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ABSTRACT
High levels of physical activity or high BMI during puberty could negatively influence bone and cartilage development. Little is

known about the effects of loading on patellar and femoral bone shape in a young population. Therefore, we aim to identify the

association between 3D patella and femur shape and biomechanical loading in a young adolescent population. Participants were

selected from an ongoing cohort study (Generation‐R study). Participants that underwent knee‐MRI at 13 years‐old follow‐up
were included. Patellae and femora were segmented from these MRIs and using these 3D models, statistical shape modeling was

performed. Generalized estimating equations were used to analyze the association between loading (BMI, physical activity and

sports participation) and shape variation. Bonferroni correction was used to correct for multiple testing. 1912 participants

underwent MRI of which 3638 patellae and 3355 femora were included in the statistical shape models. Nine patellar (modes

1–7, 10 and 11) and nine femoral (modes 1–3, 6–10 and 14) shape modes were associated with BMI. Sports participation at

thirteen years old was associated with one patellar (mode 1) and two femoral (modes 1 and 6) shape modes. One shape mode

(mode 12) was associated with sports participation at 9 and 13 years old. Sports participation and BMI were significantly

associated with bone shape variations. BMI was associated with most shape variations found in our statistical shape models,

emphasizing the significant impact of BMI on bone morphology during adolescence with implications for musculoskeletal

health and injury prevention.

1 | Introduction

Bone can adapt as a response to mechanical loading [1]. Before
puberty, the bone is more responsive to loading and is, there-
fore, more likely to change to meet biomechanical loading
demands than at older ages [2]. Excessive loading during
this (pre‐)pubertal period might lead to adaptations in bone
shape [3–5]. During this developmental phase from childhood
to adulthood, specific musculoskeletal complaints, such as
Osgood‐Schlatter disease (OSD), Sinding‐Larsen‐Johansson

syndrome (SLJS), Sever's disease, and patellofemoral pain
(PFP) arise [6–8]. While OSD, SLJS, and Sever's disease are
known to be related to skeletal maturation, this relationship
is less clear for PFP [6–10]. As the bone and joint are still
developing during puberty, knee alignment, and bone shape
may play a role in the development and etiology of different
knee complaints and disorders [10–12]. In adults, several
2‐dimensional (2D) alignment parameters and bone shape
measures (e.g., higher Insall‐Salvati (IS) ratio, greater patellar
tilt angle, greater bisect offset, and greater sulcus angle) are
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related to structural abnormalities (e.g., patellar osteophytes,
minor cartilage defects, and high fat pad signal) that are asso-
ciated with patellofemoral joint (PFJ) osteoarthritis (OA) [10].

3‐dimensional (3D) bone shape analysis, using statistical shape
modeling (SSM), could provide additional information on
bone shape development compared to existing 2D alignment
parameters of the joint. 3D SSM provides a more comprehensive
understanding of 3D shape features than 2D analyses that are
unable to incorporate 3D complexities and can be affected by joint
positioning [13]. SSM allows for the assessment of the 3D geometry
of bones and provides information on the mean bone shape and
shape variation within a study population, which can be used to
identify shape‐specific patterns [14]. The available literature on the
3D shape of the PFJ mainly focuses on specific diseases, including
PFP and PFOA patients. No previous studies focusing on PFJ shape
have yet been performed in a healthy young‐adolescent population
in which the skeleton is still developing [13, 15–19].

High levels and specific types of physical activity in young
adolescents can affect the bones and cartilage [20–23]. Research
in the hip showed a relationship between (excessive) loading
during growth and the development of cam morphology of the
proximal femur in young active soccer players [20, 23–25]. This
specific bone shape variation is also an important risk factor for
the development of hip OA later in life, which highlights the
importance of better understanding bone shape development
[24, 26]. In addition, not only high physical activity levels but
also overweight and obesity may cause high loading demands
on the patellar and femoral bones [27]. Although there are signs
that physical activity and obesity influence bone remodeling
during adolescence [5, 28, 29], the exact associations with bone
shape development remain unclear.

Given that young‐adolescence is a critical period for skeletal
development, gaining more insight into the 3D shape of the
knee bones during this period will add to our understanding of
the development of knee complaints and disorders during
growth and development. Therefore, this study aims to provide
a descriptive analysis of knee morphology and its associations
with BMI and sports participation, to establish a better under-
standing of factors influencing adolescent knee health.

2 | Methods

2.1 | Study Population

We included a subgroup of participants from the Generation R
study, which is a large population‐based cohort study that fol-
lows children and their parents from fetal life until adulthood.
In total, 9778 pregnant women were included in the study, and
their children were born between 2002 and 2006 [30]. The
medical ethics committee of the Erasmus MC, University
Medical Center Rotterdam, approved all measurements within
the Generation R study. Written informed consent was obtained
from the parents or caretakers of all children, as well as from
children aged 12 and above, as required by Dutch law. Baseline
measurements were performed after birth and participants were
invited for follow‐up measurements at multiple time points
(i.e.,5, 9, and 13 years of age). These follow‐up measurements

consisted of two visits to the research center. The first visit
included height and weight measurements, while the second
included magnetic resonance imaging (MRI). A random subset
of the participants underwent MRI of the knee at 13‐year
follow‐up. The study population included in this current study
consisted of all 1912 participants who underwent MRI of the
knee at 13‐year‐old follow‐up. Of these children, data on sports
participation at 9‐year‐old follow‐up was also included.

