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Abstract

Purpose: We described patellofemoral alignment and trochlear morphology at one and five years
after anterior cruciate ligament reconstruction (ACLR), and evaluated the associations between
alignment and trochlear morphology (at one year) and worsening patellofemoral osteoarthritis
(OA) features by five years. We also evaluated the associations between alignment and
morphology to self-reported pain and function (Knee injury and Osteoarthritis Outcome Score,
KOOQS) at five years.

Materials and methods: In this longitudinal observational study, we followed 73 participants
(mean age 29[9] years, 40% women) from one- to five-years after ACLR. Using MRI, we
measured alignment and morphology, and scored cartilage and bone marrow lesions at both time
points. We used mixed effects and linear regression models to achieve our stated aims.
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Results: Greater lateral patella displacement increased risk of cartilage worsening (Odds Ratio
[95% CI]: 1.09 [1.01, 1.16]); while less lateral tilt (0.91 [0.83, 0.99]) and greater trochlear angle
(0.88 [0.77, 1.00]) were protective. Greater medial trochlear inclination increased risk of bone
marrow lesion worsening (1.12 [1.04, 1.19]); while greater trochlear angle was protective (0.80
[0.67, 0.96]). Greater lateral displacement was associated with worse self-reported KOOS sport
and recreation scores (p [95% CI]: —11.0 [-20.9, -1.2]) and quality of life scores (-10.5 [-20.4,
-0.7]).

Conclusions: Lateral displacement, lateral tilt, and morphology at 1 year post-ACLR altered the
risk of worsening patellofemoral OA features four years later. Lateral displacement was the only
measure associated with worse self-reported symptoms at five years. These findings may lead to
novel treatment strategies for secondary prevention after ACLR.
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Introduction

Traumatic knee injury, such as anterior cruciate ligament (ACL) rupture, resultsina 2 — 4
fold increased odds of developing knee osteoarthritis (OA) compared to non-injured knees
[1,2]. Despite patient perspectives [3], the increased risk of developing knee OA following
ACL injury is not mitigated by surgical reconstruction (ACLR) [4-6]. Although typically
considered a disease of the tibiofemoral joint, OA following ACLR occurs frequently in the
patellofemoral joint [5, 7-9] with a median prevalence of nearly 50% 10-15 years post-
ACLR [10]. Patellofemoral OA following ACLR is associated with pain [9]. Therefore, it is
clinically important to identify risk factors for patellofemoral OA following ACLR that
could serve as targets for physical therapy intervention, particularly in the early stages of
disease where the potential for disease modification is most promising [11].

Aberrant biomechanics are believed to be a key causal mechanism for OA onset and
progression in the general population and particularly in individuals following ACLR [12,
13]. While ACLR is effective at restoring the tibiofemoral anteroposterior laxity typically
present following ACL rupture, altered patellofemoral tracking is observed in ACL deficient
knees and may persist despite ACLR [13, 14]. Abnormal patellar alignment and trochlear
morphology may lead to decreased joint contact area and increased joint stress [15, 16].
Thus, irrespective of whether patellar malalignment or abnormal trochlear morphology
exists prior to, or develops following, ACL injury or reconstruction, it may increase the risk
of patellofemoral OA [17, 18]. We recently reported that patellar alignment and trochlear
morphology were cross-sectionally associated with prevalent patellofemoral OA features
one year post-ACLR [18]. However, we were unable to infer causality. Moreover, healing of
both the ligament graft as well as surrounding tissue (such as subchondral bone) continues
for at least two years after ACLR towards baseline joint health and function [19]. Therefore,
following a cohort beyond this early recovery period is important to better understand the
longitudinal associations between alignment and morphology, and symptomatic and
structural decline, in the patellofemoral joint.
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The aims of our current longitudinal study were to: (i) describe patellofemoral alignment
and trochlear morphology at one and five years post-ACLR, including evaluating change
over time; (ii) determine whether alignment and morphology measured at one year increase
the risk of worsening patellofemoral OA features at five years; and (iii) evaluate the
associations between alignment and morphology at one year to self-reported pain and
function at five years.

