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Purpose: Unfavourable distribution of contact stress over the load bearing area is considered a risk factor for early coxarthritis and it
is of interest to outline respective biomechanical parameters for its prediction. The purpose of the work was to develop a transparent
mathematical model which can be used to assess contact stress in the hip from imaged structures of pelvis and proximal femora, in large
population studies and in clinical practice. Methods: We upgraded a previously validated three-dimensional mathematical model of the
human hip in the one-legged stance HIPSTRESS by introducing parameters independent from the size of the structures in the images.
We validated a new parameter — dimensionless peak stress normalized by the body weight and by the radius of the femoral head
(Pmax/Ws) on the population of 172 hips that were in the childhood subjected to the Perthes disease and exhibited increased proportion
of dysplastic hips. Results: The dimensionless parameter pya*/Wg exhibited smaller number of indecisive cases of hip dysplasia pre-
dicted by the model than the previously used parameter p,../Wg (6% vs. 81%, respectively). A threshold for an increased risk of early
coxarthritis development by the HIPSTRESS parameter H = py,/Wy was found to be 2. Conclusions: We proposed a dimensionless
peak stress on the load bearing area with the border value of 2 as a decisive parameter over which hips are at risk for early development
of degenerative processes and presented a method for determination of biomechanical parameters with the use of nomogram.
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The parameter indicating the size of the load-bearing

area that can be assessed from the X-ray images of the
anteroposterior radiograph or magnetic resonance image

1. Introduction

Unfavourable contact hip stress has been considered
a risk factor for early coxarthrisis development [7],
which in turn, affects the morphology and function of
hips and pelvis [6]. After the insight into the body be-
came available by X-rays, coxarthrisis development
was connected to particularities in hip and pelvis ge-
ometry. For example, hips with poor coverage of the
femoral head with the acetabulum, hips in which the
centre of the head was displaced from the centre of the
acetabulum and hips with femoral head contour (of the
part under the acetabulum) that deviates from that of
the spherical surface, were considered “dysplastic” [21].

is the centre-edge angle of Wiberg Y [24] (Fig. 1A)
— the angle between the vertical and the line connecting
the centre of the femoral head and the lateral border of
the acetabular roof.

Operative procedures have been proposed and per-
formed to prevent or decelerate cartilage degenera-
tion caused by supposedly too high stress. As stress
is a mechanical parameter that describes the distribu-
tion of load over the load-bearing area, the operative
procedures are directed towards augmenting the size
of the weight bearing area by increasing the acetabular
roof over the femoral head [23].
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Fig. 1. A) Geometrical parameters of the one-muscle HIPSTRESS
model for resultant hip force of an example hip and pelvis;
B) image with measured values of the geometrical parameters.
The distances are given in millimeters; C) Biomechanical pa-
rameters of the HIPSTRESS model; forces are represented by
the vectors and stress is represented by the length of the radial lines
on the weight bearing area. The dot on the weight bearing area
corresponds to the position of the stress pole. As the stress pole lies
within the weight bearing area, the stress pole is also the point
where stress attains its maximal value

There have been singular cases of measurement of
hip stress distribution with instrumented prosthesis [9];
valuable information, particularly regarding different
everyday activities, was obtained. It was found that
stress was non-zero in bedrest, while it was several
folds increased in some common activities such as
standing up from a low chair [9]. Studies on instru-
mented prosthesis improved understanding the role of
the hip mechanics, however, these invasive and time
consuming methods are not suitable for determination
of hip stress in clinical practice. For the use in clinical
practice and in studies of larger populations of hips,
simple methods that can determine biomechanical
parameters in a reasonable time are needed. For this
purpose, a simple method based on the mathematical
models has been developed to assess stress from the

X-ray images; the model HIPSTRESS for calculation
of resultant hip force in a one legged stance was de-
veloped [12], [13] based on equations of mechanical
equilibrium. Standing on one leg was considered the
representative body position of everyday life activi-
ties [4].

