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Objective: To determine in a 48-month longitudinal study thescaiation of thigh
muscle cross-sectional area (CSA) and strength rogrgssion of morphologic knee
cartilage degeneration using 3T magnetic resonamaging (MRI).

Design: Seventy Osteoarthritis Initiative (OAI) subjectsedg50-60 years, with no
radiographic evidence of osteoarthritis (OA) anchstant muscle strength over 48
months as measured by isometric knee extensiomdesere included. Baseline right
thigh muscle CSAs were assessed on axial T1-wealghtB images, and extensor to
flexor CSA ratios were calculated. Degenerativeekabnormalities at baseline and 48-
months were graded on right knee 3T MRIs using difieal whole organ MRI score
(WORMS). Statistical analysis employed Studenttests and multivariable regression
models adjusted for age, body mass index and gender

Results: Extension strength was significantly and positivetyrrelated with baseline
thigh muscle CSA (r=0.65, p<0.001). Greater baseliotal thigh muscle CSA was
significant associated with increase of cartilag®©RWIS scores over 48 months in
patellar (p=0.027) and trochlear (p=0.038) compartts, but not in other knee
compartments. Among specific muscle groups, CSaxaénsors (p=0.021) and vastus
medialis (VM) (p=0.047) were associated with pateltartiage increase in WORMS.
Baseline E/F ratio had a significant positive agggmn with patellar WORMS cartilage
score increase over 48 months, p=0.0015. There m@rether significant associations
between muscle CSA/ratios and increase in WORM8$&esco

Conclusion: Maintenance of proper extensor to flexor muscleahet about the knee
through decreased E/F ratios may slow patellofemocastilage deterioration, while

higher extensor and VM CSA may increase patellofahzartilage loss.
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Introduction

Conservative treatment modalities for knee ostbo#igd (OA) are limited, despite the
fact that radiographic knee OA affects nearly 190the general populatioh Invasive
treatments such as total knee arthroplasty (TKAhjlavhaving successful short- to
intermediate-term outcomes, can often be pronat® failure, with reported revision
rates of up to 18.9% at 15 yedrsFor this reason, a focus has been placed on OA
prevention and identification of modifiable riskctars in the treatment of knee OA.

Part of this focus has turned to the role playgdkiee stability, and specifically
static and dynamic stabilizers of the knee. Thegrnty of static stabilizers (i.e. bones,
ligaments) of the knee has been implicated as gieéeagainst degenerative disease of
the cartilagé. Recent literature has turned to the importanagynfimic stabilizers of the
knee as well, with studies showing associationsnofeased muscle strength about the
knee joint with both increased risk and a protecteffect with respect to knee OA
progression “*°. However there is currently no firm agreement reiyg the basis of
these associations, or the definitive recommendsattbat should be derived from them
with regards to the role of muscle strength in préion of knee OA progression.

Previous studies exploring the relationship betwt#egh muscle and knee OA
progression have mostly used strength testing messwhich can be exceedingly
limited in terms of reliability and validity as there prone to patient effort and comfort
levels, to characterize muscle strength in studyjesiis. Muscle cross-sectional area
(CSA) can be accurately and objectively quantifiexing magnetic resonance (MR)
imaging, and this has been shown in several studidsave a close correlation with

muscle strength measuremenfts®* However, few previous studies have used this
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Effect of thigh muscle on OA progression

technology for characterizing and quantifying masdtrength when evaluating its
relationship to osteoarthritis progresstén*

The purpose of our study was to determine thetioelship between baseline
muscle CSA and strength with longitudinal progressof degenerative, morphologic
abnormalities of the knee joint in individuals witable muscle strength over four years
and no signs of radiographic osteoarthritis in tibeafemoral joint. An additional focus
of our study was to examine the role that imbalaote@gonist and antagonist thigh
muscle groups potentially plays in the progressiblegenerative changes of the knee

joint.
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Effect of thigh muscle on OA progression

Materialsand Methods

Subjects

Seventy individuals from the Osteoarthritis Initiat (OAIl) incidence and progression
cohorts were included in this study as outlineéigure 1. All subjects included had risk
factors for OA without symptomatic knee OA in aadé one knee. Risk factors included
previous knee injury or surgery, family history ©KA, Heberden’'s nodes, or knee
symptoms within the past 12 months. All subjectsvted informed consent. The study
was HIPAA-compliant and approved by the local cottees on human research.
Inclusion criteria were no radiographic OA definegda Kellgren-Lawrence (KL) grade

of 0 or 1'°. To minimize the effect of age as a confoundingalde, only subjects age

50-60 years were included. Exclusion criteria wii@se implemented by the OAIl and
included contraindications to MR imaging, bilaterahd-stage OA, inflammatory

arthritis, pregnancy, and co-morbidities that cdnterfere with study participatiofi *".