2. Materials and Methods

2.1 Study design

In this longitudinal observational study, we originally included 111 participants who had
undergone ACLR approximately one year prior [7, 18]. Participants were aged 18-50 years
at the time of surgery. Briefly, exclusion criteria included: i) any injury to, or symptoms in,
the ACLR knee prior to the index ACL injury; ii) ACLR > 15 months prior to enrolment; iii)
injury or follow-up surgery within the first year following ACLR; and iv) any other
condition that influenced daily function. In the present study, all participants evaluated at
baseline (i.e. 1 year post-ACLR) were eligible for the five year post-ACLR follow-up. We
noted participant-reported secondary injuries/surgeries to the ACLR knee that occurred
between baseline (one year post-ACLR) and follow-up (five years post-ACLR).

Single-bundle ACLR with hamstring-tendon autograft was performed arthroscopically by
one of two orthopaedic surgeons (TSW, HGM) [7]. Surgery took place a median of three
months after injury [7]. All participants received similar physiotherapy treatment after
ACLR [7].

2.2 Magnetic resonance imaging

MR images were acquired at baseline and follow-up with a 3.0 T MR scanner (Philips
Achieva, NL) using a 16-channel knee coil. Participants were positioned in supine with
knees relaxed and slightly flexed. MR sequences included: (i) a proton density-weighted 3D
VISTA sequence (repetition time/echo time [TR/TE] 1300/27 ms; field of view [FOV] 150
mm?Z; 0.35 mm isotropic; echo train length 64 ms; scan time 6 min 11 s); (ii) sagittal short-
tau inversion recovery (STIR) sequence (TR/TE 3,850/30 ms; FOV 160 mm?; slice thickness
2.5 mm; slice gap 1.2 mm; inversion time 180 ms; voxel size 0.45 x 0.50 x 2.5 mm); and
(iii) axial proton-density turbo spin-echo (TSE) sequence (TR/TE 3,850/34 ms; FOV 140
mm?; slice thickness 2.5 mm; slice gap 2.0 mm; voxel size 0.5 x 0.55 x 2.5 mm).

2.3 Patellofemoral alignment and trochlear morphology

We used the 3D PD VISTA images to evaluate patellar alignment and trochlear morphology.
A single reader (EMM) independently evaluated all alignment and morphology measures at
baseline and follow-up — images from each time point were measured more than one year
apart (i.e., images were not read paired). We assessed four common measures of alignment:
patellar height (Insall-Salvati ratio [20]), lateral displacement (bisect offset [21]), and lateral
patellar tilt (patellar tilt angle [21] and lateral patellar tilt angle [22]) (see Figure 1). We also
assessed five measures of trochlear bony morphology (sulcus angle, lateral trochlear
inclination, medial trochlear inclination, trochlear angle, and trochlear depth) [21, 23]. In the
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sagittal plane, we selected the MRI slice with the widest oblique distance across the patella
for evaluating Insall-Salvati ratio. In the axial plane, we selected two slices: the slice with
the most prominent posterior condylar line, as well as the slice with the widest patella [24].

We used Osirix Lite version 9.5 (Pixmeo Sarl, Switzerland) to calculate all alignment and
morphology measures. Intra-rater reliability was previously established with intra-class
correlation coefficients (ICC[1,3]) of = 0.94 [18].

2.4 Worsening of patellofemoral OA features

A single experienced musculoskeletal radiologist (AG) read and scored all MR images semi-
quantitatively using MRI Osteoarthritis Knee Score (MOAKS) [25]. Reliability has been
previously established for these methods (inter-rater weighted £0.64 — 1.00) [25]. Images at
the two time points were read paired. Using MOAKS, the patellofemoral joint was divided
into four subregions: the medial and lateral femoral trochlea, and medial and lateral patella
(the central median ridge is included in the medial patella for scoring purposes). We
analysed changes in cartilage defects, bone marrow lesions (BMLSs) and osteophytes from
baseline to follow-up. We defined worsening of each of these OA features using existing
criteria [26]. Specifically, we defined cartilage worsening as an increase in the percentage of
full-thickness cartilage damage or size of any cartilage lesion by at least one grade; BML
worsening as any increase in the size or number of BMLs; and osteophyte worsening as any
increase in size of osteophytes, providing the worsening is to at least a ‘definite’ osteophyte
(i.e. = Grade 2) [25, 26]. Thus, the concept of worsening incorporates both incidence and
progression, as recommended previously to overcome methodological challenges in the
study of risk factors for OA in both ACL injured and other populations [26, 27].