Using the HIPSTRESS model, the arguments in
favour of the hypothesis of increased hip stress in dys-
plastic hips were provided by a study where the peak
hip stress on the load bearing area was determined in
a population of hips with diagnosis of dysplasia and
compared to hips with no record of disease; the
two-fold difference in the average peak stress pax
normalized with respect to body weight Wy, pmax/Ws
(7100/m? in dysplastic hips vs. 3500/m” in normal
hips) was statistically highly significant (p < 0.001)
[18].

The HIPSTRESS model is based on a 3-dimen-
sional configuration of a representative adult hip and
pelvis measured in a cadaver [12], [5] which are re-
scaled according to the geometry of the hip of interest.
In the model [12], [13], the body is composed of two
segments: the loaded leg and the rest of the body. The
input are the positions of the attachment points of
muscles that connect both segments and are active in
this particular body position (i.e., gluteus minimus,
gluteus medius, piriformis, tensor fasciae latae and
rectus femoris). The model parameters represent the
shape of the pelvis and the proximal femur (Fig. 1A:
pelvis height H, pelvis width C, interhip distance /,
position of the point on the greater trochanter with
respect to the centre of the hip articular sphere in the
coordinate system of the femur (xr and zt)) and body
weight Wg. Muscles are described as acting in straight
lines connecting the origo and insertio while the mag-
nitudes of muscle forces are proportional to their cross
sectional areas and the exerted tensions [12], [13]. As
there are more unknowns than equations available for
mechanical equilibrium, additional assumptions are
applied to reduce the number of unknowns [13]. It is,
therefore, assumed that the muscles located close to-
gether develop the same muscle tension, thereby re-
ducing the number of unknown muscle tensions to 3.
The results of the mechanical equilibrium are 3 ten-
sions and 3 components of the resultant hip force R
that acts in the origin of the coordinate system (the
centre of the articular sphere).

The model HIPSTRESS for the contact hip stress
[14] uses the resultant hip force R, the radius of the
joint sphere » and the centre-edge angle Jcg as input
parameters. The distribution of stress is obtained by
requirement that the resultant hip force is an integral
of stress p
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R:jpdA, (1)

where dA is the area element and integration is per-
formed over the load bearing surface. Area element
vector has the direction normal to the area element.
While the HIPSTRESS model for resultant hip force is
limited to one legged stance, the model HIPSTRESS
for contact hip stress can be used to determine stress
also in other body positions and activities. In princi-
ple, R can be obtained by measurements or by other
models. Besides the peak value of stress on the
loaded area pn., the relevant biomechanical para-
meters are: index of the hip stress gradient G,, func-
tional angle of the weight bearing area 9 size of the
weight bearing area 4 and the position of the stress
pole ©.

The models HIPSTRESS for force and for stress
were both used to analyse dysplastic hips [18], [20],
hips after the Perthes disease [15], [19] and hips that
underwent operations [23]. The HIPSTRESS models
proved useful in explaining the early cartilage degen-
eration in pathologies connected to either elevated
peak stress and/or positive sign of the hip stress gradi-
ent index.

In clinical practice, it is useful to have a well-
-defined parameter that distinguishes health from dis-
ease. In any parameter there is however a range of
values that are indecisive due to measuring errors and
limitations of the model. Well-defined parameters
have smallest possible range of indecisive cases. In
this work we tried to outline a biomechanical pa-
rameter which could be predictive for increased
probability of hip cartilage degeneration due to ele-
vated contact hip stress. Previous works considered
either the peak stress on the load bearing area pj.x
(in MPa), or peak stress normalized with respect to
body weight pu./Ws (this parameter gives the impact
of the hip and pelvis geometry on stress) or hip stress
gradient index (in MPa/m). However, as 2-dimensional
images, e.g., X-ray, are often used to assess the hip
and pelvis geometry, the scaling procedure applied in
the HIPSTRESS model for force [10] neglects the
anteroposterior dimension of the body. This may
cause errors. Furthermore, the previously used pa-
rameters pm.x and pu./Wp are inversely proportional
to the square of the radius of the joint sphere which
can not always be determined due to unknown mag-
nification of the image. It is the purpose of this work to
improve the HIPSTRESS method by suggesting a more
convenient model for the force that would be inde-
pendent of the size of the image and find the stress
parameters with well-defined range for prediction of
early coxarthritis risk.

