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Novel statistical methodology reveals that hip shape is associated with
incident radiographic hip osteoarthritis among African American

women
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SUMMARY

Introduction: Hip shape is a risk factor for the development of hip osteoarthritis (OA), and current
methods to assess hip shape from radiographs are limited; therefore this study explored current and
novel methods to assess hip shape.
Methods: Data from a prior case—control study nested in the Johnston County OA Project were used,
including 382 hips (from 342 individuals). Hips were classified by radiographic hip OA (RHOA) status as
RHOA cases (baseline Kellgren Lawrence grade [KLG] O or 1, follow-up [mean 6 years] KLG > 2) or
controls (KLG = 0 or 1 at both baseline and follow-up). Proximal femur shape was assessed using a 60-
point model as previously described. The current analysis explored commonly used principal component
analysis (PCA), as well as novel statistical methodologies suited to high dimension low sample size
settings (Distance Weighted Discrimination [DWD] and Distance Projection Permutation [DiProPerm]
hypothesis testing) to assess differences between cases and controls.
Results: Using these novel methodologies, we were able to better characterize morphologic differences
by sex and race. In particular, the proximal femurs of African American women demonstrated signifi-
cantly different shapes between cases and controls, implying an important role for sex and race in the
development of RHOA. Notably, discrimination was improved with the use of DWD and DiProPerm
compared to PCA.
Conclusions: DWD with DiProPerm significance testing provides improved discrimination of variation in
hip morphology between groups, and enables subgroup analyses even under small sample sizes.

© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Hip osteoarthritis (OA) is a growing public health problem, and
led to the majority of the more than 450,000 hip replacements in
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the United States in 2012 with total aggregate charges of more than
25 billion US dollars'. Although sex differences are less marked for
hip OA than for OA at other sites’ #, women compared with men,
and African Americans compared with whites, were more likely to
have hip symptoms (women 39.5% vs men 31.8%; African American
37.1% vs white 36.0%), radiographic hip OA (RHOA, women 29.5% vs
men 25.4%; African American 32.1% vs white 26.6%), and
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symptomatic hip OA (women 11.1% vs men 8.3%; African American
12.0% vs white 9.2%) in the Johnston County Osteoarthritis Project;
African American women had the highest weighted prevalence of
symptomatic hip OA among the four race by sex subgroups, at
12.2%.

Bone morphology has recently garnered interest as a risk factor
for the development of OA. Joint shape is of particular interest in
relation to hip OA, given known OA risk factors such as dysplasia
and femoroacetabular impingement as well as developmental
factors which impact anatomy specifically at this joint. Our group
and others have reported on associations between baseline hip
shape (analyzed using modes generated from principal
component analysis [PCA]) and incident RHOA, symptomatic
RHOA, clinical hip OA, and total hip replacement®~'°. Specifically, in
our prior analysis'’, we found several modes of shape variation that
differed by race and sex, 2 modes that were associated with inci-
dent RHOA among men only (none in women), and 3 modes that
were associated with incident symptomatic RHOA'’. Smaller sub-
group analyses were limited due to small sample sizes.

To date, such analyses have relied upon principal component-
based methods, which are limited in their ability to optimally
discriminate between shape variants, particularly when the
dimensionality of the model is much greater than the number of
available hips for study. For example, in our prior paper, we
described a 60-point (120-dimension) model of proximal femur
shape in 382 hips, but we were prevented from exploring sub-
groups such as African American women or men due to small
numbers in our sample (n = 49 and 16, respectively). Therefore, in
this paper, we sought to optimize discriminant ability between hip
shape variants by utilizing novel statistical methodology based in
machine learning and designed for such high dimensionality low
sample size (HDLSS) settings, which allows simultaneous consid-
eration of the entire hip shape rather than separate discrete com-
ponents (i.e., individual mode scores). We describe analyses using
four categories by sex and race, and compare case hips that
developed incident RHOA to control hips that did not use these
recently developed statistical methods, allowing improved
discrimination and more conclusive results.

