
unstudied365,367. This randomized controlled trial rRCTs aims to determine the eLicacy 
of AttraX® Putty as a gap Mller in open-wedge osteotomies to reduce postoperative pain. 
Secondary ob4ectives include assessment of local blood loss from the osteotomy gapf 
bone healingf and functional rehabilitation over time. Safety will be evaluated by the 
incidence and severity of treatment-related rseriouss adverse events rSsA�ss.  
 

�$ �tud( �esi�n and 
arti�ipant �li�ibilit( 
 
4:3 �tudy desi�n 
This single-blindedf prospective randomized controlled trial will be conducted at the 
Department of Orthopedic Surgeryf UMC Utrechtf the Netherlands. Patients will be 
randomized 1:1 via variable bloc5 randomization stratiMed by osteotomy type rfemoralf 
tibialf or double-levels using Castor �DC. The intervention group receives AttraX® Putty 
as gap Mllerh the control group receives no gap Mlling. Patients will be blinded to 
allocationf while surgeons and researchers are notf due to their roles in treatment and 
assessments. Randomization envelopes will be opened intraoperatively after 
osteotomy Mxation.  
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4:4 �u� ects 
Adult patients r�18 yearssf of both sexesf who are eligible for open-wedge osteotomyp
whether femoralf tibialf or double-level p with a gap size � 10 mm will be included. 
Inclusion re?uires informed consent and compliance with imaging and 1-year follow-
up. �xclusion criteria include concurrent cartilage proceduresf pregnancy or planned 
pregnancy rbecause of a CT planned at ^ monthssf and inability to communicate in 
Dutch or �nglish. Participants may withdraw from the study at any time without 
conse?uencesh data collected up to withdrawal will be included in the analysis. 
Withdrawn or lost-to-follow-up patients after surgery will not be replacedf while those 
withdrawing before surgery will be. All withdrawn patients will continue to receive 
standard care. 
 
4:5 �ample si0e calculation 
This study was powered using GkPower r�ersion 3.1s255 to detect a minimally clinically 
important diLerence of 2 points on the NRS for painf with an assumed standard 
deviation of 2 points368,369. Using a two-tailed t-test with an alpha of 0.05 and a power of 
80�f the re?uired sample size was calculated to be 17 patients per group. To account 
for an estimated 10� loss to follow-upf the total sample size was increased to 19 
patients per groupf resulting in a total of 38 patients to be enrolled in the study. 
 

�$ �ntervention 
 
All participants will undergo a standardized open-wedge osteotomy. In the intervention 
groupf AttraX® Putty will be applied to the osteotomy gap. The putty will be manually 
moldedf with malleability achieved through pressure and warming. The applied volume 
will range from 3 to 11�m�f depending on wedge size and bone width. 
 

 $ �nvesti�ational produ�t 
 
AttraX® Putty rNu�asive Inc.f San Diegof CAs is composed of macro and microporous 
biphasic calcium phosphate granules rR-TCP �90� m HA �10�sf combined with an 
advanced dissolvable polymer carrier ral5ylene oxide copolymersf which dissolves 
within 48 hours. The AttraX® Putty is C�-registered as a bone void Mller for surgically 
created non-load-bearing defects. Unli5e most synthetic graftsf AttraX® Putty is both 
osteoconductive and osteoinductivef as demonstrated in preclinical studies364,366. 
These studies also conMrmed its biocompatibilityf non-toxicityf and superior bone 
formation370,371. Clinical studies in spinal fusion have demonstrated that AttraX® Putty 
is safe and eLectivef with outcomes non-inferior to those of a standalone autologous 
bone graft365,367. 
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!$ �ut�o�e �easures and statisti�al anal(sis 
 
The primary outcomef 5nee painf will be measured using the Numeric Rating Scale 
rNRSh 0 � no painf 10 � intolerable painsf assessed digitally preoperatively and daily in 
the evening for the Mrst two postoperative wee5s. DiLerences between treatment 
groups over time will be analyzed with linear mixed modelsf considering treatment and 
time as Mxed factors. 
 
Among the secondary ob4ectivesf leg circumference will be self-measured by the 
patients preoperatively and wee5ly during the Mrst postoperative month. SpeciMcallyf 
thigh circumference will be measured at the upper patellar pole for distal femoral 
osteotomiesf and calf circumference will be measured 10 cm below the lower patellar 
pole for proximal tibial osteotomies. Changes over time will be evaluated with mixed 
models incorporating treatment and time. �ocal blood loss will be assessed by 
comparing pre- and postoperative hemoglobin levelsf with changes between groups 
analyzed using independent t-tests. 
 
Bone healing will be evaluated on weight-bearing radiographs at 1f 3f ^f and 12 months 
postoperatively using the Uniform Bone Union rUBUs classiMcationf with scores 
compared between groups through mixed models. The UBU classiMcation is described 
in detail in Chapter 12. Consolidation on computed tomography scans performed at ^ 
months will be compared using independent t-testsf and correlations between 
radiographic and CT-based union scores will also be assessed. 
 
Patient rehabilitation will be assessed with the Knee In4ury and Osteoarthritis Outcome 
Score rKOOSsf recorded preoperatively and at multiple postoperative time points r2 
wee5sf 1f 3f ^f and 12 monthss. Changes from baseline will be analyzed with mixed 
models including treatment and time.  
 
All rseriouss adverse events rrSsA�ss will be recorded and summarized descriptively in 
tabular formf including comparisons of fre?uency and severity between groups. 
 
A detailed overview of the participant timeline is provided in Table 1. Procedures 
mar5ed with an asteris5 rks are not part of routine clinical care but are performed 
speciMcally for the purposes of the study. 
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�a�le 7 – �artici(ant ti%eline 
Preoperative 
PROMs 
�ur er1A1 da1 postoperative 
Hemoglobin measurement 
�eg circumferencek 
�isit physical therapist 
�irst two weeks postoperative 
Daily NRS assessmentk 

�irst month postoperative 
Wee5ly leg circumference home 
measurementk �wo weeks postoperative 

KOOS ?uestionnairek 
1 month postoperative 
Outpatient clinic 
Knee radiograph 
PROMs 
3 months postoperative 
PROMs 
4 months postoperative 
Outpatient clinic 
Knee radiograph 
Whole leg radiograph 
6 months postoperative@ 
Outpatient clinic 
Knee radiograph 
CT-scan 
PROMs 
1 1ear postoperative 
Outpatient clinic 
Knee radiograph 
PROMs 
�n case of osteos1nthesis material removal 
Biopsyk 

G�hese (rocedures are not (art of routine clinical care �ut are (erfor%ed s(eci3call1 for the 
(ur(oses of the stud1. 
����sD �atientI�e(orted �utco%e �easuresF 
��D 
u%eric �ating �caleF K���D Knee in"ur1 
and �steoarthritis �utco%e �coreF ��IscanD �o%(uted �o%ogra(h1 scan.  
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"$ �on�lusion and i�pli�ations 
 
This randomized controlled trial will provide evidence on the eLicacy of AttraX® Putty as 
a gap Mller in open-wedge osteotomies for patients with unicompartmental 5nee 
osteoarthritis combined with lower limb malalignment. Including a control group 
without gap Mlling allows for direct comparisonf enabling better insight into the true 
eLect of the intervention on early postoperative pain. Secondary outcomes will assess 
blood lossf bone healingf and rehabilitationf while safety monitoring will evaluate 
potential ris5s. Findings from this study have the potential to improve patient outcomes 
following realignment osteotomies. 
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�bstra�t 
 
�ack round: Osteotomies around the 5nee are a well-established treatment option for 
early and moderate unicompartmental osteoarthritis combined with a lower extremity 
malalignment. Moreoverf osteotomies are often combined with cartilage treatment. 
Current image-based bone union assessments lac5 an accepted deMnition despite 
widespread use in research and clinical settings. This systematic review aims to identify 
deMnitions and classiMcation systems for bone union on radiographs after a proximal 
tibia or distal femur osteotomy. 
�ethods? Following the Preferred Reporting Items for Systematic Reviews and Meta-
analyses guidelinesf we systematically searched M�D�IN� and �MBAS� databasef 
applying speciMc inclusion and exclusion criteria. Two independent reviewers screened 
abstracts and full texts. The modiMed Cochrane ris5 of bias tool and Ris5 of Bias in Non-
randomized studies of interventions tool were used. Data extraction included study 
characteristicsf imaging modalityf bone union deMnitionf classiMcation systemsf 
assessment of gap Mllersf use of modiMersf and osteotomy type. 
Results? Out of the 1180 screened titles and abstractsf 105 studies were includedf with 
the ma4ority r^9 studies r^5.7�ss employing a retrospective design. 55 studies r52.4�s 
deMned bone union based on one or more criteriaf while 50 studies r47.^�s used a 
classiMcation system. There were thirteen diLerent criteria for bone unionf and nine 
diLerent classiMcation systems. Interestinglyf none of the classiMcation systems 
incorporated negative criteriaf such as hardware failure. Notablyf 137 r49.1�s of studies 
described bone union as either a primary or secondary outcomef but do not describe a 
system for assessing bone union.  
Conclusion? This systematic review highlights the lac5 of consensus in the literature in 
deMning bone union after a proximal tibia or distal femur osteotomyf revealing many 
criteria and diLerent classiMcations. None of the classiMcation systems were 
applicable to osteotomies with and without gap Mller. This systematic review shows the 
need for a straightforwardf reproduciblef and accurate methods to assess bone union 
after a proximal tibia or distal femur osteotomy.  
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*0 �ntrodu�tion 
 
Knee osteoarthritis rOAs is the most prevalent 4oint diseasef causing chronic painf 
stiLnessf and disability207,238. Osteotomies around the 5nee are a well-established 
treatment for early and moderate unicompartmental OA with lower extremity 
malalignmentf as it reduces the mechanical force on the aLected compartment372,373. 
Osteotomies are often combined with cartilage treatment94. The most commonly 
described osteotomy techni?ues are the closed wedge and the opening wedge 
osteotomy374. Many surgeons prefer to Mll the open-wedge osteotomy with autograftf 
allograft or ceramic materials to enhance early mechanical stabilityf reduce local blood 
lossf and improved bone union375. Traditionallyf the gap is Mlled with autologous iliac 
crestf howeverf this is associated with complicationsf including painf infectionf and 
hematoma at the donor site376. To eliminate these complicationsf allograft and 
ceramics can be used which may contribute to accelerated bone union and 
remodelling377. The choice to use a bone graft is largely based on its ability to facilitate 
healing of the osteotomy gap.  
 
Image based bone union assessment is a commonly used outcome measure in 
osteotomy studies. According to the Concise Medical Dictionaryf union is deMned as 
vthe successful result of healing of a fracturef in which the previously separated bone 
ends have become Mrmly united by newly formed bonew378. Despite this clear deMnitionf 
authors have used multiple other deMnitions for evaluation bone union after an 
osteotomyf but there are no comprehensive studies to guide us375,379–382. The lac5 of 
consensus on image-based bone union assessment impedes meaningful comparisons 
of outcomes across osteotomy studiesf including those focused on osteotomy gap 
treatmentsf thereby diminishing the clinical and scientiMc value of these studies383. 
 
Furthermoref bone union after an osteotomy is crucial for guiding patient care 
decisionsf including the timing of hardware removal and modifying rehabilitation 
protocols384,385. Premature or delayed hardware removal can lead to complications or 
unnecessary discomfort384. Moreoverf a clear deMnition of osseous union is crucial for 
facilitating decision-ma5ing regarding the necessity of surgical intervention in cases of 
nonunion385. Without such a deMnitionf clinical decision-ma5ing remains challenging 
and uncertain. 
 
Thereforef the primary ob4ective of this systematic review is to identify the various 
available methods in assessing bone union on radiographs after open and closed 
wedge proximal tibia and distal femur osteotomies. �arious deMnitions of unionf 
delayed unionf and nonunion will be addressed based on criteria and classiMcation 
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systems. In additionf we explore methods used to describe the development of bone 
union over time.  
 

+0 
aterials and �ethods 
 
4:3 �earch �trate�y 
This study was conducted according to the Preferred Reporting Items for Systematic 
Reviews and Meta-analyses rPRISMAs guidelines386. A structured literature search was 
performed in M�D�IN� and �MBAS� from inception till December 2023. The search 
was performed to identify articles related to bone union on radiographs after femoral or 
tibial osteotomies. The search terms used as single or combined terms were tibia 
osteotomyf femur osteotomyf healingf unionf nonunionf gapf consolidationf and 
pseudoarthrosis rsee Appendix A for the search strings. Only studies published in 
�nglish language were ta5en into consideration.  
 
�a�le 7 I �nclusion and �0clusion �riteria. 

 
4:4 Article Identi2cation and �election 
All published articles from the search were considered for inclusion in this systematic 
review. Two independent reviewers r�Bf NHs conducted screening or title and abstracts 
using Rayyan. Duplicates were systematically removed and studies unrelated to bone 
union on radiographs after femoral or tibial osteotomies were excluded. Full text 
assessment was performed on all articles meeting the eligibility criteria described in 
Table 1. Only articles that described a deMnition of bone unionf delayed union or 
nonunionf or those describing a classiMcation system to determine bone union were 
included. Disagreements were resolved through discussionf and in case of persistent 
disagreementf a third review author rWFs was consulted.  
 
4:5 �uality assessment 
Two independent reviewers r�Bf NHs assessed the ris5 of bias for the included studies. 
The included randomized controlled trials rRCTs were assessed using the modiMed 
Cochrane Ris5 of Bias Tool387. �ach domain was scored with highf lowf unclear ris5 of 

�nclusion criteria �0clusion criteria 
Adult patients treated by distal femur or 
proximal tibia osteotomy for 5nee 
related problems 
Human studies 
Studies with outcome: bone union 
Imaging modality: radiographs 
 

Osteotomy for limb lengthening 
Other imaging modalities than 
radiographs 
Finite element studies 
Cadaveric studies 
Reviews and meta-analysis 
Conference abstracts 
Case studies 
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biasf which together resulted in the overall ris5 of bias. Non-randomized studies were 
evaluated using The Ris5 Of Bias In Non-randomized Studies of Interventions rROBINS-
Is assessment tool388. �ach domain was scored here with criticalf seriousf moderatef 
lowf no informationf which together resulted in the overall ris5 of bias. Disagreements 
were resolved through discussionf and in case of persistent disagreementf a third 
review author rWFs was consulted.  
 
4:6 �ata e.traction 
All data were extracted from the full text articles into an �xcel spreadsheet rMicrosoftf 
Redmondf WAf USAs. The included articles were analyzed for 1s study characteristics 
including study designf year of publicationf number of participantsf agef genderf Body 
Mass Index rBMIsf countryf 2s imaging modalityf 3s bone union criteriaf 4s classiMcation 
system rif usedsf 5s use of modiMersf ^s assessment of gap Mllersf 7s type of osteotomy 
rclosed vs. opensf and 8s degree of correction. All data were independent collected by 
two reviewers r�Bf NHs. Disagreements were resolved through consensus.  
 
4:7 �tatistical analysis 
The bone union assessment was divided into zdescriptivez criteriaf in case of a 
description of unionf and zclassiMcationzf if the criteria were structured in a grading or 
scoring system. Fre?uency of imaging modalitiesf bone union criteriaf classiMcation 
systemsf modiMersf gap Mllersf and type of osteotomy were determined. The rweighteds 
mean was determined for agef BMIf and degree of correction. 

 
,0 �esults 

 
5:3 �earch �trate�y  
A total of 1584 studies were identiMed. After removing duplicatesf 1f180 studies 
remained. After screening abstract and titlesf 279 studies were selected. The primary 
reasons for exclusion were non-human studies rN � 405 r34.4�ss or a lac5 of 
information regarding bone union rN � 209 r17.7�ss rFigure 1s. After reading full-text 
articlesf a total of 105 studies were included according to the inclusion- and exclusion 
criteria. The primary reason for full-text exclusion was that bone union was not 
described. A high percentage rN � 137 r49.1�ss of studies described bone union as 
either a primary or secondary outcome but did not describe a system for assessing 
bone union. The selection processf following the PRISMA guidelinesf is illustrated in 
Figure 1. 
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Figure 7 I �referred re(orting ite%s for s1ste%atic re.iews and %etaIanal1ses 
K������L flowchart of article selection
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5:4 �uality assessment 
The overall ris5 of bias in non-randomized studies was low in only two studies23,24. The 
overall ris5 of bias was moderate for 58 studies r^0.4�s and serious for 23 studies 
r24.0�s rSee Appendix Bs. The most notable ris5 of bias included partial bilateral 
interventionf enrolment in groups was choice of surgeon or patientf use of diLerent gap 
Mllers in one intervention groupf and the lac5 of blinding of radiologist andmor patient. 
Partial bilateral intervention refers to some patients having an osteotomy of both 5nees 
and some patients of one 5nee. This methodology may introduce selection bias as 
dissatisMed patients might avoid surgery on the untreated contralateral 5neef aLecting 
studies on patient satisfaction. For thirteen studiesf there was no information for one 
domain of the assessment toolf ma5ing the overall ris5 of bias no information.  
 
The overall ris5 of bias in randomized controlled trials was low in four studiesf high in 
four studiesf and unclear in one study rSee Appendix Bs. The most notable ris5 of bias 
included the lac5 of blinding of the patient and radiologist and insuLicient reporting of 
incomplete data.  
 
5:5 �ata e.traction  
....1 �tud' characteristics 
The Mrst published study dated from 197125. Since the 2000sf scientiMc interest in 5nee 
osteotomies has increasedf mostly in the last decade. Included studies had either a 
retrospective rN � ^9 r^5.7�ssf prospective rN � 1^ r15.2�ssf unclear rN � 11 r10.5�ss or 
RCT rN � 9 r8.^�ss design. Most studies were published in South Korea rN � 23 r21.9�ss 
followed by 
apan rN � 15 r14.3�ss and Germany rN � 13 r12.4�ss. The number of 5nees 
included in the studies varied between 7 and 350f with a median of 58 5nees 
rinter?uartile range ^1 5neess. In ^2 studies r59�s a gap Mller was used for the open-
wedge osteotomy. The ma4ority of studies focused on open-wedge tibial osteotomyf 
constituting rN � 87 r82.9�ss. Additionallyf six studies r5.7�s addressed both open-
wedge and closed-wedge osteotomies. The data extraction of the included studies can 
be found in Appendix C.  
 
....2 �maging modalit' 
All included studies used conventional radiographs. Conventional radiographs were 
most often combined with computed tomography rCTs scans rN � 1^ r15.2�ss354,389–393. 
Only one study r1.0�s combined conventional radiographs with Dual �nergy Xray 
absorptiometry rD�XAs394. In additionf there was one study r1.0�s that also used 
histology395. 
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..... Criteria of bone union
In 55 studies r52.4�s bone union was based on descriptive criteriaf mainly positive 
ones li5e bone bridgingf callus formationf disappearance of osteotomy linef and clinical 
signs li5e no pain during weight bearing rFigure 2s. Negative criteriaf such as sclerosis 
at the osteotomy boundaries390,396–401f resorption within the osteotomy402,403f collapse
402,403f radiolucent areas within the osteotomy404–406f hardware failure400f and 
radiolucency around the implant402 were used to deMne the lac5 of bone union. One or 
more of these negative signs were described in 12 studies r21.8�s. 

The time interval for delayed union after open-wedge osteotomy variedf with delayed 
union most commonly deMned as the absence of union at six months after surgery 
rFigure 3s. Moreoverf most studies rN � 12 r80�ss also deMned nonunion as the absence 
of union at ^ months after surgery. The remaining 20� rN � 3s deMned it as the absence 
of union at 1 year. 

Six studies r5.7�s included both closed-wedge and open-wedge osteotomiesf but used 
identical time intervals for bone unionf delayed unionf and nonunion without 
distinguishing between the groups. For these studiesf delayed union was described as 

Figure 2 – 
u%�er of articles (er union criterion.
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the absence of union at 4 months rN � 1 r1^.7�ssf ̂  months rN � 2 r33.3�ssf or 8 months 
rN � 1 r1^.7�ss. The remaining studies rN � 2 r33.3�ss did not describe a time interval 
for delayed union. Nonunion was described as the absence of union at ^ months rN � 1 
r1^.7�ss or 1 year rN � 1r1^.7�ss. The remaining studies rN � 4 r^^.^�ss did not describe 
a time interval for nonunion. 

....4 Classification s'stem for bone union 
The bone union assessment was divided as a classiMcation if the criteria were 
structured in a grading or scoring system. In Mfty studies r47.^�s bone union was 
assessed using classiMcationf where a distinction must be made between gap Mller and 
no gap Mller. Among these studiesf 2^ r52.0�s utilized a gap Mllerf while twenty r40.0�s 
did not. In the remaining four studies r8.0�sf a combination of both gap Mllers and no 
gap Mllers was used. Within the gap Mller groupf the Schr=ter407 method was 
predominant rN � 7 r27.0�ssf whereas in the group without gap Mllerf the most 
commonly applied classiMcation was the van Hemert375 rTable 2s at a rate of rN � 8 
r40.0�s rFigure 4s. The Schr=ter method describes the percentage of the osteotomy 
that is Mlled with newly formed bone by dividing the distance of the osteotomy from 
medial to lateral by the part of the osteotomy gap that is not visible anymore ri.e. 
healeds407. None of the classiMcation systems incorporated negative criteria or 
modiMers.

Figure 9 – �i%e inter.al for  dela1ed union in o(enIwedge osteoto%ies. 
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�a�le 2 I �e%ert �lassification �1ste% for �ssessing �one �nion

In four studies r8.0�sf a combination of both gap Mllers and no gap Mllers was used. 
Among thesef two studies employed the Brosset classiMcation408,409f while another 
study integrated the Brosset classiMcation with the modiMed van Hemert410. 
Additionallyf one study utilized Hemertzs modiMed classiMcation for the gap Mller group 
and the Brosset classiMcation for the group without gap Mllers411. DiLerent classiMcation 
systems were used here because each classiMcation system was developed for gap 

Phase name �0planation
0 Direct postoperative Hematoma
1 �ascular phase Osteopenic bonef rounded osteotomy sitesf clear 

distinction between tricalcium phosphate and bone
2 CalciMcation phase Whitening of sites and blurred distinction between 

tricalcium phosphate and bone
3 Osteoblastic phase Distinction between tricalcium phosphate and bone 

slightly visiblef though healed osteotomy
4 Consolidation phase Full reformationf though osteotomy recognizablef no 

tricalcium phosphate
5 Full reformation No sign of osteotomy

Figure : – �he di fferent classification s1ste%s for assessing �one union on 
radiogra(hsD categori2ed into those a((lica�le to cases without .oid fil lers and 
those with .oid fil ler.  
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Mller or without a gap Mller and therefore no classiMcation system was available for a 
randomized controlled trial between gap Mller and no gap Mller. 
 

-0 �is�ussion 
 
This systematic review identiMed many methods in assessing bone union on 
radiographs after a proximal tibia or distal femur osteotomy. The most important Mnding 
is that there is an enormous variation in both deMnitions and classiMcation systems for 
the same purpose of deMning union. There were thirteen diLerent criteriaf and nine 
diLerent classiMcation systemsf interestingly none of the classiMcation systems 
incorporates negative criteriaf such as hardware failure. Conse?uentlyf there is no 
consensus in the literature in deMning bone union after 5nee osteotomies despite the 
widespread use in research and clinical settingsf thereforef comparing between 
osteotomy studies is currently almost impossible. 
 
Bone union criteria evaluated in these studies were primarily radiographic and clinical 
in nature. The most common of the criteria were the presence of bone bridging between 
fragments and lac5 of pain during weightbearing. Only a few studies focused on 
negative radiological criteria of unionf such as sclerosis at the osteotomy boundariesf 
resorption within the osteotomyf collapsef radiolucent areas within the osteotomyf 
hardware failuref and radiolucency around the implant. Moreoverf six diLerent time 
intervals were deMned for delayed unionf not distinguishing between gap Mller and 
without gap Mllerf and open-wedge versus closed-wedge. This is surprisingf since the 
use of gap Mllers may result in accelerated bone union and there is a perception that 
union occurs more rapidly with a closed-wedge compared to an open-
wedge408,409,411,412. Furthermoref a high percentage of the studies r49.1�s described 
bone union as either a primary or secondary outcome but then do not describe a 
deMnition for union. This is surprisingf since there is not any consensus on unionf 
delayed unionf and nonunion.  
 
The literature encompasses various classiMcation systems applicable to 5nee 
osteotomiesf with or without gap Mllers. None of the classiMcation systems incorporate 
negative radiological criteria or modiMersf which are recognized as clear signs of 
nonunion in spinal fusion surgery413. Moreoverf each system has been designed for 
either an osteotomy with gap Mller or without gap Mller. Howeverf our Mndings reveal that 
commonly employed classiMcation systemsf including rmodiMeds van 
Hemert354,375,379,414f Brosset382f and Schr=ter407 classiMcationsf are used for both an 
osteotomy with gap Mller and without gap Mller. SpeciMcallyf the rmodiMeds van Hemert 
score354,375,379,414 was initially developed for osteotomies involving gap Mllersf whereas 
the Brosset382 and Schr=ter407 classiMcations were originally intended for osteotomies 
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without. Intriguinglyf Figure 4 illustrates that these classiMcation systems are used for 
both. The study by Nha et al.4�� used the modiMed van Hemert score and the Brosset 
classiMcation to compare bone union between synthetic graft and without bone graftf 
yielding two diLerent outcomes that complicate the comparison of bone union 
between synthetic graft and without bone graft. This emphasizes the importance of a 
classiMcation system speciMcally developed for open-wedge osteotomies with and 
without a gap Mller.  
 
