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A B S T R A C T

Background: Like osteonecrosis of the femoral head (ONFH), subchondral insufficiency fracture of the femoral
head (SIF) causes femoral head collapse. However, little is known about the differences between the two diseases
regarding the morphological features of the collapsed lesion. We tested the hypothesis that the morphological
features of the lateral collapsed lesion would differ between ONFH and SIF.
Methods: Twenty femoral heads histopathologically diagnosed as ONFH (n = 10) or SIF (n = 10) were used in
this study. In the lateral collapsed lesion of each femoral head, cubic regions of interest (ROIs) were selected
within the collapsed subchondral area and the nearby non-collapsed subchondral area. Micro-CT-based micro-
architectural parameters were compared between the ROIs in each disease. Additionally, correlations between
histopathological and microarchitectural features were evaluated.
Results: In ONFH, bone volume fraction, trabecular thickness, and bone mineral density in the collapsed area
were all significantly lower than those in the nearby non-collapsed area where thickened bone trabeculae ac-
companied by appositional bone formation were invariably seen. On the other hand, in SIF there were no
significant differences between the ROIs in any of these microarchitectural parameters. Histopathologically,
varying degrees of callus formation overlying the fracture of the subchondral plate were seen around the lateral
collapsed lesion.
Conclusion: The morphological features of the lateral collapsed lesion were inconsistent between ONFH and SIF,
suggesting different pathomechanisms of femoral head collapse.

1. Introduction

Collapse of the femoral head is a well-known condition that leads to
deterioration of the hip joint [1,2] and is most commonly caused by
osteonecrosis of the femoral head (ONFH) [3]. Although the precise
pathomechanisms of femoral head collapse in ONFH have not been
fully elucidated, several studies have demonstrated the significance of
the lateral boundary of the necrotic lesion in terms of the risk of col-
lapse. A previous study of femoral head specimens demonstrated that
collapse was consistently associated with subchondral fracture at the
lateral boundary of the necrotic lesion [4]. In a finite element analysis
study, stress was found to be concentrated at the lateral boundary of the

femoral head surface before collapse, where sclerotic rim changes were
confirmed [5]. These findings suggest that stress concentrated at the
lateral boundary causes shear stress between the thickened trabeculae
of the reparative zone and the nearby necrotic trabeculae, resulting in
subchondral fracture.

Subchondral insufficiency fracture of the femoral head (SIF) has
recently come to be recognized as one of the conditions causing femoral
head collapse [6,7]. SIF is characterized by acute hip pain without
antecedent trauma, and is more common in osteoporotic elderly pa-
tients than in younger patients. Although SIF and ONFH share similar
radiological findings, such as the crescent sign, the cut section of the
femoral head in SIF is quite different from that in ONFH. Specifically,
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while wedged-shaped opaque yellow region is typically observed in
ONFH [1], it is never seen in SIF [8]. Histologically, SIF is characterized
by fracture callus accompanied by granulation tissue around the sub-
chondral fractured area [8]. Although small foci of necrosis are often
observed in the collapsed lesion, the absence of a primary osteonecrotic
lesion surrounded by a reparative zone is a feature of SIF that distin-
guishes it from ONFH [9].

Recently, the examination of bone microarchitecture by micro-
computed tomography (CT) has been used to evaluate the morpholo-
gical features of cancellous bones [10,11]. Since this microarchitecture
is considered to be correlated with bone strength [12], assessing it in
the location of the collapsed lesion may clarify how specific diseases
result in femoral head collapse.

No studies thus far have focused on differences in the micro-
architectural features of the collapsed lesion between ONFH and SIF.
Since the lateral collapsed lesion is considered to be a key region in SIF
[13,14], we hypothesized that morphological features at the lateral
collapsed lesion might differ between ONFH and SIF. In this study, we
compared the characteristics of the bone microarchitecture at the lat-
eral collapsed lesion in both diseases.