Methods

The data were from a case—control study nested in the Johnston
County Osteoarthritis Project, including 382 hips from 342 in-
dividuals as previously described'’. In brief, participants had stan-
dardized supine anteroposterior pelvis radiographs at baseline and
at follow-up (mean of 6 years later). These radiographs were read
paired and blinded to clinical status and chronological order by a
single musculoskeletal radiologist. At baseline, all hips had a
Kellgren Lawrence grade (KLG) of O or 1. Case hips (n = 190)
developed RHOA, defined as KLG > 2 at follow-up, while control
hips (n = 192) remained KLG 0 or 1 at follow-up. For all hips, the
shape of the proximal femur was defined on baseline pelvis radio-
graphs using a 60-point model with high reliability as previously
detailed®'?; left hip radiographs were mirrored to mimic right hips
such that all hips could be included in a single shape model.

This paper employs three cutting edge statistical methods
applicable to high dimensional low sample size contexts and with
minimal assumptions: Object Oriented Data Analysis'’, which ad-
vocates treating each shape as a data object (essentially one data
point) and improves statistical power; Distance Projection Per-
mutation (DiProPerm)'? hypothesis testing, which is a nonpara-
metric permutation based test which preserves that improved
power; and the Distance Weighted Discrimination (DWD)"> ma-
chine learning algorithm which identifies a separating direction
between classes.

For the current analysis, in order to fully exploit advantages of
these multivariate analysis techniques, we first transformed the 2-
dimensional curves into a 120-dimensional vector for each hip by
combining x- and y-coordinate (pixel coordinates normalized for
size) values of each curve into one vector. After statistical analysis
was performed on these 120-dimensional vectors, each vector was
transformed back into x- and y-coordinates to allow plotting of
femur shape through 2-dimensional curves. Investigation of the
association of femur shape with various characteristics was based
on hypothesis testing for the difference between two distributions
(e.g., cases and controls) with a significance level set at 0.05. Ana-
lyses of association followed four steps (see Methodology
Supplement for details) in a manner that allowed comparison of
the traditional PCA approach with the novel DWD and DiProPerm
approach. First, scatter plots were assessed for visual differences
using the first four PCA directions and the DWD direction'®. Next, a
series of naive 2-sample Student's t-tests were performed on each
set of PCA projection scores with Bonferroni correction for multiple
(n = 4) comparisons to determine the statistical significance of
each. Then, the potentially significant difference between the two
distributions in the DWD direction was investigated using the
DiProPerm test'?. Finally, the femur shape variation was plotted to
give anatomical insights into the direction and type of variation
between the cases and controls. Receiver operating characteristic
(ROC) curves were employed to compare directly the discriminative
ability of these two methods. Sensitivity analyses were employed to
investigate adjustment for covariates (age, BMI, and KLG) and for
non-independent observations.

Results

The analysis included 382 hips from 342 individuals (39% men,
18% African Americans, mean age 62 years, mean baseline body
mass index 29 kg/m?), with 190 case and 192 control hips. Of the
382 hips, 185 were from white women, 132 from white men, 49
from African American women, and 16 from African American men
(Table I).

Figure 1 demonstrates the shape distributions of case and con-
trol proximal femurs by four sex and race subgroups, showing
potential differences in the mean femur shape among cases and
controls, particularly for African Americans.

Therefore, we were interested in further exploring potential
differences between cases and controls for hip shape among Afri-
can American women, a small subset of the overall sample (49/
382). First, following standard methodology, the scatter plots
generated by the projection of the first 4 principal components
(PCs; together explaining 76% of the total variance) are shown in
Supplemental Fig. (A). A 2-sample t-test was applied to each of the
four principal directions with a Bonferroni correction such that
each P-value of the standard t-test was multiplied by 4, the number
of tested variables (of note, P-values > 1 are censored at 1). As can
be seen from Supplemental Fig. (A), the corrected P-value for the t-
test on the 3rd PC was 0.052, which is nearly statistically significant.

