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ABSTRACT: To study the effect of hip and pelvis geometry on development of the hip after Perthes disease, we determined the resultant
hip force and contact hip stress distribution in a population of 135 adult hips of patients who had been treated for Perthes disease in
childhood. Contra-lateral hips with no record of disease were taken as the control population. Biomechanical parameters were determined
by mathematical models for resultant hip force in one-legged stance and for contact hip stress, which use as an input the geometrical
parameters assessed from anteroposterior radiographs. The mathematical model for stress was upgraded to account for the deviation of
the femoral head shape from spherical. No differences were found in resultant hip force and in peak contact hip stress between the hips
that were in childhood subject to Perthes disease and the control population, but a considerable (148%) and significant (p < 0.001)
difference was found in the contact hip stress gradient index, expressing an unfavorable, steep decrease of contact stress at the lateral
acetabular rim. This finding indicates an increased risk of early coxarthritis in hips subject to Perthes disease. ß 2013 Orthopaedic
Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 32:8–16, 2014.
Keywords: Perthes disease; avascular necrosis; hip stress; microparticles; long term follow-up

Legg–Calvé–Perthes syndrome (Perthes disease)
causes disturbances in development of the hip and
pelvis. To compensate for the decreased ability of the
hip to bear load, a femoral head with locally enlarged
radius of the articular surface (coxa magna) is formed.
The reason for the disease is still obscure, although
avascular osteonecrosis is a possible etiological factor.1–6 Early development of coxarthritis is considered
a late consequence of Perthes disease.4
Biomechanical parameters have been determined
from standard AP radiographs by using mathematical
models that are simple enough to enable analysis of
large patients populations.7–9 The models within the
HIPSTRESS method7–9,11 previously proved useful in
clinical evaluation of hip dyplasia,10–12 slip of the
femoral epiphysis,13 avascular necrosis,9,14 and coxarthritis,15,16 and explained clinical outcomes of osteotomies.17–19 These parameters could also be affected in
hips subject to Perthes disease. Previous studies
revealed peak contact stress as a relevant parameter
for assessing increased risk of coxarthritis.15,16,20
However, in cases where the resultant hip force and
peak stress gave no answer, the effect of unfavorable
stress distribution could be revealed by positive values
of the index of hip stress gradient.9,11,21
To explore the origin of the early and late consequences of Perthes disease, we evaluated a population
of hips subject to the disease using different clinical
and biomechanical parameters at the time of the
disease and after long-term follow-up, and compared
this population with the normal contra-lateral hips
The authors declare that they have no conflicts of interest
regarding to this work.
Grant sponsor: Slovenian Research Agency; Grant number: J34108.
Correspondence to: Veronika Kralj-Iglic (T: þ386-41720766;
F: þ38613001119; E-mail: veronika.kralj-iglic@fe.uni-lj.si)
# 2013 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

8

JOURNAL OF ORTHOPAEDIC RESEARCH JANUARY 2014

with no record of disease. Based on previous evidence
that a long lasting unfavorable hip stress distribution
is related to early coxarthritis,15,16 we sought welldefined objective indications whether hips subject to
Perthes disease are at higher risk of early coxarthritis
development.
In the stress model previously used in clinical
studies8,9 the shape of the articular surface was
assumed spherical. Coxa magna notably deviates from
a spherical shape; therefore, we upgraded the model to
assume deviations from a spherical shape.

MATERIALS AND METHODS
Patients and Hips
Two hundred fifty-nine patients were treated for Perthes
disease between January 1975 and December 1995. In 2010,
167 of these patients (64.5%) attended a control examination
that included measurement of their height and weight. We
omitted 3 patients whose earlier radiographs could not be
found, 19 patients with bilateral disease, 3 patients for
whom follow-up radiographs had not been taken, 5 patients
due to deficient radiograph quality, and 2 patients who had
undergone a hip replacement due to coxarthritis. The
remaining 135 (24 females, 111 males) agreed to participate
(Table 1). Forty-three hips (31.9%) had been treated conservatively and 92 hips (68.1%) operatively. Of these, 1 hip
underwent osteotomy of the greater trochanter, 85 underwent intertrochanteric osteotomy, and 6 underwent pelvic
osteotomy. The average age at first hospital admission
was 6.9 (2.4 to 17.6) years; 6.23 (2.4–17.6) years for
conservatively treated patients and 7.2 (3.6–15.2) years for
operatively treated patients. The average age at operation
was 7.6 (3.7–15.2) years. The average age at followup was 32.5 (20.6–47.6) years. BMI at follow up was 26.7
(18–38) kg/m2. The time interval between treatment and
follow-up was 25.6 (14.5–34.5) years; 23.9 (15.9–32.8) for
conservatively treated patients and 26.4 (14.5–34.5) years for
operatively treated patients. Radiographs with the lateral
view of the femoral head for both hips were available for 111
patients.
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Table 1. Distribution of Patients Subject to Perthes
Disease With Respect to Sex, Clinical Scores, and
Treatment (Conservative or Operative)