The strengths of this systematic review are that it is the Mrst study oLering a 
comprehensive overview of the absence of consensus in evaluation bone union after 
osteotomy. In additionf it reveals a noteworthy observation that a high percentage of 
studies do not describe a deMnition of bone union. Despite the strengths of the 
systematic reviewf this review has several limitations. Firstf only articles written in 
�nglish were includedf posing a ris5 of language bias. Secondf animal studies were 
excludedf resulting in the absence of validation studies. These studies are valuable in 
assessing the correlation between radiographic bone union and functional bone union 
based on histology andmor manual palpation. Only one study included biopsies in the 
hydroxyapatite group to determine the ratio of bone tissue and remnant 
hydroxyapatite395. Thirdlyf various articles included in our systematic review exhibited a 
moderate to high ris5 of bias. We incorporated all studies in our analysisf focusing 
solely on the description of the radiological assessment of bone union without 
extracting additional resultsf li5e patient-reported outcomes. Finallyf this systematic 
review did not assess the relation with the size of the osteotomy gapf as the deMnitions 
of bone unionf delayed unionf and nonunion are generally independent of the size of 
the osteotomy gap. 
 

.0 �on�lusion 
 
Our systematic review highlights the lac5 of consensus in deMning bone union following 
a proximal tibia or distal femur osteotomy. Thirteen diLerent criteria and nine 
classiMcation systems were identiMed for assessing bone unionf none of which are 
universally applicable to osteotomies with and without gap Mllers. Moreoverf existing 
classiMcation systems lac5 negative criteria for the absence of bone union. This 
systematic review conMrms the need for a straightforwardf reproduciblef and accurate 
methods to assess bone union after a proximal tibia or distal femur osteotomy. 
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For the Appendixf I would li5e to refer to the publication in 
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�bstra�t 
 
�ack round: To evaluate the inter- and intra-rater reliability of the UniMed Bone Union 
rUBUs classiMcation for assessing time-dependent bone healing on radiographs in 
osteotomies around the 5neef including negative union signs. Secondary aims included 
assessing union progression over timef applicability across osteotomy typesf and 
correlation between radiographic and CT-based UBU scores. 
�ethods: The UBU classiMcation assesses bone healing on anteroposterior 
radiographs in three anatomical zonesf graded from phase 0 rno calluss to phase 3 
rbridging callussf including radiological negative union signs. Radiographs rn � 110s 
from 38 medial opening-wedge high tibial osteotomy patients were retrospectively 
reviewed twice by three independent raters. Inter- and intra-rater reliability were 
assessed using ?uadratic-weighted 5appa rTs. Percent agreement was calculated for 
classiMcation modiMers. Time-dependent changes in union were analyzed. Reliability 
was also tested across osteotomy types. Correlation between ^-month radiographic 
and CT-based UBU scores was determined using Spearmanys rho.  
Results: Interrater reliability was substantial rT 0.74–0.79sf while intra-rater reliability 
showed almost perfect agreement rT 0.78–0.98s. ModiMer agreement was good rinter-
rater: 91–98�h intra-rater: 89–95�s. The UBU score increased over time. The UBU 
showed substantial interrater reliability rT � 0.75s across various osteotomy types. A 
strong correlation was found between radiographic and CT-based UBU scores rr � 0.82f 
p � 0.01s.  
Conclusion? The UBU classiMcation provides a reliable and standardized method for 
evaluating bone union after osteotomies around the 5nee. It incorporates negative 
union signs and demonstrates strong inter- and intra-rater agreementf as well as strong 
correlation with CT imaging. Further research should validate its diagnostic accuracy 
and clinical utility. 
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*0 �ntrodu�tion 
 
�ower limb malalignment rvarus or valguss contributes to the progression of 
unicompartmental 5nee osteoarthritis rKOAs16,182,415f and an osteotomy can reduce the 
mechanical load on the aLected compartment97,266,267. The most common techni?ues 
are closing-and opening-wedge osteotomies374f with opening-wedge osteotomies 
leaving an open gap in the bonef and Mllers sometimes used in in these cases to 
enhance stability and bone healing375,416. Postoperative 5nee radiographs are routinely 
performed to evaluate bone unionf which the �)'�"-e 
e�"�al �"�t")'a,3 deMnes as 
vthe successful result of healing of a fracturef in which the previously separated bone 
ends have become Mrmly united by newly formed bonew378. Howeverf no consensus 
exists on how to deMne bone union after an osteotomyf as highlighted in our recent 
systematic review417. On the contraryf we identiMed thirteen diLerent criteria and nine 
diLerent classiMcation systems to assess union of a proximal tibia or distal femur 
osteotomy. These criteria focus on bone bridging rbetween fragments or corticessf 
callus formationf osteotomy gap rdisappearance of the osteotomy linesf and clinical 
signs of unionf such as absence of pain during weight-bearing417. 
 
Beyond this inconsistencyf most classiMcation systems do not account for the 
progression of healing from the hinge side to the other side. Moreoverf existing 
classiMcation systems can currently be applied only to either opening-wedge or closing 
wedge osteotomiesf with or without gap Mllersf which impedes comparison across 
diLerent osteotomy techni?ues417. Another notable shortcoming is the absence of 
negative signs of unionpsuch as sclerosis at the osteotomy boundaries or hardware 
failurepdespite their clinical relevance and well-established recognition as clear signs 
of nonunion413. For these reasonsf we developed the Uniform Bone Union rUBUs 
classiMcation in this study to address these shortcomings. 
 
Negative signs of unionf as a radiological modiMerf such as hinge fractures392,396,407f loss 
of correction383f and hardware failure383,400 re.g. failure of screws or Mxation plates are 
strongly related to delayed or non-union. Other negative signs include sclerosis at the 
osteotomy boundaries390,396–401f resorption of bone within the osteotomy402,403f 
collapse400,402,403f radiolucent areas within the osteotomy404,405,407f and radiolucency 
around the implant402. 
 
This study develops and evaluates a uniform classiMcation method that addresses the 
above shortcomings: the UBU classiMcation. The primary ob4ective was to assess its 
inter-and intrarater reliability in evaluating 5nee radiographs of patients who underwent 
a medial opening-wedge high tibial osteotomy rMOWHTOs. Secondary ob4ectives 
included analysis of time-dependent changes in UBU scores to evaluate the 
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progression of bone unionf evaluation of its applicability across diLerent osteotomy 
types ropening- and closing-wedgef femurf and tibiaf with and without gap Mllerssf and 
comparison with computed tomography rCTs scans. 
 

+0 
aterials and 
ethods 
 
4:3 �he �niform �one �nion classi2cation 
The UBU classiMcation was developed in collaboration with treating physiciansf a 
radiologistf and a technical physician-scientistf and is based on existing classiMcation 
systems417. It was adapted to provide a uniform approach applicable to all osteotomy 
typesf including opening-and closing wedge procedures of both the femur and tibiaf 
with or without gap Mllers.  
 
The UBU classiMcation is shown in Table 1 and assigns a score to anteroposterior 
radiographs based on the bone formation in three e?ually distributed diLerent zones 
along the osteotomy: hinge sidef middlef and gap side rFigure 1As. These zones allow 
standardized assessment of bone healing across the entire osteotomy. It ranges from 
phase 0 ra clearly visible osteotomy line without callus formations to phase 3 rbridging 
callus or bone formations. The UBU classiMcation is described in detail in Table 1. This 
assessment was always made by comparing the radiograph to be scored with the 
radiograph obtained on the Mrst postoperative day. The total score ranges from 0 rthree 
times phase 0s to 9 rthree times phase 3s. 
 
�a�le 7 – �he �nifor% �one �nion classification s1ste% for assessing �one union 
on antero(osterior radiogra(hs in an1 of the three anato%ical 2ones fro% the 
hinge side to the ga( side.  

Phase �0planation 
0 The osteotomy line is as clearly visible as immediately post-surgeryh no 

signs of callus formation. 
1 Blurring of one of the two osteotomy surfacesh Andmor limited callus 

formation  
r� 50�s. 

2 Blurring of both osteotomy surfacesh Andmor moderate callus formation r, 
50�s. 

3 Bridging callus or bone. 
 Radiolo ical modifiers 

Sclerosis of the osteotomy 
�ucency line around a screw  
Failure of hardwaref including plate and screw brea5age 
�oss of correction 
Hinge fracture not present immediately postoperatively 
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Additionallyf radiological negative signsf which are strongly associated with delayed or 
non-union383,390,392,396–405,407f were included as modiMers and were derived from existing 
literature rTable 1s. In the UBU classiMcationf modiMers were considered as relevant 
confoundersf as they are strongly associated with delayed or non-union and may 
explain deviations or atypical trends in the UBU score over time. The included modiMers 
are sclerosis of the osteotomy390,396–401f lucency line around a screw402,404,405,407f failure 
of hardware rincluding plate and screw brea5ages383,400f loss of correction383f and hinge 
fracture392,396,407 not present immediately postoperatively.

4:4 �tudy desi�n and study population
Data was retrieved from the 5nee registry at the University Medical Center Utrechtf the 
Netherlands. Adult patients aged 18 and abovef who underwent a MOWHTOf between 
February 2017 and March 2023 were included. Additionallyf patients were included if 
consecutive anteroposterior 5nee radiographs were available at approximately one dayf 
four wee5sf and four months postoperatively. Data on agef degrees of correctionf sexf 
and use of autologous iliac crest were collected from the patient chart. Autologous iliac
crest was used in patients when the correction height exceeded 10 mm. In totalf 110 

Figure 7 I �osto(erati.e radiogra(hs following a %edial o(enIwedge high ti�ial  
osteoto%1. �he R7 da1 (osto(erati.e radiogra(h dis(la1s the three different  
2ones. �hen co%(aring the R: %onths radiogra(h to the (osto(erati.e 
radiogra(hD 2one 7 and 2one 2 are classified as (hase 9D while 2one 9 as (hase 2.
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follow-up radiographs from 38 patients were available for the assessment of the 
reproducibility of the UBU classiMcation systemf with additional follow-up radiographs 
being used when available. This study does not fall under the scope of the Dutch 
Medical Research Involving Human Sub4ects Act. Informed consent was obtained from 
all participants for their participation in the 5nee registry rregistered on 
ClinicalTrials.govf NCT043^4334s.  
 
4:5 Primary O� ecti,e< �estin� �eproduci�ility 
The Guidelines for Reporting Reliability and Agreement Studies rGRRASs were followed 
in this study418. A total of 110 radiographs were reviewed by three independent raters 
rradiologist rWFsf orthopaedic surgeon rNv�s and a researcher r�Bssf who were blinded 
to the clinical outcome and time of assessment. Ratings were conducted 
independently. The raters had experience of 11 yearsf 10 yearsf and 3 years in clinical 
practice. A standardized protocol for radiographic evaluation was followed to assess 
bone union and other relevant parameters using the ��uest platform 
rhttps:mmv?uest.nls. Prior to the studyf all raters participated in a training session of the 
UBU classiMcation system. During this sessionf ten radiographs that were not included 
in this study were reviewed together. Intrarater reliability was evaluated by having the 
three independent raters reassess all radiographs after a minimum of 1 month to avoid 
recall bias. 
 
4:6 �econdary O� ecti,e  
2.4.1 
ime e)ects of union 
To evaluate the progression of bone unionf radiographs were assessed over time rby 
three observerss using the UBU score. Postoperative radiographs ta5en at four wee5s 
and four months were evaluatedf along with any available further follow-up 
radiographsf from patients who had undergone a MOWHTOf as part of the 5nee registry. 
The eLect of the presence of one of the modiMers on the bone union process was also 
examined by categorizing radiographs into vmodiMer presentw and vno modiMerw groupsf 
to compare whether patients with a modiMer showed delayed bone union compared to 
those without a modiMer. 
 
2.4.2 Comparison of radiographs and C
8scans  
Thirteen patients from a randomized controlled trial rRCTs investigating the eLect of a 
bone Mller rregistered on ClinicalTrials.govf NCT05992038s were included for the 
comparison of the UBU score on radiographs with CT Mndings. These patients 
representing a distinct study population from that described above. They were 
randomized to the control group ropening-wedge osteotomy without gap Mllers or the 
intervention group ropening-wedge osteotomy with AttraX® Putty rNu�asive Incf San 
Diegof CAss. Patients participating in this study all had a correction height of less than 
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10 mm. Postoperative radiographs were ta5en at four wee5sf four monthsf six monthsf 
andf for somef at one year. At six monthsf a CT scan rslice thic5ness 1 mms was 
performed. The six months 5nee radiographs were compared with six-month CT scans 
using the same bone union assessment methodf with a single UBU score assigned to 
all slices in the coronal reconstruction rFigure 2sf with sagittal and transverse planes 
evaluated if needed. Two independent raters ra radiologist with 10 years and a 
researcher with 3 years of clinical experiences each scored the radiographs and CT 
scans once using ��uest rhttps:mmv?uest.nls. Thirteen CT scans and 48 radiographs 
were available from thirteen patients for this analysis.

2.4.. �valuation across di)erent t'pes of osteotomies
To evaluate the interobserver reliability across diLerent types of osteotomies ropening-
wedge vs. closing wedgef femur vs. tibiaf with vs. without Mllersf radiographs from the 
RCT were independently evaluated once by two raters ra radiologist with 10 years and a 
researcher with 3 years of clinical experiences. A total of 48 radiographs were available 

Figure 2 I �osto(erati.e and <I%onth followIu( i%aging of a (atient who 
underwent dou�leIle.el osteoto%1 K%edial o(enIwedge (ro0i%al ti�ial  
osteoto%1 and lateral closedIwedge distal fe%oral osteoto%1L. �L �osto(erati.e 
radiogra(h. �L �adiogra(h at < %onths. ��� scores for the hinge sideD %iddleD and 
ga( side of the distal fe%ur were classified as (hase 9 for all  2ones. For the 
(ro0i%al ti�iaD the hinge side was classified as (hase 9D while the %iddle and ga( 
sides were classified as (hase 2. �L �� scan at < %onths. �he distal fe%ur hinge 
sideD %iddleD and ga( side were classified as (hase 9. For the (ro0i%al ti�iaD the  
hinge and %iddle sides were classified as (hase 9D and the ga( side as (hase 2.
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for this part of the study. Among the patientsf seven underwent a medial opening-
wedge high tibial osteotomyf one had a lateral opening osteotomy of the distal femurf 
and Mve had a double-level osteotomy rlateral closing osteotomy of the distal femur and 
medial opening osteotomy of the proximal tibias. For patients with a double-level 
osteotomyf both the proximal tibia and distal femur were scored separately. For the 
analysisf patients were grouped by osteotomy type ropening-wedge vs. closing-wedgesf 
anatomical location rfemur vs. tibiasf and use of gap Mller rwith vs. withouts. 
 
4:7 �tatistical analyses  
All statistical calculations were performed using IBM SPPS Statistics r�ersion 25s. 
Reliability was assessed per GRRAS guidelines using s?uared weighted 5appa for 
ordinal gradesf with corresponding P-values and 95� conMdence intervals rCIs418–420. 
Kappa values were interpreted according to �andis and Koch: i.e.f 0–0.20 slight 
agreementh 0.21–0.40 fair agreementh 0.41–0.^0 moderate agreementh 0.^1–0.80 
substantial agreementh 0.81–1 almost perfect agreement421. Percent absolute 
agreement was calculated for modiMers. The re?uired sample size of 93 radiographs 
was calculated to determine a minimum acceptable 5appa of 0.^ with Q � 0.05 with a 
power of 80�422,423. Spearmanzs rho rUs evaluated the correlation between bone union 
assessment on radiographs and the corresponding assessment on CT scans. The 
average score for radiographs and CT scans of the two raters was used. Furthermoref 
Spearmanzs rho r�s evaluated correlations between UBU scores and correction anglef 
as lager corrections are correlated with a delayed union424,425. Spearmanzs rho values 
between 0.00 and 0.19 were considered very wea5f 0.20–0.39 wea5f 0.40–0.59 
moderatef 0.^0–0.79 strongf and 0.80–1.00 very strong�253. A Wilcoxon signed-ran5 test 
compared the UBU score at 4 months and 4 wee5s postoperativelyf while a Mann-
Whitney U test assessed whether patients with a modiMer had a lower UBU score than 
those without. P-values � 0.05 were considered statistically signiMcant. 
 

,0 �esults 
 
For the evaluation of inter- and intra-rater reliabilityf 38 patients were includedf with an 
average age of 42.3 � 11.7 years and a male predominance of 81.1�. The mean 
correction angle in this group was 7.^ � 2.7}. In 32.4� of these cases rN � 12sf the 
osteotomy was Mlled with autologous iliac crest. For the secondary outcomesf an 
additional thirteen patients from an RCTf with a mean age of 47.8 � 7.0 years and ^9� 
femalef were included. The mean correction angles were 5.5 � 1.7} for opening-wedge 
and 5.0 � 0.7} for closing-wedge osteotomies. In ^1� of opening-wedge proceduresf 
the gap was Mlled with AttraX® Putty. 
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5:3 Primary o� ecti,e< �eproduci�ility of the �niform �one �nion 
classi2cation system 
A total of 110 radiographs of MOWTHO in 38 patients were assessed twice by three 
independent observers. Intra-observer reliability of the UBU classiMcation system was 
substantial to almost perfectf with the s?uared weighted 5appa values ranging from 
0.78 to 0.98 rTable 2s. Reader 1 demonstrated a 5appa of 0.98 r95� CI: 0.97–0.99sf while 
reader 2 showed a 5appa of 0.81 r95� CI: 0.7^–0.8^s. Reader 3 exhibited a 5appa of 
0.78 r95� CI: 0.72–0.83s.  
 
The inter-observer reliability was substantialf with the s?uared weighted 5appa values 
ranging from 0.74 to 0.79 rTable 2s. The s?uared weighted 5appa for reader 1 and reader 
2 was 0.78 r95� CI: 0.73–0.83sf indicating substantial agreement. Between reader 1 
and reader 3f the 5appa was 0.79 r95� CI: 0.73–0.84sf also reNecting substantial 
agreement. The agreement between reader 2 and reader 3 yielded a 5appa of 0.74 r95� 
CI: 0.^9–0.80s.   
 
�a�le 2 I �ntraI and intero�ser.er relia�ilit1 for the three o�ser.ersD re(orted as 
s)uared weighted ka((a with corres(onding confidence inter.als. 

ReaderCsD �1pe 
appa Confidence �nterval P-value 
Reader 1 Intra-observer 0.98 0.97h0.99 � 0.001 
Reader 2 Intra-observer 0.81 0.7^h0.8^ � 0.001 
Reader 3 Intra-observer 0.78 0.72h0.83 � 0.001 
Reader 1 vs. 
Reader 2 

Inter-observer 0.78 0.73h0.83 � 0.001 

Reader 1 vs. 
Reader 3 

Inter-observer 0.79 0.73h0.84 � 0.001 

Reader 2 vs. 
Reader 3 

Inter-observer 0.74 0.^9h0.80 � 0.001 

 
Radiological modiMers of nonunion were observed in ten out of 38 patients. In three 
patientf multiple modiMers were scored. In totalf sclerosis of the osteotomy was scored 
nine timesf loss of correction was observed three timesf and hinge fracture was scored 
Mve times. The agreement for modiMers ranged from 88� to 98� for interobserver 
agreement and from 84� to 9^� for intraobserver agreement. SpeciMcallyf reader 1 
exhibited an absolute intra-observer agreement of 98�f while reader 2 showed an 
agreement of 9^�f and reader 3 demonstrated an agreement of 88�. For interobserver 
agreementf reader 1 and reader 2 achieved an absolute agreement of 9^�f reader 1 
and reader 3 showed an absolute agreement of 84�f and reader 2 and reader 3 reached 
an absolute agreement of 8^�.  
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5:4 �econdary o� ecti,es 
..2.1 
ime e)ects of union
At one month rmean 1.0 � 0.4 monthsf the mean UBU score was 4.3 � 2.3. A signiMcant 
negative correlation between the UBU score and degree of correction was observed 
r � -0.4^f P � 0.01sf indicating larger corrections were associated with lower UBU 
scores irrespective of graft application. By four months rmean 4.1 � 0.9 monthssf the 
mean UBU score increased to ^.5 � 2.0f with still a signiMcant negative correlation with
correction angle r � -0.5f P � 0.01s. The UBU score at 4 months was signiMcantly higher 
than the UBU score at 4 wee5s rP � 0.01s. At six rmean ^.^ � 0.5 monthss and twelve 
months rmean 12.2 � 0.4 monthssf scores showed further increasef with the mean UBU 
score of 7.4 � 1.3 and 8.7 � 0.4f respectively. Figure 3 illustrates a trend of increasing 
UBU scores over timef with a distinction made between large r, 7}s and small 
corrections r� 7}sf based on the mean correction angle of 7.^} in this group. Smaller 
corrections exhibit higher UBU scores compared to larger correctionsf but both 
approach a score of 9 points at the 1-year follow-up. 

At one month postoperativelyf no signiMcant diLerences rP � 0.^3s in UBU scores were 
observed between patients with and without a modiMer. By 4 monthsf the total UBU 
score increased to ^.9 � 2.0 in patients without a modiMerf compared to 5.2 � 1.^ in 
those with rP � 0.05s. Patients with a modiMer had a signiMcantly higher correction angle 
of 9.2 � 2.2 compared to ^.5 � 2.7 in those without a modiMer rP � 0.05s.

Figure 9 I �he %ean �nhanced �one �nion score o.er ti%e for all (atientsD 
stratified �1 corrections less than =Q and corrections greater than =Q.  �he %ean 
score re(resents the a.erage of the assess%ents (ro.ided �1 the three raters.
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..2.2 Comparison of radiographs and C
8scans
The mean UBU score for the six-month radiograph of any type of osteotomy was 7.5 � 
1.5. For the six-month CT scanf the mean UBU score was 8.2 � 0.9. The correlation 
between the UBU score on the radiograph and the CT scan was 0.82 r95� CI: 0.71–0.90f 
P � 0.01sf indicating very strong agreement. 

..2.. �valuation across di)erent t'pes of osteotomies
The inter-observer reliability of the UBU classiMcation system in patients undergoing 
tibia rN � 48 radiographss and femur osteotomies rN � 24 radiographssf including both 
closing and opening-wedge proceduresf was found to be substantialf with a ?uadratic 
weighted 5appa of 0.75 r95� CI: 0.70–0.79f P � 0.01s. SpeciMcallyf for closing-wedge 
osteotomyf the 5appa value was 0.73 r95� CI: 0.^3–0.83f P � 0.01sf while for opening-
wedge osteotomyf it was 0.74 r95� CI: 0.^9–0.79f P � 0.01s. Closing - wedge 
osteotomies exhibit higher UBU scores compared to opening-wedge osteotomies 
rFigure 4s. The mean UBU scores for closing wedge osteotomies at 1 monthf 4 monthsf 
^ monthsf and 1 year were 4.9 � 2.5f 8.0 � 1.5f 8.3 � 1.^f and 8.8 � 0.4f respectively. The 
mean UBU scores for opening-wedge osteotomies at 1 monthf 4 monthsf ^ monthsf 
and 1 year were 4.3 � 2.^f ^.4 � 2.^f 7.3 � 1.4f and 8.4 � 1.1f respectively. When 
considering osteotomy with gap Mllerf the 5appa value was 0.75 r95� CI: 0.^8–0.83f P � 
0.01sf compared to 0.72 r95� CI: 0.^4–0.80f P � 0.01s for those without gap Mller. See 
Figure 4. 

Figure : I �he %ean �nhanced �one �nion score o.er ti%e for all  (atientsD stratified 
�1 closedI and o(enIwedge osteoto%ies. �he %ean score re(resents the a.erage of 
the assess%ents (ro.ided �1 the three raters.
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-0 �is�ussion 
 
This study introduced the UBU classiMcation to assess bone union on radiographs after 
osteotomy and evaluated its reliability. Unli5e existing systemsf UBU applies to 
osteotomies with and without gap Mllersf closing- and opening-wedge osteotomiesf 
and accounts for negative union signs associated with delayed or nonunion. The intra- 
and inter-observer reliability was substantial to almost perfectf underscoring that the 
UBU classiMcation demonstrates robust reproducibility regardless of observer 
experience. Good agreement was also observed for the presence or absence of 
radiological modiMers. In additionf we observed a strong correlation between the UBU 
score on radiographs and CT scans. 
 