2. Methods

2.1. The one-muscle hipstress model
for resultant hip force

In the model, the body is composed of two seg-
ments: (the loaded leg (lower segment) and the rest of
the body (upper segment)) which are connected by the
joint. To maintain the equilibrium by standing on one
leg, the centre of the mass of the other parts of the
body should be moved towards the loaded leg which
is obtained by slight rotation of the pelvis. For sim-
plicity, we neglected this and assumed the pelvis as
levelled. We considered that all the forces in the hip
lie in the frontal plane of the body through the centres
of both femoral heads. We considered three forces
acting on the upper segment: the weight of the upper
segment (Wg — Wy), where Wy is the weight or the
entire body and W is the weight of the loaded leg, the
effective force of the muscles pulling the upper seg-
ment down towards the loaded leg F, and the resultant
hip force R which equilibrates the weight of the upper
segment and the muscle force,

R=(W,;-W,)+F. )

The origin of the coordinate system is taken at the
centre of the articular sphere fitting the contour of the
femoral head under the acetabular roof, the x axis
points in the medial direction, the z axis points to the
vertical direction and the y axis points out of the an-
teroposterior plane. The forces are represented by their
inclination angles with respect to the vertical direction,
WB - WL = (O, 0, — (WB — WL)), F = (—F SinlgF’ 0,
— F cos¥r), R = (R sin, 0, R cos%) and the re-
spective moment arms are ry,—p; = (//2, 0, zcm), ¥r =
(—xr, 0, zr) and rgz = (0, 0, 0) (Fig. 1A). As the prob-
lem is mapped to two dimensions, the x and z compo-
nents for the equilibrium of forces (Eq. (2)) yield the
system

Rsin, = F'sin$, 3)
and
Rcos Gy =(Wg —W, )+ F cos 9 . @)
The equilibrium of torques
MWB_WL+MF+MR:O, ®))
where M; = r; x F; and index i runs over all muscles
included, gives 2 trivial equations for the x and z com-

ponents while for the y component the equilibrium
yields
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F(xpcos @ +zpsinGp)=I(Wz—W). (6)

The geometrical parameters 9, xr, zr and //2 can
be determined from images (Fig. 1A) as described
below. The weight of the supporting leg is approxi-
mated by 1/7 of the body weight [12], [13],

W, =Wy!17. (7

The above arguments yield a set of 3 equations
with 3 unknowns (F, % and R) with a straightforward
solution

F /Wy =31/7(xpcos S +zsindy), ®)
tan$, =sin G /(cos G + Wy /TF) )
and

R/Wy =F/Wysin9: /sin %, . (10)

The components of forces are normalized by body
weight which is of practical importance because the
body weight is sometimes not known. The forces are
proportional to the body weight, therefore, the nor-
malized parameters express the contribution of the
geometry to the forces and are of interest per se. The
force Equations (8)—(10) were derived from the me-
chanical equilibrium of the upper body segment, how-
ever, their reaction forces are acting also to the lower
body segment (the loaded leg) and are, therefore, con-
nected with the force that the body imposes to the
ground which can be measured [25]. In the following
research we are planning to take the reaction forces
into consideration, as we are focusing on the distribu-
tion of stress over the femoral head.

2.2. Nomogram for stress
within the HIPSTRESS model

To determine stress distribution over the load
bearing area of the femoral head with the HIPSTRESS
model, Eq. (1) must be solved by considering the de-
pendence of components of R obtained by solving
Egs. (8)—(10).

