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Abstract Objective: To objectively
and precisely define the spatial dis-
tribution of osteonecrosis and to in-
vestigate the influence of various
factors including etiology. 
Design: A volumetric method is 
presented to describe the size and
spatial distribution of necrotic le-
sions of the femoral head, using MRI
scans. The technique is based on the
definition of an equivalent sphere
model for the femoral head. 
Patients: The gender, age, number 
of hips involved, disease duration,
pain intensity, limping disability and
etiology were correlated with the
distribution of the pathologic bone.
Seventy-nine patients with 122 hips
affected by osteonecrosis were eval-
uated. Results: The lesion size
ranged from 7% to 73% of the
sphere equivalent. The lateral octants
presented considerable variability,
ranging from wide lateral lesions ex-
tending beyond the lip of the acetab-

ulum, to narrow medial lesions, leav-
ing a lateral supporting pillar of in-
tact bone. Patients with sickle cell
disease and steroid administration
presented the largest lesions. The ex-
tent of the posterior superior medial
octant involvement correlated with
the symptom intensity, a younger age
and male gender. Conclusion: The
methodology presented here has
proven a reliable and straightforward
imaging tool for precise assessment
of necrotic lesions. It also enables us
to target accurately the drilling and
grafting procedures.
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An MRI-based semiautomated volumetric
quantification of hip osteonecrosis

Introduction

MRI is recognized as a sensitive tool with high specifici-
ty for the early recognition of osteonecrosis and is signif-
icantly more sensitive than radiographs or computed to-
mography [1, 2, 3, 4, 5]. A three-dimensional representa-
tion of the size, location and distribution of the necrotic
lesion using MRI would allow for a more precise evalua-
tion of the severity, prognosis, treatment selection and
outcome evaluation [5, 6, 7, 8, 9, 10, 11].

Since the anatomic limits of the femoral head demon-
strate significant variations in individuals, difficulties in

expressing the percentage affected by avascular necrosis
can be overcome by the introduction of the sphere equiv-
alent concept. The sphere equivalent of the femoral head
is defined as the sphere with the smallest radius enclos-
ing the femoral head. The sphere equivalent of the femo-
ral head, arbitrarily selected, has a larger volume than
the corresponding anatomic femoral head and therefore
the actual size of the lesion referred to the sphere equiva-
lent of the femoral head can be expressed by a smaller
percentile than that which refers to the anatomic femoral
head. Previous classifications of small, medium and
large lesions do not apply to this concept.
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The purpose of this study was to introduce a more ob-
jective and precise methodology to describe the spatial
distribution of osteonecrotic lesions, using digital image
processing techniques and a reproducible concept to
quantify data obtained from MRI films. The influence of
various factors including etiology was also investigated.

Materials and methods

Osteonecrosis of the femoral head was evaluated in 79 patients of
whom 49 were male and 30 were female with a mean age of
32.8 years. Preoperative MRI revealed 122 hips with oesteonecro-
sis. The disease was attributed to several etiologic factors, such as
overuse of alcohol in 11 patients (16 hips), previous temporary use
of corticosteroids in 25 patients (42 hips), continuous immunosup-
pressive medication in 14 patients (25 hips), femoral neck frac-
tures in 7 patients (7 hips) previously treated surgically, sickle cell
disease in 7 patients (10 hips), and systemic lupus erythematosus
and continuous immunosuppressive medication, including ste-
roids, in 5 patients (10 hips). In 10 patients (12 hips affected) the
osteonecrosis was characterized as idiopathic. There was no sig-
nificant difference in the mean age of patients with different etiol-
ogies except for those patients with steroid-related necrosis, who
presented at a relatively higher mean age. (Tables 1, 2). 