2. Materials and methods

2.1. Materials

Our institutional review board approved this study, and written
informed consent was obtained from all patients in accordance with the
Declaration of Helsinki. The inclusion criteria for the femoral heads in
this study were: (1) histopathological diagnosis as ONFH or SIF, and (2)
less than 3-mm depth of collapse. We reviewed 150 consecutive pa-
tients with ONFH and 35 consecutive patients with SIF who underwent
total hip arthroplasty between October 2010 and September 2019. A
total of 117 hips with ONFH and 25 hips with SIF were excluded from
the study due to the presence of osteoarthritic changes or severe fe-
moral head collapse (depth greater than 3 mm). Of the remaining 33
hips with ONFH, 23 were excluded due to unavailable specimens or
micro-CT data. Finally, 20 femoral heads that were histopathologically
diagnosed as ONFH (n = 10) or SIF (n = 10) were used in this study.
ONFH was defined by a zonal pattern comprising an area of bone in-
farction, reparative granulation, and viable tissue [15]. SIF was defined
by a whitish-gray area consisting of irregularly arranged fracture callus,
reactive cartilage, and granulation tissue [6,8,9]. Although small areas
of necrotic bone trabeculae and bone marrow may be observed in SIF,
such necrosis is confined to the area around the fracture line that shows
no evidence of antecedent bone infarction [1,8,9]. Histopathological
diagnosis was achieved by consensus by two observers with extensive
relevant experience. ONFH patients consisted of eight males and two

females with a mean age of 44 years (range: 34–55 years). SIF patients
consisted of two males and eight females with a mean age of 70 years
(range: 52–84 years). Five resected femoral heads from patients with
femoral neck fracture (FNF) were used as a control; these patients
consisted of four males and one female with a mean age of 69 years
(range: 59–75 years). In ONFH, four patients had a history of corti-
costeroid pulse therapy, and one of these patients was still receiving
corticosteroids at the time of surgery. Both a bisphosphonate and vi-
tamin D were administered to two patients with a history of corticos-
teroid treatment. In SIF, a selective estrogen receptor modulator was
administered to one patient, and vitamin D was administered to two
patients. In the control, none of the patients were receiving medication
that may have affected bone metabolism. The mean duration from pain
onset to surgery was 6.4 months (range: 2–14 months) in ONFH, and
2.9 months (range: 2–5 months) in SIF. In addition, the location of the
necrotic lesion in ONFH was classified using the Japanese Investigation
Committee classification system [16], as follows: type C1 in four hips
and type C2 in six hips.

2.2. Lateral collapsed lesion on micro-CT

All femoral heads were scanned with high-resolution micro-CT
(R_mCT T1; Rigaku, Tokyo, Japan) immediately after harvest. Scanning
was performed with a voltage of 60 kV, current of 60 μA, resolution of
50 μm per pixel, and slice thickness of 0.4 mm.

A lateral collapsed lesion was defined as a subchondral region that
included a fracture of the subchondral plate, and that was clearly
identified on sequential coronal micro-CT slices (Fig. 1). First, we
evaluated whether a lateral collapsed lesion was present anywhere on
the femoral head. Since the lateral collapsed lesion was commonly
observed at the central coronal slice area in all 20 femoral heads, the
microarchitecture and histopathology of this area were evaluated. Ad-
ditionally, we evaluated the condition of the medial portion of the
collapsed lesion.

2.3. Microarchitectural examination

We set two pairs of 5-mm cubic regions of interest (ROIs) around the
lateral collapsed lesion in the central portion. Two ROIs were set ad-
jacent to the fracture of the subchondral plate, one in the collapsed area
and the other in the non-collapsed area (Fig. 2). In control femoral
heads, two adjacent cubic ROIs were set at the lateral area corre-
sponding to the site of the lateral collapsed lesion in non-control fe-
moral heads (Fig. 2).

The bone microarchitecture of the lateral collapsed lesion was as-
sessed using a 3D image analysis system (TRI/3D-BON; RATOC System
Engineering, Tokyo, Japan) using a reference phantom (Kyoto Kagaku,

Fig. 1. Using micro-CT, the lateral collapsed lesion was defined as the lateral subchondral region that included a fracture of the subchondral plate (white arrow).
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Kyoto, Japan) [17]. In each of the diseases, the following bone para-
meters were compared between the ROIs of adjacent subchondral areas:
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), and bone mineral density (BMD) [18].

2.4. Histopathological examination

After micro-CT scanning, all femoral heads were fixed in 4% par-
aformaldehyde for three days and soaked in 70% ethanol for one day to
remove fat from the bone marrow, then cut along the coronal plane into
3-mm-thick sections parallel to the cervical axis. Thereafter, the sam-
ples were decalcified using EDTA for seven days, embedded in paraffin,
and cut into 3-μm-thick sections. Hematoxylin and eosin (HE) staining
was performed to evaluate the histopathological appearance in the mid-
coronal slices of the femoral heads. Evaluation areas of 5 mm square

were selected in both the collapsed area and the nearby non-collapsed
area at the lateral collapsed lesion where the microarchitecture was
evaluated on micro-CT. The trabecular thickness, proportion of empty
lacunae, and cartilage thickness were evaluated in five randomly se-
lected fields of view. The number of multinuclear giant cells per mm2

was calculated based on the size of the evaluation area.