2.2 | Measurements

Questionnaire data extracted for the current study included de-
mographics (sex and age), physical activity (number of days
per week with at least 1 h of physical activity), number and type
of sports, and active transportation to and from school (at least
one trip a week by foot or bike). Two categorical variables were
created, the first one indicated if a child participated in sports at
13 years old. The second variable indicated if a child participated
in sports at both 9 and 13 year old or only at 13‐year old follow‐
up. Sedentary behavior was measured during weekdays as tele-
vision viewing (< 1 h/day, 1–2 h/day, and ≥ 2 h/day), computer
use (< 1 h/day, 1–2 h/day, and ≥ 2 h/day), and gaming (< 1 h/
day, 1–2 h/day, and ≥ 2 h/day).

From the physical measurements, the children's height
(stadiometer) and weight (SECA) were used to calculate body
mass index (BMI; weight/height2 [kg/m2]) and standardized BMI
scores for age and sex (BMI‐SDS), defined according to the Dutch
reference charts [31]. Weight status was classified as under-
weight, normal weight, and overweight and obesity following the
International Obesity Task Force (IOTF) guidelines [32].

2.3 | MRI Scanning and Post‐Processing of MRI

MRI was conducted on a 3.0 Tesla clinical scanner (Discovery
MR750w, GE Healthcare, Milwaukee, WI, USA). A coronal
three‐dimensional water‐excitation Gradient Recalled Acquisi-
tion in Steady State (3D weGRASS) sequence was employed to
acquire high‐resolution isotropic data from both knees. The
voxel size was 0.7 × 0.7 × 0.7 mm. Images were subsequently
reformatted in both sagittal and axial planes.

An in‐house developed automatic segmentation algorithm was
applied to obtain the patellar and femoral bone samples using the
3DGRASS MRIs at 13‐year‐old follow‐up as input [33–35]. The
algorithm, consisting of a spatial (multi‐atlas) and an appearance
(random forest classifier) model, was trained using 30 randomly
chosen 3DGRASS MRIs, of which the left knees were manually
segmented using ITK‐SNAP [36]. For the multi‐atlas part of the
algorithm, the Elastix toolbox [37] was used to register the
manually segmented (atlas) images to the unseen (target) images.
The obtained registration parameters were applied to the manu-
ally segmented atlas labels. The probability of a voxel in the target
image being part of the knee bones was calculated by averaging
the deformed labels of all the atlas images. The appearance
model, a random forest classifier, was trained on the images'
original intensity values and Gaussian scale space features using
the 30 manually segmented MRIs [33]. The classifier was then
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used to classify voxels in the unseen (target) images to be patella,
femur, tibia, or background. The probabilities of the multi‐atlas
and appearance components were combined to obtain the final
output of the algorithm.

All right knee images were mirrored using the libraries NiBabel
and NumPy [38, 39] in Python (Python Software Foundation,
https://python.org/) to enable automatic segmentation with our
algorithm, which was trained on left knee MRIs only. After the
trained algorithm was applied to all target images, all the seg-
mentations were visually inspected and manually corrected by
one researcher (R.P.). Manual corrections included adding and
removing small parts that did not require a significant amount
of time, such as removing a small bump that sometimes oc-
curred when a part of the infrapatellar fat pad was incorrectly
segmented as the patella. Knees were fully excluded if both
bone segmentations (patella and femur) consisted of large seg-
mentation errors. Knees were partially excluded when only one
of the segmented bones (patella or femur) consisted of large
errors. Large segmentation errors were not manually corrected
due to time limitations. Poor image quality was the main reason
for these large segmentation errors. Bipartite patellae were ex-
cluded from the final data set because this anatomical variation
caused problems for SSM since these patella models could
consist of multiple segmented bone fragments.

The Marching Cube algorithm [40] was applied to the seg-
mentation files to extract three‐dimensional surface models for
all the patellae and femora separately using the VTK and
SimpleITK libraries [41, 42]. Loose (multiple) bodies were fil-
tered out, and smoothing and re‐meshing were applied to all the
3D surface models using the Python library pyMeshlab [43].
Remeshing was done using the “meshing_isotropic_explici-
t_remeshing” filter with the minimum angle between faces set
to 120 degrees to remove any problematic vertices, followed by
Laplacian smoothing (“laplacian_smooth”) with five iterations.
These steps were both performed twice to obtain the final me-
shes. All femora were rigidly registered to a reference shape
using iterative closest point matching (ICP) from the Trimesh
library [44]. This reference shape was selected based on orien-
tation in the MRI coordinate system, with the femoral shaft
aligned to the y axis. The bounding box was determined, and all
femora were cut at 7 cm from the bottom of the bounding box in
the direction of the shaft using the Python library Trimesh.

Leave‐one‐out cross‐validation and Dice similarity coefficient
(DSC) calculation were performed using the 30 training images
to evaluate the performance of the two components of the seg-
mentation algorithm and fine‐tune the alpha parameter con-
trolling the influence of the appearance model in the algorithm.
The values of the alpha varied from 0.0 to 1.0 with an increment
of 0.1. The Dice coefficient ranges between 0 and 1, with a higher
coefficient indicating better segmentation results [45, 46].

2.4 | Statistical Shape Modeling

Two SSMs, one for the patella and one for the femur, were built
based on the remeshed bone samples using the in‐house built
script as described by Eijkenboom et al. [19]. The same script
was used to enhance comparability since different SSM

techniques are known to identify different shape modes, even
when using the same data set [47]. With a different data set,
there will be differences in shape modes, but in this way, these
differences will not be due to the method used.

First, all 3D patellae (or femora) were registered using an
unbiased registration algorithm [48], minimizing differences in
position and orientation. No scaling was applied since differ-
ences in size in our young adolescent population were also of
interest. After registration, corresponding points across all the
bone samples (patellae or femora) were automatically deter-
mined using a closest point algorithm. The mean patellar (or
femoral) shape was calculated, and the main patellar (or fem-
oral) shape variations were extracted by performing Principal
Component Analysis (PCA). One researcher (R.P.) interpreted
shape variations explained by each shape mode using an in‐
house built 3D viewer and using distance maps that quantify
the extent of shape changes from the mean (in mm) at two
extremes (i.e., ±3 SD shape deviation from the mean shape). An
experienced orthopedic surgeon (T.P.) checked the descriptions
of the shape variations using the same in‐house built 3D viewer.