Number of patients
Male
Female
Caterall 1
Caterall 2
Caterall 3
Caterall 4
Herring A
Herring B
Herring C
Stulberg 1
Stulberg 2
Stulberg 3
Stulberg 4
Stulberg 5

Conservatively
Treated

Operatively
Treated

43
35
8
7
22
8
6
9
23
11
2
27
11
2
1

92
75
17
13
34
37
8
9
36
47
1
30
50
8
3

Clinical and Radiographic Evaluation
Hips subject to Perthes disease were classified according to
the Catterall grouping22 and the Herring lateral pillar
classification,23 At follow-up, radiographs were classified into
five groups as proposed by Stulberg et al.24 The presence of
arthritis at follow-up was assessed using the Kellgren and
Lawrence classification.25 Clinical outcome was evaluated by
the Harris Hip Score (HHS)26 and by the WOMAC,27 Clinical
scores were assessed by two independent experienced surgeons. The intraclass correlation coefficients were: 0.931 for
Caterall score, 0.889 for Herring lateral pillar score and
0.754 for Stulberg score with kappa agreements of 0.83, 0.83,
and 0.5, respectively, comparable with previously published
results.28
Biomechanical Evaluation
Biomechanical parameters at follow-up were determined
using 3D models. The cartilage was described as an elastic
continuum.29 The resultant hip force R was calculated in one–
legged stance.7 The model was individualized by accounting
for the patient’s muscle attachment points according to
parameters obtained from the standard AP radiograph (interhip distance (l), height (H), and width (C) of the pelvis, and
the position of the effective muscle attachment on the greater
trochanter relative to the head center (x,z)).7 Radiographic
magnification was calibrated by including a 32 mm ball placed
between the legs. Deviation from a spherical head was
estimated by measuring the radius of curvature of the loaded
femoral head from frontal and lateral views (rf and rl,
respectively).
Contact stress distribution represented by the peak stress
on the load bearing area (pmax), position of the stress pole (Q),
index of the stress gradient at the lateral acetabular rim (Gp),
functional load bearing angle qf and load bearing area Af, were
calculated by using a 3D model of the articular surface9
adapted with respect to deviations of the head shape from
spherical. The head was defined within the intrinsic coordinate
system (x0 ,y0 ,z0 ), while the acetabulum was defined within the
coordinate system (x,y,z) (Fig. 1). When loaded, the origin of
the head system is displaced with respect to that of the

9

acetabulum by a small distance d (Fig. 1) causing some head
points to approach the acetabulum and some to move away.
The stress pole was the point at which the head and the
acetabulum were closest. In the one-legged stance, the resultant hip force was found to lay in the frontal plane,7 so the
pole also lies in this plane. The radius vector to the pole points
in the direction of the displacement. A point is chosen on the
femoral surface. The magnitudes of the radius vectors from
the origins of both coordinate systems to this point (r and r0 ,
respectively) are connected by a trigonometric relation:
r2 ¼ r02 þ d2  2rd cos g

ð1Þ

where g is the space angle in the acetabular system (Fig. 1).
The cosine of g is:
cos g ¼

rp  r
jrp jjrj

ð2Þ

where rp is the radius vector to the pole in the acetabular
system, r is the radius vector to the chosen point on the
acetabular shell, while |rp| and |r| are the respective
magnitudes of these vectors. d was assumed small with
respect to |rp| and |r| so that g is the same in the displaced
system of the femoral head
cos g ¼

r0p  r0
jr0p jjr0 j

ð3Þ

Stress p is assumed proportional to the difference |rp|–|
r|. Considering Equation (1) and a small d,29
p / ðjrp j  jrjÞ ¼ d cos g
The femoral head surface is described by a vector




d
sin w; cos w cos q
r ¼ r cos w sin q; 1 
r

ð4Þ

ð5Þ

and the stress pole is given by a vector
rp ¼ rðcos F sin Q; sin F; cos F cos QÞ

ð6Þ

For convenience, the coordinate system is rotated and the
pole lies in the direction of the z-axis, so sin F ¼ 0 and
cos Q ¼ 1,
rp ¼ rð0; 0; 1Þ

