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Summary

Hip osteoarthritis is an important cause of disability and pain in adults, for which hip morphology
is a significant risk factor. Hip morphology can be quantified using morphology measurements on
pelvic radiographs. However, deviations in patient positioning, such as pelvic rotation, can influence
the accuracy of these measurements. As a first step towards correcting pelvic rotation, this research
proposes a model that quantifies pelvic rotation on digitally reconstructed radiographs (DRRs) using
the area ratio of the obturator foramina.

Segmentations of the pelvis and both femurs of 30 randomly selected participants of the
Generation R study were included. The segmentations had been created based on Magnetic
Resonance Imaging scans. For each segmentation, DRRs were created with pelvic rotations ranging
from -10° to +10° at 1° intervals. Landmarks were used to approximate the areas of the obturator
foramina. The right-to-left ratio of the obturator foramen areas was calculated for each radiograph.
To find the relationship between this ratio and the angle of pelvic rotation, one function was fitted to
all results, and another to only the results for small angles (within +5°). Both functions were inverted
to predict the angle of rotation for a given obturator foramen area ratio. The resulting all-angle and
small-angle models were validated on 30 DRRs with weighted random pelvic rotation taken from 15
different participants of the Generation R study, with a 3:1 split between small and large (between
16° and £10°) angles of rotation.

An exponential function was found to best describe the relationship between the obturator
foramen area ratio and the angle of pelvic rotation. The all-angle model had a median deviation of -
0.5° [IQR: -2°, 1°] from the true angles of rotation, and estimated the angle of rotation within 2°in
73% of cases. The small-angle model had a median deviation of 0° [IQR: -2°, 2°] and was accurate
within 2° in 67% of cases. When assessing accuracy only for small angles of rotation, the median
deviations were -1° [IQR: -2°, 1°] and -0.5° [IQR: -2°, 1°], and the accuracy percentages were 86% and
73%, respectively.

The proposed models showed moderate performance in assessing pelvic rotation. The results of
both models are quite similar, though the all-angle model was more significantly influenced by
increased variance at larger angles of rotation. While further improvement of the models is
necessary, these performances show that quantification of pelvic rotation based on the obturator
foramen area ratio on radiographs is possible. As such, this research is a promising first step towards
correcting pelvic rotation and improving hip morphology measurements.
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Introduction

Osteoarthritis (OA) is a major cause of pain and disability worldwide [1]. It is estimated that around
one in seven people will develop some form of OA during their lifetime. The hip is the third most
commonly affected joint after the knee and hand [2]. Multiple risk factors have been identified for
the development of hip OA, including age, body mass index, genetics and occupation [3]. It has also
been shown that deviations in hip morphology significantly contribute to the development of hip OA
[4-6].

Assessment of hip morphology is commonly done through pelvic radiographs, though Dual Energy X-
Ray Absorptiometry (DXA) scans have been shown to be a good alternative [7]. Quantitative
measurements of various angles and distances within the hip joint are used to describe hip
morphology on these scans. Traditionally, such measurements are performed manually, but an
automated method has been described in recent literature [8]. Conventional measurements have an
important downside: they reduce the rather complex hip shape to a single or a few values. This limits
the amount of information that such measurements can convey, essentially leading to an
oversimplification of the hip shape. To combat this problem, Statistical Shape Modelling (SSM) can be
used as an alternative method. SSM gives a mathematical description of the mean hip shape and the
main modes of variation across a population [9, 10]. It describes an individual’s deviation in hip
shape from the mean hip shape of the population, by quantifying the relative impact of various
shape variations. This allows for specific analysis of these variations and their relationships to
diseases such as OA. SSM has been shown to include information that was absent from traditional
morphology measurements [11]. At present, SSMs of the hip are primarily used for research
purposes, but clinical applications exist as well [12].

Both traditional hip morphology measurements and SSM are subject to an important limitation when
applied to two-dimensional imaging: results can be affected by patient positioning. Even when
standardized imaging protocols are followed, deviations in patient positioning, such as pelvic tilt,
pelvic rotation and femoral rotation, can occur. Multiple authors have shown that such inaccuracies
can introduce significant deviations into traditional measurement results [13-16]. Recent research
found that femoral rotation influences SSM results, primarily affecting the first few shape modes
[17].