2.5. Clinical image evaluation by Hounsfield unit values on CT

To evaluate the BMD of the lateral collapsed lesion, we examined
Hounsfield unit (HU) values of plain CT images obtained within a
month before surgery [19,20]. We used non-contrast CT images
(Aquilion scanner; Toshiba, Tochigi, Japan) using a tube voltage of
120 kVp and 2-mm intervals, with a slice thickness of 0.63 mm. CT
images were available for eight patients with ONFH and eight patients

SIFONFH

(1)
(2)

View from above View from above

(1)
(2)

Fig. 2. Two-dimensional micro-CT images show central slices of the femoral head in osteonecrosis of the femoral head (ONFH) and subchondral insufficiency fracture
of the femoral head (SIF). White arrows indicate a fracture of the subchondral plate. For microarchitectural analysis, regions of interest consisting of two 5-mm cubes
were defined in each of two subchondral areas of the femoral head: (1) the non-collapsed area and (2) the nearby collapsed area. In the controls, two pairs of adjacent
cubic ROIs were defined in the lateral area, corresponding to (3) the non-collapsed area and (4) the collapsed area in SIF. The black dotted line in the 3-dimensional
micro-CT image indicates a fracture line of the subchondral plate.
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with SIF. A 5.0 mm × 5.0 mm square ROI was defined in the collapsed
subchondral area and in the nearby non-collapsed subchondral area in
each of three sequential coronal slices (Fig. 3). The ROI locations cor-
responded to the regions used in the aforementioned microarchitectural
examination. The HU values of the ROIs were measured using a DICOM
viewer (ONIS 2.5 free edition; Digitalcore, Tokyo, Japan). To decrease
slice-specific differences, the average HU value of the three slices was
used for the examination [20].

2.6. Statistical analysis

Data are expressed as means ± SD. Two observers (KK and MX)
independently and blindly evaluated the histopathological parameters
at monthly intervals. The intra- and inter-observer reliabilities were
assessed using intraclass correlation coefficients. The intraclass corre-
lation was defined as substantial when the value was 0.61–0.80, and as
almost perfect when the value was>0.80.

In each disease, the microarchitectural parameters, histopatholo-
gical parameters, and HU values were compared between the non-col-
lapsed area and the nearby collapsed area using the Wilcoxon signed-
rank test. The Spearman rank correlation coefficient was used to eval-
uate the correlations between HU values and microarchitectural para-
meters. The statistical analysis was performed using the JMP 13.0
software package (SAS Institute, Cary, NC, USA). A p-value of< 0.05
was considered to be statistically significant.

3. Results

3.1. Distribution of lateral collapsed lesions

In ONFH femoral heads, the lateral collapsed lesions were widely
distributed from the anterior to central portion, whereas they were
distributed mainly in the central portion in SIF femoral heads (Fig. 4).

The lateral collapsed lesion had more severe depression than the
medial collapsed lesion in all ONFH femoral heads, whereas the medial
collapsed lesion had more severe depression in two SIF femoral heads.

3.2. Bone microarchitecture at the lateral collapsed lesion

In ONFH, the values of BV/TV, Tb.Th, and BMD in the non-

collapsed area (60.2 ± 9.0%, 612 ± 119 μm, 320 ± 33 mg/cm3,
respectively) were significantly higher than those in the collapsed area
(51.7 ± 10.6%, 455 ± 84 μm, and 285 ± 32 mg/cm3, respectively)
(p < 0.01, p < 0.001, and p < 0.001, respectively). There was no
significant difference in Tb.Sp between the non-collapsed area
(403 ± 150 μm) and the collapsed area (442 ± 149 μm) (p = 0.32).
On the other hand, in SIF, the values of BV/TV, Tb.Th, Tb.Sp, and BMD
showed no significant differences between the non-collapsed area
(47.9 ± 13.5%, 486 ± 150 μm, 547 ± 166 μm, and 260 ± 42 mg/
cm3, respectively) and the collapsed area (53.0 ± 10.6%,
492 ± 97 μm, 442 ± 149 μm, and 277 ± 43 mg/cm3, respectively)
(p = 0.23, p = 0.44, p = 0.053, and p = 0.19, respectively). In the
controls, there was no significant difference in microarchitectural
parameters between the two lateral areas, which showed similar trends
to SIF (BV/TV: 39.9 ± 13.2% vs 34.0 ± 7.4%, respectively, p= 0.07;
Tb.Th: 310 ± 74 μm vs 289 ± 45 μm, respectively, p = 0.11; Tb.Sp:
520 ± 178 μm vs 575 ± 121 μm, respectively, p = 0.14; BMD:
239 ± 37 mg/cm3 vs 233 ± 31 mg/cm3, respectively, p = 0.10)
(Fig. 5).