In the model, the femoral head is represented by
a spherical surface with the radius that fits the head at
the region of load by the acetabulum. The acetabulum
(which appears as a hemispherical shell) is repre-
sented in the model by a spherical surface with the
radius larger than the radius of the femoral head by
the thickness of unloaded cartilage. It is assumed that,
in the reference state (the unloaded hip), the centres of
the two spherical surfaces coincide. With the load,
they are mutually displaced and the cartilage between

them is squeezed. The articular sphere is defined as an
abstract spherical surface representing the femoral
head and the acetabulum, with the origin at the centre
of the unloaded hip and with the radius of the femoral
head (Fig. 2). The point at the articular sphere corre-
sponding to the direction of the closest approach of
the femoral head and the acetabulum is called the
stress pole (Fig. 2). The Hook’s law is applied by as-
suming that the stress is proportional to strain whereas
geometrical consideration yields the cosine depend-
ence on the space angle y[1]

(11)

where py is stress at the stress pole. The cosine de-
pendence however, ceases when the stress reaches the
value zero, since negative values of stress are then
unphysical. The points where the stress reaches the
value zero were, therefore, taken as the medial border
of the load bearing area. However, the pole is not
always located within the load bearing area as the load
bearing area is limited also by the structures of the
bones. Within the HIPSTRESS model, the lateral
border of the load bearing area is modelled by inter-
secting the articular sphere surface by a plane through
the centre of the sphere which is inclined with respect
to the vertical by the centre-edge angle 9 (Fig. 2).
Within such configuration, in the one legged stance,
the pole is expected to lie close to the lateral border
of the load bearing area while the medial border is
reached when the cosine function attains the value 0,
i.e., for 772 from the pole (Fig. 2). Due to a spherical
shape of the joint, a coordinate system can always be
found, in which the shape of the load bearing area is
symmetrical. This coordinate system is defined by the
direction of the resultant hip force R.

P=DoC0Osy,

4

Fig. 2. A schematic of the weight bearing area (shaded)
as a part of the articular sphere. The position of the stress pole
is given by the angles @ and @ as indicated
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The unknowns of the three components of Eq. (1)
are the two angles determining the position of the pole
on the articular sphere (denoted by @ and @, respec-
tively) (Fig. 2), and the constant py. In the case of
HIPSTRESS model, the resultant hip force lies in the
frontal plane of the body [18] whereas the symmetry
plane is the sagittal plane and the stress pole lies in the
frontal plane consistent with @= 0 or 7 [14]. We chose
to represent the solution for @ as the sign in front of the
inclination of the vector pointing from the origin of the
coordinate system to the stress pole towards the vertical
axis z (the angle @). Thus, the position of the stress
pole is given as @ positive in the lateral direction and
negative in the medial direction. The values of @ and
po are obtained by the solution of the system of equa-
tions deriving from Eqs. (1) and (11), [14]

tan(9, + 0) = cos* (I — O) (/2 + (G — O)

+sin(2(Jx — 9))/2) (12)
and
Do/ Wy =3Rsin($, + @) /(2QWyr* cos’ (G — O)) . (13)

We introduced new variables

Irer = (9 +9ep) /2 (14)
and
G =0 — (G — )/ 2 (15)
into Eq. (12) to yield
tan(Jpcp + Iy )
= 008" (Spcp — F) A/ 2+ (Gpep — )
+8i0(2(Gecp — %))/ 2). (16)

There are two parameters in Eq. (16): angles Skce
and 94. The angle Yrcg (Eq. (14)) is a result of the
input data obtained from the model for force (9z) and
the measurement of the angle 9cg from the image. Us-
ing these data, Eq. (16) was solved to obtain 4. It can
be seen that Eq. (16) is a nonlinear equation and must
be solved numerically. The value of 9y can be con-
veniently assessed from the nomogram (Fig. 3) which
documents the solutions of Eq. (16) for different values
of Srce. For construction of the nomogram, Eq. (16)
was solved by using the Newton method implemented
in a Turbo Pascal, Borland International, version 7.0.