2.5 | Statistical Methods/Analyses

Descriptive statistics were used to assess participant character-
istics. Differences in descriptive statistics between boys and girls
were tested using t‐tests for numeric variables and chi‐squared
tests for categorical variables. The level of statistical significance
for the descriptive statistics was set at p< 0.05. Generalized
estimated equation (GEE) modeling was used, taking the cor-
relation between two knees within a subject into account, to test
the association between the patella and femoral shape modes,
BMI‐SDS, and activity measures (sports participation, sports
participation at 9 and 13 years old, physical activity, and active
transport). To enhance interpretability of the results, only shape
modes that explained at least 1% of the total population varia-
tion were included in statistical analyses. All GEE analyses were
adjusted for sex and age. Bonferroni correction for multiple
testing was applied, resulting in different thresholds for signif-
icance for patella and femur analyses based on the number of
included shape modes (p< 0.05/(N‐included shape modes))
[49]. The results were presented as regression coefficients (Betas
(β)) with 95% confidence intervals (CI). All the analyses were
performed using R (version 4.3.2, R Core Team, 2022).

3 | Results

Our study included 1912 young adolescent participants from the
Generation R study (see Figure 1). Mean (SD) age was 14.1
(0.67) years and of 52% were girls. All participant characteristics
are shown in Table 1. More girls (N= 290, 29%) reported not
spending any time gaming compared to boys (N= 57, 6%). Girls
more often reported longer durations (> 2 h) on the computer
(34% vs. 26%) or behind the TV (12% vs. 8%) than boys. Boys
were taller than girls (166 (8.7) cm vs. 163 (7.0) cm). The chil-
dren included were physically active for 5.3 (1.8) days overall,
with boys reporting slightly more days of physical activity than
girls (5.5 (1.8) days vs. 5.2 (1.9) days) (Table 1). 1338 children
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participated in sports, with football (n= 321; 16.8%) and field
hockey (n= 277; 14.5%) being the most popular, followed by
dancing (n= 131; 6.9%), judo (n= 119; 6.2%), tennis (n= 79;
4.1%), athletics (n= 65; 3.4%), horseback riding (n= 53; 2.8%),
swimming (n= 26; 1.4%), volleyball (n= 25; 1.3%), gymnastics
(n= 23; 1.2%), skating (n= 18; 0.9%), baseball/softball (n= 15;
0.8%), korfball (n= 15; 0.8%), rugby (n= 11; 0.6%), cycling/
mountain biking (n= 11; 0.6%), and other types of sport
(n= 149; 7.8%).

Mean (range, SD) DSC values indicating segmentation accuracy
in the cross‐validation experiment were high: 0.91 ([0.52 – 0.95],
0.08) for the patella and 0.97 ([0.93‐0.98], 0.01) for the femur.
One of the training images was excluded from the final algo-
rithm because of poor segmentation performance (patellar DSC
of 0.52). The optimal value for down‐weighting the appearance
component before combining it with the multi‐atlas model was
determined at a power of 0.4. The algorithm was applied on
(1882 left and 1912 mirrored right) 3794 MRIs. Twenty‐one

TABLE 1 | Participant characteristics (N= 1912), overall and separately for boys and girls within the Generation R population. Potential

differences between boys and girls were evaluated using t‐tests (continuous variables) and chi‐squared tests (categorical variables).

Physical factors Total (N= 1912) Boys (n= 918) Girls (n= 994) p‐values

Age (years) 14.1 (0.67) 14.1 (0.65) 14.1 (0.68) 0.866

BMI‐SDS1 0.43 (1.2) 0.38 (1.2) 0.47 (1.2) 0.095

Weight status: 0.656

Underweight 216 (11%) 109 (12%) 107 (11%)

Normal weight 1390 (73%) 667 (73%) 723 (73%)

Overweight and obese 304 (16%) 141 (15%) 163 (16%)

Height [cm]1 164 (7.9) 166 (8.7) 163 (7.0) < 0.001

Sedentary behavior

Hours of gaming per weekday2

No gaming 347 (18%) 57 (6%) 290 (29%) < 0.001

Less than 1 h 346 (18%) 140 (15%) 206 (21%)

1‐2 h 414 (22%) 281 (31%) 133 (13%)

> 2 h 267 (14%) 164 (18%) 103 (10%)

Hours of computer usage per weekday3

No computer 83 (4%) 51 (6%) 32 (3%) < 0.001

Less than 1 h 303 (16%) 171 (19%) 132 (13%)

1‐2 h 413 (22%) 181 (20%) 232 (23%)

> 2 h 576 (30%) 240 (26%) 336 (34%)

Hours of TV per weekday4

No TV 210 (11%) 106 (12%) 104 (10%) < 0.001

Less than 1 h 570 (30%) 294 (32%) 276 (28%)

1‐2 h 402 (21%) 172 (19%) 230 (23%)

> 2 h 188 (10%) 69 (8%) 119 (12%)

Physical activity behaviors

Sports participation at 13 years5, Yes 1338 (70%) 657 (72%) 681 (69%) 0.038

Only at 13 years old 461 (24%) 227 (25%) 234 (24%) 0.933

Only at 9 years old 100 (5%) 51 (6%) 49 (5%)

Both at 9 and 13 years old 877 (46%) 430 (47%) 447 (45%)

Physical activity (N days/week active for at
least 1 h)6

5.3 (1.8) 5.5 (1.8) 5.2 (1.9) 0.004

Active transportation7, ≥ 1 trip/week, yes 1176 (62%) 550 (60%) 626 (63%) 0.945

Note: All values are given as mean (standard deviation) or n (%).
1missing N= 2.
2missing N= 538.
3missing N= 537.
4missing N= 542.
5missing N= 327.
6missing N= 539.
7missing N= 582.
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bipartite patellae were excluded, and after visual inspection of
all segmentations, 3638 patella samples of 1877 participants and
3355 femur samples of 1811 participants were retained (see
Figure 1).