T1- and T2-weighted images, taken in increments of at most
4 mm in coronal sections, were selected to reconstruct three-
dimensional images of the hips using the method described below.
All MRI images were digitized with a VIDAR VXR 12 scanner
(Vidar Systems Corporation, Va., USA) (Fig. 1). All data were
processed on a SUN Sparc5 workstation (Sun Microsystems, 
Calif., USA) using the ANALYZE image analysis software Ver-
sion 7.5 (Mayo Foundation, Minn., USA). The affected region, de-
fined as the region with an abnormal signal, was outlined for each
MRI slice using the tracing tool of the ANALYZE software. The
smallest circle that circumscribed the femoral head was then iden-
tified. If flattening of the articular surface was present, its normal
contour before collapse was reconstituted for each MRI slice by
using the smallest circle that circumscribed the unaffected part.
Using the radial divider tool of the software, the circle was divid-
ed into four regions and the affected area on each region was mea-
sured (Fig. 1).

The central slice or the largest section was used to construct
the sphere equivalent of the femoral head based on the area mea-
surement. The volume of the sphere was then calculated in cubic
millimeters using the data from each MRI slice. The radius of the
circle could easily be detected as shown in Fig. 2a.

The sphere equivalent was divided into eight parts (octants)
with three planes (coronal, sagittal and transverse) which inter-
sected at the center of the sphere (Figs. 2b, 3). The abbreviations
below are used to describe each octant and will be used hence-
forth:

ASL Anterior superior lateral PSL Posterior superior lateral
ASM Anterior superior medial PSM Posterior superior medial
AIL Anterior inferior lateral PIL Posterior inferior lateral
AIM Anterior inferior medial PIM Posterior inferior medial
ASL Anterior superior lateral PSL Posterior superior lateral
ASM Anterior superior medial PSM Posterior superior medial
AIL Anterior inferior lateral PIL Posterior inferior lateral
AIM Anterior inferior medial PIM Posterior inferior medial

In Fig. 3, a reconstructed three-dimensional femoral head is
shown, with the affected area stained darker.

In order to compute the volume affected, a simplified 
Simpson’s rule was used to integrate in the direction of the x-axis.
The total affected volume per octant was computed using the for-
mula:

(1)

where n is the MRI slice, An is the affected area of the MRI slice
and dn is the distance of the nth slice from the previous one. The
above process ignores slice thickness since the average affected
surface has been taken into account [12] The affected percentage
per octant was computed as:

(2)

The extent of the lesion was expressed as a percentage of the cor-
responding octants affected. Although it was possible to measure
the absolute value of the volume of the lesion and the sphere
equivalent because of the differences in the size of the femoral

Table 1 Patient description according to etiology. Number of patients: n=79, number of hips: n=122 (right hip: 20, left hip: 16, bilateral: 43)

Etiology Patient data Hip data

Number Male Female Mean age Number Male Female Mean age
(years) (years)

Sickle cell disease 7 3 4 28 10 4 6 28
Corticosteroid 25 16 9 37 42 28 14 36.3
Alcohol 11 11 0 34 16 16 0 33.5
Injury 7 5 2 28.5 7 5 2 31
Immunosuppression 14 7 7 31.6 25 12 13 31
SLE 5 1 4 28.5 10 2 8 28
Idiopathic 10 6 4 31.6 12 8 4 29.8
Total 79 49 30 122 75 47
Mean age (years) 32.8 33.4 31.8 32.4 33.2 31.2
Age range (years) 17–54 17–54 17–52 17–54 17–54 17–52

Table 2 Hip description according to stage

Stage Hips Male Female

Pre-collapse 23 14 9
Crescent sign 31 16 15
Post-collapse 68 45 23
Total 122 75 47
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heads among the individuals, it was more convenient to express
the individual measurements as percentiles.

All measurements were carried out by three different assessors:
an orthopaedic resident, an orthopaedic surgeon with experience
in femoral head necrosis, and a radiologist with experience in
MRI. The measurements were performed three times by each ob-
server, with at least 1 week between readings. Intra-observer and
inter-observer variability were assessed, setting 5 percentiles as
the difference limit for agreement. There were five intra-observer
differences in 122 measurements (95.9% intra-observer agree-
ment) and 14 inter-observer differences in 122 measurements
(88.5% inter-observer agreement). In those cases which showed
differences in measurements, average percentile values were re-
corded and subsequently analyzed.