After obtaining Yy by solving Eq. (16), the position
of the stress pole was obtained by rearranging Eq. (15),

O=94+(Gp—%)/2 17)
and the value of stress at the pole py was calculated by
introducing the new variables (14) and (15) into Eq. (13),

Por” 1 Wy = 3RSIn(Gp + Ky ) /(2Wyg c08” (e — ) -
(18)
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Fig. 3. A nomogram for solving Eq. (16) to determine the position
of the stress pole @in the HIPSTRESS model for stress

Dimensionless biomechanical parameters that charac-
terize the hip within the one-muscle HIPSTRESS model
are the magnitude of the muscle force normalized by
body weight F/Wg, the magnitude of the resultant hip
force normalized by body weight R/Wg, the inclination
of the resultant hip force %k, the peak contact hip
stress normalized by body weight and radius of the
articular sphere pmaxrz/ W,

P 1 Wy = por” | Wy for (< 3y), 19
Prnan?” 1 Wy = por? c08(Ig = 0) for (0> 9y),
the position of the stress pole @, the hip stress gradi-

ent index normalized by body weight and radius of the
articular sphere G, /W,

G’ Wy =—por’sin(Jy —9), (20)
and the functional angle of weight bearing Y
Gp=n/2+8;-0. (21)

When analysing dysplastic and normal hips by the
HIPSTRESS models, it was suggested that the classi-
fication parameter is the sign of the hip stress gradient
index G,, which depends on the difference (9cr — ©)
(Eq. (20)) [21]. Hips with negative G, are normal and
hips with positive G, are considered dysplastic. It was
found that this classification correlated better with the
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clinical evaluation (Harris hip score) than the standard
classification according to the centre edge angle Jcg
[21]. According to the HIPSTRESS classification,
dysplastic hips are those hips in which the stress pole
lies outside the weight bearing area (@ > Ycg).

2.3. Determination of the geometrical
and biomechanical parameters
by using a radiograph
of pelvis and proximal femora

The geometrical parameters needed by the mod-
els are shown in Fig. 1A. As the parameters of the
one-muscle model are invariant to scale, the unit size
is not required. The picture should be leveled, and
the circles should be fitted to that region of both
femoral heads where the highest load is expected.
These circles represent articular spheres of the two
hips. A horizontal line should be drawn to assess the
interhip distance (the distance between the two head
centres). To describe the hip, a coordinate system
was introduced with the origin at the centre of the
femoral head. The positive x axis points medially and
the positive z axis points upwards. To estimate the
attachment point of the effective muscle on the pel-
vis, we used half of the horizontal distance from the
femora (xr = C/2) and three quarters of the pelvic
height (zr = 3H/4), where C and H are the parameters
of the HIPSTRESS model for force [3]. The point on
the trochanter was obtained in the coordinate system
of the femur. The z-axis of the femur is directed
along the bone canal while the x axis is perpendicu-
lar to it. The highest point on the greater trochanter
and the most lateral point on the pelvis are connected
by a straight line and a symmetral is drawn. The
attachment point of the effective muscle was esti-
mated at the point where this symmetral crosses the
contour of the greater trochanter. The inclination of
the line connecting both imaginary attachment points
with respect to the vertical defines the angle 9r. The
centre-edge angle was obtained by drawing a line
that connects the centre of the articular sphere with
the most lateral point of the bony contour. The incli-
nation of this line with respect to the vertical defines
the centre-edge angle k.