ð7Þ

Equations (5) and (6) yield:
rp  r ¼ r2 cos w cos q

ð8Þ

while the vector magnitudes are:
jrp j ¼ r

ð9Þ



d
jrj ¼ r 1  sin2 w
r

ð10Þ
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Figure 1. Scheme of the unloaded (A) and loaded (B) hip. When unloaded, the femoral and the acetabular surfaces are concentric;
when loaded, the femoral surface and its intrinsic coordinate system are displaced in the direction of the stress pole in the frontal plane
(P). The acetabular surface is spherical, while the femoral surface is axisymmetric with respect to the x-axis.

G ¼ rq  rq ¼ r2 cos2 w

The cosine of g is:


d
cos g ¼ cosw cos q 1 þ sin2 w
r

ð11Þ



d
p ¼ p0 cos w cosq 1 þ sin2 w
r

ð12Þ

To obtain the expression for the area element vector, the
derivatives with respect to the angles are calculated:




d
rw ¼ r sin w sin q; 1 
cos w;  sin w cos q
r
rq ¼ rðcos w cos q; 0; cos w sin qÞ

The magnitude of the area element is:
dA ¼

so that the stress is expressed by

ð13Þ
ð14Þ

ð17Þ



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d
EG  F 2 dw dq ¼ r2 1  cos2 w cos w dw dq
r

ð18Þ

while the area element vector is:


d
dA ¼ ðdAx ; dAy ; dAz Þ ¼ r2 1  cos2 w 
r




d
sin w; cos w cos q
cos w dw dq cos w sin q; 1 
r

ð19Þ

Integration of stress over the load bearing area gives the
resultant hip joint force,
Z
p dA ¼ R

so that the elements of the 1st form are:


d
E ¼ rw  rw ¼ r2 1  2 cos2 w
r

ð15Þ

F ¼ rw  rq ¼ 0

ð16Þ
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ð20Þ

The load bearing area is in the rotated system determined
within the intervals w 2 [p/2, p/2] and q 2 [p/2, qCE  Q],
where qCE is the Wiberg center-edge angle defined by the
lateral acetabular rim.9 Using Equations (12), (19) and (20)
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yields:
Z
Z
pdAx ¼ p0 r2
Z

d
cos3 w 1 þ sin2 w
r
p=2

qCE Q

p=2

Z



p=2



It follows from Equations (12) and (32) that:


d
1  cos2 w dw
r

sin qcos q dq ¼ Rx

ð21Þ

p=2

Z
pdAz ¼ p0 r2
Z




d
d
cos3 w 1 þ sin2 w 1  cos2 w dw 
r
r
p=2
p=2

qCE Q
p=2



p0
d
sinq 1 þ sin2 w cos w;
r
r


p0
d
 cot qsinw 1 þ ðsin2 w  2 cos2 wÞ
r
r


rp ¼





 Z p=2
d
d
d
pdAy ¼ p0 r2 1 
cos2 wsinw 1 þ sin2 w 1  cos2 w
r p=2
r
r
Z qCE Q
dw 
cos q dq ¼ 0
ð22Þ

Z

cos2 q dq ¼ Rz

0; 

ð23Þ

9

R ¼ ðRx ; Ry ; Rz Þ ¼ RðsinðqR þ QÞ; 0; cosðqR þ QÞÞ

ð24Þ

Evaluating the integrals in (21) and (23) gives:
R sinðqR þ QÞ ¼ 

2
3d
p r2 ð1  Þcos2 ðqCE  QÞ
3 0
5r

ð25Þ

where R is the magnitude of the resultant hip force and qR is
the inclination of resultant hip force with respect to the
vertical.7
Dividing Equation (25) by Equation (26) recovers a
nonlinear equation for the coordinate of the pole Q8,9:
cos2 ðqCE  QÞ
tanðqR þ QÞ ¼ p
ð2 þ qCE  Q þ 12 sin ð2ðqCE  QÞÞÞ

or, by considering that d/r is small:


3d
p0 ¼ p0;sph 1 þ
5r



d
r2 1  cos2 w cos w dw 
r
p=2

Z qCE Q
p

4d
dq ¼ 2r2 þ qCE  Q 1 
2
3r
p=2
Z

p=2

ð35Þ

or


4d
A ¼ Asph 1 
3r

Asph ¼ 2r2
ð28Þ

where “sph” denotes the corresponding result of the model
with a spherical head8,9:
p0;sph

A¼

ð36Þ

where

ð29Þ

3R sinðqR þ QÞ
¼ 2
2r cos2 ðqCE  QÞ

ð34Þ

ð27Þ

while p0 can then be expressed from Equation (25):
3R
sinðqR þ QÞ
2r2 cos2 ðqCE  QÞð1  35 drÞ

p0
sinðqCE  QÞ ¼ Gp;sph
r

which is the same as in the case of a spherical head.9,11 If
the pole of stress distribution lies outside the load bearing
area (i.e., Q > qCE) then Gp > 0; if it lies inside the weight
bearing area (i.e., Q < qCE) then Gp < 0 (Fig. 2). A positive
hip stress gradient index pertains to unfavorable stress
distribution that decreases medially. In these hips, the load
bearing area is smaller.
The load bearing area is (Equation 18)

2
3d p
1
R cosðqR þ QÞ ¼  p0 r2 ð1  Þð þ qCE  Q þ sin ð2ðqCE  QÞÞÞ
3
5r 2
2
ð26Þ

p0 ¼

ð33Þ

Since the resultant force lies in the frontal plane,7 the
problem was mapped into 2D. The hip stress gradient index
was defined as the gradient magnitude at the lateral
acetabular rim (q ¼ qCE  Q) while the angle Q was considered as an ordinary angle and not a spherical coordinate. Q
was positive in the lateral direction from the radius vector to
the stress pole and negative in the medial direction.9,11 The
hip stress gradient index is the magnitude of the gradient at
q ¼ qCE  Q and w ¼ 0,
Gp ¼ 

where in the rotated system.

11

ð30Þ

p
2

þ qCE  Q



ð37Þ

The input data for stress were the magnitude and direction
of the resultant hip force, the lateral coverage of the head by
the acetabulum (the center-edge angle, qCE) and the curvature radii of the head contours in frontal and lateral views
(rf ¼ r and rl ¼ r  d, respectively). To assess head size, we
used the effective radius:
reff ¼

ðrf þ rl Þ
d
¼ rð1  Þ
2
2r

ð38Þ

ð31Þ

R, pmax, and Gp are proportional to body weight; thus, we
studied the normalized parameters (R/WB, pmax/WB, Gp/WB)
that reveal the impact of the hip and pelvis geometry.

The stress gradient is expressed in spherical coordinates:


@p 1 @p
1 @p
;
;
ð32Þ
rp ¼
@r r @q r sin q @w

Statistical Methods
Methods of descriptive statistics were used to determine
differences between test and control populations and correlations between clinical, radiographic, biomechanical, and

Accordingly,


pmax ¼ pmax;sph 1 þ

3d
5r
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Figure 2. Hip stress distribution in a hip subject to Perthes disease in childhood (right hip) and a normal hip stress distribution (left
hip). The green lines above the articular sphere denote the magnitude of stress in the frontal plane through the center of the articular
sphere of both hips. In the deformed hip, the stress pole lies outside the load bearing area, and the functional angle is small. Stress
decreases monotonously in the medial direction and the hip stress gradient index is positive. In the healthy hip, the pole lies within the
load bearing area, and the functional angle is large, enabling a larger portion of the head to bear load. At the lateral rim, stress
increases medially, reaches a maximum and then decreases; thus, the hip stress gradient index is negative. Peak stress is nevertheless
almost equal in both hips due to the larger radius of the articular surface in the diseased hip.