As part of the clinical data collection for the QAhaximum extension strength
was measured using an isometric force testing @taach visit. Patients who endorsed
being limited in strength measurement due to pagrevexcluded, as were patients who
did not have isometric strength testing performetiath baseline and 48-months. Only
patients who demonstrated less than 3% varialdiitgxtension strength testing were
included, in an effort to eliminate changes in nieistrength over time (and factors that
may contribute to these changes) as confoundingahlas in our relationship
assessments. A threshold of 3% variability was ussthuse of previous studies which
report that 5% variability in muscle strength refte significant changes in Western

Ontario and McMaster Universities (WOMAC) functidhaee score¥’.
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MR imaging

MR imaging was obtained using identical 3T MRI syss (Trio, Siemens, Erlangen,
Germany). Identical knee coils were used for aldss. Four sequences were used for
image analysis: coronal intermediate-weighted (BW) fast spin-echo (FSE) sequence
(echo time (TE) 29 ms, repetition time (TR) 3700, sixe thickness 3.0 mm, bandwidth
352 Hz/pixel), sagittal 2D IW FSE sequence withdappression (TE 30 ms, TR 3200
ms, slice thickness 3.0 mm, bandwidth 248 Hz/pjxedigittal 3D dual-echo in steady
state (DESS) sequence (TE 4.7 ms, TR 16.3 msafiighe 25 degrees, slice thickness 0.7
mm, bandwidth 185 Hz/pixel) with axial multiplan@construction. Further details about

image acquisition are provided in the OAI MR pratidc.

Semi-quantitative morphological imaging analysis

All images were viewed on PACS workstations (AgRidgefield Park, NJ, USA).
Baseline and 48-month MR images were obtained efribht knee for all seventy
patients included in this study as part of the @Atabase. Images were reviewed by a
radiologist with three years of experience who vidimded to the initial strength
measurement of the subjects. Unclear readings igerewed by a second board-certified
musculoskeletal radiologist with 22 years of expece. Images were semi-quantitatively
graded based on the modified Whole Organ Magnet&soRance Imaging Score
(WORMS) assessing morphologic lesions of cartilagenisci, or ligaments, in addition
to presence of bone marrow edema pattern, loosiefaglibchondral cysts, effusion, or

popliteal cysts. Cartilage lesions were graded snade of 1 to 6, with 1 representing an
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80 intracartilaginous signal abnormality, 2 represaemta partial thickness defect of the
81 cartilage surface measuring <1 cm, 2.5 represerdirfgll-thickness cartilage defect
82 measuring <1 cm, 3 representing a partial thickfesen measuring >1 cm but <75% of
83 the region, 4 representing diffuse cartilage thgninvolving >75% of the region, 5
84 representing a full thickness lesion >1 cm but <7684he region, and 6 involving
85 diffuse full thickness cartilage loss involving ¥B5o0f the region. The maximum
86 cartilage score was defined as the highest cagtilagore from any measured
87 compartment (patella, trochlea, medial or lateeindr, or medial or lateral tibia).
88 Meniscal lesions were graded on a 5-point scaleamal (0), intrasubstance signal
89 abnormality (1), meniscal tear without deformity,(&xeniscal tear with deformity (3), or
90 meniscal maceration (4). Ligament/tendon lesioneevggaded as normal (0), increased
91 surrounding signal abnormality (1), increased digrabnormality within the
92 tendon/ligament (2), partial tear (3), or complétar (4). Subchondral bone marrow
93 edema pattern was graded as none (0), mild (<5gredge 1), moderate (>5 mm but <20
94 mm, grade 2), or severe (>20 mm, grade 3). Looshebowere graded as present or
95 absent. Subchondral cysts were graded as nonei(@)(<3 mm, grade 1), moderate (3-5
96 mm, grade 2), or severe (>5 mm, grade 3). Jointsefh was graded as none (0), mild
97 (<33% maximal distention, grade 1), moderate (3%66aximal distention, grade 2), or
98 severe (>66% maximal distention, grade 3). Poplitgsts were also graded on a 4-point
99 scale as none, mild, moderate, or sefere