The SSMs for the patella and femur were constructed separately.
The first eleven patella shape modes and the first fourteen fem-
oral shape modes were included in the statistical analyses,
resulting in the Bonferroni adjusted significance thresholds of
p< 0.0045 and p< 0.0036, respectively (Tables 2 and 3). The
distance maps presented in Figures 2 and 3 illustrate the patella
and femur shape variations in our study population. Shape
modes 1 of the patella and femur described 44% and 48% of the
total shape variations, respectively. Both modes primarily
reflected variations in size and were correlated with stature.

GEE analysis revealed that BMI‐SDS was statistically signifi-
cantly associated with nine patella (modes 1, 2, 3, 4, 5, 6, 7, 10,
and 11) and nine femoral (modes 1, 2, 3, 6, 7, 8, 9, 10, and 14)
shape modes (Tables 2 and 3). The patella shape modes asso-
ciated with BMI‐SDS described variation in size (mode 1), dis-
tribution of the medial and lateral facets (mode 2), length and
width (mode 3), thickness of the dorsal side of the medial apex
(mode 4), lateral width of the apex and patellar thickness (mode
5), thickness of the dorsal bump (mode 6), transition of the
lateral articulating surface to the apex (mode 7), lateral superior
pole thickness (mode 10), and the proximal dorsal ridge and

facet thickness, resulting in a flatter or more curved patellar
joint surface (mode 11) (Figure 2). Femoral shape modes
associated with BMI‐SDS described variation in size (mode 1),
intercondylar notch and epicondylar width (mode 2), medial
anterior condyle thicknesses and epicondylar width (mode 3),
flexion angle of the distal femur (mode 6), trochlea and poste-
rior medial condyle thickness (mode 7), the orientation of lat-
eral posterior condylar axis (mode 8), the distal length of the
medial condyle (mode 9), the depth of the trochlea combined
with width of the femoral shaft (mode 10), and lateral condyle
thickness and posterior notch width (mode 14) (Figure 3).

Sports participation at 13 years old and a higher level of phys-
ical activity were significantly associated with lower SD values
in patella shape mode 1 (Table 2), and femoral shape modes 1
and 6 (Table 3), showing a bigger patella, bigger femur, and
more flexion of the femoral condyles relatively to the femoral
shaft, respectively. Sports participation at both 9 and 13 years
old was significantly associated with higher values in femoral
shape mode 12 (Table 3), representing a more concave transi-
tion of the lateral anterior condyle into the femoral shaft. Active
transportation to and from school was associated with lower SD
values in shape mode 1 of both patella and femur (Tables 2
and 3), indicating participants that walked or cycled to school at
least once a week have bigger patellae and femora.

4 | Discussion

We developed SSMs of the patella and femur in a young ado-
lescent population. Statistically significant associations between
(nine out of eleven) patellar and (nine out of fourteen) femoral
modes of shape variation and BMI were found. Similarly, we
found associations between (one out of eleven) patellae and
(three out of fourteen) femoral modes of shape variations and
sports participation, indicating that BMI and sports participa-
tion are of importance to bone shape formation and associated
with shape variation in the young adolescent population.

Eleven patellar and fourteen femoral shape modes were
included in the analysis, explaining 87% and 85% of the total
shape variation in the studied population, respectively. The
patellar shape variations showed more easily interpretable
variations (length, width, thickness) than the femur shape
modes, which is due to the complexity of the femur, including
multiple axes and surfaces. For example, patella shape mode 3
showed variation in the width and length of the patella, with
the −3SD being narrow and long and the +3 SD being wide and
short. However, variations in the femoral shape include mul-
tiple axes. For example, femoral shape mode 2 corresponds to
variations in the trochlear groove's depth and the posterior
condyles' width. Interpreting the femoral shape modes is more
challenging because of the complex variation of each femoral
shape mode.

Children and young adolescents with obesity have higher bone
mineral density than their peers [50] and are more likely to ex-
perience musculoskeletal symptoms and complaints [51]. In addi-
tion to the metabolic effects of obesity on bone mass, excess weight
carried in participants with obesity puts additional stress on bones
and joints [51], potentially leading to altered bone shape and pain.

FIGURE 1 | Flowchart on data inclusion and segmentation.
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Our findings seem to support this, as nine patellar and nine femoral
shape modes were associated with BMI. From our results, it is clear
that the association between shape and BMI is in multiple axes.
These shape variations might lead to maltracking or increased joint
stress. For example, a thicker dorsal bump of the patella (mode 6)
with a shallower trochlear groove (mode 10) could result in a less
congruent joint and lead to increased joint stress. Early identifica-
tion of these changes could inform preventive strategies and give
more insight into the impact of obesity on the growing child. Fur-
ther research has to be done to understand the exact influence of
these shapes on knee health.