2.5 Self-reported pain and function

We evaluated five different patient-reported subscales of the Knee injury and Osteoarthritis
Outcome Score (KOOS): four of the original subscales (Symptoms, Pain, Sport and
Recreation, and Quality of Life) [28], and one additional subscale (Patellofemoral Pain and
Osteoarthritis subscale) [29]. Participants completed these questionnaires at baseline and
follow-up. We did not include the Activities of Daily Living subscale of KOOS in the
present study due to ceiling effects observed in young active populations [5]. For each
KOQOS subscale, possible scores range from 0 to 100, with 100 representing no problems in
each domain [28].

2.6 Statistical analyses

We described alignment and morphology at baseline and follow-up as mean (SD) for the full
sample. Then, using previously published non-OA reference values [20, 22, 23, 30], we
reported number (percentage) of the sample whose alignment and morphology values
exceeded reference values. Finally, we reported the number (percentage) of the sample
whose change in alignment and morphology from baseline to follow-up exceeded previously
established minimal detectable change values (MDC95) in either direction (see
Supplementary Table 1) [18, 30].
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We evaluated the longitudinal association between alignment and morphology at baseline
and worsening of OA features (cartilage damage, BMLs, osteophytes) in all patellofemoral
subregions from baseline to follow-up. To do this, we conducted mixed effects Poisson
regression with robust estimates of variance, with participant as a random factor in the
model to account for correlation among participant-specific subregions. We included age in
each model as indicated by our previous cross-sectional study at one year post-ACLR [18],
where older individuals had greater odds of having patellofemoral OA. In addition, we
considered sex, BMI, and a square term for alignment/morphology in each model, and
included these terms only if they statistically improved the model. We then reported adjusted
relative risk per degree (or per percent) difference in each exposure variable (i.e. each
alignment or morphology measure). We reported adjusted relative risk for any worsening in
the patellofemoral joint, as well as by lateral and medial patellofemoral compartments
separately.

Finally, we used linear regression to evaluate whether alignment or morphology at baseline
was associated with KOQOS scores at five years, adjusting for baseline KOOS scores. In
addition to including the baseline KOOS score as a covariate, we also considered age, BMI,
sex and the square term for alignment or morphology in each model, including these
variables if they statistically improved the model as described above. We reported the
adjusted difference in KOOS score per degree (or percentage) difference in alignment or
morphology.

For all analyses, in addition to analysing exposures as continuous variables, we created
dichotomous variables based on previously established reference values to identify
individuals with malalignment or trochlear dysplasia [20, 22, 30]. We then ran additional
models with binary exposures in measures where a substantial number of participants
(which we defined as = 10% of the sample) exceeded these reference values.

All statistical analyses were completed using SAS version 9.4 (SAS Institute Inc, Cary, NC).

3. Results

Complete demographic and MRI data were available for 73 participants at both one and five
years post-ACLR (Tables 1 and 2). Excluded participants did not complete the five-year
assessment for the following reasons: pregnant (n=1), lost to follow-up (n=10), unable/
declined to attend due to distance or time constraints (n=16); removed from study by
participating surgeon due to conflict with participation in another study (n=4); more than
five years between original injury and surgery (n=6) [31]; and incorrect knee imaged at
follow-up visit (n=1). Those lost to follow-up were not significantly different in baseline
age, sex or BMI from those included in the present study (p > 0.05).