100

101 Basdline thigh muscle CSA measurements
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Effect of thigh muscle on OA progression

Each included subject had standing full-length aotgposterior radiographs of the right
femur obtained. The femoral length was measurenh fitwe intercondylar notch to the
superior femoral head. A T1W axial MR slice cor@sging to the distal-middle third
junction of the femur based on the measuremeniraatan full-length radiographs was
localized on the coronal MR scout view. This wassidered the index slice for muscle
segmentation; two slices proximal were also segetefdr a total of three slices. Manual
spline-based segmentation was performed using Matlatware (Figure 2). Eight
regions of interest were included for segmentatieatus femoris, vastus medialis, vastus
lateralis, vastus intermedialis, biceps femorisofsihead), biceps femoris (long head),
semitendinosus, and semimembranosus, and their @8#escalculated as the average of
the CSAs in all segmented MR slices. Extensor C3A walculated as the sum of the
individual CSAs of the rectus femoris, vastus misliavastus lateralis, and vastus
intermedialis. Flexor CSA was similarly calcula&sithe sum of the biceps femoris (long
and short heads), semitendinosus, and semimeminar©@SAs. Extensor flexor ratio
(E/F ratio) was calculated as the ratio of extertedtexor CSA (Figure 3). MR images
were graded based on a Goutallier scale by onelogist with three years of experience
as Grade 0 (no fatty streaks), Grade 1 (some &teaks), Grade 2 (more muscle than
fat), grade 3 (as much fat as muscle) and gratkesd fnuscle than fat) %2 A Goutallier-
derived correction factor was applied to the CSAues to obtain an adjusted value
accounting for intramuscular fat (Grade 0=1, Grade.90, Grade 2=0.85, Grade 3=0.82,
Grade 4=0.70, which is analogous to previously-4shleld studies investigating the

relationship between Goutallier grade and fat cositjpm > %9,
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Effect of thigh muscle on OA progression

Baseline patellofemoral alignment

In order to determine the variation among our stpdgulation in terms of patellofemoral
alignment factors, each patient was assigned a\falupatellofemoral alignment factors
including presence/absence of patella alta as elkfay Insall-Salvati ratio of greater than
1.3%° Presence of patellar tilt was defined as latéaakt angle less than 8 degrees.
Patellar subluxation was also assessed (determimexigh measurement of bisect
offset), and trochlear dysplasia as defined byusulengle greater than 145 degrees or

sulcus depth less than 3 mm was recoffed

Satistical analyses
Statistical analyses were performed using JMP swéwersion 11 (SAS Institute, Cary,
NC, USA). Gender-specific Z-scores were calculattt each muscle CSA
compartment/ratio (total, extensors, flexors, VNidaE/F ratio). Multivariable linear
regression models adjusted for age, gender, andviddvik used to assess the relationship
between gender-specific Z-scores for compartmentakcle CSA/ratios (predictor
variables) and subcompartmental cartilage, BMER] ameniscus WORMS scores
(outcome variables), after testing that the appabprelevant assumptions had been met
(specifically regarding normality of variables, whiwas assessed using Q-Q plots).
Analysis of WORMS maximum cartilage score progm@ssiand non-progression
subgroups (where progression defined as WORMS maniartilage score increase
1) was performed using Student’s t-tests. Stasisignificance was defined as p<0.05.
Our group has previously analyzed inter- and inta@der reproducibility for

WORMS measurements in a subset of 15 participarits demonstration of high inter-
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observer reliabilities within various WORMS subggiges ' "+ 2 Coefficient of
variance (CV) for thigh muscle CSA has also beestdeed previously in our group, and
was calculated as <2% for all regions of interegtasured (vastus medialis, vastus
lateralis, vastus intermedialis, rectus femorisgps femoris-short head, biceps femoris-
long head, semimembranosus, and semitendind$uSpecifically, CV for total thigh
muscle CSA, quadriceps, hamstring, vastus medialid, vastus lateralis were 0.72%,
0.92%, 0.96%, 1.34%, and 1.67%, respectively). i#afthlly, our group has recently
demonstrated high intra- and inter-observer agreerite semi-quantitative grading of

fat infiltration using Goutallier's classificatiof.83 and 0.81, respectivefy)
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Results

Subject characteristics

Baseline demographic variables of the study pomrare depicted in Table 1. Seventy
patients were included, 47.1% of whom were maleerAge body mass index was
27.5+4.3 kg/m. Average maximum right knee extension force amtregstudy cohort
was 428.8+148.6 N, with an average speed of exdarierce of 580+465 N/s.