Due to the two-dimensional nature of pelvic radiographs and DXA scans, it is difficult to accurately
distinguish between real anatomic shape variations and positioning-induced deviations. This
introduces a margin of error in the results of morphology measurements and SSM. Therefore, it is
crucial to correct the influence of patient positioning on these scans. Several authors have attempted
to quantify pelvic tilt and femoral rotation on radiographs [18-20]. For pelvic rotation, Kanazawa et
al. proposed an equation that uses the sizes of the obturator foramina to estimate rotation [21].
However, to the best of my knowledge, no method currently exists for the correction of these
deviations. This research attempts to fill that knowledge gap by proposing a novel, viable method to
qguantify and correct pelvic rotation on radiographic images.

The aim of this thesis is to develop a quantification model for pelvic rotation, using the relative sizes
of the obturator foramina. These are determined based on two-dimensional projections of bone
segmentations of the pelvis, which were created using Magnetic Resonance Imaging (MRI) data. The
performance of the model will be validated on projections with known rotation from unused bone
segmentations.



Methods

Participant inclusion

MRI scans of participants of the Generation R Study were used for this research. This population-
based cohort study examined children at regular intervals from fetal life until adulthood. Its design
has been described in detail elsewhere [22, 23]. During the Generation R study, MRI scans were
obtained at multiple time points. Thirty scans of participants aged around 18 years were randomly
selected for the development of the quantification method for pelvic rotation. A separate dataset
was created for validation of the proposed method, consisting of 15 randomly selected participants
not included in the initial dataset.

Bone segmentations

Bone segmentations of the pelvis and both femurs were extracted from the MRI scans. Computed
Tomography (CT) is more commonly used to examine bony structures, but it exposes subjects to
ionizing radiation, which carries an increased risk of cancer [24]. For this reason, since participants
are young and healthy, MRI scans were preferred in the Generation R study. Literature shows that
MRI data can be used to create accurate bone models [25, 26]. Kamphuis et al. have described the
use of a neural network (nnU-Net) to create MRI-based segmentations of the hip [27]. On the
Generation R dataset, their model reached a Dice score of 0.90+0.01 for acetabular bone
segmentation [28]. The segmentations used for this thesis had already been created for other
research. An example slice from a bone segmentation is shown in Figure 1a.

The segmentations did not include density information, since they were binary and based on MRI
data. To address this problem, the difference between cortical and trabecular bone was simulated. To
simulate cortical bone, the segmentation was shrunk along all edges and the difference between the
original segmentation and the shrunken one was labeled as cortical bone. Cortical bone is estimated
to have three times the density of trabecular bone [29]. Therefore, the simulated cortical layer was
given a pixel value that was three times as high as the pixel value of the original segmentation. Since
the pelvis had a total thickness of only about 5 to 10 pixels in most segmentations, the pelvic cortical
bone was given a thickness of one pixel. The femur had a cortical thickness of two pixels,
corresponding to around 10% of the total bone thickness. Figure 1b shows a slice of the bone
segmentation after simulating cortical and trabecular bone.




(@) (b)
Figure 1. Example of the bone segmentation used in this research. (a) Coronal slice of the original bone segmentation
of the pelvis and femurs. (b) Coronal slice of the bone segmentation after adding simulated cortical bone. The femur
has a cortical thickness of two pixels. The pelvis has a cortical thickness of one pixel.

Digitally Reconstructed Radiographs

Digitally Reconstructed Radiographs (DRRs) were created from the segmentations using the DiffDRR
pipeline [30]. DRRs are simulated X-ray images taken from three-dimensional (3D) data, taken from
various angles to simulate pelvic rotation. For each participant, anteroposterior DRRs were created
with rotations ranging from -10 degrees to +10 degrees, with an interval of one degree between each
radiograph. Negative rotation was defined as anterior rotation of the right hip and posterior rotation
of the left hip. The axis of rotation was placed in the pubic symphysis. An example DRR at neutral
rotation is given in Figure 2a.

(a) (b)
Figure 2. (a) A digitally reconstructed radiograph (DRR) created from a bone segmentation, created at neutral
rotation. (b) Landmarks on the DRR shown in subfigure (a).