3.1 Alignment and morphology

The proportion of participants with alignment and morphology values exceeding reference
values was generally low at both time points (Table 2). Only two alignment measures had
more than 10% of participants exceeding reference values: bisect offset and lateral patellar
tilt angle.
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Based on MDCgys values, few individuals had a change in alignment or morphology values
large enough to suggest true change from one to five years (Table 2). The most notable
change was in lateral patellar tilt angle, where 24 (34%) participants exceeded the MDCgs
for a decrease in the measure, suggesting an increase in lateral tilt.

3.2 Worsening of patellofemoral OA features

Cartilage worsening and BML worsening is illustrated in two study participants in Figure 2.
Three alignment and morphology measures at one year post-ACLR were associated with
cartilage worsening in the lateral patellofemoral compartment over time: higher bisect offset;
lower lateral patellofemoral tilt angle (i.e., higher lateral tilt); and lower trochlear angle
(Table 3). There were no associations with the medial patellofemoral compartment, or with
the patellofemoral joint as a whole.

Two measures were associated with full patellofemoral joint and lateral patellofemoral BML
worsening: higher medial trochlear inclination; and lower trochlear angle (Table 4). There
were no associations with the medial patellofemoral compartments, and no associations
between any patellar alignment measures and BML worsening.

Osteophyte worsening occurred in only five participants, thus we did not evaluate the
associations between alignment or morphology and osteophyte worsening.

3.3 Self-reported pain and function

Bisect offset was the only measure associated with any KOOS subscale (Table 5).
Specifically, when dichotomized, a bisect offset of at least 61.6% had lower KOOS scores
for Sport and Recreation (mean 11 points lower), and for Quality of Life (mean 11 points
lower).

We conducted sensitivity analyses in a subsample with ten of the 73 participants removed
who had sustained new injuries between baseline and follow-up. Changes in effect sizes
were negligible, though significance changed for trochlear angle and structure, and for bisect
offset with KOOS pain and quality of life subscales (see Supplementary Tables 2-4)

4. Discussion

This first longitudinal evaluation of patellofemoral alignment and morphology post-ACLR
found abnormal alignment to be prevalent one year following ACLR (bisect offset 14%,
lateral patellar tilt angle 53%); while abnormal morphology was less common. Change in
alignment and morphology over time was also uncommon, though lateral patellar tilt angle
exceeded MDCgs values in 34% of our sample, possibly indicating increased lateral tilt over
time. Lateral displacement, lateral tilt, and morphology at one year post-ACLR was
associated with increased risk of worsening patellofemoral cartilage or BMLs four years
later. Lateral displacement was the only measure associated with worse self-reported
symptoms at five years.

Interestingly, more lateral patellar tilt increased the risk of PF cartilage worsening when
measured using lateral patellar tilt angle, but not when measured with patellar tilt angle, both
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of which aim to quantify patellar tilt. This may indicate that lateral patellar tilt angle may be
more sensitive for identifying future OA risk. A second unexpected result was that higher
medial trochlear inclination at baseline was associated with both lateral and overall
patellofemoral BML worsening. It may be that a more protruded medial trochlea encourages
lateralization of the patella which would explain the latter findings.

Other measures of patellar alignment (Insall-Salvati ratio, patellar tilt angle) and trochlear
morphology (lateral trochlear inclination, sulcus angle) were not associated with structural
worsening. This is particularly interesting given that these measures are associated with non-
traumatic patellofemoral OA [17, 30]. It may be that different factors drive post-traumatic
patellofemoral OA (e.g. synovial inflammation/effusion and acute muscle inhibition
following trauma) compared to non-traumatic OA. Alignment and morphology may also
influence pathology over longer time periods than captured in the current study (i.e. >5
years). However, malalignment and trochlear dysplasia were uncommon in our sample, and
this low prevalence may also explain the negative findings. In our study, both variables with
prevalent malalignment (bisect offset, lateral patellar tilt angle) were associated with lateral
patellofemoral cartilage worsening. Finally, it may be that measuring alignment with a
participant in supine and at rest may not adequately quantify functional malalignment that
may be occurring during high level dynamic tasks, which are compromised after ACLR [14,
32, 33].