�xpanding the UBU classiMcation to include diLerent osteotomy typesf such as 
opening- and closing-wedge proceduresf as well as femoral and tibial osteotomiesf 
showed consistently substantial inter-observer reliability. The classiMcation also 
maintained its reliability when distinguishing between techni?ues with and without gap 
Mllers. These Mndings reinforce its applicability across various surgical approaches. 
This consistency highlights the UBU classiMcation as a reliable tool for assessing bone 
union in both clinical practice and research. Moreoverf the UBU classiMcation oLers a 
standardized approach that accommodates both opening- and closing-wedge 
osteotomiesf with or without gap Mllers. This ma5es it particularly suitable for studies 
where treatment arms diLer in the use of Mllersf eliminating the need for separate 
systems and avoiding non-comparable outcomes. Furthermoref the current lac5 of a 
universally applied classiMcation system hinders meaningful cross-study comparisons 
between treatments. By providing a comprehensive and reproducible framewor5f the 
UBU classiMcation has the potential to enhance standardization and improve the 
comparability of osteotomy researchf thereby contributing to the optimization of 
osteotomy procedures and patient outcomes. In clinical practicef the UBU 
classiMcation can be utilized to guide decisions regarding the removal of 
osteosynthesis materialf with the expectation that osteosynthesis material may be 
removed at a phase 3 score in two out of three zones rhingef middlef and gap sides of 
the osteotomy.  
 
In addition to its reproducibility and broad applicabilityf the UBU classiMcation also 
demonstrated a general trend of increasing scores over timef indicating progressive 
bone union. At four months postoperativelyf the total UBU score was signiMcantly 
higher than at four wee5s. We observed a trend toward lower UBU scores at four months 
postoperatively in patients with at least one modiMer on their radiographs compared to 
those without modiMers. Furthermoref larger correction angles correlated signiMcantly 
with lower UBU scoresf aligning with previous Mndings424,425. These results further 
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underscore the value of the UBU classiMcation in assessing bone healing over timef 
reinforcing its potential as a standardized tool for monitoring bone union in both clinical 
and research settings. 
 
Beyond its reproducibility and broad applicabilityf the UBU classiMcation also proved 
eLective in assessing bone union over time. Radiographs are commonly used for 
assessing bone union over timef but CT is considered the gold standard for imaging 
bone and has been shown to be superior in evaluating bone union426–428. To explore the 
diagnostic accuracy of the UBU classiMcationf a preliminary analysis was conductedf 
revealing a strongf signiMcantf correlation between UBU scores on radiographs and 
those on CT scans. This Mnding further supports the validity of the classiMcation system 
and suggests that UBU may be reliably applied across diLerent imaging modalities. 
Such applicability is particularly relevant in clinical practicef where radiographs remain 
the primary imaging tool despite their limitations. Nonethelessf it is important to 
ac5nowledge that this preliminary analysis was based on a small cohort of thirteen 
patients. Furthermoref we recognize that CT imaging is not the gold standardf which is 
manual assessment after removal of the hardware. As this test is not an option as a 
standardized outcome measure in clinical researchf the CT-scan remains the best non-
invasive reference modality currently availablef providing the closest approximation to 
reality. Future research with larger sample sizes is re?uired to further evaluate the UBU 
classiMcationys accuracy compared to CTf and to solidify its role in clinical decision-
ma5ing. 
 
Several limitations should be ac5nowledged. Firstf we included patients who 
underwent MOWHTO to test the reproducibility of the UBU score while maintaining a 
homogeneous study population. For the secondary outcomef both closing- and 
opening-wedge osteotomies of the femur and tibia were included to assess the broader 
applicability of the UBU score. Howeverf this was evaluated using Mfty radiographs. 
Secondf radiographs and CT-scans were assessed on diLerent computer screens with 
varying resolutionsf which may have inNuenced image interpretation. Howeverf this 
reNects real-world clinical practicef where radiologists typically use high-resolution 
diagnostic monitors while treating physicians often review images on lower-resolution 
screens. Additionallyf the UBU classiMcation is purely a radiographic system for 
evaluating bone union and does not incorporate clinical factors such as pain during 
weight-bearing396,429,430f which may also be relevant in assessing healing. Thirdf we 
realize that some scores can be biased due to the interaction between parameters. For 
examplef larger gaps involved bone graft and CT scans were only made for small gap 
sizes in our research. Fourthf the analysis comparing patients with and without 
modiMers was based on small groups r10 patients with modiMers versus 28 withouts. 
This limited sample size should be ta5en into account when interpreting the results. 
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Fifthf by using the average UBU score across raters to compare with CT scansf the direct 
relationship between individual user scores and CT-based validation may be 
diminished. This approach provides a surrogate measuref which could limit the 
assessment of correlation at the level of individual raters. �astlyf beyond assessing 
reproducibilityf we performed a preliminary evaluation of the diagnostic accuracy of the 
UBU classiMcation in a small cohort of thirteen patients. For this preliminary evaluation 
of diagnostic accuracyf we used CT imaging as the best available non-invasive 
reference standardf as described in the previous paragraph.  
 

.0 �on�lusion 
 
The UBU classiMcation system provides a standardized and reproducible method for 
assessing progression of bone union after an osteotomyf demonstrating substantial to 
almost perfect inter- and intra-observer reliability. Unli5e existing systemsf UBU applies 
to osteotomies with and without gap Mllersf closing- and opening-wedge osteotomiesf 
and accounts for negative union signs. This study further provides valuable insights into 
bone healing over timef demonstrating a general trend of increasing UBU scores in time 
which allows early assessment as a proxy for success. Additionallyf the preliminary 
evaluation of diagnostic accuracy suggests very strong correlation between UBU 
scores on radiographs and those on CT scans. Future research should focus on further 
validating the diagnostic accuracy of the UBU classiMcationf particularly through CT-
based assessments and potential intraoperative validationf to enhance its clinical 
applicability and establish its broader utility in bone healing monitoring. 
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�bstra�t 
 
�b#ective? A medial open-wedge high tibial osteotomy rMOWHTOs may increase the 
posterior tibial slope rPTSs. The purpose of this study was to determine the eLect of the 
osteotomy inclination angle rin the sagittal planes in combination with diLerent hinge 
positions rin the transverse planes on the change in PTS due to a MOWHTO. 
�ethods? We developed a mathematical approach to determine the eLect of the 
osteotomy inclination angle combined with diLerent hinge positions. The change in PTS 
was determined for diLerent osteotomy inclination anglesf hinge positionsf and 
intended wedge angles. Anterior-inclinedf parallelf and posterior-inclined osteotomy 
inclination angles were simulated. Hinge positions varied between 5° anterolateral and 
-45° posterolateral. The wedge angles were 5°f 10°f and 15°. Moreoverf two in-silico 
osteotomies were performed to verify the results of the mathematical model. 
Results? The PTS was maintained when the osteotomy cut was performed parallel to 
the tibial plateau with a lateral hinge position. The PTS changed when the osteotomy 
was not aligned in the sagittal planef ranging between 0.0} to 0.^}. DiLerent hinge 
positionsf howeverf had a large eLect on post-operative PTS changef ranging between 
0.1} to 10.7}. 
Conclusions? Our mathematical approach showed that the hinge position has a strong 
eLect on the PTS. The sagittal osteotomy inclination angle had little eLect on the PTS. 
An inclination angle parallel to the medial tibial plateau combined with a lateral hinge 
position does not change the PTS.  
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*0 �ntrodu�tion 
 
Medial open-wedge high tibial osteotomy rMOWHTOs is an established treatment for 
relatively young and active patients with an early stage of unicompartmental medial 
osteoarthritis and varus deformity of the 5nee431–433. MOWHTO redistributes the 
mechanical load from the medial to the lateral compartment in the coronal plane andf 
thereforef reduces the articular cartilage pressure in the medial compartment. This 
results in a reduction of pain and improvement of 5nee 4oint function431. Howeverf in 
addition to coronal alignmentf unintended changes may also occur in the sagittal plane 
due to a MOWHTO434,435.  
 
Several studies indicate an increase of posterior tibial slope rPTSs due to a MOWHTOf 
which increases the tensile load on the anterior cruciate ligament rAC�s and aLects 
5nee stability431,436,437. Sometimesf the osteotomy is performed with the intention to 
decrease the PTS as a treatment for AC� instabilityf for example when one or more 
previous AC� reconstructionrss failed or when there is a pre-existent high PTS in 
combination with an AC� rupture. In generalf this increase in the tensile load on the AC� 
is not intended. Moreoverf a change in the PTS results in a diLerent distribution of the 
mechanical load on the articular surface. For examplef an increased PTS results in 
anterior translation of the tibial plateauf resulting in decompression of the posterior 
femoral condyles438. Factors that could cause a PTS change during a MOWHTO are the 
sagittal osteotomy inclination angle and the hinge position. 
 
Recentlyf several studies have investigated that to maintain the PTSf the sagittal 
osteotomy inclination angle should be parallel to the medial tibial plateauf and the 
hinge should be located laterally431,434,435,439–441. Moreoverf a posterolateral hinge 
position increases the PTS435,439,442. Howeverf several of these studies have also shown 
that performing the perfect osteotomy according to these re?uirements is diLicult in 
practice435,441. Whereas the eLect of the osteotomy inclination angle and the eLect of 
the hinge position on the PTS have been studied separatelyf we found no study which 
examines the combined eLect431,435,439–442. This is unfortunatef since studying the eLect 
of one parameter while not ta5ing into account the other can lead to non-conclusive 
outcomes. Moon et al.440 concluded that changes in PTS are probably greater if the 
hinge position is considered in addition to only the osteotomy inclination angle. This 
conMrms the need for virtual model studiesf especially since a MOWTHO is rarely 
performed perfectly. 
 
In this study we investigated the eLect of the osteotomy inclination angle in 
combination with diLerent hinge positions on the change in PTS in a MOWHTO using a 
mathematical model. We hypothesized that a posterior-inclined osteotomy and 
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posterolateral hinge positions would increase the PTS. Moreoverf we expected the PTS 
to decrease with an anterior-inclined osteotomy and anterolateral hinge positions. 
Finallyf for illustration purposesf the results were presented in an in-silico model.  
 

+0 
ethods 
 
We performed in-silico MOWHTOs for a range of osteotomy inclination anglesf hinge 
positionsf and wedge angles. The osteotomy inclination angle r�s was deMned as the 
angle between the medial tibial plateau line and the osteotomy line431. The osteotomy 
line was deMned as the pro4ection of the osteotomy plane in the sagittal plane. A 
posterior-inclined osteotomy was deMned as being positivef and an anterior-inclined 
osteotomy as negative rFigure 1s. DiLerent osteotomy inclination angles were 
simulated: posterior-inclined osteotomy of 10°f parallel osteotomyf anterior-inclined 
osteotomy of -10°f and anterior-inclined osteotomy of -20°. Furthermoref we deMned 
the hinge position r�s as the angle between the sagittal plane and the end of the 
osteotomy cut. We deMned the hinge position as negative when the cut was made in a 
posterolateral position relative to a lateral hingef and as positive when the cut was 
made anterolaterally relative to a lateral hinge rFigure 1s. A lateral hinge position refers 
to a hinge position parallel to the osteotomy line in the sagittal plane when the 
osteotomy was performed from the medial to the lateral side of the tibia. In our 
simulationsf we varied these hinge positions from -10° posterolateral to 5° 
anterolateralf with increments of 5°. Posterolateral hinges of -30} and -45} were added 
for illustration as extreme values. Moreoverf the wedge angles r�s were deMned parallel 
to the direction of the saw blade rFigure 1s and varied between 5°f 10°f and 15°. Table 1 
summarizes the osteotomy inclination anglesf hinge positionsf and wedge angles.  
 
�a�le 7– �.er.iew of the different osteoto%1 inclination angles K�LD  hinge 
(ositions K�LD  and wedge angles K�L.   

�steotom1 inclination an le C#D �in e positions C$D �ed e 
an les C"D 

Posterior-inclined osteotomy of 10° Anterolateral hinge of 5° 5° 
Parallel osteotomy �ateral hinge of 0° 10° 
Anterior-inclined osteotomy of -10° Posterolateral hinge of -5° 15° 
Anterior-inclined osteotomy of -20° Posterolateral hinge of -10°  
 Posterolateral hinge of -30°  
 Posterolateral hinge of -45°  

 
To describe the in-silico osteotomyf we included a right-handed coordinate system 
which is deMned as shown in Figure 2. In accordance with the axes of a computed 
tomography imaging devicef the positive �-axis was directed cranially rin the direction 
of the anatomical axis of the tibiasf the positive X-axis laterallyf and the positive Y-axis 
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anteriorly. The transverse plane was deMned perpendicular to the anatomical axis of the 
tibia. The sagittal plane was deMned as perpendicular to the transverse plane and 
between the medial tuberosity and the attachment point of the posterior cruciate 
ligament. The coronal plane was perpendicular to the transversal and sagittal plane. 
This coordinate system is Mxed with respect to the tibia. Since we are interested in 
rotations and changes of anglesf the position of this coordinate system can be 
arbitrarily chosen.

Figure 7 I �steoto%1 inclination angleE �edial .iew of the 9I di%ensional %odel 
of a r ight knee with associated osteoto%1 inclination angles. �he osteoto%1 
inclination angle was defined as the angle �etween the %edial ti�ial (lateau line 
and the osteoto%1 line Kdashed lineL.  �osteriorIinclined osteoto%ies were 
defined as (ositi.e. �nteriorIinclined osteoto%ies as negati.e. �inge (ositionE 
�rans.erse .iew of the 9I di%ensional %odel of a r ight knee with associated hinge 
(ositions K� L.  �he dashed line re(resents the oscillating saw �ladeD and the �lack 
solid l ine re(resents the hinge l ine. Figure � shows (osterolateral hinge (osition. 
Figure � and � show lateral and anterolateral hinge (ositionsD res(ecti.el1.  � 
lateral hinge (osition refers to a hinge (osition (arallel  to the osteoto%1 line in 
the sagittal (lane.
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In practicef the MOWHTO consists of one rotation of the tibial plateau around the hinge 
axisf but for mathematical modellingf it is convenient to envision the in-silico MOWHTO 
as a series of Mve consecutive rotations around one of the Mxed axes of the coordinate 
system. These rotations describe the process of an osteotomy. By using the rotationsf 
in-silico osteotomies were performedf and the changes in PTS were measured. The 
rotation matrices are described in detail in the additional Mle 1. 

A tibia with PTS of 10° was used for modelling the eLects of osteotomy inclination 
angles and hinge positions. The PTS was deMned using the anatomical axis of the tibia. 
We performed three series of calculations:

• �ateral hingef variation of osteotomy inclination angle between -20} and 10}
• Parallel osteotomyf variation of hinge position between -45} and 5}
• Combination of varying osteotomy wedge angles and varying hinge positions

In each casef the in-silico osteotomies were performedf and the changes in PTS were 
measured. 

For illustration purposesf an existing computed tomography rCTs scan rslice thic5ness 
2mmh 1205�h ^0 mAsh Siemens Medical Solutionsf �rlangenf Germanys of the lower 
limb of one patient was anonymized and imported into Mimics 23.0 rMaterialisef 
�euvenf Belgiumsf to create a three-dimensional r3Ds bone model of the right tibia and 
Mbula. The segmented 3D model was transferred to 3-Matic rMaterialisef �euvenf 
Belgiums to perform an in-silico MOWHTO. The PTS was deMned as the angle between 
the line along the medial tibial plateau and the line perpendicular to the anatomical 
axis of the tibia rFigure 3s443. The PTS measurements were performed in the sagittal 

Figure 2 I �efinition of the a0is for a 9I di%ensional %odel of a r ight knee. ��
re(resent the (osterior ti�ial slo(e in the sagittal (lane. 



193

Impact of Hinge Positi on and Osteotomy Inclinati on on Posterior Tibial Slope Changes

Ch
ap

te
r 1

3

planef which was deMned as being perpendicular to the transverse plane and runs 
through A5agiys line280. The transverse plane was oriented perpendicular to the 
mechanical axis of the tibia. Two in-silico osteotomies were performed. One osteotomy 
with an inclination angle parallel to the medial tibial plateau and lateral hinge position. 
The other with an anterior-inclined osteotomy of -10° and a posterolateral hinge 
position of 45°. An anterior-inclined osteotomy of 10} was performedf as it varies in the 
literature between 5} and 15}435,441. Both osteotomies were performed with a wedge 
angle of 10°. The diLerence between pre-and postoperative PTS was determined.

,0 �esults

A minimal change in PTS was found due to MOWHTO with a lateral hinge position rW�0s 
but with diLerent osteotomy inclination anglesf see Figure 4A. The PTS increased with 
a posterior-inclined osteotomy and decreased with an anterior-inclined osteotomy. 
There was no change in PTS with a parallel osteotomy. 

The changes in PTS resulting from diLerent hinge positionsf with a perfectly parallel 
osteotomy rV�0sf are illustrated in Figure 4B. An anterolateral hinge position resulted in 
a decreased PTS whereas a posterolateral hinge position resulted in an increase in PTS. 
A parallel osteotomy combined with a lateral hinge position resulted in no PTS changes. 
An osteotomy parallel to the medial tibial plateau and a posterolateral hinge position of 
-45}f resulted in a PTS change of 3.5}f for a wedge of 5}. For a wedge angle of 10} and 
15}f the change in PTS is 7.0} and 10.^}f respectively. Table 2 and Figure 5 represent the 
diLerence in PTS for combinations of diLerent hinge positions and osteotomy 

Figure 9 I �edial .iew of the %easure%ent of the (osterior ti�ial slo(e. �n the 
sagittal  (laneD the (osterior ti�ial  slo(e was defined as the angle �etween the 
l ine along the %edial ti�ial  (lateau and the l ine (er(endicular to the anato%ical 
a0is of the ti�ia. �he anato%ical a0is is re(resented �1 the red l ine. �he %easured 
(osterior ti�ial  slo(e in this figure is 79.?Q.
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inclination angles. A positive value indicates an increase in PTS and a negative value a 
decrease in PTS.

5:3 In silico test
The pre-surgical PTS of the 3D model of the included tibia was 13.9}. After performing a 
10} MOWHTO with an osteotomy inclination angle parallel to the medial tibial plateau 
and a lateral hinge positionf the PTS remained 13.9} rFigure ^A and Bs. After performing 
a MOWHTO of 10} with an anterior-inclined osteotomy of -10} and a posterolateral hinge 
position of -45}f the PTS was 20.9} rFigure ^C and Dsf an increase of 7.0}. This was fully 
consistent with our mathematical approachf which indicated a similar increase in PTS 
of 7.0} for this inclination anglef hinge position and wedge angle. 

Figure : I �hanges in (osterior ti�ial  slo(e for different wedge angles. �L shows 
changes in (osterior ti�ial slo(e for a lateral hinge (osition for different 
osteoto%1 inclination angles and wedge angles. �L shows changes in (osterior 
ti�ial  slo(e �ased on (arallel  osteoto%1 for different hinge (ositions and wedge 
angles. 
ote that the �Ia0is in Figure � is 760 larger than in Figure �.



195

Impact of Hinge Positi on and Osteotomy Inclinati on on Posterior Tibial Slope Changes

Ch
ap

te
r 1

3

 

�a�le 2 – �he difference in (osterior ti�ial slo(e for different hinge (ositions K�L  
and osteoto%1 inclination angles K�L.  �he different osteoto%1 inclination angles 
are anteriorIinclined osteoto%1 of I26�D  anteriorIinclined osteoto%1 of I76�D  
(arallel osteoto%1D and (osteriorIinclined osteoto%1 of 76�.  
egati.e hinge 
.alues corres(ond to a (osterolateral hingeD (ositi.e .alues to an anterolateral 
hinge. � (ositi.e (osterior ti�ial slo(e difference indicates an increase in slo(eF 
a negati.e .alue indicates a decrease in slo(e.   

 ��5° ��0° ��-5° ��-
10° 

��-
30° 

��-
45° 

�ed e an le " F 5°   
Anterior inclined osteotomy 
of -20°  

-0.5° -0.1° 0.4° 0.8° 2.4° 3.5° 

Anterior inclined osteotomy 
of -10° 

-0.5° 0.0° 0.4° 0.8° 2.5° 3.5° 

Parallel osteotomy  -0.4° 0.0° 0.4° 0.9° 2.5° 3.5° 
Posterior inclined osteotomy 
of 10°  

-0.4° 0.0° 0.5° 1.0° 2.5° 3.^° 

�ed e an le " F 10°   
Anterior inclined osteotomy 
of -20°  

-1.2° -0.3° 0.^° 1.5° 4.8° ^.9° 

Anterior inclined osteotomy 
of -10° 

-1.0° -0.2° 0.7° 1.^° 4.9° 7.0° 

Parallel osteotomy -0.9° 0.0° 0.9° 1.7° 5.0° 7.0° 
Posterior inclined osteotomy 
of 10° 

-0.7° 0.2° 1.0° 1.9° 5.1° 7.1° 

�ed e an le " F 15°    
Anterior inclined osteotomy 
of -20°  

-1.9° -0.^° 0.7° 2.0° 7.0° 10.3° 

Anterior inclined osteotomy 
of -10° 

-1.^° -0.3° 1.0° 2.3° 7.2° 10.4° 

Parallel osteotomy  -1.3° 0.0° 1.3° 2.^° 7.4° 10.^° 
Posterior inclined osteotomy 
of 10°  

-1.0° 0.3° 1.^° 2.9° 7.7° 10.7° 

 
 
 
 
 
 
 
 
 
 
 
 



196

Chapter 13

Figure ; I �o%�ined effect of osteoto%1 inclination angle and hinge (osition on 
changes in (osterior ti�ial slo(e for different wedge angles.
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-0 �is�ussion

In this studyf we determined the eLect of the osteotomy inclination angle combined 
with diLerent hinge positions on the change in PTS in a MOWHTO using a mathematical 
approach. The most important Mnding of this combined eLect demonstrated that the 
hinge position had a strong eLect on the PTSf in contrast to the osteotomy inclination 
angle. As a result of diLerent osteotomy inclination anglesf the PTS changed by a 
maximum of 0.^} in a lateral hinge conditionf which may not be clinically relevant. The 
diLerent hinge positions resulted in PTS changes up to 10.7}. Thereforef the hinge 
position had a stronger eLect on PTS changes compared to the inclination angle. 

The position of the hinge appeared to be an important parameter to determine changes 
in the PTS. Frings et al.444 investigate the impact of variable hinge positioning and 
osteotomy gap height on alignment in both the sagittal and coronal planesf using 
twenty uniplanar MOWHTOs in solid-foam proximal tibia models. They concluded that 

Figure < I �esults of the .irtual osteoto%1. �L shows a 9I di%ensional lateral .iew 
of an osteoto%1 inclination angle (arallel  to the %edial ti�ial  (lateau and a  
lateral hinge (osition. �L shows a 9I di%ensional %edial .iew of the %easure%ent 
of the (osterior ti�ial slo(e using the (ro0i%al ti�ial anato%ic a0is %ethod. �he 
%easured (osterior ti�ial slo(e was 79.?Q. �L shows a 9I di%ensional lateral .iew 
of the anteriorIinclined osteoto%1 of S76Q and a (osterolateral hinge (osition of 
S:;Q. �L shows a 9I di%ensional %edial .iew of the %easure%ent of the (osterior 
ti�ial slo(e using the (ro0i%al ti�ial anato%ic a0is %ethod. �he %easured 
(osterior ti�ial  slo(e was 26.?Q.
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changes in PTS can be minimized by positioning the hinge in a straight lateral alignment. 
Other studies presented the same results434,435,439,442,444. Howeverf performing a lateral 
hinge can be diLicult434,435. Firstf a study suggested that the Kirschner wiref used to 
guide the osteotomyf should be placed from the medial to the lateral cortex of the 
proximal tibia rather than from the anteromedial to the posterolateral side439. Secondf 
a lateral hinge position can be achieved by inspecting the osteotomy using the gap 
ratio435,439. The gap ratio is the ratio of anterior gap to posterior gap in a true lateral view 
in the MOWHTO435. The gap ratio increases with a posterolateral hinge.  
 
Furthermoref our results indicated that the eLect of the osteotomy inclination angle on 
the PTS was marginal. The PTS increased due to a posterior-inclined osteotomyf while 
remaining the same in case of a parallel osteotomy and decreased due to the anterior-
inclined osteotomy. This was also reported by other studies 431,440,441. Chung et al.431,440 
concluded that a parallel osteotomy inclination angle was re?uired to overcome 
changes in PTS. Moon et al.440 reported in a virtual simulation of a s?uare column model 
that an osteotomy inclination angle parallel to the medial 4oint line caused no change 
in PTS. Moreoverf the PTS increased in the posterior-inclined osteotomy and decreased 
in the anterior-inclined osteotomy. This was consistent with the results found in our 
study for a laterally oriented hinge. Alsof �ee et al.441 concluded that the osteotomy 
should be performed parallel to the medial 4oint line to avoid PTS changesf but on the 
same time they showed that performing a parallel osteotomy was diLicult in practice. 
On the contraryf our results showed that due to diLerent inclination anglesf the PTS 
changed by a maximum of 0.^} in a lateral hinge conditionf which does not appear to 
be clinically relevant445.  
 