Obturator foramen analysis

The DRRs were subsequently analyzed using BoneFinder [31]. This software automatically identifies
80 landmarks on each hip joint (160 when analyzing both hips in the same image), giving each
landmark a specific number. Seven landmarks are placed along the edges of each obturator foramen.
The protocol for the placement of these landmarks can be found in Appendix A. After the automatic
analysis, the landmark placements of the obturator foramina were manually corrected as needed. An
example of the landmark placement after manual correction can be seen in Figure 2b. To account for
the rounded shape of the obturator foramen, a periodic spline was created based on the corrected
landmarks. This is a mathematical function fitted to the points of the obturator foramen, describing a
smooth curve approximating its shape. As shown in Figure 3, a spline gives a more accurate
representation of the obturator foramen area than connecting each point with a straight line. The
area of this spline was calculated and used as an estimate of the area of the obturator foramen. For
each DRR, the ratio between the areas of the right and left obturator foramen was calculated.

(a) (b)
Figure 3. Comparison of a spline (figure a) and a straight line (figure b) approximation of the obturator foramen area.
The spline approximation follows the rounded contour of the obturator foramen more accurately.

Relationship between ratio and rotation

All obturator foramen area ratios were determined, and the median and IQR were calculated for
each angle of pelvic rotation. Basic linear, quadratic and exponential functions were fitted to the
median, to find the general relationship between the angle of rotation and the obturator foramen
area ratio. The accuracy of these models was compared using the Akaike Information Criterion (AIC).
This is a statistical measure for the relative accuracy of a model when describing a dataset. It is
calculated by the equation

AIC = =2InL + 2k, (1)

in which [ indicates the maximized likelihood, and k is the number of model parameters that needs
to be estimated [32]. Since the errors in this research are distributed normally, this can be rewritten
as

RSS
A1C=2k+n1nT, (2)

in which n is the number of data points, RSS is the Residual Sum of Squares of the data, and k again is
the number of estimated parameters.

The model with the lowest AIC was taken to be the most accurate. This model was then further
refined by fitting it to the full dataset, yielding a function that described the obturator foramen area
ratio as a function of the angle of rotation. Finally, this resulting function was inverted, leading to a
model that estimates the angle of rotation based on the obturator foramen area ratio. For extreme
angles of rotation, one obturator foramen becomes very small and the other becomes very large,
leading to exponential changes in the obturator foramen area ratio. As a result, the variance of the



area ratio for large angles of rotation was expected to be very high, influencing the fitting process
and thereby reducing the overall accuracy of the model. Furthermore, angles of rotation between -5°
and 5° were taken to be more clinically relevant, since larger angles of rotation are unlikely to occur
when protocols are followed adequately. Therefore, a secondary analysis was carried out that
specifically investigated these smaller angles of rotation. To this end, a second model was created by
following these same steps, but only using pelvic rotations between -5° and 5° to find the best fitting
function. This secondary model was called the ‘small-angle model’. The original model including all
angles was dubbed the ‘all-angle model’.

The results of both models were also compared to a proposed formula by Kanazawa et al. that uses
the height and width ratios of the obturator foramina to estimate pelvic rotation [21]:

. Hright Hleft
Rotation (male: female) = (19.9:24.2) + (2.1:3.6) * W +(0.9:1.5) x W (23.2:25.1) * WR. (3)

right left

In this equation, H indicates the height of the obturator foramen, defined as the difference in the y-
direction between the highest and lowest point of the obturator foramen. W indicates the width of
the obturator foramen, defined as the difference in the x-direction between the most medial and the
most lateral point of the obturator foramen. WR is the width ratio between the right and left
obturator foramen (Wiighe/Wier). In our research, the height and width measurements are based on
the spline approximation of the obturator foramen, as visualized in Figure 4. The coefficients are
gender-specific: for each part of the equation, the first coefficient is used for male subjects and the
second for female subjects.

Figure 4. Visualization of the height (H) and width (W) measurements of the obturator foramina based on the spline
approximation, as used in Equation (3. H is the distance in the y-direction between the highest and lowest point of the
spline. W is the distance in the x-direction between the most medial and the most lateral point of the obturator
foramen.

Validation

The models found in the previous steps were validated using 15 additional participants, who were
not in the initial dataset. For each of these participants’ MRI scans, two DRRs were created with
known, random rotations, resulting in a total of 30 DRRs. The randomization of these rotations was
weighted, with a 3:1 split between small (+5° or smaller) and large (between +6° and +10°) angles.
The obturator foramen ratios were determined, and both models as well as the formula by Kanazawa
et al. (Equation (3)) were separately applied to the data to obtain an estimate of the pelvic rotation.
The results of all three models were visually analyzed using scatter plots. The results of both
proposed models were also compared using Bland-Altman analyses.