All measurements of the size of the lesion were expressed 
according to etiology, location of the affected segments and distri-

Fig. 1 Digitized (left column) and corresponding processed (right
column) MRI images

Octant

Quadrant

HemisphereA B

Fig. 2 A Femoral head sphere
equivalent. B Femoral head
sphere representation and de-
scription with hemispheres and
octants

Fig. 3 Three-dimensional com-
puterized reconstruction of the
femoral head
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bution of the lesion in each octant. Statistical analysis of the vari-
ous etiologic factors was performed using a one-way ANOVA,
and post-hoc analysis was then performed using the LSD test.
Comparison among segments was performed using the Students’
t-test for dependent samples. Measures are expressed as mean±
standard deviation (SD) unless otherwise indicated.

Validation study

We selected nine specimens of femoral heads obtained from elder-
ly patients who had sustained femoral neck fractures and under-
gone hip hemi-arthroplasty. The specimens were trimmed and
rounded up appropriately with the aid of wax, to take the shape of
the sphere equal in diameter to the femoral head. In order to simu-
late the affected segment, part of the core of the femoral head was
curetted out and then filled with a measured volume of surgical
wax. MRI images at 4 mm increments were processed using the
same technique as the index study.

The data obtained from the validation study demonstrated that
the computerized measurements from the heads which were manu-
ally processed after hip hemi-arthroplasty operations were on av-
erage 5% larger (range 0.9–9%) than the measurements on the
MRI images from the same specimens.

Results

Ninety-eight of the 122 affected hips were symptomatic
at the time of their initial examination, and only 44% of
the 43 patients with bilateral disease had symptoms 
in both hips. The time between the onset of hip pain 
and the MRI varied from 4 to 60 months (mean
19.27 months). The remaining 24 hips which were
asymptomatic at the time of initial presentation were 
diagnosed by MRI.

Size of the lesion

The osteonecrotic segment of an equivalent to sphere
femoral head ranged from 7% to 73% (mean 29%, SD
±16%). In patients with osteonecrosis associated with
excessive use of alcohol or a history of surgically treated
femoral neck fracture (FNF), the mean size of the necrot-
ic part was 29% (±16%) and 29% (±15%) respectively.
Femoral head involvement in patients who had previous-
ly been given corticosteroids temporarily and those who
had received immunosuppressive medication continu-
ously, averaged 32% (±18%) and 26% (±17%) respec-
tively. In patients suffering from sickle cell disease it av-
eraged 36% (±20%). Patients suffering from systemic lu-
pus erythematosus (SLE) and those with idiopathic os-
teonecrosis presented an average size of lesion of 27%
(±11%) and 23% (±12%) respectively (Table 3, Fig. 4). 

When the one-way ANOVA test was used, no statisti-
cally significant differences in the size of the lesions
amongst the different etiologies were found. However,
the LSD test showed that patients with sickle cell disease
have significantly larger lesions compared with those
with idiopathic osteonecrosis (P=0.038).

Distribution of the lesion

The ASM octant was the most extensively affected, the
mean size of the necrotic segment being 59% (±28%) of
the octant. The necrotic segment varied from 52%
(±25%) in patients under immunosuppression to 71%
(±31%) in patients with SLE-related necrosis. The PSM
was the second most affected octant with a mean size of
necrotic segment of 55% (±28) (mean range by etiology:
48–60%), followed by the ASL octant with an overall
mean of 41% (±26%) (mean range by etiology:
31%–50%). The PSL octant had a mean size of lesion of
33% (±25) (mean range by etiology: 24–39%) and the
two anterior-posterior octants, AIM and PIM, had mean
values of 20% (±26%) and 13% (±19%) respectively
(mean range by etiology: 5–37% in the former and
2–31% in the latter). The mean values for the AIL and
PIL octants were 11% (±19%) (mean range by etiology:
1–25%) and 7% (±16%) (mean range by etiology:
2–28%) respectively (Table 4, Fig. 5). 