Several studies have investigated the change in PTS due to a MOWHTO. Nha et al.446 
reported an increase in PTS of 2.0} and GiLin et al.447 concluded an increase of 4.4} due 
to a MOWHTO. Our mathematical approach showed that a hinge positionf which varies 
between 5} anterolateral and -10} posterolateral yielded a PTS change comparable to 
the literature. The eLect of the osteotomy inclination angle on changes in PTS is 
negligible. Thereforef orthopedic surgeons should ma5e every eLort to perform a lateral 
hinge position to avoid unintended PTS changes.  
 
This study had several limitations. Firstf this study is a mathematicalf theoretical 
model. The inNuence of other factorsf such as soft tissuef the absence of the proximal 
tibioMbular 4ointf surgical techni?uesf and the trapezoid concept of the tibia were not 
considered in our mathematical model. This may limit the translation of mathematical 
model to the clinical setting. Howeverf it is important to mention that the strength of a 
mathematical model is that only one simulation is neededf and it is applicable to all 
situations without being inNuenced by external variables. Additionallyf we only 
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presented the results for an average PTS of 10°. Secondf this mathematical model does 
not consider the eLect of the investigated parameters on tibial rotation. Thirdf in our 
studyf we performed a horizontal obli?ue osteotomy targeting the tip of the Mbular head. 
Howeverf to preserve the tibial tubercle and the patellar heightf often a biplanar 
osteotomy will be performed intraoperatively448. We expect this does not aLect the 
results of this studyf as the horizontal obli?ue osteotomy remains the same in a 
biplanar osteotomy. Fourthf in our researchf we considered the imposed wedge angle 
while not accounting for the resulting correction in the coronal plane. We realize that 
the wedge angle is usually not e?ual to the correction anglef except when the hinge is 
perfectly perpendicular to the coronal plane. An unintendedf non-lateral hinge position 
combined with a sagittal osteotomy inclination anglef will cause undercorrection or 
overcorrection 435,439,442,449. Our study did not investigate thisf as our primary focus was 
on examining the impact of the osteotomy inclination angle and hinge position on PTS 
changesf rather than the resulting correction. This will be interesting to investigate in 
future researchf as explored by Frings et al.444 by solid-foam proximal tibia models 
Finallyf there is a shared commitment in the literature to minimizing PTS changes after 
MOWTHO. To our 5nowledgef no previous studies have addressed the deMnition of 
clinically relevant PTS changesf ma5ing this a crucial area for future research.  
 
Despite these limitationsf our mathematical approach has the advantage to study the 
combined eLect of the osteotomy inclination angle and hinge position. Studying the 
eLect of one parameter without ta5ing the others into account can lead to non-
conclusive outcomes. Moreoverf this method enabled us to vary several parameters 
separately or combinedf across any range we wanted to considerf and without ta5ing 
measurement errors into account.  
 

.0 �on�lusion 
 
Our mathematical approach showed that the hinge position has a much stronger eLect 
on changing the PTS than the osteotomy inclination angle. An osteotomy parallel to the 
medial tibial plateau with a lateral hinge position results in no change in PTS. We hope 
that this study will create awareness among orthopedic surgeons about the importance 
of a lateral hinge positing to reduce PTS changes during a MOWHTO.  
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�dditional )le 2 
ethod o� �athe�ati�al approa�h 
 
Suppose we represent the original PTS by a vector !% in the sagittal rY�s planef in the 
direction of the tibial plateau. After opening the wedgef the new PTS is then represented 
by the vector !�% . The rotation process can then be mathematically written as 
consecutive multiplication of this vector by a set of Mve so-called xrotation matrices. 
�ach of these matrices describes one of the rotationsf which must be performed to 
describe the in-silico osteotomy. Using these rotation matrices the eLect of the 
osteotomy inclination angle in combination with diLerent hinge positions on the 
change is PTS can be determined. Firstf a rotation around the negative X-axis with angle 
'� was performed to locate the saw cut in the XY plane. The hinge position was rotated 
around the negative �-axis with angle '� to position it in the direction of the Y-axis. The 
osteotomy wedge was opened along the Y-axis with angle �f whereafter rotated bac5 
around the �-axis and the X-axis with angles � and �f respectively. The total rotation 
matrix is provided in �?uation 1. The rotation matrix is provided in �?uation 2.  
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In each casef the rotated vector !%� can be calculated according to �?uation 3. Finallyf 
the resulting new PTS was calculated in the sagittal plane according to �?uation 4f in 
which �� �� and �� �� are respectively the Y- and �-component of vector !%�. 
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�bstra�t 
 
�ack round? High tibial osteotomy rHTOs is a 4oint-preserving treatment for younger 
patients who have unicompartmental 5nee osteoarthritis. Although eLectivef concerns 
persist that prior HTO may compromise subse?uent total 5nee arthroplasty rTKAs. This 
study aimed to assess the revision-free survival of TKA following ipsilateral HTO and 
identify factors associated with failure of both procedures in a U.S. population. 
�ethods? Patients who underwent TKA after prior ipsilateral HTO between 2000 and 
2023 at a single academic institution were prospectively followed rn � 134sf with a mean 
follow-up of 13.5 years rrangef zero to 24.0s postoperative TKA and median ages at HTO 
and TKA of 52 and ^3 yearsf respectively. Preoperative TKA radiographs were assessed 
using the Kellgren and �awrence system. Kaplan–Meier analysis was performed to 
assess HTO and TKA survival. The mean HTO survival was 11.7 years rrangef zero to 
31.0sf with a 10-year TKA conversion rate of 35.8�. Cox regressions identiMed factors 
associated with osteotomy survival. 
Results? Older age rhazard ratio tHRu: 1.0^h P � 0.001sf higher body mass index rHR: 
1.03h P � 0.033sf and lower Charlson Comorbidity Index rCCIs rHR: 0.79h P � 0.001s were 
signiMcantly associated with earlier conversion. Following TKAf ^.0� underwent 
revision surgery. Revisions were more common in younger patients rP � 0.01s and those 
who had lower CCI rP � 0.002s. The infection rate for postoperative TKA was 2.2�. 
Conclusion? In this U.S. cohortf TKA following prior ipsilateral HTO demonstrated a 
revision rate of ^.0�f with younger patients who have lower CCI scores more li5ely to 
re?uire revision. The mean survival of HTO was approximately 12 yearsf with agef body 
mass indexf and comorbidity index signiMcantly inNuencing longevity. These Mndings 
support HTO as a durable 4oint-preserving treatment in younger patientsf helping to 
guide clinical decision-ma5ing and may contribute to increased consideration of HTO 
as a treatment option in suitable people. 
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�$ �ntrodu�tion 
 
The global incidence and prevalence of 5nee osteoarthritis rKOAs is risingf primarily due 
to increasing obesity rates and longer life expectancy4–7. In addition to this overall trendf 
KOA is being diagnosed more fre?uently in younger patients450. For people with 
symptomatic KOA who experience insuLicient symptom relief with conservative 
treatmentsf 5nee arthroplasty remains a well-established treatment option87. Howeverf 
in younger patientsf the ris5 of revision surgery is notably higherf partly attributable to 
their higher functional demands and longer pro4ected lifespan91,92. In this populationf 
4oint-preserving procedurespparticularly realignment osteotomiespoLer an 
established alternative for the treatment of unicompartmental KOA94–96. This procedure 
has demonstrated favorable long-term survival and clinical outcomes97,113–115. 
 
Despite these beneMtsf some surgeons remain hesitant to perform osteotomiesf as it 
has been suggested that a prior osteotomy may compromise future total 5nee 
arthroplasty rTKAs outcomes. Reported concerns include underlying angular deformityf 
patella ba4af the potential need for hardware removalf and an elevated ris5 of 
infection451–454. These factors may increase the technical complexity of the procedure 
and aLect long-term outcomes following TKA. Several meta-analyses have investigated 
these concernsf but results remain mixed454,455. There was one analysis that reported 
higher revision rates in patients who underwent TKA following a previous osteotomyf 
while another found no statistically signiMcant diLerence. Bothf howeverf identiMed 
higher infection rates in patients who had a history of high tibial osteotomy rHTOs454,455. 
Overallf the evidence is inconsistentf with most available data derived from studies 
conducted in �urope. �vidence from the United States rU.S.s population remains 
limitedf highlighting the need for further research in this population. 
 
Given the limited and regionally s5ewed evidence to datef there remains a need for 
population-based studies from the United States to better understand the long-term 
outcomes of TKA following prior osteotomy. To address this gapf the present study 
aimed to evaluate the survival of TKAf deMned by revision-free survivalf in patients who 
had a history of ipsilateral HTO within a U.S. populationf with a mean follow-up of nearly 
14 years. As a secondary ob4ectivef we assessed the survivorship of the HTO itself and 
investigated ris5 factors associated with osteotomy and TKA failure. 
 

�$ 
ethods 
 
4:3 �tudy desi�n 
A retrospective review was conducted of all patients who underwent TKA between 
uly 
25f 2000f and May 11f 2023f at a single academic medical center. Institutional review 
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board rMayo Clinic IRB l15-000^01s approval was obtained prior to data collection. 
Inclusion criteria encompassed patients who had previously undergone an HTO of the 
same 5nee prior to their TKA. Patients who had distal femoral osteotomies or combined 
procedures involving both distal femoral and proximal tibial osteotomies were 
excluded. Following TKAf patients were prospectively monitored through the Mayo 
Clinic Total 
oint Registry rT
Rs to evaluate implant survivalf as well as the incidence of 
revision surgeries and complicationsf such as postoperative infections. The T
R 
systematically collects patient demographicsf surgical dataf and postoperative 
complications in a prospective manner for every person receiving 4oint arthroplasty at 
the institution. 
 
4:4 Patients 
A total of 134 patients met the inclusion criteriaf having undergone an HTO followed by 
TKA. These patients were followed for a mean duration of 25.7 years rrangef 7.0 to 3^.0s 
after their HTO. The HTO surgeries were performed between 1988 and 2017f all at the 
Mayo Clinic. Subse?uent TKA procedures were carried out at the same institution 
between 2000 and 2023. �ateral closing wedge osteotomy was the predominant 
techni?ue utilizedf with medial opening wedge osteotomies comprising the minority of 
the cohort. Patient characteristics are summarized in Table 1. 
 
�a�le 7 I �atient �e%ogra(hics and ��� �haracteristics. 

�ariable �alue 
Age rmedian rI�Rss 
    At HTOf years 
    At TKAf years 

 
52.0 r13s 
^3.5 r14s 

Sex rmedian rI�Rss 
    Women 
    Men 

 
38 r28.4�s 
9^ r71.^�s 

Body Mass Indexf 5gmm2 rmedian rI�Rss 30.3 r7.9s 
Charlson Comorbidity Index rmedian rI�Rss 3.0 r3.0s 
�aterality rNumber r�ss 
    �eft 
    Right 

 
70 r52.2�s 
^4 r47.8�s 

Osteotomy performed rNumber r�ss 
    Medial opening wedge 
    �ateral closing wedge 

 
30 r22.4�s 
104 r77.^�s 

���F �nter)uartile �ange 
 
4:5 
easured Outcomes 
Revision surgery was deMned as the replacement of the tibialf femoralf or patellar 
components andmor exchange of the polyethylene insert. Isolated polyethylene inserts 
exchanges performed due to infection were not classiMed as revision surgery. Detailed 
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intraoperative TKA datapincluding use of femoral and tibial stemsf implant constraint 
levelsf and insert sizepwere systematically collected. The Charlson Comorbidity Index 
rCCIs was recorded for all patientsf ad4usted for disease severity and age. Prior to TKAf 
the severity of KOA was assessed on weight-bearing radiographs using the Kellgren and 
�awrence rK�s grading systemf independently scored by two observers. Discrepancies 
were resolved through consensus discussion. In additionf the 
oint �ine Obli?uity r
�Os 
angle was measured on preoperative TKA radiographs and was deMned as the angle 
between the tibial plateau 4oint line and a line parallel to the ground rFigure 1s. Alsof 
range of motion rROMs was recorded prior to TKA in the T
R and was deMned as Nexion 
minus extension.

4:6 �ata Analyses
Patient demographics and surgical characteristics were summarized using means and 
SDs for normally distributed variables and medians with inter?uartile ranges for non-
normally distributed variables. Categorical variables were reported as absolute 
numbers and corresponding percentages. Kaplan–Meier survival analysis was 
performed to evaluate both osteotomy and TKA survival. The end date of follow-up was 

une 2025f unless an earlier event had occurredf deMned as deathf revision surgeryf or 
reoperation. Cox proportional hazards regression models were used to identify factors 
associated with osteotomy survivalf including age at the time of osteotomyf body mass 
index rBMIsf and CCI. DiLerences in continuous variablespincluding agef BMIf CCIf and 

�Opbetween patients who did and did not undergo revision surgery were assessed 
using Mann–Whitney U-tests. Interobserver reliability for K� grading was evaluated 

Figure 7 I �easure%ent of "oint l ine o�li)uit1 K	L�L in a (atient who (re.iousl1 
underwent a high ti�ial osteoto%1 of the left knee. �he 	L� is defined as the angle 
�etween the ti�ial  (lateau "oint l ine and a l ine (arallel to the ground Kdotted l ineL.
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using the percentage of agreement between observers. All statistical analyses were 
conducted using R version 4.5.1 rR Foundation for Statistical Computingf �iennaf 
Austrias. P-values of � 0.05 were considered statistically signiMcant. 
 

�$ �esults 
 
5:3 �ur,i,al osteotomies and �KA 
All patients underwent conversion to TKAf which occurred at a mean of 11.7 years 
rrangef zero to 31.0s following HTO. Cumulative conversion rates were ̂ .7� at Mve years 
and 35.8� at 10 years postoperative HTO rFigure 2As. In a regression model examining 
correlating factors with the subse?uent conversion to TKAf older age was signiMcantly 
associated with a hazard ratio rHRs of 1.0^ r95� conMdence interval tCIu: 1.04 to 1.09h 
P � 0.001s. The BMI was associated with an HR of 1.03 r95� CI: 1.00 to 1.0^h P � 0.03sf 
and CCI with an HR of 0.79 r95� CI: 0.72 to 0.87h P � 0.001s. 
 
The mean follow-up duration after TKA was 13.5 years rrangef zero to 24.0s rFigure 2Bs. 
In totalf eight 5nees r^.0�s underwent revision surgeryf with a mean time to revision of 
7.^ years rrangef zero to 22.0s. Indications for revision included hyperextension laxity in 
one casef infection in one casef pain of un5nown origin in two casesf and tibial 
component loosening in four cases. There was one revision for tibial component 
looseningf which involved stemmed tibial and femoral components. Postoperative 
infection occurred in three 5nees r2.2�sf all of which were managed with irrigation and 
debridement and component retention rTable 2s. Patients who underwent revision 
surgery were signiMcantly younger than those who did not rmedian age 52 versus ^4 
yearsh U � 239.0h P � 0.01s. There was no statistically signiMcant diLerence in BMI and 

�O between the revision and no-revision groups rmedian BMI 2^.3 versus 29.9h U � 
477.0h P � 0.8s rmedian 
�O 5.5 versus ̂ .0h U � 3^3.5h P � 0.^2s. The CCI was signiMcantly 
lower among patients who underwent revision surgery rmedian 1.0s than those who did 
not rmedian 3.0s rU � 20^.0h P � 0.01s. Of the patients who underwent revision surgery 
for tibial component looseningf one had both a stemmed tibial and a stemmed femoral 
component. 

 
Reoperation for any cause was performed in seven HTO-TKAs: debridement in three 
casesf periprosthetic fractures in two casesf manipulation in two casesf and lysis of 
adhesions with manipulation in one case. Preoperative ROM was recorded in 81 
patients r^0.5�sf with a median ROM of 110.0} rinter?uartile rangef 20}s. 
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�a�le 2 I �K� sur.i.alD including nu%�er of re.isions and reasons for re.ision.
�ariable
Follow-up time after TKA 13.5 years rrangef 0.0 to 24.0 yearss
Revision of TKA
   No
   Yes

12^ r94.0�s
8 r^.0�s

Reason revision TKA
   Tibial component loosening
   Pain of un5nown origin
   Infection
   Hyperextension laxity

4 r50.0�s
2 r25.0�s
1 r12.5�s
1 r12.5�s

�K�F �otal Knee �rthro(last1

5:4 Intra=operati,e
A total of 20 surgeons performed osteotomies and subse?uent TKAsf with 80 5nees 
r59.7�s undergoing both procedures by the same surgeon. Tibial stems were used in 
14.9� of TKAsf while femoral stems were utilized in 5.2� of cases. The most used tibial 
polyethylene insert design was a posterior-stabilized implantf accounting for 94.0� of 
TKAs. The median insert size was 12.5 rI�Rf 3.3s mm. The implant details are 
summarized in Table 3.

5:5 �adio�raphs
Prior to TKAf 124 5nee radiographs r92.5�s were available. The K� grading was 
independently assessed by two observersf with an agreement rate of 9^.0�. 
Discrepancies in Mve radiographs were resolved through consensus discussion. The 
medial compartment was the most aLected compartment in 121 cases r97.^�sf while 
the lateral compartment was most aLected in three cases r2.4�s. Distribution of 

Figure 2– Ka(lanI�eier cur.es il lustrating cu%ulati.e incidence. �anel � shows 
the cu%ulati.e incidence of con.ersion fro% �igh �i�ial �steoto%1 K���L to �otal 
Knee �rthro(last1 K�K�L o.er ti%e. �anel � dis(la1s the cu%ulati.e incidence of 
the �K�.

A. B.A. B.B.
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preoperative K� grades was 4 r3.2�s with Grade 2f 39 r31.5�s with Grade 3f and 81 
r^5.3�s with Grade 4. The mean 
�O was 5.8 rrangef 0.2 to 12.2sf which indicated a 
tendency toward medial 4oint line obli?uity. 
 
�a�le 9 I �o%(onents �sed at �K� (lace%ent.  

�ariable �alue 
Stemmed tibial component 
    Yes 
    No 

 
20 r14.9�s 
114 r85.1�s 

Stemmed femoral component 
    Yes 
    No 
TKA tibial polyethylene insert design 
    Cruciate retaining 
    Posterior stabilized 
    �arusmvalgus constrained 

 
7 r5.2�s 
127 r94.8�s 
 
5 r3.7�s 
12^ r94.0�s 
3 r2.2�s 

Polyethylene insertsf mm� 12.5 rI�R 3.3s 
�K�D �otal Knee �rthro(last1F %%D %illi%eter  
 

 $ �is�ussion 
 
The purpose of the present study was to determine the survival of TKAsf deMned by 
revision-free survivalf in patients who had a history of ipsilateral HTO within a U.S. 
populationf with a mean follow-up of nearly 14 years. We observed a revision rate of 
5.2� in this cohortf with an average follow-up duration of nearly 14 years postoperative 
TKA. Patients who re?uired revision surgery were younger at the time of TKAf consistent 
with previous Mndings that younger age is a recognized ris5 factor for TKA failure91. 
Reported revision rates in the literature for patients who have undergone both an HTO 
and subse?uent TKA range from 3 to 8�351,456–458f with most studies reporting rates 
exceeding 5.0�. Howeverf these studies have been predominantly conducted in 
�uropean populations. A recent meta-analysis reported a revision rate of 7.7� for TKAs 
in patients who had a history of osteotomyf also primarily based on �uropean data457. 
In contrastf our Mndings in a U.S. based cohort with substantially longer follow-up 
demonstrate comparable revision ratesf which are even lower than those reported in 
many previous studies456–458. 
 
Furthermoref we observed a mean survival time of HTO of nearly 14 yearsf with ^4.0� 
of patients not re?uiring conversion to TKA at 10-year follow-up. Cox regression analysis 
showed that the ris5 of conversion to TKA increased by ^.0� for each additional year of 
age at the time of HTO. Similarlyf each unit increase in BMI was associated with a 3.0� 
higher ris5 of conversion. �uropean studies report that approximately 75.0� of patients 
remain free of TKA at 10 years following HTO351,459,460. Howeverf the mean BMI in our 
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cohort was 4 units higher than in these �uropean populationsf which may explain the 
slightly higher cumulative conversion rates observed in our U.S. population. 
Nonethelessf despite this higher BMIf ^4.0� of patients in our study did not re?uire TKA 
even 10 years after HTO. Alsof we found that each unit increase in the Charlson 
Comorbidity Index was associated with a 21.0� lower li5elihood of TKA conversion. 
Potential explanations for this include that healthier patients may have higher 
postoperative expectations and therefore pursue TKA soonerf or alternativelyf that 
patients who have greater comorbidity are less li5ely to undergo additional surgery due 
to elevated perioperative ris5. 
 
The 5nee radiographs demonstrate a mean 
�O of approximately ^°f which is li5ely a 
conse?uence of the prior osteotomyf especially when correction is excessive or too 
close to the 4oint line461,462. Biomechanical studies show that a 4} change in 
�O can 
induce signiMcant medio-lateral femoro-tibial subluxation and alter compartmental 
contact pressures461. Finite element analyses have shown that a 
�O of 5} or more 
increases shear stress in the medial tibial cartilage from approximately 1.^�MPa to 
between 3 and 7�MPaf depending on the degree of obli?uity r5}f 7.5}f and 10}f 
respectivelys462. In our studyf postoperative osteotomy radiographs were limitedh 
howeverf preoperative TKA radiographs demonstrated a mean 
�O of nearly ^}f which is 
higher than typically reported in the literature. Patients who underwent revision surgery 
had higher preoperative TKA 
�O values compared to those who did not re?uire revision. 
While a direct relationship between 
�O and osteotomy survival has not yet been 
establishedf this area warrants further investigation. Additionallyf it remains unclear 
whether preoperative TKA 
�O inNuences TKA survivalf as current evidence on this 
association is mixed463,464.  
 