Significant findings were found predominantly in the lateral patellofemoral compartment,
despite medial patellofemoral worsening being more common in the present study. This
extends previous findings in the general patellofemoral OA population where alignment and
morphology are typically more strongly associated with lateral compartment damage than
medial [30]. It is not clear what factors are driving medial patellofemoral worsening in this
sample. It may relate to increased tibial rotation excursion which is seen during functional
tasks in individuals after ACLR who develop patellofemoral OA compared to those who do
not [34]. The increased tibial rotation excursion may contribute to OA by altering
patellofemoral contact pressures and joint stress [35].

Only one measure, increased bisect offset, was associated with KOOS scores at five years,
specifically greater problems with sports and recreation, and reduced quality of life. Using
established minimal important change values for KOOS scores in individuals with
patellofemoral pain or OA (Sport and Recreation 15 points; Quality of Life 10 points) [29],
only the change in Quality of Life subscale appears to be clinically meaningful. Nonetheless,
increased lateral displacement may influence participation and quality of life, constructs that
would otherwise be expected to improve from one to five years following ACLR. Further
research is needed to explore these associations and possible mechanisms underpinning
them. It may be that structural features (i.e. cartilage lesions) mediate associations between
lateral displacement and self-reported outcomes. This is supported by our previous three
year follow-up study whereby patellofemoral cartilage lesions at baseline were associated
with worse symptoms on all KOOS subscales at three years post-ACLR[36], combined with
the present study showing lateral displacement increased risk of both cartilage worsening
and worse KOOS scores. Confirming such a relationship would require a larger sample size
and more complex mediation analyses.
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Importantly, patellar alignment may be modifiable [22, 37] and may therefore represent a
promising target following ACLR for optimizing both structural and symptom outcomes.
Alignment and morphology could be evaluated alongside other known risk factors for post-
traumatic patellofemoral OA[8, 31, 34, 38, 39] to inform clinical decision making. The
results of our study warrant further research to determine whether mechanistic factors
contributing to patellofemoral OA can be effectively addressed in ACLR rehabilitation.

A limitation of the current study was that, because it was an ancillary study of an existing
cohort, an a priori sample size calculation was not performed. Based on the proportion of
our sample with excessive lateral displacement (bisect offset, 14%), and the proportions of
those with and without lateral patellofemoral cartilage worsening, 39 participants in each
group would be needed to achieve significance, and to have 39 participants with lateral
displacement would require a total sample size of 279. Second, we acknowledge substantial
loss to follow-up, though note there were no differences in baseline demographics between
those who did and did not participate at follow-up.Third, we did not have access to pre-
operative (or pre-injury) images or a control group (non-injured or ACL deficient), and
therefore are unable to determine whether alignment or morphology differed as a result of
ACL injury or reconstruction, or whether baseline values were pre-existing [14, 40, 41]. The
literature suggests that alignment, but not morphology, may change as a result of ACL
injury, and is at least partially restored following ACLR [14, 40-42]. It is also unknown
whether graft type contributes to changes in alignment. However, regardless of the timeline,
we found that having malalignment after ACLR may increase risk of patellofemoral OA.
Fourth, multiple testing raises the possibility of Type | error., Fifth, the thresholds to define
malalignment and dysplasia were derived from a non-OA cohort of adults over 50 years old
[30], a sample with meniscus injury [20], and a young healthy control group [22]. It is not
known to what extent these measures differ by age or pathology. Finally, the MDCgs values
we used were derived from two readings of individual MR images. These values do not
consider error from imaging at two different time points. We believe this would result in
misclassifying individuals as having changed when in reality change did not occur.
Moreover, the clinical relevance of these changes is unknown. Further studies are required to
establish minimal clinically important change values to improve clinical interpretation of
changes in alignment and morphology over time.