One-way ANOVA test for the affected bone in the su-
perior octants failed to demonstrate any significant dif-
ferences in the distribution of the lesions among the eti-
ologies. The LSD test showed that the ASL octant is less
affected in cases considered as idiopathic compared with
those in which the necrosis is related to injury or overuse
of alcohol (P<0.05). In addition, the four lower octants –

Table 3 Percent of head volume affected (descending mean)

Etiology Mean Standard Range
affected deviation

Sickle cell disease 36 20 8–68
Corticosteroid 32 18 7–73
Alcohol 29 16 9–55
Injury 29 15 11–50
Immunosuppression 27 17 10–70
SLE 27 11 8–42
Idiopathic 23 12 9–40
% mean head affected 29 16 7–73

Fig. 4 Mean head volume affected by etiology (%). MEAN is the
population mean
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AIM, AIL, PIM, PIL – were more affected in osteone-
crosis related to sickle cell disease and corticosteroids
(P=0.003–0.01).

Each octant of the superior half of the sphere equiva-
lent, that is ASM, ASL, PSM and PSL, correlates with
the other three in the following way, arranged in de-
scending order of correlation coefficient: the highest
with its neighbor on the coronal plane, then with its
neighbor on the sagittal plane and the smallest with the
octant located diagonally (r=0.2–0.74, P=0.00–0.05).

Although the cases investigated in this paper were
carefully selected so that avascular necrosis could be at-
tributed to only one etiologic factor, inevitably there was
an overlap between patients suffering from SLE and
those who had a history of corticosteroid and immuno-
suppressive medication. In order to examine whether this
overlap had any effect on the results, we grouped all
SLE, corticosteroid and immunosuppressive cases to-
gether and performed the statistical analysis again. There
was no difference compared with the previous results.

Relation to other factors

Other factors taken into consideration were gender, age,
number of hips involved, disease duration, pain intensity
and limping disability. Only the symptomatic hips were

taken into account when examining the femoral head
measurements in relation to disease duration, pain inten-
sity and limping disability. Below are cited all the statis-
tically significant differences found in each of the above-
mentioned factors:

Gender

Male patients had a shorter disease duration (mean
16 months versus 24.6 months for females, P=0.02).

Age

Three groups were formed (Table 5) according to age.
The anterior octants ASM, ASL, AIM and AIL were
more affected in patients between 26 to 35 years of age
than in the younger age groups (P=0.025–0.03).

Number of hips involved

Three groups were formed (Table 5) according to how
many hips were affected. The PSM octant was more af-

Table 4 Percent volume affected for each octant (descending mean)

Octants Mean Standard Range
affected deviation

Anterior superior medial 59 28 4–100
Posterior superior medial 55 28 8–100
Anterior superior lateral 41 26 1–100
Posterior superior lateral 33 25 2 to 100
Anterior inferior medial 20 26 0–90
Posterior inferior medial 13 19 0 to 79
Anterior inferior lateral 11 19 0–94
Posterior inferior lateral 7 16 0–98

Fig. 5 Mean volume affected for each octant by etiology (%).
MEAN is the octant population mean

Table 5 Grouping by age, number of hips involved, disease dura-
tion, pain intensity and limping disability

No. of hips % PSM
in group affected

Grouping by age
Patients younger than 26 years 34 59
Patients 26–35 years 48 52
Patients older than 35 years 40 51

Grouping by number of hips involved
Patients with only left hip involved 16 41
Patients with only right hip involved 20 64
Patients with both hips involved 86 53

Grouping by disease duration
Patients with disease duration less than 53 45
12 months
Patients with disease duration 12–24 months 39 62
Patients with disease duration more than 30 62
24 months

Grouping by pain intensity
Patients who did not report pain 24 18
Patients with slight pain 19 45
Patients with medium-intensity pain 50 60
Patients with severe pain 29 64

Grouping by limping disability
Patients with no limping disability 28 38
Patients with slight limping disability 36 43
Patients with intermediate limping disability 40 64
Patients with severe limping disability 18 65
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fected in patients in whom only the right hip was in-
volved than in those whose left hip only was affected
(mean 64% versus 41%, P=0.027).

Disease duration

Three groups were formed (Table 5) according to the
disease duration. ANOVA showed that there was a statis-
tically significant difference in PSM octant involvement
among all groups (P=0.04). It is less affected in patients
with a disease duration of less than 12 months compared
with those having a duration of 12–24 months (P=0.029)
or more (P=0.04).