3.3. Histopathological findings at the lateral collapsed lesion

In ONFH, thickened trabeculae with appositional bone formation
were observed in the non-collapsed area (Fig. 6A, B), which was con-
sistent with a significant increase in the trabecular thickness in the non-
collapsed area (p < 0.01). Massive empty lacunae were observed in
the collapsed area, which was consistent with a significant increase in
the proportion of empty lacunae in the collapsed area (p < 0.01)
(Fig. 6A, C). The number of multinuclear giant cells in the non-col-
lapsed area was significantly higher than that in the collapsed area
(p < 0.05) (Table 1).

In SIF, varying degrees of callus formation and granulation tissue
were seen in both the collapsed area and the nearby non-collapsed area
around the lateral collapsed lesion (Fig. 6D, E). Regarding histopatho-
logical parameters, there were no significant differences between the
non-collapsed and nearby collapsed areas in terms of trabecular thick-
ness (p = 0.19), proportion of empty lacunae (p = 0.06), or cartilage
thickness (p= 0.18). The number of multinuclear giant cells in the non-
collapsed area was significantly lower than that in the collapsed area
(p < 0.01) (Table 1) (Fig. 6F).

Fig. 3. Defining the region of interest (ROI) for the measurement of Hounsfield unit (HU) values. The ROI was set as two 5.0 mm × 5.0 mm squares, one in the
collapsed subchondral area and one in the nearby non-collapsed subchondral area on the central three slices. The white arrow indicates slight depression of the
femoral head surface.
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Both the intra- and inter-observer reliabilities of the proportion of
empty lacunae, number of multinuclear giant cells, and cartilage
thickness were almost perfect (0.85–0.97 and 0.94–0.98, respectively
for intra- and inter-observer reliabilities). The intra- and inter-observer

reliabilities of the trabecular thickness were substantial (0.68, 0.77,
respectively).

SIFONFH

Anterior

Posterior

Central

1 2 3 4 5 6 7 8 91 2 3 4 5 6 7 8 9

View from above

Case number

Lat Med

1010

Fig. 4. The distribution of fractures of the subchondral plate in osteonecrosis of the femoral head (ONFH) and subchondral insufficiency fracture (SIF). Bands indicate
the anteroposterior distribution of the fracture.

Fig. 5. Comparison of microarchitectural bone parameters between the non-collapsed and collapsed areas in osteonecrosis of the femoral head (ONFH) and sub-
chondral insufficiency fracture of the femoral head (SIF). Statistical significance is defined as p < 0.05. BV/TV = bone volume fraction, Tb.Th = trabecular
thickness, Tb.Sp = trabecular separation, BMD = bone mineral density.
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A
Collapsed areaNon-collapsed area

B C

Collapsed areaNon-collapsed area

FE 

500 μm

D

Fig. 6. A Histopathological findings show different
findings between the non-collapsed and collapsed areas
in osteonecrosis of the femoral head (ONFH). A black
arrow indicates the lateral subchondral fracture.
B A thickened trabecula with appositional bone forma-
tion (black arrowheads), which is characteristic of the
reparative zone in ONFH, is observed in the non-col-
lapsed area.
C The thin trabecula and its massive empty lacunae
(black arrows), which are characteristic of the necrotic
zone in ONFH, is observed in the collapsed area.
D The histopathological findings are similar between the
non-collapsed and collapsed areas in subchondral in-
sufficiency fracture of the femoral head (SIF). Callus
formation like bridging callus overlying a fracture of the
subchondral plate is observed around the lateral col-
lapsed lesion. A black arrowhead indicates the depres-
sion of articular cartilage associated with the lateral
collapsed lesion. A black arrow indicates the lateral
subchondral fracture.
E Vigorous callus formation is observed in the sub-
chondral area around the lateral collapsed lesion in SIF.
F Numerous multinuclear giant cells are observed in the
collapsed area in SIF (black arrows).

K. Kawano, et al. Bone 141 (2020) 115585

6



3.4. HU values of the lateral collapsed lesion (Fig. 7)

In ONFH, the mean HU value of the non-collapsed area (510 ± 99)
was significantly higher than that of the collapsed area (391 ± 54)
(p < 0.05). On the other hand, in SIF, there was no significant dif-
ference between the non-collapsed area (303 ± 46) and the collapsed
area (363 ± 66) (p = 0.07). The mean HU value of the lateral col-
lapsed lesion showed a significant correlation with the BMD obtained
from microarchitectural examination (r = 0.57, p < 0.001).