The majority of individuals had Goutallier gradg4®.0%, 28/70) or 1 (48.6%,
34/70). The remaining eight subjects had Goutafirade 2. Baseline values for patellar
and patellofemoral joint WORMS were compared tovionesly published data from the
OAIl normal control cohort, and the incidence oftitage lesions of various WORMS

grades was not found to vary significarftly

Baseline data
Baseline maximum knee extension strength had afis@mt positive correlation with
both total CSA (r=0.64, 95% CI 0.48, 0.76, p<0.00Cdnd Goutallier-corrected total
CSA (r=0.65, 95% CI 0.49, 0.77, p<0.0001). No digant correlations were found
between baseline muscle strength and Goutalliedegrar between baseline PASE
(Physical Activity Scale for the Elderly) scoreddaxtensor/flexor ratio.

There were no statistically significant relatibips between baseline WORMS
score for any given cartilage compartment, and llmesenuscle CSA for total thigh
muscle, extensor compartments, or vastus medih4).(However, baseline (and 48-

month) trochlear cartilage WORMS scores did hav&gaificant positive association
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181 with E/F ratios (p=0.048 and p=0.031, respectiveiyferestingly, CSA had a significant
182 association with meniscal WORMS score at baselmdividuals with lower CSA had
183 higher maximum meniscus WORMS scores for total C#&or CSA, and extensor
184 CSA (p<0.05).

185

186 Longitudinal data

187 No significant difference was found regarding demap@ic and strength measurement
188 variables in groups that experienced increase inRWMOS maximum cartilage scores
189 (defined as total 48-month increasel, n=31) compared to those who had no increase
190 (change in maximum cartilage score equal to <1 8n=W/ith progression defined as an
191 increase in WORMS cartilage score of at least 1Ir dlve study period, only baseline
192 Goutallier grade and E/F ratio were found to havesignificant association with
193 progressive degeneration, with increased valuebdtr being associated with increased
194 progression rate (p < 0.05). No other individualsoia group CSA values were found to
195 have a significant correlation with rate of progies.

196 Tables 2 and 3 summarize the results of a multipplear regression model
197 adjusted for age, gender, and BMI, to investigdte &ssociations between gender-
198 normalized muscle CSA and compartmental change@RWS cartilage scores, as well
199 as global maximum cartilage, meniscus, and BMEP WGSRscores. No significant
200 associations were seen with regards to baselineclensirength measurements and
201 longitudinal change in any WORMS score parametemwéver, increase in patellar and
202 trochlear WORMS scores were found to be signifigapbsitively associated with total

203 muscle CSA (p=0.027 and p=0.038, respectively) (FEig4). Total extensor CSA and
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specifically VM CSA were similarly found to be sifoantly associated with increase in
patellar cartilage WORMS (p=0.021 and p=0.038, eespely). No other longitudinal
WORMS parameters reached significance. Similargstus intermedialis and vastus
lateralis CSA were not found to have significanatienships with 48-month increase in
WORMS score. Baseline WOMAC scores were analyzedctorelation with both
changes in WORMS scores as well as baseline WORAM$s for patellar cartilage and
maximum cartilage score, and no significant assiocia were found.

The strongest association demonstrated in our patiined to the E/F ratio,
calculated as the ratio between the sum of thenegteCSA to the sum of the flexor
CSA. There was a strong positive association betvi&€ ratio and increase in patellar
WORMS over 48-months follow-up, p=0.0015 (FigureB 4nd 5). Specifically,
differences between high and low E/F ratio groupmanstrate that the high E/F patients
experienced a nearly 1-grade increase in pateadliditage WORMS scores on average.