Pain intensity

Four groups were formed (Table 5) according to pain in-
tensity. ANOVA showed that there was a statistically sig-
nificant difference in PSM octant involvement among all
groups (P=0.045). Specifically, the lesion was signifi-
cantly smaller in patients with no pain than in those with
moderate (P=0.045) or severe pain (P=0.035).

Limping disability

Four groups were formed (Table 5) according to the se-
verity of limping disability. ANOVA showed that among
all four groups there was a difference in the disease dura-
tion (P=0.029). Examining individual groups, patients
with severe limping disability had a longer disease dura-
tion than those with slight (P=0.02) or intermediate
(P=0.003) limping disability. In addition, the PSM octant
was more affected in patients with intermediate limping
disability than in those with slight limping disability
(P=0.02).

The variation in PSM involvement with factors other
than etiology is depicted in Fig. 6.

Discussion

A number of studies have indicated that the fate of os-
teonecrosis of the femoral head is affected by the extent,
location and distribution of the necrotic lesion. Small le-
sions, away from the articular surface, have a more be-
nign natural history if left untreated [1, 3, 13, 14]. In
contrast, large lesions extending to the subchondral bone
of weight-bearing regions demonstrate very rapid deteri-
oration whether they are treated or not [1, 3, 8, 9, 14, 15,
16]. The need for a three-dimensional description of the
lesion is thus justified. In this study, the actual size of
each lesion was measured and expressed as a percentage
of the sphere equivalent of the femoral head, thus nor-
malizing size differences of femoral heads between pa-
tients.

The size of the lesion as measured by the methodolo-
gy used in this study contradicts the measurements pro-
posed by Steinberg et al. [14] and Koo et al. [3], who
used calculations from central coronal MRI slices which
were extrapolated from the total femoral head and not
from three-dimensional reconstructed images. The inte-
gration of sequential slices at increments of 4 mm on
which the affected segments with all their spatial irregu-
larities were meticulously digitized, made possible the
calculation of the actual affected volume. The affected
segment collapse was adjusted by extraction of the area
between the corresponding circle (for each slice) and the
subchondral plate at its collapsed position. We also be-
lieve that these authors’ measurements are less accurate
because they account for the femoral head volume by 
using subjective limits of the femoral head [1, 2, 3, 4, 14,
17, 18, 19].

In the present study the pathologic bone was invari-
ably located towards the medial, superior and anterior re-
gions of the femoral head. In more advanced cases, col-
lapse was also present in the same locations. These ob-
servations are consistent with biomechanically deter-
mined loading conditions at the corresponding articular
surface. The resultant contact loads on the articular sur-
face in the stance phase of the patient’s gait are always
directed inferiorly, laterally and posteriorly, from the ac-
etabulum towards the femoral head [11, 20]. These di-
rections do not change throughout daily activities regard-
less of the orientation of the hip. Most authors suggest
that the various etiologic factors act through a common
pathway, exerting an ischemic insult on a certain region
of the femoral head [5, 20]. The uniform appearance of
lesions in the superior, medial and anterior segments em-
phasizes the role of the mechanical environment under
the articular surface of the femoral head as a major de-
terminant of the location in which osteonecrosis is estab-
lished. The various etiologic factors examined in our
study did not appear to influence the location of the ne-
crosis. Sickle cell disease, however, resulted in larger le-
sions than the other etiologic factors.