To compare this to our novel methodology, the scatter plots of
the projections in the DWD direction and the orthogonal principal
directions are shown in Supplemental Fig. (B). As expected, the
projections on the DWD direction showed a more evident
distinction between the incident RHOA cases and controls than any
individual PC in Supplemental Fig. (A). The potentially statistically
significant difference between the distributions of the incident
RHOA cases and controls among African American women was
confirmed using the DiProPerm test, which quantified the infer-
ential uncertainty with a P-value of 0.033, as shown in Fig. 2.

The left panel of Fig. 2 [replicated from the upper left element in
Supplemental Fig. (B)] displays the visual difference between the
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Table I

Baseline characteristics of included hips (n = 382), by case control status for incident RHOA, race and gender, respectively'®

Baseline characteristic Case n = 190 Control n = 192 African American n = 65 White n = 317 Men n = 148 Women n = 234
Men, n (%) 74 (38.9) 74 (38.5) 16 (24.6) 132 (41.6) - -

AA, n (%) 32 (16.8) 33(17.2) — — 16 (10.8) 49 (20.9)

KLG = 0, n (%) 22(11.6) 47 (24.4) 7 (10.8) 62 (19.6) 35 (23.6) 34 (14.5)

Age, mean (SD) years 63.0 (9.2) 60.4 (8.6) 62.6 (9.6) 61.5(8.8) 59.5 (8.7) 63.1(8.9)

BMI, mean (SD) kg/m? 29.2 (6.0) 29.1 (5.9) 30.7 (6.7) 28.8 (5.7) 28.5(5.2) 29.6 (6.3)

two distributions, which is confirmed by the P-value = 0.033 in the
right panel. No such difference was seen for white men or women,
or for African American men (though the latter likely due to very
small sample size, n = 16, data not shown). Sensitivity analyses
adjusting for age, BMI, and baseline KLG produced similar results
although the P-value increased slightly to 0.048. Additionally
removing the issue of non-independent observations by randomly
excluding 1 hip from each of 40 participants with 2 hips in the
dataset resulted in a P-value of 0.036.

Figure 3 shows the ROC curves of the DWD direction (a) and the
first 4 PC directions (b—e), demonstrating that the DWD direction
(area under the curve, AUC = 0.88) better discriminated between
the incident RHOA cases and the controls as compared to the PC
directions (all AUC < 0.69).

Figure 4(a) displays the variation of all the femora of African
American females on the DWD direction.

The projection of the lesser trochanter on X-ray and the femoral
head appear somewhat smaller relative to femoral shaft width
among cases compared with controls, while the greater trochanter
appears larger among controls compared with cases. The femoral

head also appears to be somewhat flattened for cases compared
with controls. Figure 4(b) confirms this variation using the 3rd
principal direction, which showed the most distinction between
the cases and controls [Supplemental Fig. (A)]. The direction and
amount of variation in panel (b) appear somewhat similar to those
in panel (a). We note that the similarity of the DWD direction and
one of the PC directions is purely coincidental, as the DWD direc-
tion is different from any PC direction. The DWD approach finds the
direction which maximally separates two groups of data, while the
PCA approach determines the direction which maximizes the
dispersion of the pooled data.

We have previously reported differences in proximal femur
shape by sex'? using PCA. We confirmed this difference using this
novel methodology. Compared with the PCA results, the DiProPerm
test indicated a very strongly significant difference in overall hip
shape between females and males among incident RHOA cases
(P < 0.0001, Fig. 5).