To determine if our results were potentially imfhced by varying Goutallier
grades, all analyses were repeated with the exclusf the eight cases which were
classified as Goutallier grade 2 (i.e. only inchgliGrades O or 1). The results obtained
did not vary significantly regarding associatiomgviieen gender-normalized muscle CSA
and WORMS progression, thus confirming the validifyour analyses. Similarly, to
determine if results were influenced by patellagrahent factors (patella alta, patellar
tilt, patellar subluxation, or trochlear dysplasi@nalyses were repeated with the
exclusion of outliers in these categories (one cagk patella alta, five cases with
patellar tilt, three cases with patellar subluxatiand three cases with trochlear

dysplasia), and the results obtained again didiaptonstrate significant variation.
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Of note, several longitudinal WORMS variables (d8nth change in WORMS
scores) were found to be significantly correlated¢hwbaseline WORMS values,
specifically for maximum cartilage score (r=-0.26370.029), meniscus (r=-0.266,
p=0.027), and BMEP (r=-0.419, p<0.001). For theadables, separate analyses were
performed in order to adjust for baseline WORMSuealin addition to age, gender and
BMI. This additional adjustment did not result insggnificant change with regards to

data provided in Tables 2 and 3.
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Discussion

This study explores the longitudinal effects of wolasstrength on changes in knee
cartilage degeneration in individuals with OA rigkctors, but without preexisting
radiographic evidence of OA. Our study used obyetytassessed muscle CSA by 3T
MRI and objective maximal muscle force testing todfthat individuals with no
radiographic knee OA but high extensor CSA havenareased rate of progression of
patellofemoral joint cartilage degeneration. Alsdable is the role of increased extensor
CSA in relation to flexor CSA (E/F ratio), as thiad the most significant association
with increased patellar cartilage deterioration ro48 months and could potentially
provide a target for management of individuals wiiitreased risk for OA.

Our study found an association between increast@tl CSA of thigh musculature
with increase in WORMS scores over 48 months iohtiear and patellar regions. This is
especially interesting in light of the previouslyhtished literature, which is often
conflicting regarding the role of total thigh musdltrength in prevention or mitigation of
OA. Global muscle weakness has previously been sltowave a close association with
the development of OA in other load-bearing joifftsHowever, a recent study by
Ruhdorfer et al. failed to demonstrate a significeglationship between thigh muscle
CSA between knees with and without radiographic'®/ome studies have suggested
that both knee flexion and extension strength wes&iman themselves be associated with
knee OA® 32 A recent study by Mikesky et al. in which patemtithout radiographic
knee OA underwent strength training of both hamgsiand quadriceps, demonstrated a
greater incident joint space narrowing in the gtentraining group, suggesting an

opposite effect of global muscle strength aboutkiiee joint>. Another study by Visser
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et al. supported this finding in demonstrating aifpee correlation between skeletal
muscle mass and severity of knee 8AOur study sheds light on the role that muscle
strength plays in OA because it examines indivisiyaior to the development of OA
symptoms, and shows that in this population, ireedatotal thigh muscle CSA may
actually be associated with longitudinal worsenofgtrochlear and patellar cartilage
abnormalities.

A primary focus of this study concerned the specible of extensor strength in
the development of knee OA. A detailed regressioalysis yielded information
regarding the significant association between esdenas a group, and specifically the
vastus medialis, in worsening cartilage lesionthefpatella. Previous literature related to
this topic is conflicting. Palmieri-Smith et al. yeasuggested that women with early OA
haddecreased quadriceps strength compared to a non-OA cohod,samilarly, Amin et
al. have previously demonstrated a protective oblecreased quadriceps strength as it
relates to cartilage loss of the lateral pafefla Another recent study specific to patients
with malalignment of the knee demonstrated a deintal effect of increased quadriceps
strength with respect to tibiofemoral OA progressiisk*®. Studies that used quantitative
MR imaging modalities such as muscle CSA and eg#il T2 quantification have also
demonstrated that the effect of improved extenstoength is not necessarily beneficial.
In 2012, Pan et al. described increased vastusalstgastus medialis CSA ratios as
being inversely related to T2 values of knee Gay#l suggesting thakecreased vastus
medialis CSA (relative to vastus lateralis CSA) naajually be chondroprotective; this is