Measurement of geometrical parameters for the right
hip is shown in Fig. 1B and the calculated biomecha-
nical parameters are represented in Fig. 1C. Solution
of Egs. (8)—(10) by using the data from Fig. 3B (/2 =
70.4, xp = C/2 = 18.2, zr = 3H/4 = 80.9, $r =15.11)
gives F/Wg = 1.56, 9% = 9.8° and R/Wp = 2.40. The

corresponding values obtained by the full HIPSTRESS
model for resultant hip force with parameters (//2,
C, H and x1) were assessed from nomograms [3]
(9 = 10° and R/Wpg = 2.60). The difference in I was
very small, so with 9cg = 23.62°, the parameter Jrcg
(Eq. (11)) was almost the same in both models (17°)
while the corresponding Yy assessed from Fig. 3
was 14°. Position of the stress pole @ calculated by
using Eq. (17) was 21°. As the pole lies within the
load bearing area (@ is smaller than 9cg), the value
of stress at the pole calculated by Eq. (18) was also
the value of peak stress. The dimensionless peak
stress (Eq. (18)) pmax”/Ws is 1.85 in the one-muscle
model and 2.00 in the full HIPSTRESS model, the
dimensionless gradient index (Eq. (20)) G,/Ws is
—0.77 in the one-muscle model and —0.62 in the full
HIPSTRESS model. The functional angle of the
weight bearing area (Eq. (21)) % is 93° in both mod-
els. It can be seen that the one muscle model in the
presented hip differed within 10% from the full
HIPSTRESS model. The comparison was made for
a hip contralateral to the hip that was subjected
to Perthes disease in childhood. This hip was con-
sidered normal. Good agreement between the two
models should however be confirmed also in studies
involving larger numbers of hips and different pa-
thologies.

3. Results and discussion

3.1. Dimensionless peak stress
as a parameter for assessment of risk
for early hip arthritis

To validate the biomechanical parameters of the
HIPSTRESS model, we analysed X-ray images of
172 hips that were in the childhood subjected to
Perthes disease [15], [19]. Although the etiology
of this disease is not completely understood, it is
acknowledged that in the acute phase, defective
function of the vascular system causes inadequate
blood supply to the femoral head [15]. It was found
that this population developed a relatively large
number of dysplastic hips in adulthood, compared to
a normal population [19]. The dimensions of the hips
in these studies were known as the patients were
imaged with a hip endoprosthesis head of a known
radius between their legs. This enabled also calcula-
tion of non-normalized parameters. Resultant hip



Assessment of coxarthritis risk with dimensionless biomechanical parameters

force was calculated by the full HIPSTRESS model.
In the present study, the hips were divided into two
groups: dysplastic hips and normal hips. Two classi-
fication criteria for dysplasia were applied to the
same population: the hip stress gradient index [20]
(G, > 0); 74 hips were dysplastic and 98 hips were
normal) and centre-edge angle [7] (Ycg < 20°); 53 hips
were dysplastic and 119 hips were normal). Two
parameters were compared: new dimensionless peak
stress pmaxt~/Wp and peak stress normalized by body
weight pmax/ Ws which was previously used to evaluate
cohorts with different hip pathologies [15], [18]-[20],
[22], [23].

It can be seen in Table 1 that according to the
HIPSTRESS classification of dysplasia (G, > 0), all
biomechanical parameters statistically significantly
differed in the two populations with all biomechanical
parameters being more favourable in normal hips,
while, according to centre-edge angle classification
(9ce < 20°), the difference in the direction of the re-
sultant hip force was not revealed while in other pa-
rameters the results were similar to the results of the
HIPSTRESS classification. The body weight did not
show statistically significant difference between the
two populations and the femoral head radius was
larger (more favourable) in dysplastic hips than in
normal hips due to compensatory effects during the
development of the hip after the Perthes disease, ac-
cording to both classifications [15]. It seems that both
classifications and all biomechanical parameters are
able to explain the difference between hips at in-
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normal hips, on the population level. However, to be
able to assess the risk in an individual, the relevant
parameter should clearly distinguish health from dis-
ease.