Fig. 6 Mean PSM volume affected by factors other than etiology (%)
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In contrast to the consistency of the location of the le-
sion in the femoral heads, there was a considerable vari-
ation in the size and distribution of the pathologic bone
towards the superior-lateral octants. The extent of patho-
logic bone in the anterior-superior-lateral octant present-
ed significant variability among the different etiologic
factors, with alcohol and trauma being associated with
significantly larger lesions. This observation emphasizes
the prognostic value of an accurate assessment of the
configuration and distribution of osteonecrosis, as wide
lesions extending laterally beyond the lip of the acetabu-
lum may be more susceptible to collapse compared with
those contained medial to its limits. In narrow medially
located lesions, a lateral supportive pillar of intact bone
probably acts as a stress shield for the pathologic seg-
ment, protecting it from loads which may exceed its ulti-
mate strength [19, 20]. As Steinberg et al. [14] and Koo
and Kim [3] have demonstrated, apart from the stage and
size of the lesion, the geographical distribution of the af-
fected bone in relation to the weight-bearing surface de-
termines, as a crucial factor, the prognosis and clinical
outcome for any joint-preserving treatment for avascular
necrosis [2, 3, 12, 14, 18, 19]. In an anatomically normal
hip the articular surface of the femoral head measures
120% of the hemisphere, while the acetabulum is only
75% of the hemisphere. This means that the covered seg-
ment of the femoral head never exceeds 63% of its artic-
ular surface. Therefore broader lesions are barely con-
tained in the acetabulum and become more susceptible to
collapse [11].

ANOVA failed to show any statistically significant
difference in the size and distribution of the lesion among
the etiologies. This may be due to the fact that osteone-
crosis is a chronic and evolving disease and therefore as
the MRI scans were taken long after the symptoms start-
ed (range 4–60 months, mean 19.27 months) the contri-
bution of mechanical factors would have superseded that
of etiology, if any. Unfortunately there were only 24 hips
without symptoms that could be tested for the potential
effect of etiology on the size and distribution of the lesion
– a number which was not adequate for statistical analy-
sis, given the seven etiologies that were being considered.

The extent of PSM octant involvement correlates di-
rectly with the intensity of the symptoms, probably due
to the exposure of the more affected area to continuous
loading from contact forces. Also, the posterior octants
are more affected at younger ages.

The accuracy and precision of the method employed
in this study was validated in a laboratory setting on hu-
man specimens. The tendency to undersize the lesion by
an average of 5% is probably related to the more ill-
defined limits of the pathologic bone in some MRI 
images where the investigators preferred to trace the 
outermost limits of the pathologic signal [22]. This error
is insignificant for all practical purposes, that is the se-
verity, treatment selection and prognosis of the head os-

teonecrosis. A number of factors such as the quality of
MRI imaging, the number and orientation of the avail-
able sections, image processing methodology, the pres-
ence of articular collapse and the use of appropriate im-
age analysis hardware and software, may also influence
the data. As the software becomes easier to use, the tech-
nique may provide a valuable tool for a more accurate
assessment of size, location, configuration and distribu-
tion of necrotic lesions in the subchondral region of the
femoral head. This may allow a more reliable prognosis
and better selection criteria for treatment, as well as pro-
viding a means for evaluation of surgical results of the
treatment. At present the method cannot be fully auto-
mated, since the physician must determine the sphere
equivalent.

Other attempts at quantifying osteonecrosis have been
reported. Koo and Kim [3] proposed measurement of an-
gles on MRI slices. Both Steinberg et al.’s classification
system [14] and the ARCO system recognize the impor-
tance of measuring the size of necrosis and scaling the
severity of the disease. They propose the use of angles
on either MRI or X-ray images for quantification of the
femoral head in percentiles [14, 18, 20]. A major prob-
lem in these methods for quantification which use non-
descriptive measurements in one plane is the lack of ac-
curacy and low reproducibility in describing the three-
dimensional configuration of the necrotic region based
on one or two projections from radiographs or a central
coronal MRI slice [23, 24, 25, 26]. In an extensive re-
view of the imaging modalities for osteonecrosis we did
not find an accurate descriptive tool for quantification
which employs three-dimensional reconstruction from
standard MRI sequence with multiple images. With the
proposed method, the distribution and three-dimensional
orientation of the pathologic bone in the subchondral 
area was precisely described.

In conclusion, the use of this method may offer a rea-
sonable and straightforward imaging tool for quantifica-
tion and volumetric description of osteonecrosis which is
accurate for the size and the spatial configuration of le-
sions, provides a precise prognostic assessment, and may
improve preoperative planning and intraoperative accu-
racy in cases of grafting procedures or drilling into the
lesion. We are currently developing this method to make
it simpler, easier to use and to expand its use to other
skeletal sites where avascular necrosis occurs.
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