geometrical parameters. We used the paired t-test and the
Pearson correlation coefficient (r), with the respective probabilities (p) expressing significance. Average values (and Std
Dev), probabilities, and Pearson coefficients were calculated
with Microsoft1 Office Excel1 2007 SP3. The probabilities
of correlations were calculated with p-value Calculator for
Correlation Coefficients: http://www.danielsoper.com/statcalc3/calc.aspx?id¼44. Statistical power was calculated with
the Power & Sample Size Calculator: http://www.statisticalsolutions.net/pss_calc.php.
The impact of biomechanical/radiographic parameters
on HHS was tested on the subgroup of non-operatively
treated male hips by multiple linear regression models
in which HHS was the dependent variable. The patients’
age and BMI were covariates, while the biomechanical/
radiographic parameters were separately entered as independent predictors. For each independent predictor, results
were reported in terms of the adjusted r2 value for the entire
model, the predictor-specific standardized b coefficient and
p-value. In multiple regression models, the standardized
b coefficient represents the change in the dependent variable
(in terms of standard deviations) due to the change of the

independent variable (in terms of standard deviation of
this variable). Multivariate statistical analyses were
performed with SPSS Statistics 17.0 for Windows (SPSS,
Inc., Chicago, IL).

RESULTS
The relations between different clinical and radiographical parameters at follow-up confirmed that the
data on the status of the hip were consistently related
(Table 2). At follow-up, the average HHS was 89.8  11
(94.4 (76–100) for conservatively treated patients and
87.6 (56–100) for operatively treated patients), the
average WOMAC score was 6.7  12 (0–68) and the
average total range of motion was 229˚ (80–300˚) for
conservatively treated and 197˚ (60–290˚) for operated
patients. Significant bivariate correlations were found
between the clinical evaluation at the time of the
disease (Herring, Caterall) and the clinical evaluation
at follow-up expressed by HHS (but not WOMAC) and
between the clinical evaluation at the time of the

Table 2. Bivariate Correlations Between Clinical, Radiographic, and Biomechanical Scores in a Population of Hips
Developed After Perthes Disease
r (p)
HHS
WOMAC
Gp/WB (m3)

Caterall

Herring

Stulberg

Kelgreen

HHS

WOMAC

0.23 (0.008)
0.03 (0.80)
0.16 (0.06)

0.28 (103)
0.13 (0.14)
0.21 (0.014)

0.40 (2.106)
0.27 (2.103)
0.43 (2.107)

0.30 (4.104)
0.24 (0.006)
0.26 (0.002)

0.64 (<107)
0.20 (0.02)

0.14 (0.12)

Pearson correlation coefficients (r) and corresponding probabilities (p) were calculated with a two-tailed distribution.
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disease (Herring) and the contact hip stress gradient
index Gp. Higher HHS and lower WOMAC scores
corresponded to higher Kelgreen–Lawrence and higher
Stulberg scores, indicating that HHS better reflects
the relevant data for hips after Perthes disease than
WOMAC, and proving Gp to be a relevant biomechanical parameter. The HHS was analyzed as the dependent variable by multiple linear regression models
adjusted for age and BMI and considering the subgroup of non-operatively treated male hips (n ¼ 34).
Significant independent predictors included the Herring lateral pillar score (adjusted r2 ¼ 0.16, standardized b ¼ 0.46, p ¼ 0.01) and Gp (adjusted r2 ¼ 0.08,
standardized b ¼ 0.36, p ¼ 0.04), while the Caterall
score, the resultant hip force and the peak contact hip
stress did not show significant correlations.
We found a considerable, significant difference in
center-edge angle and in effective radius of the articular surface between the test and the control populations (Table 3). Hips subject to Perthes disease had
poorer lateral coverage by the acetabulum, but a
larger head (r ¼ 0.65, p < 0.001, Fig. 3). No healthy
hip had an angle <18˚ and an effective head radius
>32 mm. Conversely, the data for hips subject to
Perthes disease extended into the region of healthy
hips, so many hips subject to Perthes disease developed a normal angle and a normal head.
Poor lateral head coverage increased the contact
hip stress and the stress gradient index, while an
articular sphere with a large effective radius decreased the contact hip stress and the gradient index.
Opposing effects resulted in no significant difference

13

Figure 3. Effective radius of the head reff ¼ (rf þ rl)/2 as a
function of the center-edge angle (qCE). Blue dots: hips subject to
Perthes disease; red dots: contra-lateral healthy hips.