Software

Image processing and data processing were performed using Python, version 3.12 [33]. DRRs were
created with DiffDRR version 0.6.0. BoneFinder version 1.3.0 was used for the landmark placement.
The periodic spline for the obturator foramen approximation and the exponential model were fitted
with SciPy 1.17.0 [34].



Results

Participant inclusion

Thirty participants were randomly selected from the Generation R dataset and included in the
training set. An additional fifteen different random participants were included in the validation set.
The median age of the participants included in the training set was 18.9 years. Participants included
in the validation set had a median age of 19.5 years. In the training set, 43% of participants were
male and 10% had a non-Western background. The validation set consisted of 47% males and had
26% non-Western participants. A more detailed overview of the characteristics of the included
participants is presented in Table 1.

Table 1. General characteristics of the included participants in both datasets.

Training set (n=30) Validation set (n=15)
Age (years) 18.9 [18.7, 19.4] 19.5[19.1, 19.9]
Gender
Male 13 (43) 7 (47)
Female 17 (57) 8 (53)
Ethnicity
Western 27 (90) 11 (73)
African 0(0) 2 (13)
Asian 1(3) 2 (13)
Other non-Western 2(7) 0(0)

Continuous variables are presented as median [IQR]. Discrete variables are presented as n (%)

Image processing

Twenty-one DRRs were constructed for each participant, representing angles of pelvic rotation
between -10° and +10° with 1° intervals. This yielded a total of 630 DRRs in the training set. A subset
of the created DRRs for one participant is presented in Figure 5. The landmarks were automatically
placed on all DRRs, and manual point corrections were performed when necessary. Figure 6 shows
the obturator foramen landmarks with splines describing the outline of the obturator foramen for
the DRRs. The obturator foramen area ratios were determined for each DRR. These are visualized in
Figure 7, as well as the median value and IQR for each angle of rotation.




(d) (e)
Figure 5. Rotated Digitally Reconstructed Radiographs (DRRs) of one participant. (a) DRR in neutral position (0°
rotation). (b) DRR with -5° rotation. (c) DRR with -10° rotation. (d) DRR with +5° rotation. (e) DRR with +10° rotation.

(d) (e)
Figure 6. DRRs of the same participant as in Figure 5. The obturator foramen landmarks are indicated in blue (right)
and orange (left), as well as the spline approximation. (a) DRR in neutral position (0° rotation). (b) DRR with -5°
rotation. (c) DRR with -10° rotation. (d) DRR with +5° rotation. (e) DRR with +10° rotation.



Scatter plot of all obturator foramen area ratios
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Figure 7. Scatter plot showing the measured R/L obturator foramen area ratio for each angle of rotation. The red line
indicates the median measurement for each angle. The shaded blue area represents the interquartile range. The y-
axis is logarithmic.

Relationship between ratio and rotation

To identify the model that best described the relationship between the obturator foramen area ratio
and the angle of pelvic rotation, the AIC was calculated for basic linear, quadratic and exponential fits
to the median obturator foramen area ratio. The results are presented in Table 2. The exponential fit
had the lowest AIC value and was used as the basis for the best-fit function.

Table 2. Akaike Information Criterion (AIC) values for each of the basic models.

Model AIC value
Linear -59.68
Quadratic -108.65
Exponential -139.06

The exponential model had the following shape:
R/L=axeb*mt + . (4)

In this equation, R/L indicates the R/L ratio of the obturator foramen areas (Arear/Area,), rot is the
angle of rotation in degrees, and a, b and c are the parameters to be optimized. The coefficients of
the exponential fit used for the AIC calculation were taken as the starting values for the optimization.
These values were a = 1.0, b =-0.1 and ¢ = 0.0. When fitting this model to the full dataset including
all angles of rotation, the best-fit function was

R/L = 0.64 + e %1970t (.38, (5)
When fitted only to the smaller angles (within £5°), the best-fit function was
R/L = 0.94 x e~013*70t 4 (017, (6)

The estimated area ratios for both models are plotted in Figure 8, together with the median and IQR
of the measured area ratios for each angle.