In Figure 4, the peak stress parameters pmaxrz/ Wg
and pu./Wp distributed with respect to the radius of
the femoral head are shown. The crosses pertain to
dysplastic hips and the dots pertain to normal hips.
The grey zone is defined as the area of the diagram
where both types of hips coexist, i.e., where the
model cannot distinguish between the two groups.
The grey zone contained 6% of all hips in Panel A,
19% in Panel B, 81% in Panel C and 89% in Panel
D. (The dimensionless parameter pmaxrz/ Wy (panels
A and B) exhibited much smaller grey zone of inde-
cisive cases than the peak stress normalized by body
weight (panels C and D). The classification with
respect to hip stress gradient index (G, > 0) (pan-
els A and C) yielded smaller grey zone than classifi-
cation according to centre edge angle (9cg < 20°)
(panels B and D). It can be seen (panels A, B) that
dimensionless peak stress pmax”/Ws presented a con-
stant value limit that applied to hips of a wide range
of sizes. However, this limit could be better en-
visaged by using the HIPSTRESS classification
(G, > 0) than the centre-edge angle classification
(9cg < 20°). The results shown in Fig. 4 indicate
a well-defined threshold for an increased risk of
early coxarthritis development by the HIPSTRESS
parameter

creased risk for early coxarthritis development and H= pmaxr2 /Wy (border) =2. (22)
Table 1. Biomechanical parameters of hips with increased risk for early coxarthritis represented by dysplastic hips
and normal hips according to two classifications (by centre-edge angle 9 and by hip stress gradient index G,,).
Asterisks denote the biomechanically more favorable values
Hips with increased Statistical Hips with increased Statistical
. . . Normal S . - Normal S
Population risk for coxarthritis (N=119) mgmﬁcance risk for coxarthritis (N =98) 51gn1ﬁcance
(N=53) of the difference (N=T74) of the difference
Parameter Mean SD Mean | SD p (t-test) Mean SD Mean SD D (t-test)
Wy [N] 802 194 832 189 0.35 811 177 831 201 0.49
Ier [°] 12.12 520 |29.91% 5.82 1074 15.19 6.67 | 3139%| 527 1074
7 [em] 3.23% 0.53 | 2.65 | 0.34 0™ 3.11% 0.52 2.62 0.33 107!
e [°] 8.98 1.94 8.85 | 2.00 0.68 8.52 1.97 9.17* 1.95 0.03
e[°] 41.29 9.14 | 16.37*%| 7.85 1074 37.58 9.87 | 13.82%| 6.00 107#
RIWg 2.76 0.34 | 2.55%| 0.21 10° 2.75 030 | 2.51* | 0.19 107
Dumad Ws [m 2] 3889 1491 | 2591*%| 673 10712 3673 1371 | 2476* | 587 10712
Pmax [MPa] 2.97 1.12 | 2.23*% | 1.06 107 2.86 1.05 | 2.15*% | 1.10 107
Dumad /Wi 3.98 1.66 | 1.78* | 0.38 102 3.53 1.58 | 1.64* | 024 10
G,/ Wy 3.05 3.47 | -0.37*| 0.39 T 2.25 320 | —0.50 | 0.29 10"
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Normal hips have H < 2 and dysplastic hips have
H > 2. The border was identified by a population of
dysplastic hips, however, there are also other pa-
thologies in which stress is elevated to a similar ex-
tent and the criterion for the risk of early coxarthritis
(H > 2) is expected to apply also to these hips and
other pathologies. The borderline value H = 2 is
a result of a consistent use of the HIPSTRESS mod-
els to assess the hips. It would be of interest to see
whether it could be predictive also by using other
models and independent distribution parameters
as well as different cohorts at risk for hip osteoar-
thritis.