Furthermore, increased biomechanical loading experienced
by the bone might alter the rate of bone turnover in young
adolescents. There are signs that bone mineral density is

higher in adolescents participating in sports [52, 53]. Addi-
tionally, there is evidence in young soccer (compared to non‐
athletes) and young tennis players (dominant arm vs. non-
dominant arm) that bone geometry changes during (pre‐)
puberty [5, 20]. Agricola et al. showed that cam lesions of the
hip were more prevalent in young active football players
than in the control group [20], suggesting that high‐impact
sport at a young age, especially around the time of growth
plate closure, could be an important factor in the develop-
ment of bone shape variations and deviations [54]. The
current results show that three shape modes are associated
with sports participation (patellar shape mode 1 as well as
femoral shape mode 1 and 6). The effects of BMI on bone
shape were more prominent than the effects of physical
activity and sports participation, suggesting that sports

FIGURE 2 | Distance maps of the patella shape modes (1‐7, 10 and 11) showing the distance (in millimeter) from the mean in the ±3 SD

direction projected on the mean shape. The distance on the left side ranges from −4 to +4mm and on the right ranges from −1 to +1mm.
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participation may contribute less to shape formation than
BMI. Another explanation could be that our data provides
more detailed information on BMI (continuous) as compared
to sports participation (yes or no) and physical activity
(number of days, at least 1 h). Alternatively, increased body
mass can lead to elevated joint loading during routine activi-
ties such as walking and standing [55]. Therefore, the rela-
tionship between joint shape and BMI‐SDS likely reflects both
passive mechanical influences and individual variability in

physical activity rather than being solely attributable to ex-
tremes in loading or obesity.

In the hip joint, there is evidence that cam morphology devel-
ops gradually over time [54]. Therefore, we aimed to evaluate
prolonged exposure to sports by creating a variable combining
sport participation at 9 and 13 years old. Femoral shape mode
12, explaining variation in the concavity of the transition from
the lateral condyle into the femoral shaft, was associated with

FIGURE 3 | Distance maps of the femoral shape modes (1‐3, 6‐10, 12 and 14) showing the distance (in millimeter) from the mean in the ±3 SD

direction projected on the mean shape. The distance on the left side ranges from −4 to +4mm and on the right ranges from −1 to +1mm.
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the combined sports participation variable, indicating that a
longer duration of loading might lead to a more concave femur
due to increased stress of the patella and attached muscles on
the femoral bone. While this shape mode was significantly
associated with prolonged sports participation, it should be
noted that the lower shape modes, such as femur mode 12,
account for a small portion of the total population variation and
show (sub)millimeter differences which may fall within the
limits of segmentation accuracy and should therefore be inter-
preted with caution.

Most studies applying SSM to the knee focus on the tibiofe-
moral joint in older participants with OA [15], while only a few
studies have developed/built an SSM of the patella [13, 19]. Our
current study focused on healthy young adolescents, while
previous patella SSM studies focused on specific patient popu-
lations. Liao et al. studied longitudinal changes in OA features
and their association with patellar and femoral bone shape and
found a few shape modes present in this population that are
comparable to our current study population [13]. In particular,
the shape mode explaining changes in intercondylar notch
width is similar to femoral shape mode 2 in our study. Liao
et al. additionally found an association between a shallower
trochlear groove and PFJ degeneration [13]. We found multiple
shape modes explaining the depth and thickness of the trochlea
(modes 6, 7, and 10). Therefore, it would be interesting to
evaluate follow‐up data in our current study to identify which
participants will develop pain or even OA later in life. Fur-
thermore, Eijkenboom et al. (2021 and 2023) studied the shape
of the patella in two populations: 14‐40‐year‐old PFP and con-
trol participants and an older population of women with PFOA
and healthy control participants [19, 56]. Since PFP arises
during (young) adolescence, a comparison of the shape modes
found by Eijkenboom et al. and the current study seems of
particular interest. One shape mode identified by Eijkenboom
et al. was associated with structural abnormalities linked to OA
(BMLs and minor cartilage defects of the patella) in the
14‐40‐year‐old PFP and control participant population [56].
This shape mode mainly explains variations in the thickness of
the dorsal bump of the patella. In our current study, this specific
shape variation was captured in patellar shape mode 6, which
was associated with higher BMI‐SDS and female sex. This
thicker dorsal bump may lead to altered stress on the femoral
trochlea and, therefore, potentially lead to joint degeneration.
Therefore, this particular shape mode, along with the shape
modes representing the depth of the trochlea, are of interest for
future research, as the additional stress caused by these specific
shape modes might, over time, along with other factors, lead to
pain or even OA.

4.1 | Strengths and Limitations

This is the first study to report shape variations of the patella
and distal femur in a large open‐population study among ado-
lescents. The use of this study population and the large sample
size enhanced the generalizability of the results to the open
population since participants with diverse backgrounds were
included. Follow‐up measurements, including MRI, of these
subjects at 18 years old were completed at the end of 2024,
which will enable us to investigate in future research whether

and in which participants' bone shape may change in time.
However, some limitations need to be addressed.

A segmentation method combining a multi‐atlas and appear-
ance models had been performed before and proved robust and
applicable to large population cohort studies [33–35, 57, 58].
The manual inspection and adaptation of (minor) segmentation
errors could have introduced some bias. To minimize this bias,
the process of inspection and adaption was standardized by
having one researcher (R.P.) inspect and adapt every segmen-
tation in a random order. Additionally, after post‐processing, all
the 3D models were inspected by another researcher (N.T.) for
verification of correctness.

To enhance interpretability of the shape modes, we only
included modes that explained 1% or more of the total shape
variation. This was an arbitrary cut‐off and it could be argued
that the cutoff is not sufficient and that it is needed to increase
this to (e.g.,) 5% as the lower shape modes show many sub‐
millimeter variations. Uncertainties in the segmentations might
cause these sub‐millimeter variations, which might be statisti-
cally but not clinically relevant. However, we believe that dif-
ferences found after Bonferroni correction remain meaningful
due to the large study population.

MRI was performed with both legs simultaneously, resulting in
varying knee positioning. Some knees were fully extended,
while others were slightly flexed or endo‐ or exorotated. Two
separate statistical shape models were created instead of one
due to difficulty in determining a proper constrain for the joint
space. Additionally, modeling the patella and femur together
would increase the difficulty in interpreting the variation found
in the shape modes.