5. Conclusions

We observed that more lateral displacement (bisect offset), more lateral patellar tilt, and a
shallower trochlea one year post-ACLR was associated with lateral patellofemoral cartilage
worsening from baseline to follow-up. In addition, a lower trochlear angle and higher medial
trochlear inclination was associated with patellofemoral BML worsening, particularly in the
lateral compartment. Malalignment in the axial plane was prevalent, while sagittal plane
malalignment and abnormal morphology were uncommon in our sample of individuals post-
ACLR. Change in alignment or morphology from one to five years was also uncommon,
though lateral tilt may have increased over time. Lateral displacement, as measured by bisect
offset, may be a risk factor for both structural worsening of the patellofemoral joint as well
as reduced function and quality of life following ACLR. Because bisect offset may be
modifiable with treatment, it may represent a viable treatment target post-ACLR.
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Highlights
Abnormal patellar alignment, but not trochlear morphology, was common one

year following ACLR

Change in patellar alignment and trochlear morphology over time was rare,
though lateral tilt may increase over time

Increased lateral displacement and lateral tilt, and altered trochlear
morphology at 1 year post-ACLR increased risk of patellofemoral cartilage or
BML worsening four years later

Lateral displacement was associated with worse self-reported outcomes at five
years
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Figure 1.
a. Bisect offset: percentage of the widest patella length that is lateral to the line through

deepest part of trochlea running perpendicular to the posterior condylar line (PCL). A higher
percentage is more laterally displaced; b. Lateral patellar tilt: angle between PCL and the
interior bony margin of the patella lateral facet. A higher angle is less lateral tilt; c. Patellar
tilt: angle between PCL and patellar width. A higher angle is more lateral tilt; d. Insall-
Salvati Ratio ratio of patellar tendon length to longest patella length. Larger number
indicates higher position of patella; e. Trochlear angle: angle between PCL and anterior
condylar line. Higher angle indicates deeper sulcus laterally; f. Sulcus angle: angle between
the lateral and medial trochlear facet margins. Higher number indicates shallower sulcus; g.
Lateral trochlear inclination: angle between PCL and lateral trochlear facet. A larger angle
indicates a deeper sulcus laterally; h. Medial trochlear inclination: angle between PCL and
medial trochlear facet. A larger angle indicates a deeper sulcus medially; i. Difference in
length between: (i) line from posterior condylar line to deepest part of sulcus, and (ii)
average length of two lines joining posterior condylar line to anterior femoral condyles.
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Figure 2.
a. 26-year-old man with ACL reconstruction. Baseline sagittal short-tau inversion recovery

(STIR) MRI shows normal cartilage of the patellofemoral joint and absence of bone marrow
lesion, and b. Follow-up MRI at the same level shows new small superficial focal cartilage
defect at the inferior pole of the patella (arrowhead) with associated subchondral bone
marrow lesion (arrow); c. 31-year-old man with ACL reconstruction. Baseline axial proton
density-weighted MRI shows normal patellofemoral cartilage, and d. Follow-up MRI at the
same level shows diffuse superficial thinning of the medial trochlear cartilage (arrowhead)
and large full thickness cartilage loss at the medial patella (arrow) with denuded bone area.
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Table 1.

Participant characteristics and KOOS scores (n=73)

Baseline Follow-up
Age at surgery, mean (SD) 29 (9)
Women, n (%) 29 (40%)
BMI kg/m?2, mean (SD) 25.7 (3.6) 26.2 (3.5)
KOOS Symptoms, median (IQR) 85.7 (75.0,92.9) 89.0(75.0, 96.0)
KOOS Pain, median (IQR) 91.7(88.9,97.2)  97.0 (92.0, 100.0)
KOOS Sport and Recreation, median (IQR)  85.0 (70.0,95.0)  90.0 (80.0, 100.0)
KOOS Quiality of Life, median (IQR) 68.8 (56.3,81.3) 81.0(69.0, 94.0)
KOOS Patellofemoral, median (IQR) 84.1(70.5,90.9) 90.9(81.8,97.7)

BMI = body mass index; KOOS = Knee injury and Osteoarthritis Outcome Score, IQR = interquartile range
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Table 2.