Exponential models fitted to the R/L area ratios
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Figure 8. Plot showing the exponential functions fitted to the data. The solid red line is the median of the measured
R/L area ratios for each angle. The shaded blue area indicates the interquartile range (IQR) of the measurements. The
dotted line represents the function fitted to the data for all angles. The dashed line represents the function fitted to
the data corresponding to the smaller angles (within £5°). The y-axis is logarithmic.

Both models were rewritten to estimate the angle of pelvic rotation for known obturator foramen
area ratios. The resulting all-angle model gives the following relationship:

Rot = —=5.3In(1.6 * R/L — 0.6). (7)

The small-angle model describes the relationship as:

Rot = —=7.7In(1.1 * R/L — 0.2). (8)

Validation

To validate the accuracy of the model, a separate dataset consisting of 15 participants was created.
For each participant, two DRRs with random, integer rotation were created. A 3:1 split between small
and large angles of rotation was ensured. In Figure 9, a histogram of all angles of rotation in the
validation set is presented.

Histogram of angles in the validation dataset

Frequency
N

-10 -8 -6 -4 -2 0 2 4 6 8 10
Angle of rotation (degrees)
Figure 9. Histogram of the angles of rotation included in the validation dataset.

For each DRR, the obturator foramen area ratio was measured. This ratio was used as input in
Equations (7 and (8 to estimate the amount of pelvic rotation for each DRR. The results for both

10



models are visualized in Figure 10. Figure 10a shows the results for the all-angle model (Equation (7),

and Figure 10b shows the results for the small-angle model (Equation (8). A Bland-Altman plot
directly comparing the results of both models is shown in Figure 11. The same DRRs were also

analyzed with the Kanazawa model (Equation (3)). The results are visualized in Figure 12.
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Figure 10. Comparison of the results of the all-angle model (a) and the small-angle model (b). The dots represent the
estimations. The dotted line is the correct estimation for each angle. The shaded area shows a range of £2° around

Figure 11. Bland-Altman plot comparing the all-angle model to the small-angle model. On average, the all-angle
model estimate is 0.4° higher than the small-angle model estimate. The limits of agreement, defined as mean +

the correct estimation.

Bland-Altman plot of all-angle vs small-angle model
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Estimated rotation with Kanazawa model
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Figure 12. Results of the Kanazawa model. The dots represent the estimations. The dotted line is the correct
estimation for each angle. The shaded area shows a range of +2° around the correct estimation.
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The accuracy of each model was assessed for all angles and for only the small angles. The results are

displayed in Table 3.

Table 3. Accuracy metrics of the results of the models

All angles (£10°) Small angles (+5°)
Deviation (°) Accuracy (%) Deviation (°) Accuracy (%)
All-angle model -0.5[-2, 1] 73 -1[-2,1] 86
Small-angle model 01-2, 2] 67 -0.5[-2, 1] 73
Kanazawa model 0.51[-2, 2] 57 0.5[-2, 2] 59

The accuracy metrics are given for all angles and for only angles within £5°. The ‘Difference’ columns show the
median deviation of the results of the models and the true angles of pelvic rotation, as well as the interquartile range
of these deviations. Since the validation set included an even number of samples, the median was defined as the
arithmetic mean of the two middle values. The ‘Accuracy’ columns show the percentage of estimates for which the

difference is 2°or less.
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Discussion

This research proposes a quantification method for pelvic rotation on radiographs using the ratio of
the obturator foramen areas. An exponential correlation was found between this ratio and pelvic
rotation. The accuracy of the proposed models was moderate: the model trained on all angles of
rotation reached an accuracy of 73%, and the model trained only on smaller angles of rotation
achieved 67%. These results are promising and indicate that this method has the potential to be of
value in clinical and research practice.

The results of this research give rise to a number of observations. First of all, the overall performance
of both models is moderate: roughly two-thirds of the data points are estimated with an accuracy of
12°, and the median difference between the estimated and true rotations is close to zero.

Secondly, the all-angle model exhibits several large outliers at higher angles of rotation. This is a
logical result of the fact that the area ratio changes exponentially when the angle of rotation
increases, since the observed area of one obturator foramen increases while the other decreases.
Therefore, the variance increases for larger angles. Since the training set included significant variance
in the higher rotations, it makes sense that the model accuracy decreased significantly at large angles
of rotation. When only training on the small angles, the influence of this higher variance is negated,
resulting in a much smaller deviation even for large angles of rotation. This is also reflected in the
increased accuracy of both models when only assessing smaller angles.