Furthermore, ideally, the sports variables would have been split
into types of sports which would have enabled us to assess if
participating in certain sports leads to different loading patterns
and, thus, different shape modes. This was unfortunately not
feasible due to a skewed distribution of sports within the study
population. Most children participated in similar types of sports,
with 16.8% participating in football and 14.5% in field hockey.
Certain sports, such as cycling (0.6%) and swimming (1.4%),
were less common. Additionally, we had no information on the
number of hours per day or week of sports participation. Ide-
ally, we would have had more information enabling us to study
the interaction between sports type, intensity, and body mass on
joint and bone shape.

Lastly, there could have been some selection bias in excluding
the participants who underwent MRI but had poor imaging or
segmentation quality. Although they did not differ in age, the
excluded participants were more often boys (61%) and had a
significantly lower BMI‐SDS (mean 0.07) score than the
included population (0.44).

5 | Conclusion

This study evaluated the association between patellar and
femoral shape variations and BMI and sports participation in
young adolescents. Statistically significant associations were
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found between adolescent BMI and nine patellar and nine
femoral shape modes. Additionally, sports participation was
significantly associated with one patellar and two femoral shape
modes and sports participation for a longer period of time with
another femoral shape mode. These findings highlight the
critical role of BMI in shaping patellar and femoral morphology
during adolescence, with sports participation playing a sec-
ondary role. Early identification of at‐risk adolescents may en-
able interventions to reduce the risk of future knee disorders.

Author Contributions

Jukka Hirvasniemi and Stefan Klein supervised data segmentation.
Nazli Tumer, Amir A. Zadpoor and Edwin H. G. Oei supervised data
post‐processing. Nazli Tumer performed statistical shape modeling,
Tom M. Piscaer supervised interpretation and correctness of the
descriptions of the shape modes. Sita M. A. Bierma‐Zeinstra and Mar-
ienke van Middelkoop supervised data analysis and interpretation.
Rosemarijn van Paassen performed segmentation, post‐processing, data
analysis, interpretation of the results and drafted the manuscript. All
authors provided feedback on the manuscript and approved the final
version of the manuscript.

Acknowledgments

We thank the Dutch Arthritis Association (21‐1‐204) for the financial
support it provided, which enabled us to perform this study.

References

1. P. Rowe, A. Koller, and S. Sharma, Physiology, Bone Remodel-
ing. 2018.

2. T. A. Mirtz, J. P. Chandler, and C. M. Eyers, “The Effects of Physical
Activity on the Epiphyseal Growth Plates: A Review of the Literature on
Normal Physiology and Clinical Implications,” Journal of Clinical
Medicine Research 3, no. 1 (2011): 1.

3. P. Bergmann, J.‐J. Body, S. Boonen, et al., “Loading and Skeletal Devel-
opment and Maintenance,” Journal of Osteoporosis 2011 (2010): 786752.

4. L. Maïmoun and C. Sultan, “Effects of Physical Activity on Bone Re-
modeling,”Metabolism: Clinical and Experimental 60, no. 3 (2011): 373–388.

5. G. Ducher, R. M. Daly, and S. L. Bass, “Effects of Repetitive Loading
on Bone Mass and Geometry in Young Male Tennis Players: A Quan-
titative Study Using MRI,” Journal of Bone and Mineral Research 24,
no. 10 (2009): 1686–1692.

6. N. Alassaf, “Acute Presentation of Sinding‐Larsen‐Johansson Disease
Simulating Patella Sleeve Fracture: A Case Report,” SAGE Open
Medical Case Reports 6 (2018): 2050313X18799242.

7. M. S. Rathleff, L. Winiarski, K. Krommes, et al., “Pain, Sports Partici-
pation, and Physical Function in Adolescents With Patellofemoral Pain and
Osgood‐Schlatter Disease: A Matched Cross‐Sectional Study,” Journal of
Orthopaedic and Sports Physical Therapy 50, no. 3 (2020): 149–157.

8. J. M. Smith and M. Varacallo, Osgood Schlatter Disease. 2017.

9. J. M. Smith and M. Varacallo, Sever Disease. 2017.

10. M. van Middelkoop, E. M. Macri, J. F. Eijkenboom, et al., “Are
Patellofemoral Joint Alignment and Shape Associated With Structural
Magnetic Resonance Imaging Abnormalities and Symptoms Among
People With Patellofemoral Pain?,” American Journal of Sports Medicine
46, no. 13 (2018): 3217–3226.

11. C. N. Fick, C. Grant, and F. T. Sheehan, “Patellofemoral Pain in
Adolescents: Understanding Patellofemoral Morphology and Its Rela-
tionship to Maltracking,” American Journal of Sports Medicine 48, no. 2
(2020): 341–350.

12. C. M. Powers, L. A. Bolgla, M. J. Callaghan, et al., Patellofemoral
pain: proximal, distal, and local factors—2nd international research
retreat, August 31–September 2, 2011, Ghent, Belgium. 2012, JOSPT, Inc.
JOSPT, 1033 North Fairfax Street, Suite 304, Alexandria, VA …. p.
A1‐A54.

13. T. C. Liao, H. Jergas, R. Tibrewala, et al., “Longitudinal Analysis of
the Contribution of 3D Patella and Trochlear Bone Shape on Patello-
femoral Joint Osteoarthritic Features,” Journal of Orthopaedic Research
39, no. 3 (2021): 506–515.

14. F. Ambellan, H. Lamecker, C. von Tycowicz, and S. Zachow, Sta-
tistical shape models: understanding and mastering variation in anatomy
(Springer, 2019).

15. T. L. Bredbenner, T. D. Eliason, R. S. Potter, R. L. Mason,
L. M. Havill, and D. P. Nicolella, “Statistical Shape Modeling Describes
Variation in Tibia and Femur Surface Geometry Between Control and
Incidence Groups From the Osteoarthritis Initiative Database,” Journal
of Biomechanics 43, no. 9 (2010): 1780–1786.