consistent with the results of our study
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The strongest association demonstrated in oulystwalved increased E/F ratio
and patellar cartilage degeneration. This findiaiges the concept of hamstring strength
possibly playing a protective role for knee cagéa particularly in patients with
increased quadriceps strength. The hamstrings-mpepar ratio has been the focus of
previous studies, especially as it relates to ptdiat risk for ACL injuries (which in turn
can give rise to progressive knee GA)From a biomechanical standpoint, increased E/F
ratio has been implicated in anterolateral tibiddlaxation, and it has been posited that a
higher E/F ratio is itself a risk factor for ACLjimy ** 3% Though much literature focuses
on the role of knee extension strength in knee @&re has been little focus on the
potential role of hamstring strengthening, everugiostudies have shown a beneficial
effect of improvement of hamstring strength forrpeeduction in patients with knee OA
3L Our study in many ways confirms what has beerebirat in previous literature,
showing that the most important aspect of thighculaure governing knee OA, relates
to the intrinsic balance between the extensorslardrs (that is, an unbalanced decrease
in hamstring strength relative to quadriceps stitengan potentially have detrimental
long-term effects on the patellofemoral cartilagé)ough we have only demonstrated a
possible protective effect of flexor CSA with redaito meniscus health, we see that the
role of flexor strength becomes much more importit relates to balancing against
high extensor strength.

It is important to note that our study set outlaxify the role of muscle CSA with
overall knee cartilage health, including tibiofemocartilage. None of our muscle CSA
parameters reached significance with regards to ldrmgitudinal effect on the

tibiofemoral joint. One possible interpretation wainihas been described previously, is
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that patellofemoral cartilage anomalies are acguallprecursor for further cartilage
deterioration of the tibiofemoral joifif. Previous studies have suggested that structural
changes in the patellofemoral joint provide betgplanation for knee pain than those in
the tibiofemoral joint, and this is also an impattaconsideration as potential
relationships between pain and muscle strength/@& contribute to our findings *2

Our study shows a potential direct association betwE/F ratio and patellar
cartilage degeneration. Confounding factors sucleas of physical activity and sports
participation may have played a role in this relaship, however we did not find a
significant correlation between baseline PASE ssara extensor/flexor ratio to suggest
that the level to which physical activity confouddfiese results was significant. Certain
variables such as involvement in high-impact spattvities which may preferentially
increase extensor muscle bulk, may also be direatributors to patellar cartilage
deterioration, and future studies on this topic rhayable to shed light on whether such
factors could play a role in this relationship.

Our study has several limitations which shoula &ls discussed. We used the KL
scale for subject selection and only included thegk KL Grade 0 or 1. The KL grade
solely pertains to radiographic OA of the tibiofemojoint . However, the main
findings in our study related to the effect of thighuscle strength and CSA on the
patellar and trochlear cartilage. It is therefoosgible that our KL grade selection may
have allowed for selection of patients who alrebdy evidence of patellofemoral OA.
However, a comparison of our MR data with a presistudy by Pan et al. showed no
significant difference in frequency of baselineghar or patellofemoral joint cartilage

lesions in our study cohort compared to a normidreace population from the OAI
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databasé’. Secondly, a complicating limitation of our stuplgrtains to our finding that
baseline meniscal WORMS scores differed signifigabetween patients with low and
high thigh muscle CSA, though longitudinal valuéd dot differ significantly between
these groups. Though the significance of this figdis unclear, it is possible that this
may reflect an underlying protective effect of mased thigh muscle CSA as pertains to
meniscal, and, by deduction, tibiofemoral cartildgelth. The precise implications of
this are beyond the scope of this study, and futwestigation is warranted to further
clarify this result.

Our study demonstrates potentially clinically $iigant findings regarding
patellar cartilage deterioration in relation to mlesstrength; however, the findings
regarding tibiofemoral cartilage were less robu@he possible explanation may be
related to the relatively lesser longitudinal chesigeen in these cartilage compartments
compared to those of the tibiofemoral joint amorgstincluded patients, unrelated to
muscle CSA. Thus, a potential limiting factor ofr atudy is that the deterioration seen in
the tibiofemoral compartment over the 48 month tinaene was not sufficient to allow
adequate assessment of the relationship with m@®ke In that case, additional studies
investigating longer periods of time would be nektteassess muscle strength effects on
the tibiofemoral joint in particular.

Similarly, our study did not find significant assations between total muscle
CSA values or WORMS scores and baseline or longiddadthange in WOMAC scores,
which is not unexpected as previous studies haperted similar limited correlations
between WORMS scores/muscle CSA values and WOMA®est> ** This may be

explained by the fact that WOMAC scores report daige functionality over the past
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seven days, and they may also have limitationssgessing pain/symptoms in this
relatively young cohort (aged 50-60) with KL graadd¢® and 1.