Thirdly, the results of both models are quite similar. Surprisingly, the all-angle model has a slightly
higher accuracy percentage than the small-angle model, even at the smaller angles of rotation. Since
the small-angle model was specifically trained on small angles, it would be expected to perform
better on this subset. However, this difference is caused by very small variations between individual
points: multiple estimates that are right on the +2° edge for the all-angle model fall just outside of
that limit for the small-angle model, indicating that the results of both models are indeed very
similar. A possible cause of the differences between the results of the models is that the all-angle
model tends to give a slightly lower estimate than the small-angle model at smaller angles. This is a
consequence of the fact that the area ratios for large angles of rotation influence the fitting process
of the all-angle model. As noted before, some outliers are present at these extreme rotations,
causing the fit to be skewed towards higher values for these angles. This leads to a slightly lower fit
for smaller angles. All in all, the results of both models are very close, and neither model significantly
outperforms the other.

To the best of my knowledge, the proposed method is novel, and no literature exists that describes
the use of obturator foramen area ratios to estimate pelvic rotation. The closest related work is by
Kanazawa et al., who used manual measurements of the height and width ratios of the obturator
foramina to estimate pelvic rotation [21]. Their model (Equation (3)) was developed on CT-based
DRRs with only positive rotations between 0° and +20°, in 5° intervals. The authors also incorporated
different degrees of pelvic tilt. Their results showed a gender-related difference in obturator foramen
width and height ratios, leading to different coefficients for male and female subjects. When applying
their model to our data (see Figure 12), the results are quite inaccurate: only 57% of the estimates
fall within £2° of the true rotation. Especially at higher angles of rotation, the deviations are very
large. At smaller angles, the accuracy does not significantly increase, although the individual
deviations are less extreme. For angles within £5°, 59% of estimates are accurate within 2 degrees. A
number of possible reasons can explain this observation. This model was only developed on
rotations in the positive direction, whereas our data also includes rotations in the negative direction.
This likely results in the extreme inaccuracies seen for larger negative angles of rotation. At positive
angles of rotation, while still significant, the deviations are smaller. Furthermore, 5° rotation intervals
were used, as opposed to the 1° intervals used in our research. Finally, as Kanazawa et al. note, their
sample of 10 participants was rather small and homogeneous. These factors limit the generalizability
of their model, as shown by its poor performance in the current study.
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The most important limitation of this research is the lack of standardization of patient positioning,
including pelvic rotation, of the MRI scans prior to the creation of the bone segmentations. For the
introduction of pelvic rotation and the creation of DRRs, the orientation of the MRI scans was taken
as the ‘neutral’ position (0° rotation). If any pelvic rotation was present on these MRl scans, it would
have carried over into the results and influenced the models. Additionally, no secondary analysis was
conducted to investigate differences between genders, even though gender-related differences in the
obturator foramen shape exist. However, while the height-width ratio of males and females is indeed
different, we assumed that these shape differences are largely symmetrical and therefore would not
impact the area ratio. Another limitation of this research is the use of a sample of only 30
participants. This means that individual participants have a relatively big influence on the model.
Therefore, if a participant has an unusual obturator foramen shape, this could significantly impact
the model and limit its generalizability. The high number of DRRs created for each participant
somewhat negates this limitation, since the total of 630 datapoints is high, but the datapoints are not
independent. Therefore, this likely limits the accuracy of our model when applied to data outside of
the training set. Finally, the obturator foramen area was estimated from seven landmarks, rather
than a full segmentation of the obturator foramen. The area of the obturator foramen was estimated
based on a spline through these landmarks, which may have introduced inaccuracies in the estimate
of the area and the subsequent area ratio calculation. However, improvement of the area
segmentation is expected to only result in small changes of the total area, and thus the impact on
the ratio is expected to be minimal.

This research also has several strengths. First, the data were taken from the Generation R dataset, an
open population, prospective cohort in the region of Rotterdam, the Netherlands. This is a very
diverse cohort with participants from many different ethnic backgrounds. Since the proposed models
were trained and validated on a diverse group of participants, their generalizability is higher.
Therefore, it is likely that these models will yield similar results across different population groups.
Second, the use of DRRs at rotation intervals of only one degree allowed for a detailed analysis of the
correlation between the obturator foramen area ratio and pelvic rotation. Third, the simulation of
cortical bone ensured that the DRRs very closely resembled real radiographs, even though the
segmentations were based on MRI data. Therefore, we expect the proposed method to be
generalizable to radiographs.