Description of alignment and morphology values (n=73)

Measure” Baseline Follow-up
Insall Salvati ratio, mean (SD) 1.03 (0.12) 1.02 (0.12)
Low patella (<0.8) 2 (3%) 3 (4%)
High patella (= 1.2) 4 (5%) 5 (7%)
Increased from 1 to 5 yrs (= 0.06) 5 (7%)
Decreased from 1 to 5 yrs (= 0.06) 5 (7%)
Bisect offset (%), mean (SD) 55.14 (6.27) 55.14 (5.70)
High lateral displacement (= 61.2%) 10 (14%) 12 (17%)
Increased from 1 to 5 yrs (= 5.63%) 2 (3%)
Decreased from 1 to 5 yrs (= 5.63%) 3 (4%)
Lateral patellar tilt angle (°), mean (SD) 11.69 (4.91)  10.77 (4.60)
High lateral tilt (<12.3°) 39 (53%) 43 (61%)
Increased lateral tilt from 1 to 5 yrs (= 2.44°) 24 (34%)
Decreased lateral tilt from 1 to 5 yrs (= 2.44°) 6 (9%)
Patellar tilt angle (°), mean (SD) 10.46 (4.87)  10.08 (4.95)
High lateral tilt (= 17.2°) 6 (8%) 5 (7%)
Increased lateral tilt from 1 to 5 yrs (= 2.99°) 3 (4%)
Decreased lateral tilt from 1 to 5 yrs (= 2.99°) 5 (7%)
Sulcus angle (°), mean (SD) 122.98 (8.40) 121.21(7.85)
Wide sulcus angle (= 141.5°) 2 (3%) 1 (1%)
Increased from 1 to 5 yrs (= 7.59°) 0 (0%)
Decreased from 1 to 5 yrs (= 7.59°) 5 (7%)
Lateral trochlear inclination (°), mean (SD) 28.23 (4.97) 28.75 (5.65)
Low (< 18.6°) 2 (3%) 2 (3%)
Increased from 1 to 5 yrs (= 4.02°) 6 (9%)
Decreased from 1 to 5 yrs (= 4.02°) 3 (4%)
Medial trochlear inclination (°), mean (SD) 32.90 (5.69) 34.43 (5.81)
Low (< 18.6°) 3 (4%) 2 (3%)
Increased from 1 to 5 yrs (= 4.41°) 11 (16%)
Decreased from 1 to 5 yrs (= 4.41°) 5 (7%)
Trochlear angle (°), mean (SD) 0.20 (2.66) -0.09 (2.91)
Low (<-6.0°) 0 (0%) 0 (0%)
High (= 4.7°) 5 (7%) 2 (3%)
Increased from 1 to 5 yrs (= 2.00°) 3 (4%)
Decreased from 1 to 5 yrs (= 2.00°) 9 (13%)
Trochlear depth (mm), mean (SD) 7.98 (1.29) 8.17 (1.31)
Low (<4.47 mm) 0 (0%) 1 (1%)
Increased from 1 to 5 yrs (= 0.8 mm) 6 (9%)
Decreased from 1 to 5 yrs (= 0.8 mm) 3 (4%)
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*
Reference values are derived from previous publications for Insall-Salvati ratio [20], lateral patellar tilt angle [22], trochlear depth and remaining
measures [30], MDCgs values are derived from previous publications for Insall-Salvati ratio, bisect offset, lateral patellar tilt angle, trochlear angle,

sulcus angle [18], and for patellar tilt angle, lateral trochlear inclination and medial trochlear inclination [30] (see Supplementary Table 1).
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Cartilage worsening: adjusted risk ratio per degree (or per percentage) of exposure variable (alignment or

morphology at one year)

Patellofemoral joint

Lateral

Medial

Number of subregions with worsening

70/584

22/292

48/292

Insall Salvati ratio x 100 *(%)

Bisect offset (%)

A
2 61.6%

Lateral patellar tilt angle (°)

N
<12.3°

Patellar tilt angle (°)

Sulcus angle (°)

Lateral trochlear inclination (°)
Medial trochlear inclination (°)
Trochlear angle (°)

Trochlear depth (mm)

0.99 (0.96, 1.02)

1.03 (0.98, 1.09)
1.26 (0.51, 3.10)

0.95 (0.90, 1.01)
1.53 (0.73, 3.20)