The use of HTOs in the U.S. is rare compared to arthroplasty procedures. Data from the 
PearlDiver database identiMed only 2f183 HTOs over a 12-year period350f whereasf for 
examplef in the Netherlands more than 1f000 HTOs are performed annually118. Dutch 
literature further reports that over a 1^-year periodf more than 10f000 patients who had 
undergone TKA following a prior ipsilateral osteotomyf implying that the total number of 
osteotomies performed was even higherf as not all patients re?uire conversion351. 
Despite the limited use of HTO in the U.S.f available literature reports a 10-year 
survivorship of 5^.0�465 and a mean survival time of 14�years114f although the latter 
Mnding is based on a relatively small sample size. Revision studies are e?ually scarceh 
one U.S. study included only 40 patients and reported a 15-year revision rate of 4ust 
3.0�466. To our 5nowledgef the present study includes the largest U.S. cohort of patients 
who underwent TKA following HTOf with a substantially longer follow-up compared to 
most prior studies. These strengths enhance the relevance and generalizability of our 
Mndings to clinical practice in North American populations. 
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Despite the strengths of our studyf several important limitations must be 
ac5nowledged. Our cohort included only patients who underwent both HTO and 
subse?uent TKAf representing a potentially biased subgroupf as not all HTO patients 
ultimately re?uire conversion. This design inherently biases the reported HTO-to-TKA 
survival time upward and limits the reliability of a true survivorship analysis of HTOf as 
such an analysis would re?uire inclusion of the entire HTO populationf not only those 
who eventually failed. Future research should focus on identifying factors associated 
with HTO survival in a U.S. population and patient satisfaction after HTO. Knee 
radiographs before and after HTO were limitedf which prevented us from incorporating 
radiographic parameters into our osteotomy survival analysis. Previous studies have 
shown thatf in addition to patient-related factorsf both preoperative osteoarthritis 
severity and postoperative alignment are important predictors of HTO failure96,115,459,460. 
Unfortunatelyf these variables could not be accounted for in our current analysis. This 
limitation reNects the nature of our cohortf which consisted of patients receiving 
routine clinical care. Most HTOs were performed before 2000 because we aimed to 
include patients who have long-term follow-up after TKA. As a resultf we did not have 
access to whole-leg radiographsf and alignment parameters could not be 
systematically measured for the ma4ority of patients. Additionallyf 
�O was assessed on 
weight-bearing 5nee radiographsf which may be less accurate compared to 
measurements ta5en on whole-leg radiographs. Most procedures involved lateralf 
closing-wedge osteotomies with staple Mxationf reNecting common practice during the 
studied period. Additionallyf the ma4ority of conversions to TKA were performed by the 
same surgeonf which may further limit the generalizability of our results. As medial 
opening-wedge techni?ues with modern Mxation systems have become more widely 
adoptedf their diLerent biomechanical and clinical outcomes may limit the 
applicability of our results to contemporary HTO practice. These diLerences should be 
considered when interpreting our long-term Mndingsf and further investigation is 
warranted. All procedures were performed in a tertiary referral center with high surgical 
expertise in complex primary TKAf potentially limiting generalizability to other practice 
settings. Outcomes observed in this high-volumef expert setting may not reNect results 
achievable in community or lower-volume hospitalsf thus limiting external validity. 
Notablyf TKA after HTO is a technically demanding proceduref and revision rates may 
be higher when performed by less experienced surgeons. Alsof this study lac5ed a 
control group of patients undergoing TKA without prior HTO. Future researchf 
particularly within U.S. populationsf should include matched-controlled studies 
comparing patients who have and those who do not have a history of osteotomyf which 
would allow for more deMnitive conclusions regarding TKA survivalf including revisionsf 
reoperationsf and patient-reported outcomes. 
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!$ �on�lusion 
 
This study aimed to assess the revision-free survival of TKAs in patients who had a 
history of ipsilateral HTO within a U.S. population. We observed a ^.0� revision rate 
after TKAf with patients who underwent revision surgery being younger and healthier. 
The mean survival time of HTO was approximately 12 yearsf with agef BMIf and 
comorbidity index identiMed as statistically signiMcant factors inNuencing survival. 
These Mndings oLer valuable insights into HTO-to-TKA conversion outcomes in the U.S. 
population. Future matched controlled studies are warranted to guide clinical 
decision-ma5ing and may contribute to increased consideration of HTO as a viable 
4oint-preserving option in appropriately selected people.  
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�bstra�t  
 
�ack round: Total 5nee arthroplasty rTKAs is the treatment of choice for end-stage 
5nee osteoarthritis in many patients. In younger patients with predominantly medial 
compartment diseasef high tibial osteotomy rHTOs is performed as a 4oint-preserving 
treatment. Howeverf concerns remain regarding potentially compromised outcomes of 
TKA following prior HTO given axial deviationf osteotomy sitef secondary surgeryf prior 
hardware and instrumentation. Thereforef this study compared long-term implant 
survivalf revision and infection ratesf and patient-reported outcomes between patients 
undergoing TKA after HTO and matched TKA-only controls. 
�ethods: Postoperative complications and revision surgeries were prospectively 
recorded in patients who underwent TKA from 2000 to 2023 at a single academic center. 
Patients with prior ipsilateral HTO formed the study group and were propensity matched 
1:2 to TKA-only patients without a prior osteotomy based on agef sexf and BMI. Knee 
Society Scores rKSSs were collected prospectively. Implant survivorship was analyzed 
using Kaplan–Meier survival curves and Cox proportional hazards models. 
Results: The study included 134 HTO-TKA and 2^8 matched TKA-only patientsf with 
mean follow-up of 10.5 � ^.4 years rrange: 0-24 yearss after TKA. Both groups showed 
signiMcant postoperative improvements in KSS rp � 0.02s with comparable clinical 
outcomes rHTO-TKA: 79.0 r^.0sf TKA-only: 79.0 r11.8ss. Revision arthroplasty rates were 
5.2� for HTO-TKA and 4.5� for TKA-only rp � 0.^9sh mean time to revision was 8.1 � 8.7 
years vs. 4.4 � 3.5 yearsf respectively rp � 0.30s. Infection rates were 2.2� and 1.1�f 
respectively rp � 0.74s.  
Conclusions: Revision and infection rates were comparable between HTO-TKA and 
matched TKA-only patientsf with no statistically signiMcant diLerences. Our Mndings 
demonstrate comparable patient-reported outcomes in both groups. These Mndings 
indicate that a prior HTO does not adversely aLect TKA implant longevity or clinical 
outcomes when compared with matched primary TKA patients within the U.S. 
population. 
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*0 �ntrodu�tion 
 
Total 5nee arthroplasty rTKAs is a widely accepted surgical intervention for end-stage 
symptomatic 5nee osteoarthritis rKOAsf aiming to relieve pain and restore 4oint function�

87,467,468. Although TKA generally oLers favorable long-term outcomesf with reported 
survival rates of around 93� at 15 years469,470 and 82� at 25 years469f implant failure 
remains a signiMcant concern. The global rise in TKA use has been accompanied by an 
increasing number of revision procedures88–90f often due to aseptic looseningf 
periprosthetic 4oint infectionf persistent painf or instability470–472. Compared to primary 
TKAf revision surgeries are more invasivef costlierf and typically result in poorer 
functional outcomes satisfaction87,91.  
 
Given the higher revision ris5 in younger patientsf 4oint-preserving treatments are 
increasingly emphasized87,91,93. Realignment osteotomies have demonstrated 
favorable long-term results in this group97,113–115. Neverthelessf concerns persist among 
some surgeons regarding their potential to complicate potential future TKA. Reported 
challenges include residual angular deformitiesf patella ba4af the need for hardware 
removalf and a potentially elevated ris5 of infectionpfactors potentially increasing 
surgical complexity and aLecting outcomes451–454.  
 
Despite these concernsf evidence on long-term TKA outcomes after prior osteotomy 
remain incompletely characterized across diLerent populations. While several meta-
analyses454,455,473 and registry studies have reported comparable outcomes122,458,474f 
many are predominantly based on �uropean and Asian cohorts. In the United States 
rU.S.sf long-term outcome data on TKA following high tibial osteotomy rHTOs are 
scarce475–479f largely reNecting the relatively limited use of HTO compared with 
arthroplasty350,480. Although excellent long-term survivorship of TKA after HTO has been 
demonstrated in a U.S. study475f the lac5 of a matched primary TKA control group limits 
meaningful comparative interpretation481. Collectivelyf these limitations underscore 
the need for well-designed comparative studies with long-term follow-up in a U.S. 
population. 
 
Thereforef this study assessed long-term implant survival by comparing revision rates 
and patient-reported outcomes between individuals with prior HTO and matched TKA-
only controls. We hypothesized that patients with a history of HTO would show similar 
clinical results and revision rates as those receiving TKA without prior history of 
osteotomy. These Mndings may help guide surgical decision-ma5ing in younger patients 
considering 4oint-preserving procedures. 
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+0 
ethods 
 
4:3 �tudy desi�n 
This matched-controlled study included patients who underwent TKA between 2000 
and 2023 at a single academic medical center. Those with a HTO on the same 5neef 
both performed at the same centerf were retrospectively identiMed. These patients 
formed the study group and were matched 1:2 using nearest-neighbor propensity score 
matching with controls who underwent primary TKA without prior HTOf based on agef 
sexf and body mass index rBMIsf using R rversion 4.5.1h R Foundation for Statistical 
Computingf �iennaf Austrias. All patients were prospectively followed through the Mayo 
Clinic Total 
oint Registryf which systematically collects demographic dataf surgical 
detailsf postoperative complicationsf and patient-reported outcome measures. 
Outcomes of interest included implant survivorshipf revision surgeryf and 
postoperative infection. Institutional Review Board approval was obtained prior to data 
collection rMayo Clinic IRB l15-000^01s. 
 
4:4 
easured Outcomes 
Revision procedures were deMned as the replacement of any prosthetic componentf 
including the femoralf tibialf or patellar elementsf andmor exchange of the polyethylene 
insert. Isolated insert exchanges performed solely for infection management were 
excluded and classiMed under postoperative infections. Intraoperative datapsuch as 
use of femoral or tibial stemsf insert designf and polyethylene thic5nesspwere 
systematically recorded. Tibial and femoral stems were used at the surgeonys 
discretion based on bone ?ualityf alignmentf and implant stability. The Charlson 
Comorbidity Indexf a validated measure that accounts for both the number and severity 
of comorbid conditions and is ad4usted for agef was calculated for each patient. The 
Knee Society Score rKSSs482 and range of motion rROMsf deMned as Nexion minus 
extensionf were prospectively collected through the Total 
oint Registry. Postoperative 
patellar height index was measured on lateral radiographs using the Insall-Salvati Index 
rISIs. Patella ba4a was deMned using ISI � 0.8. 
 
4:5 �tatistical analysis 
Descriptive statistics summarized patient and surgical characteristics. Continuous 
variables were expressed as means � standard deviations or medians rI�Rs as 
appropriatef categorical variables as fre?uencies and percentages. Between-group 
diLerences were assessed using the Mann–Whitney U test for continuous data and the 
Chi-s?uare test for categorical data. Implant survival following TKA was analyzed with 
Kaplan–Meier curvesf and Cox proportional hazards models estimated ad4usted hazard 
ratios rHRss for revision and infectionf using the TKA-only group as reference. Time to 
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revision was also compared using the Mann–Whitney U test. Analyses were performed 
in SPSS rversion 29.0h IBM Corp.f Armon5f NYf USAsf with p � 0.05 considered 
signiMcant. 
 

,0 �esults 
 
5:3 Patients 
A total of 134 patients undergoing both HTO and subse?uent TKA were matched to 2^8 
TKA-only patientsf forming the matched-controlled study cohort. Mean follow-up after 
TKA was 10.5 � ^.4 years rrange 0–24sf with 0-year follow-up indicating revision within 
the Mrst year. HTOs were performed between 1988 and 2017h all TKAs between 2000 
and 2023 at the same institution. �ateral closing wedge osteotomy predominated 
r77.^�sf with medial opening wedge in 22.4�. Baseline characteristics did not diLer 
between groups rTable 1s. 
 
�a�le 7 I �aseline (atient characteristics of the ���I�K� and �K�Ionl1 grou(s. 
�alues are (resented %edian with inter)uartile range or nu%�er with (ercentage. 
�I.alues indicate co%(arisons �etween grou(s using the �ann–�hitne1 � test 
for continuous .aria�les and the �hiIs)uare test for categorical .aria�les. 

�ariable ���-�
� patients �
�-onl1 patients P-value 
Age rmedian rI�Rss 
        At TKAf years 

 
^3.5 r14s 

 
^4.0 r14s 

 
0.^8 

Sex rmedian rI�Rss 
    Female 
    Male 

 
38 r28.4�s 
9^ r71.^�s 

 
58 r25.4�s 
200 r74.^�s 

0.52 

BMIf 5gmm2 rmedian 
rI�Rss 

30.3 r7.9s 30.5 r7.^s 0.37 

Charlson Comorbidity 
Index rmedian rI�Rss 

3.0 r3.0s 3.0 r4.0s 0.27 

���F �nter)uartile �angeD �K�F �otal Knee �rthro(last1F ���D �od1 �ass �nde0F ���D �igh �i�ial 
�steoto%1  
 
5:4 Intra=operati,e 
A total of 29 surgeons performed the TKAs. In the HTO-TKA groupf 59.7� had both 
procedures by the same surgeonf and 3.7� underwent osteotomy hardware removal 
prior to TKA. Tibial stems were used in 14.9� versus 13.8� of TKA-only cases rp � 0.85sf 
and femoral stems in 5.2� versus 3.2� rp � 0.48s. Posterior-stabilized inserts were 
most common in both groups. Polyethylene inserts were thic5er in HTO-TKA than TKA-
only r12.5 vs. 10.0 mmf p � 0.001s. Implant details are in Table 2. 
 
 



222

Chapter 15

 

�a�le 2 I �.er.iew of co%(onents used at the ti%e of �K� in the ���I�K� and �K�I
onl1 grou(s. �ata includes the use of ti�ial and fe%oral ste%sD ti�ial (ol1eth1lene 
insert designD and (ol1eth1lene insert thickness. 

�ariable ���-�
� �
�-onl1 P-value 
Stemmed tibial component 
    Yes 
    No 

 
20 r14.9�s 
114 r85.1�s 

 
35 r13.8�s 
218 r8^.2�s 

0.85 
 

Stemmed femoral component 
    Yes 
    No 
TKA tibial polyethylene insert design 
    Cruciate retaining  
    Posterior stabilized   
    �arusmvalgus constrained   
    Hinged 

 
7 r5.2�s 
127 r94.8�s 
 
5 r3.7�s 
12^ r94.0�s 
3 r2.2�s 
0 r0.0�s 

 
8 r3.2�s 
245 r9^.8�s 
 
29 r10.8�s 
233 r8^.9�s 
4 r1.5�s 
2 r0.7�s 

0.48 
 
 
0.07 

Polyethylene insertsf mm 12.5 rI�R 3.3s 10.0 rI�R 3.5s � 0.001 
�K�F �otal Knee �rthro(last1F ���D �igh �i�ial �steoto%1  
 
5:5 �ur,i,al �otal Knee Arthroplasty 
In the HTO-TKA groupf eight 5nees r^.0�s underwent revision at a mean of 7.^ � 8.2 
yearsf with 9^� unrevised at 15 years rFigure 1s. Revisions were mainly due to tibial 
component loosening rn � 5sf valgus malalignment with leg length discrepancy rn � 1sf 
instability rn � 1sf and infection rn � 1s. Revised patients were younger and had lower 
CCI scores than non-revised patients rmedian age 52 vs. ^4 yearsf p � 0.01h CCI 1.0 vs. 
3.0f p � 0.01sf with no BMI r2^.3 vs. 29.9f p � 0.80s or sex rfemale: 12.5� vs. 29.4�f p � 
0.31s diLerences. 
 
All-cause reoperations occurred in 10 HTO-TKAs r7.5�sf including three cases r2.2�s 
of postoperative periprosthetic 4oint infection managed with irrigationf debridementf 
and component retention at a mean of 1.5 � 2.1 months postoperatively. Other 
reoperations included debridement rn�3sf periprosthetic fracture Mxation rn�2f both 
distal femoral fracturessf manipulation under anesthesia rn�2sf and lysis of adhesions 
combined with manipulation rn�1s. 
 
In the TKA-only groupf 12 5nees r4.5�s were revised at 4.4 � 3.5 yearsh 94� remained 
unrevised at 15 years. Revisions included loosening rtibial n � 2f femoral n � 3f both n � 
2sf infection rn � 2sf instability rn � 2sf and osteolysis rn � 1s. No signiMcant diLerences 
were found between revised and non-revised patients in age rmedian 59 vs. ^4 yearsf p 
� 0.37sf BMI r35.2 vs. 30.5f p � 0.17sf CCI r2.5 vs. 3.0f p � 0.12sf and sex rfemale: 25.0� 
vs. 25.4�f p � 0.98s. 
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All-cause reoperation occurred in 15 cases r5.^�sf including three periprosthetic 4oint 
infection r1.1�s re?uiring insert exchange at a mean of 2^.0 � 28.5 months. Other 
reoperations included debridement rn � 2sf periprosthetic fracture Mxation rn � 1f distal 
femoral fracturesf manipulation under anesthesia rn � 8sf and ?uadriceps tendon repair 
rn � 1s.

No signiMcant diLerences were found between the HTO-TKA and TKA-only groups in 
revision rates rHR � 1.2f p � 0.^9sf infection rates rHR 0.7f p � 0.74sf or time to revision 
rp � 0.30s. 

5:6 Patient �eported Outcome 
easures
Following TKAf both KSS Knee and Functional Scores improved signiMcantly at 2-f 5-f 
and 10-year rFigure 2s rall p � 0.02 for Kneeh all p � 0.001 for Functionals. Preoperativelyf 
KSS Knee Scores did not diLer between HTO-TKA and TKA-only groups rp � 0.^1sf 
whereas Functional Scores were higher in the HTO-TKA group rp � 0.01s. Throughout 
follow-upf no signiMcant group diLerences were observed for Knee Scores at 2 rp � 
0.^9sf 5 rp � 0.32sf or 10 years rp � 0.29sf or in KSS Functional Scores at 2 rp � 0.28sf 5 rp 
� 0.75sf or 10 years rp � 0.49s. See Table 3. Patient-reported outcome response rates 
ranged from ^0.4� rHTO-TKAs and 44.8� rTKA-onlys preoperativelyf to 78.0� vs. 71.1� 
at 2 yearsf ^8.0� vs. 58.2� at 5 yearsf and 50.5� vs. 45.^� at 10 years. Preoperative 
ROM data were available for 193 patients r48.0�sf with a median of 110} rI�R 20}s and 
no diLerence between groups.

Figure 7 – Ka(lan–�eier sur.i.al cur.es showing the cu%ulati.e incidence of �K� 
sur.i.orshi( in �oth the ���I�K� and (ri%ar1 �K� grou(s o.er the followIu( 
(eriod.
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5:7 Postoperati,e Patellar �ei�ht
Postoperative ISI diLered signiMcantly between groupsf with higher values observed in 
the TKA-only group r1.13 � 0.22s compared to the HTO-TKA group r1.04 � 0.1^h p � 
0.001s. Howeverf the incidence of patella ba4a was low and did not diLer between 
groups r5.3� vs 4.7�f p � 0.99s.

-0 �is�ussion

This study evaluated long-term implant survival by comparing revision rates and 
patient-reported outcomes between patients with prior HTO and matched TKA-only 
controls. Our results show comparable outcomes and no signiMcant diLerence in 
revision rates between groups. Although previous meta-analyses and cohort studies 
have reported mixed Mndings454,455,458,473f most matched-controlled studiespmainly 
from �urope and Asia with small samples and limited follow-uppalso found no 
signiMcant diLerences483–486. In the U.S.f few matched cohort studies have examined 
this ?uestion and similarly reported comparable revision rates114,466. By including a 
larger U.S. cohort with extended follow-upf our study adds to existing evidence 
demonstrating no signiMcant diLerence in revision rates between HTO-TKA and TKA-
only patients.

Postoperative infection rates were 2.2� in the HTO-TKA group and 1.1� in the TKA-only 
groupf with no signiMcant diLerence observed. Although prior meta-analyses reported 
a higher infection ris5 after TKA following osteotomy454,455f our HTO-TKA rates fall within 
the ranges described for primary TKA in the literature487–489. 

The HTO-TKA and TKA-only groups demonstrated similar use of tibial polyethylene 
insert designs and tibial and femoral stem components. The comparable use of tibial 

Figure 2 I �reo(erati.e and (osto(erati.e K�� Knee and Function su�Iscores are 
(resented for �oth ���I�K� and (ri%ar1 �K� grou(sD with ti%e (oint 2ero Kt T 6L 
re(resenting the (reo(erati.e assess%ent. 

A. B.
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and femoral stems suggests that HTO-TKA procedures more closely resemble primary 
TKA rather than revision arthroplasty or other complex interventions. In both groupsf the 
posterior-stabilized insert design was the most commonly used across all years. 
Howeverf in 2022 and 2023f cruciate-retaining designs were employed nearly as 
fre?uently as posterior-stabilized designs. Polyethylene insert thic5ness was 
signiMcantly higher in HTO-TKAf li5ely due to increased tibial resection from prior 
osteotomyf highlighting the importance of thorough preoperative planning. 
Nonethelessf the clinical relevance of this 2.5 mm median diLerence in insert 
thic5ness remains unclear. 
 
With the rising burden of KOA4–7f especially among younger patients34f eLective and 
durable treatment strategies are increasingly important. This need is emphasized by 
the growing number of younger individuals undergoing TKA490f a procedure associated 
in this group with higher revision ris591,343. Revision arthroplasties are more complexf 
costlierf and associated to lower patient satisfaction compared to TKA-onlys87,91f 
highlighting the value of 4oint-preserving options such as HTO. Prior studies have shown 
favorable implant survival97,113–117f improved patient-reported outcomes103,104,106f and 
high return-to-sport rates108–110 after HTO. Neverthelessf some patients eventually 
re?uire TKA97,113–117f raising concerns about technical diLiculty and outcomes after 
osteotomy. Our study found comparable revision rates between HTO-TKA and matched 
TKA-only controlsf supporting HTO as a 4oint-preserving option for selected younger 
patients with unicompartmental KOAf including in the U.S. 
 
Several limitations should be considered when interpreting these results. Firstf all 
procedures were performed at a tertiary referral center with high surgical expertise in 
complex TKAf which may limit generalizability. Howeverf the involvement of multiple 
surgeons enhances the generalizability of our Mndings while potentially introducing 
variability in surgical techni?ue and expertise that may have inNuenced outcomes. 
Secondf most osteotomies involved lateral closing-wedge techni?ues with staple 
Mxationf reNecting historical practice. As medial opening-wedge approaches and newer 
Mxation methods have become more commonf applicability to current practice may be 
limited. Thirdf radiographic parameters such as Kellgren–�awrence grading were not 
includedf as the focus was on TKA survival rather than preoperative severity. Future 
studies including radiographic and alignment data could clarify how baseline 
degeneration and malalignment aLect outcomes. Fourthf patients included in this 
cohort underwent TKA between 2000 and 2023f during a period characterized by 
considerable advancements in implant designf surgical techni?uesf perioperative 
managementf and infection prevention491f which were not independently assessed in 
this analysis. Fifthf patient-reported outcome measures were not available for all 
patients at each follow-up time pointf with response rates gradually declining over timef 



226

Chapter 15

 

which may limit the completeness of long-term outcome data. Sixthf the relatively low 
number of revisions and infections reduced statistical powerh although infections were 
less fre?uent in the TKA-only groupf this diLerence was not signiMcant. Seventhf the 
impact of robotic-assisted techni?ues and cementless Mxation was not analyzed due 
to the infre?uent identiMcation of these characteristics in the registry. Finallyf the 20-
year follow-up limit may restrict very long-term assessment but is unli5ely to aLect 
overall conclusions. Additionallyf given the expected lifespan of a TKA implantf the 
clinical relevance of very late revisions r�15–20 yearss may be debatedh neverthelessf 
these events were conservatively counted as revisions. 
 

.0 �on�lusion 
 
This matched cohort study compared long-term outcomes between patients 
undergoing TKA after HTO and matched TKA-only controls. Revision and infection rates 
were comparablef with no statistically signiMcant diLerences. Our Mndings 
demonstrate comparable patient-reported outcomes in both groups. These Mndings 
indicate that a prior HTO does not adversely aLect TKA implant longevity or clinical 
outcomes when compared with matched primary TKA patients within the U.S. 
population.  
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�eneral su��ar( 
 
The increasing global burden of 5nee osteoarthritis rKOAspparticularly among younger 
and physically active individualsphighlights the pressing need for strategies that 
preservef rather than replacef the native 4oint. While total 5nee arthroplasty rTKAs 
remains a successful end-stage treatmentf it is less ideal for young and active patients 
whose expectations and activity levels demand long-term preservation of 4oint 
function. In this contextf osteotomy has gained substantial attention because of its 
potential to achieve favorable clinical outcomes and long-term 4oint preservation in 
younger patients. 
 
Recognizing the importance of optimizing 4oint-preserving strategiesf this thesis 
focuses on four interrelated domains of KOA research that together span the 
continuum from disease characterization to surgical treatment. Collectivelyf this thesis 
contributes to more accurate diagnostics and more eLective 4oint-preserving strategies 
for individuals with KOApparticularly relevant for the growing population of youngerf 
active patients in the midst of their professional and social livesf who strive to maintain 
mobility and function while delaying or avoiding 4oint replacement. The following 
paragraphs summarize the main Mndings related to each of these research domains. 
 
P�rt 2 : I"�ging �nee �steo�rthritis 
We Mrst aimed to improve radiographic assessment of KOA by exploring how 
radiographic and magnetic resonance imaging rMRIs can more accurately evaluate 4oint 
structure and disease progressionf while accounting for technical factors such as 
patient positioning. These eLorts aimed to establish more reliable and clinically 
meaningful methods for monitoring KOA progression and assessing treatment eLects. 
 
Chapter 2 examined the eLect of 5nee positioning during radiographic ac?uisition on 
the diLerence between radiographic minimal 
oint Space Width rm
SWs and MRI-based 
cartilage thic5ness170. Despite standardized imaging using the Buc5land-Wright 
protocolf the statistical shape model revealed that 5nee rotation and Nexion described 
the two largest principal components of shape variationf resulting in apparent 
reductions in m
SW that did not reNect actual cartilage loss. This highlights the critical 
importance of accounting for positioning errors when interpreting m
SW 
measurements and drawing conclusions in longitudinal studies. 
 
Building upon these Mndingsf Chapter 3 explored the relationships between 
radiographic 
SW and MRI-derived measures of cartilage and meniscal morphology492. 
SpeciMcallyf we evaluated cross-sectional associations between whole-4oint cartilage 
and meniscal characteristics and uni- versus bicompartmental 
SWf as well as their 
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correlations with Kellgren–�awrence rK�s grading. MRI-based indicators of 4oint 
degeneration showed similar associations with uni- and bicompartmental 
SWf while 
bicompartmental measures correlated more strongly with K� grades. These Mndings 
emphasize the importance of incorporating both compartments in KOA assessmentsf 
as reliance on unicompartmental measures alone may not fully capture whole 4oint 
cartilage and meniscal morphology. 
 
P�rt 3 : I"%��t o� �o,er �i"� 
�!�!ign"ent 
The second aim of this thesis was to examine the impact of lower limb malalignment 
through both longitudinal and cross-sectional analyses. This part explored how sport 
activities inNuence alignment parameters and how malalignment aLects 4oint healthf 
thereby highlighting the complex interplay between physical activityf biomechanical 
alignmentf and long-term musculos5eletal health. 
 
Chapter 4 investigated the association between the alpha angle of the hip and lower 
limb alignment in a healthy population. We found that higher alpha angles were 
associated with more tibial varusf and that men exhibited both higher alpha angles and 
more tibial varus compared to women. Additionallyf individuals who reported higher 
levels of sports participation during youth showed more tibial varus. These Mndings 
suggest that both cam morphology and varus alignment may develop through similar 
adaptive mechanisms of the growth plates in response to mechanical loading. Further 
research is needed to explore how mechanical load ad4ustments during growth might 
prevent the development of varus alignment and cam morphologyf thereby reducing 
future osteoarthritis ris5. 
 