Since both models have shown similar potential, it is difficult to choose which model to focus on for
further development. The small-angle model has the advantage of being less susceptible to outliers,
and small angles are more clinically relevant. Hence, it is likely that this model will eventually be
more applicable to clinical practice than the all-angle model. However, it may be worthwhile to first
improve the training dataset for both models and observe how their performances develop before
definitively shifting the focus to one model. The most important factor in improving the training
dataset is increasing the number of independent data points. This can of course be achieved by
including more participants in the dataset. We recommend considering to not include DRRs at all
angles of rotation for each participant, but rather using a small number of DRRs at random angles of
rotation. In contrast to the 21 DRRs per patient used in this research, such an approach would limit
the influence of individual participants. Besides, it would allow for weighting the distribution of the
angles of rotation as desired. A similar approach was used for the validation set in this research, the
size of which should also be increased to allow for more definitive conclusions about the model
performance. It is recommended to continue using the Generation R dataset when adding
participants, as its size and diversity make it well suited to this research.

Another avenue to improve this research is to investigate the margins of error of these models. In
this research, only the accuracy and median deviation from the true angles have been analyzed.
While this provides a reasonable indication of the model performance, it does not quantify the
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reliability of individual predictions. Quantifying the margins of error of the models would help better
understand the their performance and is therefore an important step towards their application in
practice. Furthermore, if these models are used as a basis for a correction method for pelvic rotation,
their margins of error are crucial for determining the reliability of the corrections.

Further research can also focus on developing a fully automatic method to determine the obturator
foramen area. As noted before, the landmarks needed manual corrections to ensure a proper
approximation of the obturator foramen. This is time-consuming and introduces potential inter- or
intra-rater variability, which could influence the accuracy of the approximation. Automating this
process would combat both of these issues, leading to faster and more consistent calculations of the
obturator foramen area ratio.

Finally, once these models have been sufficiently improved to allow for proper quantification of
pelvic rotation, the next step is to develop a correction method for pelvic rotation in the context of
hip morphology measurements. Multiple approaches exist, such as correcting the morphology
measurement results, adapting the methodology used for these measurements, or even correcting
the images themselves to account for pelvic rotation. Further research is required to find the most
viable and reliable correction method, depending on the context in which pelvic rotation is desired.

While the accuracy of the proposed models can be improved, the method used in this research
shows clear potential in clinical and research practice. Radiographs offer substantial practical
advantages over three-dimensional imaging modalities such as CT and MRI: they are much quicker,
cheaper and easier to implement. For patients, radiographs are less taxing than 3D scans, and,
compared to CT scans, carry a much lower radiation burden. Improving the accuracy of radiographic
hip morphology measurements, for instance by adequately correcting pelvic rotation, would allow
clinicians and researchers to depend on radiographs rather than CT or MRI scans for hip morphology
assessments. This would positively impact both patient well-being and healthcare costs. The
proposed method for quantifying pelvic rotation forms an important first step towards that goal.

In conclusion, a quantification method for pelvic rotation on hip radiographs was developed by
correlating the obturator foramen area ratio with the angle of rotation. Although the models’
accuracies can be further improved, the results are promising: pelvic rotation can be quantified from
two-dimensional scans, representing an important first step towards its correction. Future research
should focus on refining these models to improve quantification accuracy and on developing a
correction method for hip morphology measurements.
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Appendix A

Overview of BoneFinder landmarks in the obturator foramen

Point (54): In the superolateral corner of the obturator foramen.

Point (55): Equally spaced between (54) and (56), following the contour of the lateral rim of the
obturator foramen.

Point (56): In the inferolateral corner of the obturator foramen.

Point (57): Place this point equally spaced between (56) and (58), following the contour/angle of the
inferior rim of the obturator foramen.

Point (58): In the inferomedial corner of the obturator foramen.

Point (59): In the superomedial corner of the obturator foramen.

Point (60): Place this point equally spaced between (59) and (54), following the contour/angle of the
superior rim of the obturator foramen

Boel F, Riedstra NS, Tang J, Hanff DF, Ahedi H, Arbabi V, et al. Reliability and agreement of manual and automated
morphological radiographic hip measurements. Osteoarthr Cartil Open. 2024,;6(3):100510.
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