ROC analyses confirmed this finding; AUC for DWD
[AUC = 0.89 in (a)] exceeded that for each of the PCs [all
AUC < 0.76 in (b)—(e), Supplemental Fig. (C)]. Similar, although

White Women African American Women
RHOA control / RHOA control
RHOA case RHOA case
White Men African American Men
RHOA control / RHOA control
RHOA case RHOA case

Fig. 1. Mean femur curves of participants by sex and by race. Red curves correspond to the mean shape for incident RHOA cases and blue curves correspond to the mean shape for

incident RHOA controls.
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Projections on DWD Direction
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Fig. 2. DiProPerm test results on African American females for the difference between incident RHOA cases and controls. The black, red and blue curves show the smoothed
histograms of the entire set of African American females, incident RHOA cases, and controls, respectively. The black dots in the right panel represent the simulated mean difference
(MD) statistics. The black curve shown is the smoothed histogram of the MD values, so the area under the curve equals 1. The green vertical line shown on the right side of the black
curve represents the observed between-group MD value, while the P-value is the proportion of simulated MD values exceeding the observed value.

less marked, sex differences were seen among control femurs
(data not shown).

We explored differences by race in a similar manner. Using
traditional PCA, there was no evident separation between African
American and White femurs among incident RHOA cases; t-test
results were not statistically significant [Supplemental Fig. (D)].
However, in the DWD direction, there was an obvious visual sep-
aration [Supplemental Figs. (E) and (F)] as well as a statistically
significant result from the DiProPerm test [P = 0.004, right panel of
Supplemental Fig. (F)]. Although not as marked as the difference
between sexes, this finding is supportive of a distinction in femur
shape between African Americans and whites among incident
RHOA cases. Similar results were observed for differences by race
among the larger group of control hips [DiProPerm test P = 0.006,
Supplemental Fig. (G)]. ROC analyses [Supplemental Fig. (H)],
demonstrate the superiority of DWD [AUC = 0.81 in (a)] over PCA
[all AUC < 0.61 in (b)—(e)] for between group (by race) discrimi-
nation among cases.

Discussion

Through application of recently developed statistical method-
ologies suited for the HDLSS setting, we were able to establish a
clear and novel association between hip shape and incident RHOA
among the small subgroup of African American women from our
prior study. Of note, the difference demonstrated using DWD was
larger than the difference seen using PCA, and no correction for
multiple comparisons was required. The superiority of the DWD
direction to the PC directions for discrimination between cases and
controls among African American women was confirmed using ROC
curves and calculating the areas under the curve (AUC) for each
method as detailed in Results. In addition, we confirmed and clar-
ified previously suggested differences in hip shape by sex and by
race. DWD and DiProPerm provide a straightforward and efficient
method to address complex shape data in small sample size set-
tings, avoiding problematic issues of multiple comparisons and loss
of information (namely, by including additional PCs which account

for smaller proportions of the variance), and are thus superior to
traditional and often used PC-based analyses.

Prior work in the Johnston County OA Project showed that
African American women had a high frequency of RHOA (31.2%)
compared with white men and women (23.8% and 29.1%,
respectively), although slightly lower than African American men
(33.2%°). We have also previously reported on variations in
radiographic features, such that African American compared with
white women were more likely to have, and have more severe,
superior joint space narrowing, and to have subchondral cysts and
osteophytes'®, In the current analysis, among four groups of par-
ticipants categorized based on sex and race, African American
females showed the most significant difference in baseline prox-
imal femur shape, when all KL grades were 0 or 1, between those
who later developed incident RHOA cases and those who did not
(P = 0.033). This novel finding was made possible through the use
of the DWD method, as it avoids multiple comparison issues by
managing the overall shape distribution as a single data object.
This result, along with the prior data supporting a high burden of
hip OA in this population as well as potential morphologic dif-
ferences, implies that the baseline proximal femur shape of Afri-
can American females has a strong association with the
development of incident RHOA, a relationship that was not seen
for other subgroups in this analysis (African American men, White
men, or White women). Therefore, hip shape may be of particular
importance for the development of RHOA in this high risk sub-
group, which may allow targeted screening, intervention, and
study recruitment.