Chapter 5 focused on characterizing lower limb malalignment by distinguishing 
between bony and intra-articular alignment to improve predictions of KOA 
progression493. Over a two-year periodf most bones showed a shift toward a more varus 
shape. In additionf patients with bone varus but normal intra-articular alignment 
developed progressive intra-articular varuspconsistent with medial KOA progression. 
These Mndings suggest that bone geometry remains a dynamic process and emphasize 
the importance of leg malalignment in the progression of intra-articular 4oint changes 
during the early stages of KOA. 
 
Chapter 6 applied the same distinction between bony and intra-articular alignment to 
investigate the cross-sectional relationship between 5nee cartilage ?uality rT2s and 
lower limb malalignment494. Using MRI-based T2 mappingf a techni?ue sensitive to 
cartilage compositionf the study found that malalignmentpparticularly intra-
articularpwas associated with compartment-speciMc lower cartilage ?uality. Future 
studies should explore the potential of T2 analysis as a screening tool to identify KOA 
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progression in patients with lower limb malalignmentf thereby guiding the optimal 
timing of corrective osteotomy. 
 
P�rt 4 : �%ti"i/ing �steoto". C�re in �nee �steo�rthritis 
The third aim of this thesis was to improve osteotomy care by reMning preoperative 
planningf enhancing the assessment of bone healingf and optimizing surgical 
techni?ues. By evaluating new planning conceptsf biomaterialsf and standardized 
outcome measuresf this wor5 aims to advance the clinical care and improve outcomes 
for patients undergoing realignment surgery. 
 
Chapter 9 expanded upon traditional preoperative planning for KOA patientsf which 
typically corrects deformities at the metaphyseal level495. By analyzing patients with 
tibial malalignmentf this study identiMed the center of rotation and angulation rCORAs 
and calculated the resulting secondary translational deformities in KOA patients. It 
revealed that the CORA was predominantly located in the diaphysis rather than the 
metaphysisf leading to secondary translational deformities in these patients.  
 
Chapter : further investigated the combined inNuence of CORA locationf distal tibial 
geometryf and correction magnitude on postoperative talar orientation relative to the 
ground in patients undergoing valgus-producing medial opening-wedge high tibial 
osteotomy rMOW-HTOs. The tibia in these patients showed an overall valgus 
conMgurationf mainly due to a valgus-shaped distal tibiaf which was associated with 
postoperative worsening of an5le alignment. These results suggest that patients with 
valgus distal tibial anatomy are more prone to an5le-related complicationsf 
underscoring the importance of evaluating the entire lower-limb geometrypbeyond the 
5neepwhen planning realignment osteotomies. 
 
Chapter ; analyzed long-term trends in high tibial osteotomy rHTOs techni?uesf Mxation 
methodsf and the use of concomitant procedures over the past decades using 
comprehensive patient-level data. The study revealed a clear transition from closed-
wedge to medial open-wedge techni?uesf a shift from staple to plate Mxationf and a 
growing use of HTO in combination with concomitant procedures.  
 
Chapter 10 presented the framewor5 of a randomized controlled trial comparing 
AttraX® Putty placed in an open-wedge osteotomy with conventional open-wedge 
osteotomy without a gap Mller. The study aimed to evaluate the eLicacy of AttraX® Putty 
as a bone graft substitute in reducing postoperative painf while secondary outcomes 
included assessments of bone healing and functional rehabilitation. This trial provided 
a structured approach to ob4ectively assess the clinical value of synthetic biomaterials 
in enhancing recovery and optimizing outcomes after open-wedge osteotomy. 
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Building on the evaluation of bone healingf Chapter 11 presented a systematic review 
that identiMed the various methods used to assess bone union on radiographs after 
open- and closed-wedge proximal tibial and distal femoral osteotomies417. The review 
revealed substantial variation and a lac5 of consensus in deMning bone unionf 
emphasizing the need for a simplef reproduciblef and standardized approach to reliably 
evaluate bone healing following osteotomy. 
 
In response to thisf Chapter 12 evaluated the inter- and intra-rater reliability of the 
newly developed UniMed Bone Union rUBUs classiMcation for assessing time-
dependent bone healing on radiographs after osteotomies around the 5nee496. The 
study also examined the correlation between radiographic and Computed Tomography 
rCTs-based UBU scores. The results demonstrated that the UBU classiMcation is a 
reliablef standardized tool that accurately reNects bone healingf showing strong inter- 
and intra-rater reliability and excellent correlation with CT imaging. Clinicallyf the UBU 
classiMcation oLers a practical method for consistent monitoring of bone healing in 
daily practice. 
 
Finallyf Chapter 13 provided insights into the combined eLect of osteotomy inclination 
and hinge position on changes in posterior tibial slope rPTSs following MOW-HTO497. 
This mathematical analysis demonstrated that hinge position strongly inNuences PTSf 
whereas the sagittal inclination angle has minimal impact. These Mndings emphasize 
that surgeons should pay particular attention to maintaining a lateral hinge position 
during MOW-HTO to prevent an excessive increase in PTS and the associated rise in 
tensile load on the anterior cruciate ligament. 
 
P�rt 5 ; I"%��t o� �steoto"ies on �nee Arthro%!�st. �ut�o"es 
The Mnal part of this thesis focused on assessing the impact of previous osteotomy on 
TKAf aiming to clarify how 4oint-preserving surgery inNuences the outcomes of 
subse?uent procedures. 
 
Chapter 14 evaluated the revision-free survival of TKA after prior ipsilateral HTO in a 
United States rU.S.s population481. The study found a ^.0� revision rate after a mean 
follow-up of 13.5 yearsf with younger age and lower comorbidity scores associated with 
higher revision ris5. The mean HTO survival was about 12 yearsf inNuenced by agef Body 
Mass Index rBMIsf and comorbidity index. These Mndings highlight the need for further 
matched studies comparing TKA after HTO with primary TKA to better understand 
potential diLerences in long-term survival. 
 
Chapter 15 addressed this gap by conducting a matched controlled study comparing 
implant survivalf revisionf infection ratesf and patient-reported outcomes between 
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patients undergoing TKA after HTO and matched TKA-only controls498. The results 
demonstrated comparable revision and infection ratesf as well as similar patient-
reported outcomes between groups. These Mndings conMrm that prior HTO does not 
compromise the success of subse?uent TKAf supporting the role of HTO as an eLective 
4oint-preserving option for appropriately selected younger patients. 
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Discussion 
 
So�iet�! �nd ��ono"i� Burden o� �nee �steo�rthritis 
Through this thesisf the societal impact of 5nee osteoarthritis KOA has become 
increasingly evident. KOA is a chronicf progressive 4oint disease that causes painf 
stiLnessf deformityf and disability in many patientsf leading to limitations in mobilityf 
wor5 participationf and daily functioning�238. Beyond its physical conse?uencesf KOA 
substantially aLects mental health and overall ?uality of lifef with patients often 
reporting increased rates of anxietyf depressionf and lower life satisfaction compared 
with the general population499.  
 
The societal relevance of KOA becomes even more pronounced in light of global 
demographic trends. The problem of an aging populationf particularly in Western 
countriesf is no longer a surprise. The combination of global aging and declining birth 
rates is placing increasing pressure on the available wor5force and underscores the 
growing importance of maintaining a healthy musculos5eletal system that 5eeps the 
elderly at wor5. Within this contextf the orthopedic surgeon plays a 5ey role500 pboth 
through conservative treatments and surgical interventions aimed at preserving 4oint 
function.  
 
Conse?uentlyf the economic implications are considerablef as KOA not only limits 
individual participation but also contributes to rising healthcare utilization. Compared 
with controlsf all-cause healthcare costs are signiMcantly higher for patients with KOA 
p nearly double those of matched individuals without KOA501,502. With the rising 
incidence and prevalence of KOA4f the associated healthcare and socioeconomic 
burden is pro4ected to become an even greater challenge in the coming decades. In this 
contextf 4oint-preserving treatments such as osteotomy may play an important rolef as 
they appear to oLer better cost-eLectiveness compared with UKA or TKA503.   
 
�e�onsidering ��diogr�%hi� Assess"ent in ��A 
Radiographic assessment remains the most widely used method for diagnosing and 
monitoring the severity of KOA30,31. The K� grading system is commonly applied in both 
clinical practice and research. Howeverf its categorical nature limits sensitivity to 
subtle structural changes p the changes that clinical investigations are often most 
interested in detecting. Conse?uentlyf many studies have relied on unicompartmental 
m
SW as a surrogate for disease progression. Yetf as demonstrated in Chapter 2 and 
Chapter 3f unicompartmental m
SW does not ade?uately reNect the radiographic 
progression of KOA. It remains unclear whether observed changes in m
SW represent 
true structural alterationsf measurement variabilityf or positioning errors. 
Neverthelessf if conclusions are to be drawn from m
SW measurementsf it is essential 
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that both compartments are consideredf as this provides a more comprehensive and 
representative assessment of whole-4oint structural damagef as demonstrated in 
Chapter 3. Although this approach may seem intuitivef it is noteworthy that many KOA 
studies still assess only a single compartmentf thereby potentially overloo5ing 
important structural alterations occurring elsewhere in the 4oint. Moreoverf it is worth 
?uestioning whether continued reliance on m
SW measurements alone is 4ustiMedf 
given the uncertainty about whether observed changes truly reNect disease 
progression or are merely the result of measurement variability or suboptimal 
positioning.  
 
�h. �o �n!. So"e �nees �eve!o% �steo�rthritis9 
Knee osteotomy has proven to be eLective for most patients with unicompartmental 
KOAf with survival rates exceeding ten years in many cases97. Howeverf the combination 
of an increasing disease burden and already favorable osteotomy outcomes urges a 
reconsideration of how clinical care can best be improved. While optimizing osteotomy 
techni?ues may enhance surgical outcomesf it does not address the broader challenge 
- the rising societal burden of KOA4. A deeper understanding of the mechanisms driving 
KOA development and progression is therefore essential. Although the focus of this 
thesis is on mechanical alignment as a 5ey driver of KOA progressionf it is worth noting 
that other factors also contributef including genetic susceptibility. For examplef twin 
studies report higher progression rates in monozygotic than in dizygotic twinsf 
indicating that KOA progression is partly heritable504. 
 
Humans naturally exhibit a slight overall varus alignmentf often referred to as 
constitutional varusf with a considerable proportion of the population showing more 
than 3} of varus alignment58f given that the normal range for the mechanical hip–5nee–
an5le angle rmHKAAs is 180° ( 3°. Howeverf the fact that not all individuals with 
constitutional varus develop KOA raises important ?uestions about why only some 
5nees progress to KOA. Known contributors to the development of KOA include post-
traumatic changes27h age-related factors such as degeneration of the meniscusf 
subchondral bone alterationsf cartilage defects505f and loss of muscle strengthf leading 
to a reduction in biomechanical 4oint stability505h and obesity21. 
 
I would argue that three-dimensional r3Ds 4oint geometry plays a more substantial role 
in the development of KOA than currently recognized. When studying the lower limb 
malalignment phenotypef attention is typically limited to varus and valgus alignment in 
the coronal plane. Howeverf such a simpliMed two-dimensional perspective may 
overloo5 important geometric factors in the sagittal and axial planespsuch as 
posterior tibial slopef femoral torsionf or tibial rotationpthat could inNuence load 
distribution and cartilage stress. To address thisf longitudinal studies assessing 3D 
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bone geometry in patients with coronal plane malalignment are needed. Comparing 
patients who do and do not show KOA progression could help clarify the inNuence of 
sagittal and transverse geometric features. A more comprehensive 3D assessment of 
4oint geometry could therefore reveal phenotypic patterns that help explain why only 
some individuals with malalignment rthe mechanical overload phenotypes progress to 
KOA or whether progression instead reNects a combination of geometric factors with 
other ris5 factors. Such insights may ultimately support earlier identiMcation and more 
personalized interventions. 
 
�he �o!e o� �ro,th P!�te 
e�h�ni�s in �o,er �i"� A!ign"ent 
The ?uestion arises as to why individuals develop lower limb malalignment in the Mrst 
place. Repetitive mechanical loading during growth appears to play a 5ey rolef as 
athletesf particularly those involved in high-impact sportsf fre?uently develop varus 
alignment during growth63,64,66,67. It remains uncertain whether this represents a form of 
natural selectionf in which individuals with varus alignment perform better in certain 
sports such as soccerf or whether an alternative underlying mechanism explains this 
phenomenon. As discussed in Chapter 4f the observed association between cam 
morphology and varus alignment suggests the latter. Both cam morphology and varus 
alignment appear to result from adaptive responses of the growth plate to mechanical 
loading67,179,180. According to the Hueter–�ol5mann principlef increased compressive 
forces perpendicular to the physis inhibit longitudinal growthf whereas reduced loading 
accelerates itf leading to asymmetric physeal development69–74. Although empirical 
evidence for a direct causal lin5 remains limited77–86f case reports and experimental 
models provide intriguing support. For instancef a case study in a patient with cam-type 
femoroacetabular impingement demonstrated asymmetric closure of the capital 
femoral epiphyseal plate on MRI506�f while animal models showed that localized physeal 
in4ury or repetitive loading can induce asymmetric growthf resulting in both varus 
deformity and cam-type morphology507,508.  
 
I have the impression that asymmetric growth of the physes contributes to the 
development of lower limb malalignment. Such growth disturbances may be 
inNuenced by behavioral factors during childhoodf such as the age at which a child 
starts wal5ingf the amount of physical activityf or participation in high-impact sports. 
Understanding these relationships represents the Mrst steph the next is to explore how 
malalignment might be prevented rather than merely treated. After allf prevention isf in 
my opinionf better than cure. This highlights the need for prospective research in 
pediatric populations to better understand growth patterns of the proximal and distal 
femoral and tibial physesf with particular attention to asymmetric closure of these 
growth plates. Such insights could form the foundation for preventive strategiesf 
exploring whether mechanical load modiMcation in at-ris5 individuals might reduce the 
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development of malalignment. Notablyf even small degrees of frontal-plane 
malalignment r1–3}s increase the odds of developing KOAf with angles exceeding 3} 
associated with substantially higher ris5s. Although malalignment �3} appears to 
confer the greatest ris5f even milder deviations are not without conse?uencef 
suggesting that preventive eLorts could theoretically beneMt all children. Ultimatelyf 
prevention shouldf if you as5 mef ta5e a more prominent role in addressing the lifelong 
conse?uences of lower limb deformity. 
 
�oes the Ide�! �steoto". C�ndid�te �-ist9 
At presentf no compartment-speciMc preventive treatments for unicompartmental KOA 
existf and clinical management remains primarily focused on symptom alleviation and 
4oint preservation once degenerative changes have developed. Although general 
preventive strategiespmost notably weight reductionpcan lower overall KOA ris5509f 
they do not address established unicompartmental disease. Within this contextf 
osteotomy remains an eLective surgical strategy for carefully selected patients. 
Neverthelessf the ?uestion arises: does the ideal osteotomy candidate existj In 
principlef the indication for a proximal tibial osteotomy can be summarized as the 
correction of a substantial extra-articular deformity responsible for intra-articular 
symptoms510. Traditionallyf the optimal patient for realignment osteotomy has been 
described as a physically active individual aged 40–^0 years with isolated 
unicompartmental KOAf a BMI below 30 5gmmcf non-smo5ing statusf varus deformity 
less than 15}f a bony deformity greater than 5}f full range of motionf intact ligamentous 
stabilityf and ade?uate pain tolerance102. Increasing evidence suggests that agef BMIf 
and smo5ing are no longer absolute contraindications96. Younger patients r� 50–55 
yearss generally achieve better outcomesf while obesity and smo5ing primarily increase 
surgical complication rates without clearly compromising functional results96. 
Moreoverf mild degeneration in the unaLected or patellofemoral compartments does 
not appear to adversely aLect outcomes96.  
 
Thereforef in clinical practicef we increasingly deviate from the traditional videalw 
osteotomy candidatef as TKA is not a suitable option for every patient91,92. �specially in 
younger individualsf TKA carries a higher revision ris588–90f which is associated with 
signiMcantly higher surgical costs and lower patient satisfaction compared to primary 
procedures87,91. Conse?uentlyf osteotomies are increasingly considered even in 
patients with more advanced KOA and malalignment r�15}sf with several studies 
reporting signiMcant pain relief and functional improvement at short-f mid-f and long-
term follow-up for these patients107. These Mndings highlight that patient selection is not 
always straightforward and must be individualized in the spirit of personalized 
medicinef balancing patient characteristicsf disease severityf and the available surgical 
alternatives. Decisions should ultimately be made together with the patient through 
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shared decision-ma5ing. I believe that we are gradually moving away from the concept 
of the videalw osteotomy candidatef sometimes perhaps pushing the boundaries by 
performing realignment osteotomies that intentionally create a bony malalignment in 
an anatomically straight limb to address primarily intra-articular problems. Whereas an 
osteotomy is traditionally indicated for correcting extra-articular rbonys deformities 
responsible for intra-articular symptomsf it is now increasingly used to treat intra-
articular deformitiespsuch as abnormalities in the 4oint line convergence angle 
r
�CAspthereby creating a deliberate malalignment in an otherwise straight bone to 
address an intra-articular problem. One could argue that in such cases an UKA might 
be more appropriatef yet this option remains less attractive for youngerf more active 
patientsf such as those in their thirties. This raises the ?uestion of how best to manage 
this challenging patient group. 
 
�he Strength o� �steoto". 
The strength of osteotomy as a 4oint-preserving procedure has been demonstrated 
throughout this thesis. Patient-reported outcome measures consistently show 
signiMcant improvements in painf functionf and ?uality of life following surgery103–107f 
while many patients are able to return to their pre-symptom activity levels104,107–110. 
�ong-term survival rates are encouragingf conMrming the durability of these procedures 
over decades97,113–117,290. For valgus-producing HTOf reported survival rates prior to 
conversion to TKA range between ^4� and 90� at 10 yearsf and 45� to ^8� at 15 
years97. In contrastf for patients with valgus malalignment and lateral compartment 
KOAf the 10-year survival rate of varus-producing distal femoral osteotomy has been 
reported as approximately 89�266. This diLerence in survival between tibial and femoral 
osteotomies may be attributed to several factors. Distal femoral osteotomies are less 
commonly performed and may often be carried out by more experienced surgeons511. 
In additionf diLerences in patient selection and characteristics - such as younger agef 
higher activity levelsf and less advanced degenerative changes - can also contribute to 
higher reported survival rates. 
 
Beyond its clinical durabilityf osteotomy may also induce biological beneMtsf as partial 
or even full regeneration of articular cartilage in the previously overloaded 
compartment has been observed98,99. Furthermoref HTOs appears to slow the 
progression of structural 4oint damage compared with conservative treatment344f and is 
increasingly used to support other 4oint-preserving interventions such as cartilage 
repair procedures94,309,310,512f as also demonstrated in Chapter ;. Collectivelyf these 
Mndings highlight the multifaceted role of osteotomy in contemporary 5nee-preserving 
caref combining mechanical correctionf biological restorationf and clinical durability. 
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�i"ing o� �steoto". 
The timing of osteotomy is a critical factor for optimizing outcomes in patients with 
KOA. Ideallyf the procedure should be performed before end-stage KOA512f as patients 
with advanced degeneration have a signiMcantly reduced osteotomy survival115. 
Changes in the 
�CAf a measure of cartilage andmor meniscus loss159,245 and an indirect 
indicator of KOAf can already be observed within a two-year timespanf as shown in 
Chapter 5. This highlights the importance of timely interventionf with the optimal 
�CA 
generally below ^}f and preferably below 4}f for osteotomy220,513. While this suggests 
that osteotomy should not be delayedf it also raises the ?uestion of whether surgery 
can be performed too early. In other wordsf should osteotomy be considered before any 
degenerative changes occurf as previously discussed in this thesisf similar to 
preventive strategies used in pediatric orthopedicsf where realignment procedures are 
performed to prevent long-term 4oint damagej From a biomechanical perspectivef 
early realignment normalizes load distribution across the 5neef reducing prolonged 
asymmetric stress that can accelerate cartilage wear22,514. In my viewf there is indeed 
potential value in considering osteotomy as a preventive interventionpif we can Mrst 
identify which patientsf based on alignment and other ris5 factorsf are truly at ris5 of 
developing KOA and which are not. For those at ris5f timely realignment may preserve 
4oint health and delay or even prevent degenerative changes. Neverthelessf these 
potential beneMts must be carefully weighed against the inherent surgical ris5s and the 
demands of postoperative rehabilitation. Importantlyf there are currently no trials 
providing high-level evidence for the optimal timing of osteotomyf and clinical 
decisions remain largely based on observational data and expert consensus. 
 
�o,�rd Person�!i/ed �nd �.n�"i� Preo%er�tive P!�nning in �igh 
�i�i�! �steoto".9 
Preoperative planning is essential for achieving accurate alignment correction in 
patients with KOA. In 1979f Fu4isawa et al.515 identiMed the optimal weight-bearing axis 
at approximately ^2.5� of the tibial plateau width from the medial edge. This so-called 
�/#"-a1a *)"'t has since served as a reference for planning of osteotomies515. Howeverf 
subse?uent studies have reported target correction points ranging between 58� and 
^2.5�f indicating a lac5 of consensus regarding the ideal alignment516. In current 
clinical practicef the degree of correction often still depends largely on the surgeonys 
experience rather than on patient-speciMc parameters. This raises the ?uestion of 
whether correction planning should become more personalizedf potentially 
accounting for factors such as agef activity levelf severity of OA512f and soft tissue 
characteristics. Furthermoref osteotomies are still sometimes planned solely on the 
mHKAAf even though this angle reNects both bony alignment rmechanical medial 
proximal tibial angle rmMPTAs and mechanical lateral distal femoral angle rm�DFAs and 
intra-articular alignment r
�CAs. This is notable because and osteotomy is intended to 
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correct bony deformities responsible for intra-articular symptoms. An abnormal 
mHKAApoutside the 180° ( 3° rangepmay therefore result solely from an intra-
articular deviation. When planning is based only on the mHKAAf no distinction is made 
between malalignment caused by true bony deformity and that arising from intra-
articular pathology. 
 
Moreoverf conventional planning is typically performed using a whole leg radiograph 
rW�Rssf which provides a static representation of lower limb alignment under 
standardized positioning. While this approach ensures reproducibility49f it fails to 
capture the dynamic nature of 5nee loading during gait. There is growing evidence that 
static malalignment is an oversimpliMcation of the biomechanical realityf as dynamic 
5nee alignment and loading patterns vary throughout the gait cycle230,517–519. Although 
patients brieNy contact the ground with both limbs during heel stri5e and pre-swingf 
loading between the legs during these phases is not e?ually distributed. In factf the 
ma4ority of the gait cycle is spent in single-limb support. As a resultf W�Rs provide only 
a limited representation of the loading conditions actually experienced during wal5ing. 
This raises the ?uestion: how representative is a W�R for true functional loadingj 
DiLerences between static and dynamic alignment have been demonstrated 
particularly during the early and terminal stance phasespperiods associated with 
increased pain in patients with KOA230,232,517–519. These insights raise the ?uestion of 
whether realignment correction should be planned based on individual gait 
characteristics rather than solely on static imaging. Although the Mrst steps in this 
direction are being ta5en520,521f the integration of patient-speciMcf gait-based alignment 
analysis into clinical practice remains a challenge for the future.  
 
�he �o!e o� 
�CA in �steoto". P!�nning �nd Surgi��! �e�ision:

� ing 
The 
�CA represents a composite measure of intra-articular deformity and soft tissue 
laxityf which progressively increases with KOA progression159,245. In line with thisf 
Chapter 6 demonstrated that varus or valgus alignment of the 
�CA was correlated with 
reduced cartilage ?uality in the aLected compartmentf further emphasizing its role as 
a mar5er of intra-articular disease severity. The 
�CA directly aLects lower limb 
alignment under weight-bearing conditions and has been associated with 
postoperative overcorrection following MOW-HTO220,522–525. To avoid overcorrection in 
MOW-HTOf a previous study proposed a simple e?uation in which 
�CA-2m2 is 
subtracted from the planned correction220. For examplef with a planned correction of 
7° and a 
�CA of 4°f 1° would be subtracted from the planned correctionf resulting in an 
actual correction of ^°. 
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A shift in 
�CA - 5nown as the -ee-a1 e5e�t - occurs only when the pivot point of the 
5nee 4ointf referred to as the !3*)&)�!l")'f is reached526. Previous studies have 
estimated that this tipping point typically occurs when the mMPTA exceeds 
approximately 92°159,527f suggesting that particular attention should be paid to the 
�CA 
when planning a correction that will result in a postoperative mMPTA exceeding 92}.  
 