It can be seen in Figs. 4A and B that hips with
very large heads have on the average higher pu™/Ws
whereas in parameter p.../Wp (Fig. 4C and D), the
increase in radius is not revealed. It can be seen that
large radii that are developed after the Perthes disease
keep the parameter p../Wp low. As large heads in
hips after the Perthes disease are connected to small
centre-edge angles [15], this effect is considered a com-
pensation mechanism in a developing hip, to keep
stress as low as possible.
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Distribution of the hips due to body weight is shown
in Fig. 5. The dimensionless parameter pp*/Wg within
the HIPSTRESS classification (G, > 0) provides well-
defined regions corresponding to hips with increased
risk for coxarthritis development and normal hips
(Fig. 5A) since the grey zone where both types are
present is very small. On the other hand, when the
same population is assessed with the previously used
stress parameter pm./Ws, in particular in combina-
tion with classification according to 9cg (Icg < 20°)
(Figs. 5C, D), the grey zone where both types are pre-
sent includes the majority of hips. While the parame-
ter pmax/Ws showed grouping of hips with respect to
the radius of the articular surface » (Fig. 4 C, D) (i.e.,
populations could be divided by some curve depend-
ing on r), the distribution over the body weight shown
in Fig. 5B is random.

The mechanical hypothesis suggests that unrecog-
nized unfavourable hip stress distribution is the cause
of a considerable portion of primary arthritis cases. To
reveal the causes, different approaches have been
developed [2], [17], [11]. However, it might be that the
risk is unrecognized because stress is not assessed in
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Fig. 4. Display of two different biomechanical parameters (dimensionless peak stress P/ Ws (A and B)
and peak stress normalized with respect to body weight ppa/Wg (m™2) (C and D)) for assessment of the risk
for early coxarthritis development according to two criteria for dysplasia (HIPSTRESS (G, > 0) (A and C) and (9cg < 20°) (B and D)).
The biomechanical parameters of 172 hips, that were in the childhood subjected to Perthes disease and, therefore,
included a relatively high portion of dysplastic hips into the population, are distributed with respect to the independent parameter:
radius of the femoral head r. Crosses correspond to hips with increased risk for coxarthritis development (dysplastic hips)
and dots correspond to normal hips. The grey area is defined as the zone where both types of hips coexist
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Fig. 5. Display of two different biomechanical parameters (dimensionless peak stress pua™/Ws (A and B)
and peak stress normalized with respect to body weight pa/Wg (m™) (C and D) for assessment of the risk
for early coxarthritis development according to two criteria for dysplasia (HIPSTRESS (G, > 0) (A and C) and (g < 20°) (B and D)).
The biomechanical parameters of 172 hips that were in the childhood subjected to Perthes disease and, therefore,
included in the population a relatively high portion of dysplastic hips, are distributed with respect to the body weight Wg.
Crosses correspond to hips with increased risk for coxarthritis development (dysplastic hips) and dots correspond to normal hips.
The grey area is defined as the zone where both types of hips coexist

everyday clinical practice. Instead, geometrical parame-
ters or morphological changes are used as its substitute
[7]. These parameters document the situation but can-
not include underlying mechanisms. The method pre-
sented in this work is based on the one legged stance
as a representative body position. However, there are
other positions and activities of importance in everyday
life, in particular slow walking [14], [16].

4. Conclusions

Mathematical model is a tool which can be used to
predict the coxarthritis risk. An applicable criterion for
a given pathology should divide disease from health
regardless of other properties. HIPSTRESS method
has been previously developed and was further refined
in this work with the purpose to be usable in person-
alized medicine. Based on analysis of hips subjected
to Perthes disease in the childhood with a high inci-
dence of hip dysplasia we outlined a criterion for an
increased risk of coxarthritis development that could
be used in clinical practice within the HIPSTRESS

method: dimensionless peak stress on the load bearing
area (H). The borderline value over which the hips are
at increased risk is H = 2. In perspective, the parame-
ter H should be used in population studies. Also, user-
friendly tools (software, applications) should be de-
veloped to enable simple and fast use of HIPSTRESS
method in everyday clinical practice.
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