16. P. Cerveri, A. Belfatto, and A. Manzotti, “Predicting Knee Joint
Instability Using a Tibio‐Femoral Statistical Shape Model,” Frontiers in
Bioengineering and Biotechnology 8 (2020): 253.

17. V. Pedoia, D. A. Lansdown, M. Zaid, et al., “Three‐Dimensional
MRI‐Based Statistical Shape Model and Application to a Cohort of
Knees With Acute ACL Injury,” Osteoarthritis and Cartilage 23, no. 10
(2015): 1695–1703.

18. J. S. Gregory, R. J. Barr, K. Yoshida, S. Alesci, D. M. Reid, and
R. M. Aspden, “Statistical Shape Modelling Provides a Responsive
Measure of Morphological Change in Knee Osteoarthritis Over 12
Months,” Rheumatology 59, no. 9 (2020): 2419–2426.

19. J. F. A. Eijkenboom, N. Tümer, D. Schiphof, et al., “3D Patellar
Shape Is Associated With Radiological and Clinical Signs of Patellofe-
moral Osteoarthritis,” Osteoarthritis and Cartilage 31, no. 4 (2023):
534–542.

20. R. Agricola, J. H. J. M. Bessems, A. Z. Ginai, et al., “The Develop-
ment of Cam‐Type Deformity in Adolescent and Young Male Soccer
Players,” American Journal of Sports Medicine 40, no. 5 (2012):
1099–1106.

21. K. M. Karlsson, C. Karlsson, H. G. Ahlborg, O. Valdimarsson, and
S. Ljunghall, “The Duration of Exercise as a Regulator of Bone Turn-
over,” Calcified Tissue International 73 (2003): 350–355.

22. K. M. Karlsson, C. Karlsson, H. G. Ahlborg, O. Valdimarsson,
S. Ljunghall, and K. J. Obrant, “Bone Turnover Responses to Changed
Physical Activity,” Calcified Tissue International 72 (2003): 675–680.

23. P. Roels, R. Agricola, E. H. Oei, H. Weinans, G. Campoli, and
A. A. Zadpoor, “Mechanical Factors Explain Development of Cam‐Type
Deformity,” Osteoarthritis and Cartilage 22, no. 12 (2014): 2074–2082.

24. R. Agricola, J. H. Waarsing, N. K. Arden, et al., “Cam Impingement
of the Hip—A Risk Factor for Hip Osteoarthritis,” Nature Reviews
Rheumatology 9, no. 10 (2013): 630–634.

25. P. van Klij, M. P. Heijboer, A. Z. Ginai, J. A. N. Verhaar,
J. H. Waarsing, and R. Agricola, “Cam Morphology in Young Male
Football Players Mostly Develops Before Proximal Femoral Growth
Plate Closure: A Prospective Study With 5‐Yearfollow‐up,” British
Journal of Sports Medicine 53, no. 9 (2019): 532–538.

26. R. Agricola, M. P. Heijboer, S. M. A. Bierma‐Zeinstra,
J. A. N. Verhaar, H. Weinans, and J. H. Waarsing, “Cam Impingement
Causes Osteoarthritis of the Hip: A Nationwide Prospective Cohort
Study (CHECK),” Annals of the Rheumatic Diseases 72, no. 6 (2013):
918–923.

27. W. D. Paulis, S. Silva, B. W. Koes, and M. van Middelkoop, “Over-
weight and Obesity Are Associated With Musculoskeletal Complaints as
Early as Childhood: A Systematic Review,” Obesity Reviews 15, no. 1
(2014): 52–67.

2231

 1554527x, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.70089 by T

u D
elft, W

iley O
nline L

ibrary on [08/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



28. D. Fintini, S. Cianfarani, M. Cofini, et al., “The Bones of Children
With Obesity,” Frontiers in Endocrinology 11 (2020): 200.

29. P. Dimitri, “The Impact of Childhood Obesity on Skeletal Health
and Development,” Journal of Obesity & Metabolic Syndrome 28, no. 1
(2019): 4–17.

30. M. N. Kooijman, C. J. Kruithof, C. M. van Duijn, et al., “The
Generation R Study: Design and Cohort Update 2017,” European
Journal of Epidemiology 31 (2016): 1243–1264.

31. A. M. Fredriks, S. Van Buuren, R. J. F. Burgmeijer, et al.,
“Continuing Positive Secular Growth Change in The Netherlands
1955–1997,” Pediatric Research 47, no. 3 (2000): 316–323.

32. T. J. Cole, “Establishing a Standard Definition for Child Overweight
and Obesity Worldwide: International Survey,” BMJ 320, no. 7244
(2000): 1240.

33. J. Hirvasniemi, S. Klein, S. Bierma‐Zeinstra, M. W. Vernooij,
D. Schiphof, and E. H. G. Oei, “A Machine Learning Approach to
Distinguish Between Knees Without and With Osteoarthritis Using
MRI‐Based Radiomic Features From Tibial Bone,” European Radiology
31 (2021): 8513–8521.

34. F. Van der Lijn, M. De Bruijne, S. Klein, et al., “Automated Brain
Structure Segmentation Based on Atlas Registration and Appearance
Models,” IEEE Transactions on Medical Imaging 31, no. 2 (2012):
276–286.

35. D. Xu, J. Van Der Voet, N. M. Hansson, et al., “Association Between
Meniscal Volume and Development of Knee Osteoarthritis,”
Rheumatology 60, no. 3 (2021): 1392–1399.

36. P. A. Yushkevich, J. Piven, H. C. Hazlett, et al., “User‐Guided 3D
Active Contour Segmentation of Anatomical Structures: Significantly
Improved Efficiency and Reliability,” NeuroImage 31, no. 3 (2006):
1116–1128.