Beyond its inNuence on osteotomy planningf 
�CA also plays an important role in 
determining the most appropriate surgical strategy for varus 5nee deformity. 
Traditionallyf factors such as age and activity level guided this decision – 5nee 
osteotomy for youngerf active patients and UKA for olderf low-demand individuals. 
Howeverf recent evidence suggests that the location of deformity should be the primary 
criterion528,529. Ollivier et al.526 deMned intra-articular deformity as 
�CAf bony deformity 
as the diLerence between the m�DFA and the mMPTAf and whole leg deformity as 
m�DFA - mMPTA � 
�CA. When the intra-articular component exceeds ̂ 0� of the global 
deformityf UKA is preferredh when the bony deformity exceeds ^0�f osteotomy is 
indicated526. In intermediate casesf where both contributions are below ^0�f no clear 
superiority existsf and shared decision-ma5ing should consider factors such as agef 
sports participationf and the condition of the meniscus and cartilage159,530. As 
demonstrated in Chapter :f a considerable number of osteotomies are performed in 
the absence of a true bony deformity. These Mndings underscore the importance of 
incorporating the 
�CA into the decision-ma5ing processf as it provides valuable insight 
into the intra-articular component of the deformity and may help guide the selection of 
the most appropriate surgical strategy for varus 5nee correction. 
 
In my viewf osteotomies may at times be overused in cases of isolated intra-articular 
deformity. Conceptuallyf creating a deliberate extra-articular malalignment in an 
otherwise anatomically straight limb to address an intra-articular problem seems 
counterintuitivef and for such patients a UKA may be a more appropriate treatment 
option. Howeverf robust evidence to support this assumption is currently lac5ing. 
Future researchpideally a randomized controlled trial with long-term follow-up or a 
well-designed matched-controlled studypis needed to directly compare outcomes of 
osteotomy versus UKA in patients with isolated intra-articular deformity. 
 
�oes A��ur��. 
�tter9 
The primary goal of a 5nee osteotomy is to shift load distribution from the aLected to 
the unaLected compartmentf thereby reducing pain and slowing KOA progression531. 
Preoperative planning is therefore aimed at achieving the intended correction 
accurately during surgery. Howeverf a recent systematic review516 concluded that the 
ma4ority of osteotomies fall outside the intendedf varyingf and relatively wide target 
rangef with a clear tendency toward undercorrection. Undercorrection fails to relieve 
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symptomsf as the mechanical axis continues to pass through the medial compartmentf 
whereas excessive overcorrection can result in poor functional outcomes and 
degenerative changes in the other compartment532–535.  
 
To improve accuracyf computer-assisted navigation and patient-speciMc 
instrumentation rPSIs have been introduced. Navigation may increase the proportion of 
osteotomies falling within the target rangef but reported results remain inconsistent536–
538. Similarlyf PSI has been associated with slightly improved coronal alignment 
accuracy rapproximately 1° more accuratesf though the diLerences compared to 
conventional techni?ues are often not statistically signiMcant539,540.  
 
Whether this degree of inaccuracyf over- or undercorrectionf has a meaningful impact 
on long-term outcomes remains uncertain. Current evidence suggests that the 
postoperative mMPTA was associated with a higher ris5 of conversion to TKA115f 
although another study reported greater treatment success with slight valgus 
overcorrection following MOWHTO541. One of the 5ey remaining ?uestions in the Meld is 
whether pursuing ever-greater surgical precision truly translates into improved clinical 
outcomes.  
 
In my viewf the accuracy of an osteotomy is unli5ely to be so critical that it must be 
performed with absolutef degree-perfect accuracy. Insteadf it appears to be a 
reasonable marginf approximately 2°f which alignment can still achieve favorable 
biomechanical and clinical outcomes. What may be more important is to avoid 
excessive 4oint line obli?uitypparticularly values exceeding 5}. �xcessive obli?uity can 
lead to medio-lateral femoro-tibial subluxation and altered compartmental contact 
pressures461,528. Furthermoref pronounced 4oint line obli?uity can complicate 
subse?uent conversion to total 5nee arthroplastyf as it often necessitates greater tibial 
bone resection to achieve proper prosthetic alignment. To conMrm or refute these 
assumptionsf large datasets with detailed postoperative weight-bearing W�Rs and 
long-term follow-up are re?uired to elucidate how correction accuracy and 4oint line 
orientation relate to functional and survival outcomes after osteotomy. 
 
�e�or"it. An�!.sis �nd Surgi��! �e�ision:
� ing 
The indication for an osteotomy should be based on a precise analysis of the deformity 
origin and its contribution to intra-articular and bony deformity. The videalw indication 
for an osteotomy has been deMned as the correction of a substantial bony deformity 
responsible for intra-articular symptoms510. Building upon the deformity framewor5 
proposed by Ollivier et al.5��f this analysis allows diLerentiation between predominantly 
intra-articular or bony deformitiesf thereby guiding surgical choice.  
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When the deformity originates primarily from intra-articular structuresf UKA is generally 
preferredf as the pathology is largely conMned to the 4oint rFigure 1s. Converselyf when 
the bony component predominatesf osteotomy is indicated to restore overall limb 
alignment rFigure 1s526. Nonethelessf the long-term implications of performing 
osteotomy in cases with a substantial intra-articular component remain unclearf 
emphasizing the need for further research to deMne optimal correction strategies and 
their impact on 4oint preservation outcomes.  
 
When an osteotomy is indicatedf the subse?uent step is to identify the level of 
correction. This is achieved by calculating the relative femoral and tibial contributions 
to the bony deformity. When the femoral component accounts for more than 80� of the 
deviationf a distal femoral osteotomy is recommendedh when the tibial component 
predominates r�80�sf a high tibial osteotomy is indicated rFigure 1s526. In cases without 
a clear predominancef or when an isolated correction would result in excessive 4oint 
line obli?uitypparticularly when postoperative mMPTA � 93} in the presence of a 
femoral deformity rm�DFA � 90}s526f a double-level osteotomy should be consideredf in 
line with recent �SSKA consensus guidelines96,542. This Nowchart serves as a practical 
Mrst guideline to support clinical decision-ma5ing and subse?uent osteotomy planning 
in varus 5nee correctionf providing a structured framewor5 to identify the most suitable 
candidates and the optimal site of correction based on the underlying deformity. 
Howeverf this approach is not yet universally adopted among osteotomy surgeonsf and 
substantial variation in clinical practice remains. 
 
�ro" Con�ern to Con1den�e8 �he �0e�t o� �steoto". on 
Su�se&uent ��A 
�ven in cases where TKA becomes inevitable after a previous 5nee osteotomyf implant 
survival appears reassuring. As demonstrated in Chapter 15f the subse?uent implant 
survival following osteotomy was comparable to that of primary TKA patients. Most 
matched controlled studiespprimarily from �urope and Asiaphave similarly reported 
no signiMcant diLerences in revision rates between HTO–TKA and TKA-only patients483–

486. These Mndings suggest that persistent concerns among some surgeons regarding 
the potential of osteotomies to complicate future arthroplasty may be largely 
unfoundedpprovided that detailed preoperative planning is performed. Particular 
attention should be given to the 4oint line obli?uityf to prevent the 5nee from being 
positioned obli?uely in space461,528. Thusf with careful surgical planningf the conversion 
from osteotomy to arthroplasty should not be viewed as a limitationf but rather as an 
eventual continuation of personalizedf 4oint-preserving 5nee care. 
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�0e�ts o� osteoto". on �d���ent �oints
While the primary goal of an osteotomy is to relieve 5nee pain by restoring mechanical 
alignmentf it inevitably aLects the entire 5inetic chain of the lower limbf including the 
hip and an5le. An MOW-HTO may induce reorientation of the an5le 4oint292–296f which 
can worsen alignment and increase pain293. New-onset an5le symptoms have been 
reported in up to 20� of patients300,301f typically within two years postoperativelyf 
particularly when the an5le 4oint line is no longer parallel to the ground293. These 
alignment changes are associated with increased painf progression of an5le 
osteoarthritisf and reduced ?uality of life293,297,303. As demonstrated in Chapter :f the 

Figure 7 I �0a%(les of .arus defor%it1 anal1sis and treat%ent decisionI%aking 
�ased on defor%it1 origin. �n the first caseD .arus defor%it1 is al%ost entirel1 
intraIarticular KZ intraIarticular U <6ZLD leading to an indication for �K�. �n the 
second caseD .arus defor%it1 is (ri%aril1 located in the ti�ia KZ �on1 U <6ZD ti�ial  
contri�ution T 766ZLD indicating a high ti�ial  osteoto%1. 	L�� T "oint l ine 
congruenc1 angleF %L�F� T %echanical lateral distal fe%oral angleF %���� T 
%echanical %edial (ro0i%al ti�ial angle.
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geometry of the entire tibia appears to play a crucial role in these outcomes: a valgus 
tibial morphology rincreased mechanical lateral distal tibial angle with a medially 
located CORAs predisposes to deterioration of the an5le 4oint after MOW-HTO. 
 
In contrastf it may be reasoned that the impact of osteotomy on the hip is limitedf given 
its ball-and-soc5et conMgurationf which allows compensatory motion and may 
attenuate the transmission of coronal or sagittal plane corrections through the lower 
limb. Howeverf direct evidence supporting this assumption is scarcef as few studies 
have speciMcally investigated postoperative alterations at the hip following 
osteotomies. Although a signiMcant correlation has been reported between the degree 
of correction and the mechanical greater trochanter anglef the clinical implications of 
this Mnding remain unclear and have yet to be substantiated543. 
 
Overallf I believe that lower limb realignment should be considered within the context 
of the entire 5inetic chain rather than as an isolated 4oint intervention. In my viewf 
current clinical practice places too much emphasis on 5nee-centered outcomesf while 
the potential biomechanical conse?uences for ad4acent 4oints remain insuLiciently 
explored. Further research should aim to clarify how changes in 5nee alignment 
inNuence load distribution and 4oint mechanics throughout the limb over time. 
Adopting a more comprehensivef 5inetic-chain–oriented approach in both preoperative 
planning and postoperative evaluation may ultimately help prevent secondary 
degeneration and improve long-term functional outcomes after 5nee realignment 
surgery. 
 
Be.ond �nee Ang!es 
While current alignment analyses primarily focus on the m�DFA and mMPTAf this 
narrow perspective overloo5s the complex interplay within the entire lower limb213. As 
demonstrated in Chapter 5f our Mndings conMrm that the mMPTA is often varus and the 
m�DFA is often valgus. Previous studies have demonstrated that a neutral hip–5nee–
an5le rHKAs alignment often results from a compensatory relationship between a varus 
proximal tibia and an opposing valgus distal femur56f and thatf in generalf men tend to 
present with a more varus HKAf whereas women more fre?uently exhibit a valgus 
alignment55,57. 
 
Howeverf focusing solely on 5nee-related angles may conceal compensatory 
mechanisms occurring proximally and distally within the limb. For instancef when 
considering both the m�DFA and the lateral proximal femoral anglef it remains unclear 
how varus–valgus alignment patterns distribute along the femurf and whether proximal 
varus and distal valgus act as balancing mechanisms within the same bonef similar to 
the tibial pattern observed in Chapter 9 and Chapter :. To fully understand lower limb 
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alignment and deformityf future research should move beyond isolated 5nee geometry 
and broaden its scope to include the alignment of the entire lower limb. By adopting a 
more comprehensivef whole-limb perspectivef we can improve the classiMcation of 
patients with lower limb malalignmentf better identify compensatory patternsf and 
reMne surgical planning. Ultimatelyf this integrated approach may lead to more 
personalized and anatomically accurate treatment strategiesf improving both 
functional outcomes and long-term 4oint preservation. 
 
Bridging �no,!edge ��%s 
An overarching theme emerging from this discussion is the potential beneMt of gaining 
new insights into the mechanisms underlying KOA and lower limb 
malalignment143,544,545. To achieve thisf a prospective cohort should be established in 
which biplanar standing whole-leg radiographs are obtained using the �OS® system546f 
enabling detailed assessment of both coronal and sagittal alignment. Such a cohort 
would help address existing 5nowledge gaps and advance our understanding of the 
mechanisms and optimal management of lower limb malalignment and KOApa need 
that will only become increasingly important in the coming years due to the rising 
incidence of KOA in younger patients. 
 
To address 5ey ?uestions regarding osteotomy survival and the ris5 factors that 
inNuence long-term outcomesf the establishment of standardizedf large-scale 
datasets is essential. In the Netherlandsf a national arthroplasty registry - the �andeli45 
Register Orthopedische Implantaten547 r�ROIs - already exists and is widely accepted. 
Unfortunatelyf no e?uivalent registry is currently available for osteotomies. By 
incorporating a dedicated osteotomy module into the �ROIf it would be possible to 
consolidate expertise and outcomes across the country. This is a collective eLort that 
the Dutch orthopedic community must prioritize to advance the ?uality and 
consistency of osteotomy care. 
 
Over the past decadesf extensive research has been conducted in the search for a 
deMnitive biomar5er capable of diagnosing patients before the onset of radiographic 
KOA548f yet no brea5through has been achieved pli5ely due to the heterogeneity of KOA 
pathophysiology and the absence of a single molecular pathway that consistently 
characterizes early disease across patient subgroups. What is often overloo5ed in 
many KOA cohorts143,544,545 is the phenotypic driver of disease: lower limb 
malalignment. Future research should increasingly focus on biomechanically 
overloaded phenotypes and their corresponding endotypesf to better understand the 
mechanisms driving KOA progression. As a concluding perspectivef this thesis 
advocates for greater recognition of lower limb malalignment as a critical determinant 
in KOA development and progression. To datef interventions such as osteotomy that 
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directly correct malalignment have proven far more eLective than relying solely on the 
search for pharmacological therapies. �ven if an eLective drug for KOA were developedf 
patients with signiMcant lower limb malalignment would still re?uire osteotomy Mrst to 
restore proper mechanical alignment. 
 
�e�r�"ing the Bound�ries o� �nee �steoto". 
This thesis highlights the continued relevance of osteotomy as a 4oint-preserving 
treatment in patients with unicompartmental KOA and a lower limb malalignment. 
�ong-term results show ^4–90� survival at 10 years without conversion to TKA97f 
outperforming other 4oint-preserving treatments549. Yet even these data do not prove 
that an osteotomy truly delays TKAh answering that ?uestion would re?uire a sham-
controlled randomized trialpmethodologically soundf but ethically and practically 
challenging. 
 
At the same timef patient-reported outcomes consistently demonstrate substantial 
improvements in painf functionf and ?uality of life103–107f underscoring the clinical value 
of the procedure. This raises the ?uestion of whether current indications are too narrow. 
If the primary goal of osteotomy is to shift mechanical load from the aLected to the 
unaLected compartmentf then even patients with minimal malalignment might derive 
beneMt. 
 
The argument extends further when considering prophylactic osteotomy. �arus 
alignment increases the ris5 of developing KOA by 1.5- to nearly 3-fold�20,21f and each 1} 
increase in varus elevates medial compartment loading by �5� during wal5ing19. 
Correcting malalignment �e�),e symptoms arise could theoretically reduce the 
li5elihood of KOA onset. Howeverf such an approach must be weighed against the ris5s 
of surgery.  
 
Ultimatelyf I believe the future of osteotomy lies not only in reMning surgical techni?ue 
but in thoughtfully redeMning whenpand for whompwe should perform this procedure. 
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Con�!usion 
This thesis demonstrates that lower limb malalignment is a critical and unfavorable 
factor in the development and progression of unicompartmental KOA. It highlights the 
importance of accurate imagingf a deep understanding of mechanical alignmentf and 
reMned surgical techni?ues in preserving 4oint health. These Mndings support a more 
personalized and forward-loo5ing approach to KOAf aiming to maintain functionf 
mobilityf and ?uality of lifepespecially in youngerf active patients. 
 
While 4oint-preserving procedures such as osteotomy can eLectively mitigate 
symptoms and slow disease progressionf the underlying mechanisms driving KOA 
remain complex and incompletely understood. Understanding 1!3 malalignment 
develops is essential for moving beyond treatment toward true prevention. This 
represents the overarching dream for future research and embodies the vision of 
�eal" '"'  t!e �/t/,eC if the mechanisms that drive lower limb malalignment can be 
identiMedf it may become possible to intervene earlypduring growth or in early 
adulthoodpto prevent malalignment before structural 4oint damage occurs.  

 
 
  



250

Chapter 16

 

�e�erlan�se samenvattin� 
 
De wereldwi4de toename van 5nieartrosef met name onder 4onge en actieve mensenf 
benadru5t de noodzaa5 van behandelstrategie)n die gericht zi4n op het behoud van het 
eigen gewricht in plaats van vervanging ervan. Hoewel een totale 5nieprothese rTKAs 
een bewezen eLectieve behandeling is bi4 vergevorderde 5nieartrosef is deze ingreep 
minder geschi5t voor 4ongeref actieve pati)nten met hoge functionele eisen en een 
lange levensverwachting. �anuit dit perspectief biedt een osteotomie een waardevol 
alternatief: deze operatie maa5t het mogeli45 om bi4 4onge pati)nten goede 5linische 
resultaten te berei5enf terwi4l het eigen gewricht langdurig behouden bli4ft.  
 
Dit proefschrift richt zich op vier onderling samenhangende themays binnen het 
onderzoe5sgebied van 5nieartrosef die gezamenli45 het volledige tra4ect bestri45en van 
diagnostie5 tot chirurgische behandeling. Het centrale doel is het verM4nen van de 
diagnostie5 en het verder optimaliseren van osteotomie)n als gewrichtssparende 
behandeling. Hieronder worden de belangri45ste bevindingen per thema samengevat. 
 
�he"� 2 ; Bee!dvor"ing �i�  nie�rtrose 
Het eerste deel van dit onderzoe5 richtte zich op het verbeteren van de radiologische 
evaluatie van 5nieartrose. Daarbi4 werd onderzocht hoe r=ntgen- en magnetic 
resonance imaging rMRIs-beelden op een betrouwbaardere manier 5unnen worden 
ingezet om de gewrichtsstatus en de progressie van artrose te beoordelenf met 
speciMe5e aandacht voor de invloed van pati)ntpositionering ti4dens het ma5en van 
r=ntgenopnamen. 
 
In hoofdstuk 2 werd aangetoond dat de positie van de 5nie ti4dens r=ntgenopnames p 
met name de mate van rotatie en Nexie p een aanzienli45e invloed heeft op de gemeten 
minimale gewrichtsspleet rm
SWs. �en 5leinere gewrichtsspleetf wat doorgaans wordt 
ge2nterpreteerd als een toename van 5nieartrosef blee5 niet alleen het gevolg van 
daadwer5eli45 5raa5beenverliesf maar oo5 van verschillen in positionering. Dit 
benadru5t het belang om bi4 het interpreteren van m
SW-metingen in longitudinale 
studies re5ening te houden met deze positioneringseLecten. 
 
In hoofdstuk 3 werden radiologische metingen van de gewrichtsspleet r
SWs 
vergele5en met MRI-metingen van de morfologie van het 5raa5been en de meniscus. 
De resultaten toonden aan dat bicompartimentele metingen p waarbi4 beide 
gewrichtscompartimenten worden meegenomen p een ster5ere correlatie vertonen 
met de Kellgren-�awrence score dan unicompartimentele metingen. Deze bevinding 
benadru5t het belang van een gecombineerde beoordeling van beide compartimenten 
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voor een nauw5euriger en representatiever beeld van de structurele gewrichtsschade 
bi4 5nieartrose. 
 
�he"� 3 ; Inv!oed v�n �een�s��,i� ingen 
Het tweede deel van dit proefschrift richtte zich op het onderzoe5en van de invloed van 
beenasafwi45ingenf aan de hand van zowel longitudinale als cross-sectionele analyses. 
Daarbi4 werd bestudeerd hoe afwi45ingen in de beenas de gewrichtsgezondheid 
be2nvloeden en wel5e rol sportactiviteiten en mechanische belasting hierin spelen. 
 
In hoofdstuk 4 werd aangetoond dat een grotere alfa-hoe5 in de heup samenhangt met 
een varusstand van de tibiaf met name bi4 mannen en bi4 personen die in hun 4eugd 
intensief hebben gesport. Deze bevindingen suggereren dat zowel cam-morfologie als 
varus uitli4ning 5unnen ontstaan via vergeli45bare mechanismen p nameli45 adaptieve 
reacties van de groeischi4ven op herhaalde mechanische belasting. �erdere studies zi4n 
nodig om te onderzoe5en in hoeverre aanpassingen van belasting ti4dens de groei de 
ontwi55eling van dergeli45e afwi45ingenf en daarmee het risico op artrosef 5unnen 
beper5en. 
 
In hoofdstuk 5 werd onderscheid gemaa5t tussen bot- en intra-articulaire uitli4ning om 
de progressie van 5nieartrose beter te 5unnen voorspellen. Over een periode van twee 
4aar blee5 dat de meeste individuen een verschuiving richting varus vertoonden. 
Pati)nten met een botvarusf maar een aanvan5eli45 normale intra-articulaire uitli4ningf 
ontwi55elden progressieve gewrichtsvarusf passend bi4 mediale 5nieartrose. Deze 
resultaten tonen aan dat botgeometrie dynamisch is en onderstrepen de belangri45e rol 
van beenasafwi45ingen bi4 het ontstaan van vroege intra-articulaire veranderingen. 
 
In hoofdstuk 6 werd dit onderscheid tussen bot- en intra-articulaire uitli4ning verder 
toegepast om de relatie tussen 5raa5been5waliteit rT2s en beenasafwi45ingen te 
onderzoe5en. Met behulp van MRI-gebaseerde T2-mapping p een technie5 die gevoelig 
is voor veranderingen in de 5raa5beensamenstelling p werd aangetoond dat 
malalignementf met name van intra-articulairef samenhangt met een 
compartimentsspeciMe5e afname van de 5raa5been5waliteit. 
 
�he"� 4 ; �%ti"�!is�tie v�n osteoto"ie�n �i�  nie�rtrose 
Het derde deel van dit proefschrift richtte zich op het verbeteren van de zorg rondom 
osteotomie)n door de preoperatieve planning te verM4nenf de beoordeling van 
botgenezing te verbeteren en chirurgische technie5en verder te optimaliseren. Door 
nieuwe planningsmethodenf biomaterialen en gestandaardiseerde evaluatie-
instrumenten te onderzoe5enf heeft dit deel als doel de behandeling en uit5omsten 
voor pati)nten die een osteotomie ondergaanf te verbeteren. 
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In hoofdstuk 9 werd de traditionele preoperatieve planning uitgebreid door de positie 
van het rotatie- en angulatiecentrum rCORAs te analyseren bi4 pati)nten met een tibiale 
deformiteit en KOA. De studie toonde aan dat het CORA zich vaa5 in de diafyse bevindt 
in plaats van in de metafysef wat leidt tot secundaire translatieafwi45ingen. 
 
�oofdstuk : onderzocht de gecombineerde invloed van de CORA-locatief de distale 
tibiageometrie en de correctiegrootte op de postoperatieve en5eluitli4ning bi4 pati)nten 
die een valgiserende mediale open-wig osteotomie rMOW-HTOs ondergingen. �en 
valgusvormige distale tibia blee5 geassocieerd met een verslechterde en5eluitli4ning. 
Dit benadru5t het belang om bi4 de pre-operatieve planning niet alleen te focussen op 
het 5niegewrichtf maar de volledige beenas te beoordelen. 
 
In hoofdstuk ; werden trends geanalyseerd in chirurgische technie5en en 
Mxatiemethoden bi4 proximale tibia-osteotomie)n. �r werd een duideli45e verschuiving 
vastgesteld van laterale gesloten- naar mediale open-wig-technie5enf van 5ram- naar 
plaatMxatief en een toenemend gebrui5 van gecombineerde proceduresf zoals 
osteotomie)n die geli45ti4dig worden uitgevoerd met 5raa5beenherstelf 
meniscusreparatie of 5ruisbandreconstructie. 
 
�oofdstuk 10 presenteerde het studieprotocol van een gerandomiseerde 
gecontroleerde trial naar het gebrui5 van AttraX® Putty als synthetisch botvervangend 
materiaal bi4 open-wig osteotomie. Het protocol beschri4ft hoe de eLectiviteit van dit 
biomateriaal zal worden ge)valueerd met betre55ing tot het verminderen van 
postoperatieve pi4n en het bevorderen van botgenezing. Dit onderzoe5sontwerp biedt 
een waardevol 5ader om de 5linische meerwaarde van biomaterialen in het herstel en 
de revalidatie na osteotomie te beoordelen. 
 
�oortbouwend op de evaluatie van botgenezing omvatte hoofdstuk 11 een 
systematische review van radiologische beoordelingsmethoden voor botgenezing na 
osteotomie. De analyse toonde een aanzienli45e variatie en een gebre5 aan consensus 
tussen studiesf wat de noodzaa5 onderstreept van een gestandaardiseerdef 
betrouwbare en reproduceerbare beoordelingsmethode. 
 
Als antwoord hierop introduceerde hoofdstuk 12 de UniMed Bone Union rUBUs-
classiMcatief een systeem dat is ontwi55eld om botgenezing na osteotomie op een 
consistente manier te beoordelen. De methode liet een hoge reproduceerbaarheid 
zienf zowel tussen als binnen beoordelaarsf en een ster5e correlatie tussen r=ntgen- en 
computed tomography rCTs-beoordelingen. De UBU-classiMcatie biedt daarmee een 
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pra5tisch en reproduceerbaar instrument dat 5an bi4dragen aan meer uniformiteit in 
zowel 5linische toepassing als wetenschappeli45 onderzoe5. 
 