In summary, our study shows increased total CSthigh muscle, and especially
increased extensor to flexor CSA ratio, are sigaifily associated with worsening
patellofemoral cartilage WORMS scores over 48 m&anth light of our findings, more
effort should be made to ensure that patients wittely patellofemoral OA maintain
relatively low E/F ratios through specific exera@sgesigned to increase hamstrings and
qguadriceps in the appropriate proportions. Addadlbn more studies with increased
numbers of patients would likely be necessary testigate more thoroughly the exact
role of flexion strength in knee OA prevention. Blkmowledge would shed light on how
targeted strengthening exercises for various loextremity muscle groups might

ultimately guide conservative management of knee OA
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Figurelegend

Figure 1: Flowsheet demonstrating patient exclusion criteria.

Figure 2: Full-length femur radiograph (A) demonstrateshmodtof obtaining slice
selection in uniform manner that accounted forvittlial height/body size differences.
The length of the femur from the superior aspec¢heffemoral head to the intercondylar
notch was first measured, and the obtained measutenas divided by three to obtain
the location of the distal-middle third junctiontbk femur. This length (18.335 cm) was

then correlated with the appropriate axial MR s(iB®

Figure 3: Axial T1-weighted thigh MRIs at the distal onerthjunction in patient (A)
demonstrates extensor compartment (highlighteddh and flexor compartment
(highlighted in blue) with an E/F ratio of 1.01,aontrast to an axial image in a different

patient (B) showing a much larger E/F ratio of 2.17

Figure 4: Graphical depiction of relationships between masi muscle strength (A) and
CSA parameters— including total CSA (B), flexor C&3, extensor CSA (D), VM CSA
(E), and E/F ratio (F)-- and the corresponding nigarease in subcompartmental
cartilage WORMS scores associated with each giigtistical significance was defined

as p<0.05 (asterisk). MF=medial femur; LF=lateeahtir; MT=medial tibia; LT=lateral
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tibia; Pat=patella; Tr=trochlea; Max=maximum cagi score (any compartment);

Men=meniscus; BMEP=bone marrow edema pattern.

Figure5: Baseline sagittal DESS image (A) demonstratinglfzatcartilage with small
partial-thickness defect (bracket) in patient witgh extensor-flexor ratio. 48-month
follow-up MRI (B) demonstrates clear progressiorhaf patellar cartilage lesion which

is now a large full-thickness defect (arrows).



Table 1: Demographics In relation to total CSA group

Number

Males (%, number) 47.1 (33) 22.9 (8) 71.4 (25) <0.0001
Age (years) 55.313.1 55.1+3.3 55.412.9 0.648
Height (mm) 1708.6+100.2 1664.8+69.4 1752.4+107.7 <0.001
BMI (kg/m?) 27.5%4.3 26.5+4.0 28.5t4 .4 0.046
Right knee maximum  428.8£148.6  376.6+£95.1 481.1+£173.6 0.003
extension (N)

Maximum extension 579.8+465.1  589.5+465.1 570.8+472.1 0.874

speed (N/s)

A Calculated using student’s t-test, with statistical significance defined as p < 0.05.
* Groups determined using cut-off value of 10,000 mm?, which separated upper and
lower 50 percentile for corrected total muscle CSA



Table 2: Relationship of muscle CSA parameters to WORMS cartilage scores

Baseline MS* Total CSA* Flexor CSA* Extensor CSA* VM CSA*

port | | | |/ /| [ | [ | |

Patella Baseline 1.66+1.64 1.91+1.54 1.91+1.77 1.66+1.39 1.77+1.55 1.8+1.64 1.97+1.77 1.6+1.38 1.63+1.82 1.94+1.33 2.11+1.84 1.46+1.22
48-mo 2.19+1.87 2.73+£1.73 2.46+1.94 2.46+1.70 2.36+1.81 2.56+1.83 2.51+1.92 2.4+1.72 2.18+1.90 2.73+£1.70 250191 2.41+1.73
Change 0.53+0.67 0.76+0.92 0.49+0.68 0.80+0.90 0.59+0.75 0.71+0.87 0.49+0.68 0.80+0.90 0.50£0.79 0.79+0.82 0.32+0.59 0.96+0 .88

Troch- Baseline 1.43+1.63 0.91+1.04 1.00+1.33 1.34+1.43 1.29+1.43 1.06+1.35 1.14+1.48 1.20+1.30 0.94+1.21 1.40+1.52 0.86+1.19 1.49+1.50

lea
48-mo 1.77+1.88 1.38+1.23 1.32+1.63 1.83+1.54 1.57+1.65 1.59+1.56 1.47+£1.73 1.69+1.47 1.29+1.40 1.86+1.73 1.21+1.47 1.94+1.64

Change 0.34+0.68 0.44%0.79 0.29+0.72 0.49+0.74 0.29+0.71 0.50£0.75 0.2940.72 0.49+0.74 0.32+0.68 0.46+0.78 0.32+0.68 0.46+0.78

* Groups were defined according to assigned gender-specific Z-scores for the study population. Goutallier-adjusted values were used
where appropriate.