1.03 (0.96, 1.09)
0.98 (0.94, 1.03)
1.02 (0.95, 1.08)
1.02 (0.97, 1.08)
0.97 (0.86, 1.09)
1.14 (0.86, 1.52)

0.99 (0.95, 1.02)

1.09 (1.01, 1.16)
2.43 (0.91, 6.50)

0.91 (0.83, 0.99)
2.87 (0.95, 8.65)

1.06 (0.97, 1.15)
0.99 (0.93, 1.04)
0.98 (0.90, 1.07)
1.05 (0.97, 1.13)
0.88 (0.77, 1.00)
1.15 (0.79, 1.68)

1.00 (0.96, 1.03)

1.01 (0.96, 1.07)
0.81 (0.28, 2.34)

0.97 (0.91, 1.04)
1.19 (0.54, 2.64)

1.01 (0.94, 1.09)
0.98 (0.94, 1.03)
1.031.11)

1.01 (0.96, 1.07)
1.02 (0.88, 1.17)
1.14 (0.83, 1.55)

Age was included as a covariate in all models. Note analyses are all subregion-based, thus sample size for each model includes sample size (n=73)
times the number of subregions (4 for full patellofemoral joint, 2 each for lateral and medial) times the number of MOAKS scores included (2,
cartilage damage size and percentage that is full-thickness). Bold indicates p < 0.05

*
Insall-Salvati Ratio was transformed to for analyses in order to calculate a risk ratio that could be clinically interpreted per point difference in ratio
(arisk ratio in a change in Insall-Salvati Ratio of 1 is not meaningful)

N
Dichotomized exposure variables: only measures where at least 10% of the sample exceeded reference values were analysed as both continuous
and dichotomous exposure variables and are reported here
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BML worsening: adjusted risk ratio per degree (or per percentage) of exposure variable (alignment or

morphology at one year)

Table 4.

Patellofemoral joint

Lateral

Medial

Number of subregions with worsening

27/584

71292

20/292

Insall Salvati ratio x 100 *(%)

Bisect offset

A
261.6%

Lateral patellar tilt angle

AN
<12.3°
Patellar tilt angle
Sulcus angle
Lateral trochlear inclination
Medial trochlear inclination
Trochlear angle

Trochlear depth

1.02 (0.98, 1.06)

0.96 (0.86, 1.08)
1.13 (0.15, 8.26)

0.98 (0.86, 1.12)
0.95 (0.30, 3.03)

1.06 (0.94, 1.19)
0.99 (0.94, 1.04)
1.00 (0.90, 1.11)
1.07 (1.00, 1.15)
0.85 (0.73, 0.99)
0.95 (0.65, 1.39)

1.03 (0.97, 1.09)

1.07 (0.94, 1.21)
2.43 (0.25,23.35)

0.92 (0.77, 1.10)
1.15 (0.16, 8.23)

1.11 (0.98, 1.26)
0.96 (0.86, 1.07)
0.99 (0.81, 1.21)
112 (1.04, 1.19)
0.80 (0.67, 0.96)
1.21 (0.84, 1.74)

1.02 (0.98, 1.07)

0.92 (0.82, 1.04)
0.74 (0.10,5.48)

1.00 (0.86, 1.16)
0.89 (0.25, 3.17)

1.04 (0.90, 1.20)
1.00 (0.94, 1.06)
1.00 (0.89, 1.13)
1.06 (0.98, 1.14)
0.87 (0.74, 1.02)
0.86 (0.52, 1.42)

Page 19

Age was included as a covariate in all models. Note subregion-based analyses include sample size (n=73) times the number of subregions (4 for full

patellofemoral joint, 2 each for lateral and medial) times the number of MOAKS scores included (2, number of BMLs and size).

Bold indicates p < 0.05

*
Insall-Salvati Ratio was multiplied by 100 for analyses to calculate a risk ratio that could be clinically interpreted per point difference in ratio (a

risk ratio in a change in Insall-Salvati Ratio of 1 is not meaningful)

A
Dichotomized exposure variables: only measures where at least 10% of the sample exceeded reference values (i.e., were malaligned) were

analysed as both continuous and dichotomous variables, and are reported here
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