Tot slot onderzocht hoofdstuk 13 de invloed van de positie van de hinge en de helling 
van de osteotomie op veranderingen in de posterior tibial slope rPTSs na MOW-HTO. De 
resultaten toonden aan dat met name de positie van de hinge bepalend is voor het 
behoud van de PTS. �en correcte hingepositie is daarom essentieel om een 
ongewenste toename van de PTS en de daarmee gepaard gaande verhoogde belasting 
op de voorste 5ruisband te voor5omen. 
 
�he"� 5 ; Inv!oed v�n osteoto"ie o%  nie%rothese:uit o"sten 
Het laatste deel van dit proefschrift richtte zich op de invloed van een eerdere 
osteotomie op de resultaten van een eventueel latere 5nieprothese. Het doel was om 
beter te begri4pen hoe gewrichtssparende chirurgief zoals een proximale tibia 
osteotomief de uit5omsten van daaropvolgende ingrepen be2nvloedt. 
 
In hoofdstuk 14 werd aangetoond dat een TKA na een eerdere proximale tibia-
osteotomie gepaard ging met een revisiepercentage van ̂ �. �en 4ongere leefti4d en een 
lage comorbiditeit waren geassocieerd met een hoger revisierisicof terwi4l de 
gemiddelde overleving van de oorspron5eli45e osteotomie ongeveer twaalf 4aar 
bedroeg. �en belangri45e beper5ing van deze studie was echter het gebrui5 van niet-
gematchte populatiedataf waardoor een directe vergeli45ing met primaire TKA niet 
mogeli45 was. 
 
Daarom onderzocht hoofdstuk 15 in een gematchte studieopzet of een eerdere 
proximale tibia-osteotomie invloed had op de uit5omsten van een latere TKA. De 
resultaten toonden aan dat zowel de revisie- en infectieci4fers als de 
pati)ntgerapporteerde uit5omsten vergeli45baar waren met die van primaire TKA. Deze 
bevindingen bevestigen dat een voorafgaande osteotomie de resultaten van een latere 
5nieprothese niet negatief be2nvloedt. 
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Con�!usie 
Dit proefschrift laat zien dat een standsafwi45ing een belangri45e factor is bi4 het 
ontstaan en de progressie van 5nieartrose. Het benadru5t het belang van nauw5eurige 
beeldvormingf inzicht in mechanische uitli4ning en verM4nde chirurgische technie5en 
voor het behoud van het 5niegewricht. Deze inzichten ondersteunen een 
gepersonaliseerde en toe5omstgerichte benadering van 5nieartrosef gericht op het 
behouden van functief mobiliteit en 5waliteit van levenf vooral bi4 4ongef actieve 
pati)nten. 
 
Hoewel osteotomie)n eLectief symptomen 5unnen verminderen en progressie 
vertragenf bli4ven de mechanismen van 5nieartrose complex en onvoldoende 
begrepen. Inzicht in het ontstaan van malalignement is essentieel om verder te gaan 
dan behandeling en toe te wer5en naar echte preventie. Dit vormt de ambitie van 
toe5omstig onderzoe5 en sluit aan bi4 de visie van �eal" '"'  t!e �/t/,eC als de 
onderliggende mechanismen beter worden begrepenf 5an vroegti4dig ingri4pen mogeli45 
voor5omen dat malalignement leidt tot structurele gewrichtsschade. 
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Dankwoord

 

Dit proefschrift is tot stand ge5omen dan5zi4 de inzetf betro55enheid en steun van velenf 
waarvan i5 een aantal graag in het zonnet4e wil zetten en bedan5en.  
 
Prof= dr= ir= �arrie �einansf beste Harrie. 
ou wil i5 graag als eerste bedan5enf want 
zonder 4ou weet i5 niet of dit proefschrift hier had gelegen. Met volle overtuigingf inzet 
en passie heb 4e mi4 de afgelopen drie 4aar begeleid en opgeleid als onderzoe5er. 
e hebt 
me de handvatten gegeven die i5 de rest van mi4n carri*re zal meedragenh dan5 
daarvoor. 
ouw bli5 op de wetenschapf en ze5er oo5 4ouw technische visie op de 
orthopedief is van onschatbare waardepvoor de afdelingf maar oo5 voor mi4. �r wordt 
weleens gezegd: K�at &)ete' 1e 4)'�e, �a,,"e )* �e ),t!)*e�"eEL �n daar ben i5 het 
volledig mee eens. I5 wil 4e bedan5en voor de inspirerende brainstormsessies en 
overleggenf alti4d vol energie en enthousiasme. Dat is iets wat i5f dan5zi4 4ouf nu oo5 
probeer over te dragen op mi4n studenten. Daarnaast ben i5 4e dan5baar voor het 
vertrouwen en de ruimte om mi4n eigen pro4ecten vorm te gevenf (n voor de vinger aan 
de pols of i5 niet te veel pro4ecten tegeli45 in de lucht hield. 
e hebt me als persoon laten 
groeien en me wi4ze lessen meegegeven over onderzoe5f samenwer5ing en mi4n 
toe5omstige carri*re. I5 ben erg bli4 en dan5baar dat wi4 oo5 na mi4n PhD nog 5unnen 
bli4ven samenwer5en. Harrief mi4n dan5 is ongelooNi45 groot en eigenli45 niet in woorden 
uit te dru55en. 
 
Prof= dr= �o1o 
ru1tf beste Moyo. Ti4dens mi4n promotietra4ect heb i5 ontzettend veel 
van 4e geleerd. 
e bent doortastendf daad5rachtigf eigenzinnigf en 4e weet alti4d de 4uiste 
5ritische bli5 mee te nemen. Binnen de groep was 4i4 een beet4e de vreemde eendf want 
i5 heb vaa5 genoeg gehoord: K�/!B 
)3) "- t)�! ee' 1e,0el�!",/, DEL �n dat 5lopt. 
Maar 4uist daarom waardeerde i5 4e inbreng zo: ondan5s dat 4e specialisatie elders ligtf 
wist 4e tel5ens de vinger op de zere ple5 te leggen en de pro4ecten te verri45en met 4ouw 
5ritische input. Persoonli45 heb i5 oo5 veel van 4e geleerdpmet name dat 4e best ergens 
een duideli45e mening over mag hebbenf en dat 4e soms met een gestre5t been ergens 
in mag gaan. Iets waar 4i4 in uitblin5t en waar i5 veel bewondering voor heb. Dan5 4e wel 
voor de waardevolle brainstormsessiesf 4e scherpe vragenf 4e luisterend oor en het 
vertrouwen dat 4e mi4 hebt gegeven de afgelopen drie 4aar.  
 
Dr= Roel Custersf beste Roel. 
i4 bent de begeleider die i5 het langst 5enf niet alleen als 
mi4n begeleiderf maar oo5 als orthopedisch chirurg. 
e hebt mi4 meegemaa5t vanaf mi4n 
M2-stagef via mi4n M3-stagef tot aan mi4n PhD. Met 4ouw geduld en vriendeli45heid heb 
4e mi4 ti4dens die stages laten zien dat orthopedisch chirurgen helemaal niet eng zi4n. I5 
wil 4e bedan5en voor het vertrouwen dat 4e mi4 gaf om me oo5 5linisch verder te 
ontwi55elen door mi4 zelfstandig de 5niepoli te laten draaien. I5 heb hier ontzettend veel 
van geleerdf en het heeft me gevormd in de manier waarop i5 5linisch onderzoe5 doe. 
We hebben samen veel congressen bi4gewoond en daardoor oo5 de nodige reizen 
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gemaa5t. Ti4dens zul5e trips leer 4e 4e collegays op een andere manier 5ennenphet gaat 
dan niet alleen over onderzoe5f maar 4e leert el5aar oo5 op persoonli45 vla5 beter 
5ennen. Iets watf den5 i5f ontzettend waardevol is binnen een team. Onze avonturen in 
Seoulf �uid-Korea zal i5 dan oo5 nooit vergeten: de voorliefde voor Korean BB�f de 
beroemde 5ru54esf en natuurli45 onze 100� score ti4dens de 5arao5e. Natuurli45 mag 
4ouw -a,�a-&eG!a'� niet ontbre5enf die af en toe absoluut nodig was. Roelf dan5 4e 
wel voor het vertrouwen en 4e begeleiding in de afgelopen 4aren. 
 
Dr= 
ienke van � mondf beste Nien5e. Oo5 4i4 hebt mi4 meegemaa5t vanaf mi4n M2-
stagef via mi4n M3-stagef tot aan mi4n PhD. I5 wil 4e bedan5en voor het vertrouwen dat 
4e mi4 gaf om me oo5 5linisch verder te ontwi55elen. Als opleider in hart en nieren was 
het alti4d M4n om bi4 4ou aan te 5loppen wanneer i5 twi4felde over het beleid. 
e scherpe 
vragen en de manier waarop we samen nadachten over het beste plan voor de pati)nt 
heb i5 enorm gewaardeerd. Daarnaast vond i5 het gezellig om bi4 4e op de OK te staanp
daar was er vaa5 even ti4d om bi4 te 5letsen. Binnen het promotieteam ben 4i4 de 
pragmatische doorpa55erf iemand die 5nopen durft door te ha55en en duideli45e 
beslissingen neemt. Dat heb i5 als heel prettig ervaren. Oo5 wi4 hebben samen veel 
congressen bi4gewoondf en ti4dens onze dagen in Sitges en Boston heb i5 4e nog beter 
leren 5ennen. Daar 5wam weer naar voren hoe lief en zorgzaam 4e benth 4e wil graag dat 
iedereen het naar zi4n of haar zin heeft. Hopeli45 5unnen we nog lang samen toet4es 
bli4ven delenpvooral op die momenten dat we eigenli45 te vol zitten van het 
hoofdgerecht. Nien5ef dan5 4e wel voor het vertrouwen en de begeleiding in de 
afgelopen 4aren. 
 
Geachte leden van de leescommissief prof. dr. Sita Bierma-�einstraf dr. Ronald 
. van 
Heerwaardenf prof. dr. Thomas 
. Hoogeboomf prof. dr. �odewi45 W. van Rhi4n en prof. 
dr. ir. Nico �erdonschotf harteli45 dan5 voor het lezen en beoordelen van mi4n 
proefschrift.  
 
Alle co-auteursf bedan5t voor 4ullie hulp en bi4drage aan dit proefschrift. Graag wil i5 
een aantal co-auteurs extra bedan5en. To the ���-�PPR��C� co-authors. A large part 
of my thesis is the result of your eLorts in collecting and analysing the data. Than5 you 
for your dedication and hard wor5. My manuscripts were often reviewed with a critical 
and constructive perspectivef which greatly improved the ?uality of the wor5pthan5 
you for that as well. In particularf I would li5e to than5 prof= dr= �eli0 �ckstein and dr= 
�1l�ne 	ansen for their helpf supportf and for being invaluable sparring partners 
throughout this process. Dr= �outer �oppenf beste Wouter. Bedan5t voor het 
enthousiasme in de afgelopen 4aren. 
ouw energie en het meeden5en over onderzoe5 
heb i5 enorm gewaardeerd. I5 hoop dat we in de toe5omst nog af en toe samen 
onderzoe5 bli4ven doenf zodat we oo5 de publicaties 5unnen bli4ven vieren met taart. 



312

Dankwoord

 

Dr. Rintje Agricola, beste Rintje. Via Harrie Weinans heb ik jou, via Teams, leren kennen 
om gezamenlijk een onderzoek uit te voeren, waarna we elkaar later in Seoul voor het 
eerst “echt” ontmoet hebben. Het resultaat van deze samenwerking is een mooie 
publicatie, maar voor mij ook zeker een begin van het bredere plaatje (zoals in mijn 
discussie terug te lezen is). Ik hoop dat wij in de toekomst onze krachten mogen blijven 
bundelen. Dr. Ralph Sakkers, beste Ralph. Vanaf het laatste jaar van mijn PhD hebben 
we een aantal projecten samen gedaan, waarbij we onze kennis vanuit de 
reconstructiechirurgie en de artrosechirurgie konden bundelen. Ik keek altijd erg uit 
naar deze meetings en leerde iedere keer iets nieuws dankzij jouw blik op 
osteotomieën. Ontzettend bedankt voor het afgelopen jaar, maar ook voor de 
mogelijkheden die je mij geeft in mijn verdere carrière. Dr. Anne Spaans, beste Anne. 
Het afgelopen half jaar heb ik je leren kennen als iemand die doortastend is, makkelijk 
verbinding legt en oprecht betrokken is bij de mensen om haar heen. Je neemt de tijd 
om even bij te praten met collega’s, ook wanneer het druk is — iets wat erg gewaardeerd 
wordt. Het is mooi om samen de verbinding tussen de kinderorthopedie en de 
volwassen orthopedie verder te versterken, specifiek op het gebied van 
standsafwijkingen. Ik kijk ernaar uit om dit de komende jaren samen verder uit te 
bouwen, zowel in de kliniek als binnen het onderzoek. 
 
Collega’s van de orthopedie en het 3D-lab, het waren heerlijke jaren met elkaar, 
waarin we — uiteraard naast hard werken — ontzettend veel leuke momenten hebben 
beleefd. Van de vaste vragen “Is het al half 12?” (oftewel: tijd voor lunch) en “Is het al 
16:00?” op vrijdagen (oftewel: tijd voor de vrijdagmiddagborrel), tot onze jaarlijkse 
SinterQlaas-traditie, de sporthopedie-momenten, het orthofeest, en de gezellige 
kogiemomentjes met de melkopschuimer. In willekeurige volgorde: Casper, Peter, 
Dineke, Abdi, Karlijn, Ruben, Fianne, Suzanne, Mattie, Annemie, Ilse, Dunja, Chien, 
Joëll, Jaap, Manouk, Noa, Killian, Koen, Yvonne, Hilde en Jasmijn—dank jullie wel 
voor de gezelligheid, de leuke momenten en de mooie herinneringen. Ook de stafleden 
en het secretariaat van de orthopedie: bedankt voor de onbeperkte voorraad koekjes 
en de gezellige gesprekken bij het kogieapparaat. 
 
Hilde, jij verdient een los plekje in mijn dankwoord. Vanaf het tweede jaar van mijn PhD 
trokken we steeds vaker met elkaar op en gingen we steeds meer samen doen. Wat 
begon met samen sparren over onderzoek, groeide uit tot een vaste en onmisbare 
factor in mijn PhD. Onze wekelijkse — en soms zelfs tweewekelijkse — kogiemomenten 
werden heilig: hét moment om bij te praten over werk, maar zeker ook over alles 
daarbuiten. Juist die momenten van geklets en soms ook een beetje geklaag waren van 
grote waarde. Dank je wel voor de gezelligheid, je adviezen en je luisterend oor in de 
afgelopen jaren. Inmiddels hoor ik wel eens: “Waar Eva is, is Hilde — en andersom.” Dat 
zegt eigenlijk alles. 
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Dan5 aan alle pati�nten die hebben deelgenomen aan de verschillende onderzoe5enh 
zonder 4ullie had dit proefschrift niet 5unnen bestaan. Daarnaast wil i5 oo5 graag de 
polimedewerkers van de orthopedie bedan5en: voor het inplannen van de poli-
afspra5enf het beantwoorden van mi4n vele vragenf en de gezellige voorbespre5ingen 
inclusief de le55ere brood4es. 
 
�tudentenf bedan5t voor 4ullie bi4dragen aan dit proefschrift. 
ullie inzet en harde wer5 
zi4n van grote waarde geweest voor het onderzoe5. 
 
Colleagues at the Mayo Clinicf Rochesterf Minnesotaf USA. Prof= dr= Daniel �arisf dear 
Daniel. Than5 you so much for your trust and for giving me the opportunity to spend part 
of my PhD at the Mayo Clinic. The conMdence you placed in mef your encouraging 
wordsf and your valuable input on my research plans have played a signiMcant role in 
my development. I am truly grateful for that. Dr= Christopher 
a ellif dear Chris. I 
would also li5e to sincerely than5 you for my time at the Mayo Clinic. You made me feel 
at home from the very beginning. Your positivityf 5indnessf and hospitality are the 
reason I loo5 bac5 on my stay with such 4oy. Than5 you for ma5ing my time in Rochester 
so memorable. Dr= �ario �evesi. Than5 you as well for the trust you placed in me 
during my stay. I greatly appreciated your input and your critical perspective during the 
Wednesday morning vdr. Hevesi meetings.w I learned a lot from those discussionsf and 
they have strongly inNuenced the way I approach research. I would also li5e to than5 
the members of the Dr. Saris lab: 
at1f 
1ndraf Dun#af and �mi. Than5 you for the fun 
timesf the outingsf and for introducing me to American life rincludingf of coursef plenty 
of fast foods. Than5s to all of youf I had an amazing and unforgettable time. 
 
Aan mi4n vriendenf bedan5t dat 4ullie in de afgelopen 4aren voor de broodnodige 
aNeiding van de wetenschap hebben gezorgd p zelfs al wer5t een groot deel van 4ullie 
zelf <<5 in de wetenschap. Sinds we allemaal uit �nschede vertro55en zi4nf zien we 
el5aar misschien wat minder vaa5f maar gelu55ig bleven de ver4aardagen een vaste 
waarde. Dat waren de ultieme momenten om weer gezellig bi4 te pratenf spellet4es te 
spelen en samen le55er te eten. 
 
�ennaf oo5 4i4 verdient een speciaal ple54e in mi4n dan5woord. We 5ennen el5aar al 
sinds de bachelor Technische Genees5undef en hoewel 4i4 halverwege de master de 
overstap maa5te naar genees5undef is ons contact alti4d gebleven. Ti4dens mi4n 
promotie was 4e er niet alleen voor de nodige aNeidingf maar oo5 als luisterend oor 
wanneer dat nodig was. I5 5i45 met veel plezier terug op onze uitstap4es met Yulia en 
Yuliettaf en natuurli45 op de va5anties samenf waarin golfsurfen centraal stond. Dat we 
el5aar nog steeds meerdere 5eren per wee5 spre5en en het nooit verveeltf zegt genoeg. 
Dan5 4e wel voor de afgelopen 4areni 
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De gehele familie �an der �elden: dan5 4ullie wel voor alle gezellige familiemomentenp
de ver4aardagenf feestdagen en alle andere momenten waarop we samen5wamen. 
Twee mensen wil i5 in het bi4zonder bedan5en. �ieve oma �dith en opa Rienf woorden 
schieten te5ort om uit te dru55en hoe dan5baar i5 ben voor 4ullie. 
ullie zorgzaamheidf 
betro55enheid en oprechte interesse heb i5 alti4d enorm gewaardeerd. Maar vooral 
bewonder i5 4ullie als echte familiemensen: hoe 4ullie al 4aren met liefde de hele familie 
bi4 el5aar brengenpvoor ver4aardagenf 5erstf Sinter5laasf het oliebollen ba55enpen 
hoe 4ullie alti4d aandacht hebben voor 4ullie 5inderenf 5lein5inderen en inmiddels oo5 
achter5lein5ind. I5 ben trots dat i5 de derde in de ri4pde derde generatiepbenf en dat 
onze familie stra5sf naast dr. Rien van der �elden en dr. Ali5e van der �eldenf oo5 een 
dr. Bax zal hebben. 
 
�pa �ees en oma �eff oo5 4ullie wil i5 bedan5en voor 4ullie zorgzaamheid en interesse 
in mi4n wer5f maar vooral voor de ontspanning die 4ullie me boden. In dru55e periodes 
5on i5 me alti4d verheugen op de momenten dat i5 naar 4ullie in Span4e op va5antie gingf 
((n of twee 5eer per 4aar. Heerli45 in het zonnet4ef tapas etenf en volledig tot rust 5omen. 

ullie zorgden alti4d goed voor mepgeen hotel dat daar oo5 maar bi4 in de buurt 5omt. 
 
�ieve papaf mamaf Dani�lle en �arc. 
ullie liefde en steun li45en misschien 
vanzelfspre5endf maar dat zi4n ze absoluut niet. I5 vind het bi4zonder hoe hecht gezin 
we zi4n en dat wef ondan5s alle dru5tef nog steeds de moeite doen om el5aar el5e wee5 
te zien. Bedan5t voor 4ullie onvoorwaardeli45e steunf liefdef geduld en vooral de 
broodnodige aNeiding ti4dens de dru5ste perioden roo5 al lee5 dat misschien niet alti4d 
zo voor de buitenwerelds. Papa en mamaf dan5 voor de stevige basis die 4ullie mi4 
hebben meegegeven en die mi4 heeft gebracht tot waar i5 nu sta. Dat is iets wat lang 
niet voor iedereen vanzelfspre5end is. 
 
�ievef 5leine 	ulie. Wat was i5 enorm bli4 toen 4ouw papa en mama vertelden dat i5 tante 
zou wordenf en n<g bli4er toen i5 ys ochtends wa55er werd met het nieuws: 
ulie is 
geboren. �l5e 5eer als i5 4ou zief voel i5 me z< trots. 
e brengt ontspanningf tovert een 
glimlach op mi4n gezicht en voorziet me van de allerliefste 5nuLels. I5 ben ontzettend 
trots om 4ouw tante te mogen zi4n en zal alti4d achter 4e bli4ven staani I5 5i45 uit naar alle 
hoogtepunten die we in de toe5omst samen gaan beleven. 
 
�ieve �ulia en �ulietta. 
ullie 5wamen als twee 5leinef verlegen meis4es bi4 ons thuisf 
en inmiddels zi4n 4ullie uitgegroeid tot echte tieners. I5 ben ontzettend bli4 dat i5 dit vanaf 
de zi4li4n heb mogen meema5enf en dat we in de wee5enden le55er op pad 5onden gaan 
rwant 4af i5 vind het Ti5ibad stie5em <<5 heel leu5s. 
etf i5 heb z< veel bewondering voor 
het doorzettingsvermogenf de motivatie en de volwassenheid die 4i4 op zoyn 4onge 
leefti4d al laat zienpecht pet4e af. Daar ga 4e nog h((l ver mee 5omen. Yuliaf el5e 5eer 
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ben i5 weer verbaasd over de 5unstwer5en die 4i4 maa5tpz< 5nap en creatief. I5 ben 
trots op hoe 4ullie 4e ontwi55elen en 5i45 uit naar alle mooie hoogtepunten die 
ongetwi4feld nog gaan 5omen. 
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�va Bax was born in �eistf the Netherlandsf on the 29th 
of 
une 1998. She completed her secondary education 
at the Christeli45 �yceum �eist in 201^f after which she 
began her bachelorys programme in Technical Medicine 
at the University of Twentef the Netherlands. During her 
bachelor studies r201^–2019sf she developed a strong 
interest in the interface between technology and 
clinical practice. She completed her bachelor thesis 
with distinctionf earning a grade of 9.

Following the successful completion of her bachelorys 
degreef she continued in the masterys programme in 
Technical Medicine at the University of Twentef specializing in Medical Imaging { 
Interventions r2019–2022s. For her graduation internshipf she 4oined the Department of 
Orthopedics at the University Medical Center rUMCs Utrechtf where she combined 
scientiMc research with clinical practice. She completed her masterys graduation 
research under the supervision of dr. Roel Custers and dr. Nien5e van �gmondf and 
Mnished this pro4ect with distinctionf earning a grade of 9.

During this periodf she developed a particular interest in 5nee osteoarthritisf lower limb 
malalignmentf and osteotomies. Motivated by the clinical relevance and scientiMc 
potential of these topicsf she continued within the Orthopedics Department of UMC 
Utrecht as a PhD candidate. Before starting her doctoral tra4ectoryf she spent three 
wee5s volunteering at St. �lisabeth Hospital in Arushaf Tanzania.

In December 2022f she formally started her PhD at Utrecht Universityf supervised by 
prof. Harrie Weinansf prof. Moyo Kruytf dr. Roel Custersf and dr. Nien5e van �gmond=
Throughout her PhDf she remained actively involved in clinical activitiesf including 
outpatient clinics. She presented her wor5 at multiple national and international 
conferencesf including several editions of International Cartilage Regeneration { 
oint 
Preservation Society rICRSsf Nederlandse Orthopaedische �ereniging rNO�sf and 
International Cartilage Regeneration { 
oint Preservation Society rOARSIs. She also 
contributed to organizing educational activitiesf including osteotomy coursesf the Knee 

oint Preservation Coursef and the 
oint Preservation Coursef and she supervised 
several bachelorys and masterys students.

In the Mnal year of her PhDf she spent three months as a Research Fellow at the Mayo 
Clinic in Rochesterf Minnesotaf USA> wheref under the guidance of prof. Daniel Saris 
and dr. Mario Hevesif she further deepened her passion for clinical research and 5nee 
4oint preservation.
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In the Mnal phase of her PhDf she became actively involved in the PROB� consortiumf a 
large collaborative initiative focused on 5nee osteoarthritis. During this periodf she was 
also involved in obtaining several ma4or research grantsf which further strengthened the 
scientiMc foundation of the pro4ects and allowed the research line to be continued. 
 
Three years after beginning her doctoral 4ourneyf her PhD thesis was completed. 
Following the defense of her dissertationf she continued her academic career as a 
postdoctoral researcherf maintaining her focus on clinical research and 5nee 4oint 
preservation.  
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