A All analyses were performed using a multiple regression model adjusted for age, BMI, and gender. Significance was defined as p <
0.05, and statistically significant values are depicted in red.



Table 3: Relationship of muscle CSA parameters to WORMS maximum cartilage, meniscus, and BMEP scores

Time- ) |
I Baseline MS Total CSA* | Flexor CSA* VM CSA* E/F ratio

Baseline 2.81+1.47 2.29+1.38 2.74+1.4 2.36%1.39 2.54+1.3 2.56%1.54 2.86+1.50 2.24+1.33 2.57+1.50 2.53£1.40 2.69£1 .64 2.41+1.22

Global 8 6
max

carti- 48-mo 3.34+1.41 3.06+1.48 3.32+1.4 3.09+1.46 3.20+1.3 3.21+1.55 3.41+1.43 3.00+1.43 3.03+£1.38 3.37+1.50 3.09+1 .56 3.31+1.32
lage < 2
score Change 0.53+0.70 0.74+0.83 0.53+0.7 0.73+0.82 0.66+0.8 0.60+0.74 0.50+0.71 0.76+0.81 0.41+0.66 0.84+0.81 0.35+0.60 0.90+0.82
1 0
Baseline 1.20+1.21 0.71£1.10 1.26+1.2 0.66+0.97 1.17+1.3 0.74+0.95 1.26+1.29 0.66+0.97 1.06+1.26 0.86+1.09 0.86+1.14 1.06+1.21
9 4
Menis- 48-mo 1.46+1.31 1.38+1.28 1.68+1.3 1.17+1.15 1.69+1.3 1.15+1.21 1.62+1.41 1.23+1.14 1.56+1.31 1.29+1.27 1.24+1 .26 1.60+1.31
cus 9 2
Change 0.26+0.92 0.68+0.88 0.41+0.8 0.51+0.98 0.51+0.8 0.41+0.99 0.35+0.95 0.57+0.88 0.50+0.86 0.43+0.98 0.38+0 .99 0.54+0.85
6 5
Baseline 1.06+0.87 1.20+0.96 1.11+0.8 1.14+0.97 1.20+0.8 1.06+1.00 1.14+0.88 1.11+0.96 1.11+0.93 1.14+0.91 1.00+0 .84 1.26+0.98
7 3
Bone
marrow 48-mo 1.23+0.88 1.35+1.01 1.18+0.9 1.40+0.91 1.26+0.9 1.32+0.98 1.21+0.98 1.37+0.91 1.09+0.97 1.49+0.89 0.97+0 .97 1.60+0.81
edema 7 2
pattern

Change 0.17+0.82 0.15+0.82 0.06+0.8 0.26+0.82 0.06+0.8 0.26+0.83 0.06+0.81 0.26+0.82 -0.03+0.80 0.34+0.80 -0.03x0.72 0.34+0.87
1 0

* Groups were defined according to assigned gender-specific Z-scores for the study population. Goutallier-adjusted values were used
where appropriate.

A All analyses were performed using a multiple regression model adjusted for age, BMI, and gender. Significance was defined as p <
0.05, and statistically significant values are depicted in red.



4796 total subjects
in OAl database

Exclude patients with KL>1 (N=2329)

v

2467 patients

Exclude patients with rheumatoid arthritis (N=24)

\!

2343 patients

\!

Exclude patients who answered “yes” to pain
limitation during strength testing (N=29)

2314 patients

Exclude patients age >60 or <50 (N=1361)

v

953 patients

v

Exclude patients missing baseline or 48-month
strength measurement (N=329)

624 patients

v

[

89 patients

Exclude patients with >3% muscle strength
variability between baseline and 48-month
timepoints (N=535)

v

70 patients
ultimately included

Exclude patients who did not have T1-weighted
axial thigh MR imaging available (N=19)
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