37. S. Klein, M. Staring, K. Murphy, M. A. Viergever, and J. Pluim,
“Elastix: A Toolbox for Intensity‐Based Medical Image Registration,”
IEEE Transactions on Medical Imaging 29, no. 1 (2010): 196–205.

38. C. R. Harris, K. J. Millman, S. J. van der Walt, et al., “Array Pro-
gramming With Numpy,” Nature 585, no. 7825 (2020): 357–362.

39. M. Brett, C. J. Markiewicz, M. Hanke, et al., “nipy/nibabel:Nipy/
Nibabel: 5.2. 1 Zenodo,” 2024.

40. W. E. Lorensen and H. E. Cline, “Marching Cubes: A High
Resolution 3D Surface Construction Algorithm,” Seminal Graphics:
Pioneering Efforts That Shaped the Field 1 (1998): 347–353.

41. W. S. K. M. B. Lorensen, Visualization Toolkit: An Object‐Oriented
Approach to 3D Graphics (Kitware, 2006). 4th Edition..

42. B. C. Lowekamp, D. T. Chen, L. Ibáñez, and D. Blezek, “The Design
of Simpleitk,” Frontiers in Neuroinformatics 1, no. 7 (2013): 45.

43. T. Liu, M. Chen, Y. Song, H. Li, and B. Lu, “Quality Improvement of
Surface Triangular Mesh Using a Modified Laplacian Smoothing
Approach Avoiding Intersection,” PLoS One 12, no. 9 (2017): e0184206.

44. Trimesh [Computer software]. 2019, https://github.com/mikedh/
trimesh.

45. K. H. Zou, S. K. Warfield, A. Bharatha, et al., “Statistical Validation
of Image Segmentation Quality Based on a Spatial Overlap Index1,”
Academic Radiology 11, no. 2 (2004): 178–189.

46. L. R. Dice, “Measures of the Amount of Ecologic Association
Between Species,” Ecology 26, no. 3 (1945): 297–302.

47. A. Goparaju, K. Iyer, A. Bône, et al., “Benchmarking off‐the‐Shelf
Statistical Shape Modeling Tools in Clinical Applications,” Medical
Image Analysis 76 (2022): 102271.

48. M. van de Giessen, F. M. Vos, C. A. Grimbergen, et al., An efficient and
robust algorithm for parallel groupwise registration of bone surfaces. Medical
Image Computing and Computer‐Assisted Intervention–MICCAI 2012:

15th International Conference, Nice, France, October 1‐5, 2012, Proceed-
ings, Part III 15, 2012: p. 164–171.

49. R. A. Armstrong, “When to Use the B Onferroni Correction,”
Ophthalmic and Physiological Optics 34, no. 5 (2014): 502–508.

50. S. López‐Peralta, E. Romero‐Velarde, E. M. Vásquez‐Garibay, et al.,
“Bone Mineral Density and Body Composition in Normal Weight,
Overweight and Obese Children,” BMC Pediatrics 22, no. 1 (2022): 249.

51. N. Firman, K. Homer, G. Harper, J. Robson, and C. Dezateux, “Are
Children Living With Obesity More Likely to Experience Musculo-
skeletal Symptoms During Childhood? A Linked Longitudinal Cohort
Study Using Primary Care Records,” Archives of Disease in Childhood
109, no. 5 (2024): 414–421.

52. K. B. Gunter, H. C. Almstedt, and K. F. Janz, “Physical Activity in
Childhood May be the Key to Optimizing Lifespan Skeletal Health,”
Exercise and Sport Sciences Reviews 40, no. 1 (2012): 13–21.

53. K. F. Janz, J. M. E. Gilmore, S. M. Levy, E. M. Letuchy, T. L. Burns,
and T. J. Beck, “Physical Activity and Femoral Neck Bone Strength
During Childhood: The Iowa Bone Development Study,” Bone 41, no. 2
(2007): 216–222.

54. R. Agricola, M. P. Heijboer, A. Z. Ginai, et al., “A cam Deformity Is
Gradually Acquired During Skeletal Maturation in Adolescent and
Young Male Soccer Players: A Prospective Study With Minimum 2‐Year
Follow‐up,” The American Journal of Sports Medicine 42, no. 4 (2014):
798–806.

55. P. Molina‐Garcia, J. H. Migueles, C. Cadenas‐Sanchez, et al., “A
Systematic Review on Biomechanical Characteristics of Walking in
Children and Adolescents With Overweight/Obesity: Possible Implica-
tions for the Development of Musculoskeletal Disorders,” Obesity
Reviews 20, no. 7 (2019): 1033–1044.

56. J. J. Eijkenboom, N. Tümer, E. H. Waarsing, et al., “Patellofemoral
Pain Patients Show Differences in 3D Patellar Shape Compared to
Healthy Control Subjects,” Osteoarthritis and Cartilage 29 (2021):
S336–S337.

57. V. Fortunati, R. F. Verhaart, F. van der Lijn, et al., “Tissue Seg-
mentation of Head and Neck CT Images for Treatment Planning: A
Multiatlas Approach Combined With Intensity Modeling,” Medical
Physics 40, no. 7 (2013): 071905.

58. N. M. Hansson, E. H. G. Oei, and S. Klein, Evaluation of two multi‐
atlas cartilage segmentation models for knee MRI: data from the osteo-
arthritis initiative. Poster presentation at 9th International Workshop on
Osteoarthritis Imaging (IWOAI), Oulu, Finland, 2016.

2232 Journal of Orthopaedic Research®, 2025

 1554527x, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.70089 by T

u D
elft, W

iley O
nline L

ibrary on [08/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/mikedh/trimesh
https://github.com/mikedh/trimesh