in contact hip stress (Table 3), but the stress gradient
and the position of the stress pole were less favorable
in the test group (Table 3), the pole laying significantly
more laterally (Table 3) resulting in a steeper stress
distribution over the load bearing area. Accordingly,
the angle that spanned this area was significantly
smaller in the test group. However, because of the
larger effective radius of the articular surface, the
load-bearing area Af was not different (with indecisive power 1  b ¼ 0.63).
Both populations had the same dependence (albeit
in different regions) of hip stress gradient index on the
effective radius of the articular surface (A) and on the
center-edge angle (B), indicating that the underlying
mechanism is the same for all hips (Fig. 4). A majority

Table 3. Comparison Between Biomechanical Parameters Pertaining to Hips Developed After Perthes Disease (Test)
and Control (Contra-Lateral) Hips

Average  Std Dev
Center-edge angle, qCE (˚)
Average effective radius of the
femoral head, reff (cm)
Resultant hip force, R(N)
Resultant hip force normalized
by body weight, R/WB
Peak stress on the load bearing
area, pmax (MPa)
Peak stress on the load bearing
area normalized by body
weight, pmax/WB (m2)
Hip stress gradient index,
Gp (MPa/m)
Hip stress gradient index
normalized by body weight,
Gp/WB (m3)
Load bearing area, Af (cm2)
Functional angle of the load
bearing, qf (˚)
Position of the stress pole, Q (˚)

Test

Control

Approximated
Difference
(%)

Number
of Hips,
N

p

Power
(1  b)

24.1  9.7
2.79  0.48

32.9  6.5
2.41  0.23

31
15

135
111

<108
<108

1.00
1.00

2,099  474
2.59  0.23

2,100  472
2.59  0.20

0
0

135
135

0.936
0.797

<103
<103

2.32  0.81

2.30  0.63

0

111

0.900

<103

2,940  885

2,946  793

0

111

0.949

<103

4.46  43.55

29.45  29.69

>100

135

<108

1.00

4,334  51,011

37,959  35,848

>100

135

<108

1.00

23.3  6.0
90.2  22.7

22.0  4.6
108.7  13.5

6
18

111
135

0.08
<108

0.63
1.00

24.3  13.9

13.9  7.0

55

135

<108

1.00
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Figure 4. (A) Stress gradient index normalized by body weight
(Gp/WB) as a function of the effective head radius reff ¼ (rf þ rl)/2.
(B) Gp/WB as a function of center-edge angle (qCE). Blue dots:
hips subject to Perthes disease; red dots: contra-lateral healthy
hips.

of healthy hips had a negative Gp, while many hips
with Perthes disease had a positive Gp. The correlation
coefficients for the Gp(r) and Gp(qCE) dependences
were 0.58 and 0.95, respectively (p < 0.001).

DISCUSSION
The high HHS indicated a good outcome in hips
subject to Perthes disease in childhood. The follow-up
time (avg. 25 years) represents a lesser part of the
patients’ expected lifetimes, so this does not prove that
hips with Perthes are equivalent to healthy hips. We
therefore explored whether hips with Perthes were at
risk of developing coxarthritis sooner than normal
hips. We were interested in non-specific biomechanical
parameters, so we included all hips as a single group,
regardless of how they were treated (operatively or
conservatively).
Hips with Perthes disease had smaller center-edge
angles (Table 3, Fig. 3), which would increase peak
stress. However, they had larger effective radii of the
articular surface at load bearing, which would decrease peak stress. The two effects canceled each
other, so no difference existed in peak stress between
Perthes and healthy hips. However, hips with Perthes
disease had a less favorable (steeper) distribution of
contact stress over the load bearing area, reflected in
the more lateral position of the stress pole, a larger
stress gradient index, and a smaller span of the load
JOURNAL OF ORTHOPAEDIC RESEARCH JANUARY 2014