Additionally, although we have previously demonstrated dif-
ferences in proximal femur shape by sex and race'’, these novel
methods allowed us to show that sex differences were more
marked among cases compared with controls, while racial varia-
tions were similar in those two groups. Therefore, sex may be a
more important contributor than race to the risk of incident hip OA
related to hip shape, which is of interest given the higher preva-
lence® and incidence'® of hip OA among women compared with
men regardless of race.
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Fig. 3. ROC curves for the DWD direction and the PC directions among African American women. (a) shows the ROC curve of the discrimination rule based on the projections on the
DWD direction. (b), (c), (d) and (e) show the ROC curves of the discrimination rule based on the projections on the 1st, 2nd, 3rd and 4th PC directions, respectively. The AUC is

reported on the right side of each figure.

The current analyses have some limitations, as they use data
from a single population and the shape data are not necessarily
generalizable to other populations; however, the methodology can
be easily translated to other settings, and may be extended to 3-
dimensional shape studies as well as other HDLSS, non-shape set-
tings. The 60-point model used is of the proximal femur only and
does not include potential shape variation in the acetabulum or
other adjacent structures. Even using standardized radiographic

procedure, there is a possibility of variation based on positioning
error alone.

The strengths of our approach include the ability to analyze
HDLSS data, where our sample of interest is much smaller than the
dimensionality of the data. Statistical shape modeling, even on a 2-
dimensional radiograph, provides a large amount of data that must
be simplified to be made amenable to traditional analytic methods.
For example, these 120-dimensional vectors can be reduced using
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Fig. 4. Proximal femur shape variation between the incident RHOA cases and controls.
(a) shows femur shape variation on the DWD direction (P = 0.03); (b) shows femur
shape variation on the 3rd principal direction (P = 0.052). The mean shape is shown in
green, incident RHOA cases in red, and incident RHOA controls in blue.
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PCA to a more manageable number of mode scores as previously
reported'’. However, since shape signals are high dimensional and
may have important (though possibly subtle) aspects at the higher
end of the PC spectrum, this data simplification results in a loss of
information. By introducing DWD and DiProPerm in this setting,
where the overall shape distribution is analyzed as a whole, we are
able to utilize the full complexity of the data without issues of
multiple comparisons. This method also permits analyses of small
subgroups that are not possible with the usual PCA-based assess-
ments. Because of these analytic characteristics, we were able to
identify novel associations in the same dataset on which we had
previously reported, providing additional insights into the role of
hip shape in the development of hip OA. We explored this using
only the first 4 PCs (greatest amount of variation explained) and
DWD and found that more significant differences were seen when
using all of the data (DWD) vs a subset of PCs (data not shown).

Currently, most statistical shape modeling is relatively time-
intensive, requiring substantial input from the assessor to place
landmark points and manually adjust automatically generated
shapes. As the field moves toward more automated methods'®, it
will be possible to generate shape data on larger populations. Even
in this setting, these methods provide a much more efficient use of
the data and will be preferable to conventional methods. Addi-
tionally, there will likely be small subgroups representing specific
OA phenotypes that are of particular interest, such as atrophic hip
OA, or multiple joint OA, again leading to HDLSS issues that can be
addressed with the methods presented in this paper.

Conclusions

We utilized recently developed statistical methodology and
machine learning technologies optimized to the HDLSS setting to
uncover a novel association between baseline hip shape and the
development of RHOA specifically in the subgroup of African
American women. This method appears to overcome some of the
limitations of PCA in 2-dimensional statistical shape analysis of
bone morphology as a risk factor for OA. Such methods may be
applicable to other clinical diseases or phenotypes as it may provide
better discrimination for small subgroups and rare phenotypes of
interest.
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Fig. 5. DiProPerm test result for the difference between the males (red) and females (blue) among incident RHOA cases.
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