bearing area. Because the gradient index, not the peak
contact stress or the resultant hip force, was related to
the disease, we believe stress distribution is important
in hip development.9,11,21
Hips with coxa magna have flattened head under
the lateral part of the acetabulum with poor lateral
coverage. The model for such hips yielded a small
functional angle of load bearing with steeply falling
stress in the medial direction (Fig. 2). The surface
was constructed solely based on the curvature of the
part that bears load. Other parts of the head do not
lie on the articular surface, but this is immaterial in
the model since they are not subject to stress. In
Perthes, substantial head deformity may be present.30
In our population the surface deviated from a sphere.
In 3 Perthes hips out of 111 the deviation (d/r) was
>20%, and in 6 it was between 10 and 20%. However,
the effect on peak stress within both populations
(test and control) was <3% (which is smaller than
the effect of the estimated error of the assessment
method).
In a study of 47 dysplastic and 36 healthy hips,
Mavcic et al.12 showed that peak contact stress was
significantly higher in dysplastic hips. Articular surface radii were larger (by 12%, compared to 15% in
our study) in dysplastic hips. Another study found
that the stress gradient index Gp was also significantly
higher in dysplastic hips.11 Based on these results, it
cannot be concluded which parameter is decisive for
assessing the risk of early coxarthritis. Here, we
report the difference in Gp but not peak stress of hips
with Perthes disease compared to control hips.
Multivariate analysis showed that the connection of
the Herring lateral pillar score at the time of the
disease and the follow-up Gp on the clinical status
(HHS) of the hip was significant, but small, suggesting
that after the appearance of symptoms, the disease
progression is guided by several factors, with Gp (a
biomechanical factor) and concomitant radiographic
changes in the lateral pillar (morphological consequence of biomechanical factors) showing prominence.
The significance of the impact of Gp and other
biomechanical factors is marred by insufficiencies in
the model, the limitations in imaging, and limited
repeatability and accuracy of the method. Further,
various radiographic classifications had poor interobserver agreements/reliability.31–33 Thus, the impact
of the biomechanical factor in our analysis is underestimated.
The control hips were contralateral to hips with
Perthes disease. As Perthes may occur bilaterally6,34
our control group only approximates a group of
healthy hips. The relevance of such an approximation
is supported by the fact that hips matured after the
onset (and treatment) of the disease and that Perthes
disease or avascular necrosis of the head did not occur
in contralateral hips. The contralateral hips’ average
radius and center-edge angle were comparable to
those of normal hips. In a study of dysplastic hips12

HIP STRESS AFTER PERTHES DISEASE

the control group consisted of hips obtained from
radiographs taken for reasons other than hip diseases
(e.g., back pain). The average qCE was 31  6˚12 which
is close to our result of 32.9  6.5˚ (Table 3). The
effective radius of the articular sphere of our control
group was 24.1  2.3 mm, close to the value 23 
10 mm found in the group of healthy hips.12 However,
in our study the population was mostly males with
larger heads35 whereas the healthy hips of the previous study12 were all female.
Biomechanical analysis enables additional insight
into mechanisms leading to avascular osteonecrosis. A
study of adult hips with avascular necrosis was the
first to point to the stress gradient as the relevant
parameter.9 The stress gradient index and not the
peak contact hip stress or the resultant hip force
differed significantly from the respective values for
the control population. Hips with avascular necrosis
were connected with an unfavorable (steep) distribution of contact stress, suggesting that a high stress
gradient is an etiological factor for avascular necrosis.9
Avascular necrosis has also been connected to corticosteroid therapy,36 trauma, arterial disease, connective
tissue disease (rheumatoid arthritis and systemic
lupus erythematosus), sickle cell disease, alcoholism,
Gaucher’s disease,37 disseminated intravascular coagulation,38 intraosseous malignancy (especially lymphoma),39 and HIV.40 A common feature of these
conditions is an increased concentration of microvesicles in isolates from peripheral blood.41–52 Plateletderived microvesicles carry tissue factor and may
expose negatively charged phosphatidylserine on their
exterior, so they are prothrombogenic and may cause
formation of clots in blood vessels.53 Microvesiculation
can also be promoted by activation of platelets in shear
flow. During motion, stress distribution changes over
the load bearing area may cause shear stresses within
the bones and their blood vessels. These stresses are
larger when the stress gradient is large and its
distribution strongly changes over a small area. High
shear stress within deformed blood vessels causes
increased microvesiculation of cells, especially platelets, and leads to formation of microemboli which
hinder blood flow within the bones. Treatment of the
disorder could be supported by substances that suppress microvesiculation and prevented by altering
biophysical properties of blood. Heparin was suggested
as a possible candidate.54
In juvenile osteonecrosis, altered stress distributions may cause disturbances in growth of affected
bones growth leading to deformity of the hip and
pelvis in adulthood. Femoral head deformities usually
present as non-spherical with a short neck and large
greater trochanter. In such hips, undesirable contact
between the acetabular rim and the neck (femoroacetabular impingement) related to Perthes disease
may be caused by the disease itself or as a consequence of its treatment55 and may lead to early
osteoarthritis and poor long-term outcomes.56–58
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