4. Discussion

This study is the first to demonstrate morphological differences in
the collapsed femoral head between ONFH and SIF by focusing on the
lateral collapsed lesion. In ONFH femoral heads, the non-collapsed area
and the nearby collapsed area showed significant differences in three
microarchitectural parameters, namely BV/TV, Tb.Th, and BMD. These
results were supported by histopathological findings of thickened tra-
beculae accompanied by appositional bone formation in the non-col-
lapsed area, and necrotic bone trabeculae in the collapsed area.
Meanwhile, unlike in ONFH, in SIF there were no significant differences
in any microarchitectural parameters between the two sides of the
lateral collapsed lesion, suggesting that the pathomechanism of collapse
in SIF may not be the same as that in ONFH. This difference is suspected
to be due to the presence or absence of reparative sclerotic tissues.

Since the current study demonstrated the morphological features of
collapsed femoral heads, the differences between diseases may reflect a
disparity in the reparative reaction to subchondral fracture. However,

in ONFH, the reparative response to osteonecrotic lesions is considered
to start before collapse [21]. A previous FEM study also demonstrated a
similar stress distribution on the femoral head surface between pre-
collapse ONFH with sclerotic boundaries and post-collapse ONFH [5],
suggesting the presence of similar morphological features just before
and after collapse in ONFH. Although nothing could be elucidated be-
fore occurrence of collapse in SIF, we believe that the discrepancies
between ONFH and SIF seen in the current study suggest different pa-
thomechanisms of collapse between the diseases.

Considering that SIF can even occur in young patients and is asso-
ciated with risk factors other than those involving the femoral head,
such as hip dysplasia, mechanical stress, and inversion of the acetabular
labrum [14,22], it is speculated that a strong focal force causes femoral
head collapse in SIF. Surprisingly, there have been few reports on the
mechanism of osteoporotic fractures [23], and this remains an un-
resolved issue. In this study, a histopathological feature of the lateral
collapsed lesion in SIF was a larger number of osteoclast-like multi-
nuclear giant cells than in ONFH. Since femoral head collapse generally
results in the destruction of numerous bone trabeculae, which induce
the recruitment and differentiation of osteoclasts if the area is still vi-
able [24], the increase in the number of multinuclear giant cells in the
collapsed area may be a reaction to fractures. Although the mechanism
of collapse could not be elucidated from this study, given that bispho-
sphonates prevent vertebral body fractures by inhibiting bone resorp-
tion, trabeculae that are mechanically weakened by osteoclastic bone
resorption may cause femoral head collapse in SIF [25]. Further studies
using mechanical tests should be performed to elucidate the mechanism
of collapse in SIF.

Table 1
Comparison of histopathological findings between the non-collapsed and collapsed areas in osteonecrosis of the femoral head (ONFH) and subchondral insufficiency
fracture of the femoral head (SIF).

Comparisons between the non-collapsed and collapsed areas

ONFH SIF

Non-collapsed area Collapsed area p Non-collapsed area Collapsed area p

Trabecular thickness (μm) 275 ± 77 189 ± 47 <0.01 218 ± 117 209 ± 100 0.19
Empty lacunae (%) 45 ± 25 82 ± 14 <0.01 4.2 ± 3.0 6.1 ± 4.4 0.06
Multinuclear giant cell (/mm2 × 10) 1.1 ± 0.9 0.1 ± 0.4 <0.05 3.9 ± 2.7 9.7 ± 8.0 < 0.01
Cartilage thickness (μm) 1203 ± 465 1400 ± 456 0.21 1165 ± 403 1355 ± 551 0.18

Fig. 7. Comparison of the mean Hounsfield unit (HU) values between the non-collapsed and collapsed areas in osteonecrosis of the femoral head (ONFH) and
subchondral insufficiency fracture of the femoral head (SIF). Statistical significance is defined as p < 0.05.
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Compared to SIF, the number of multinuclear giant cells in the non-
collapsed area was found to be increased in ONFH, which is consistent
with a previous report showing that the number of osteoclasts in the
reparative zone was significantly higher than that in the necrotic zone
[26]. Another study demonstrated that while the osteoclast number was
not increased at the non-collapsed sclerotic boundary of the necrotic
lesion, it was higher at the collapsed boundary [27]. Considering that
the femoral heads evaluated in the current study were already col-
lapsed, we suppose that the increase of multinuclear giant cells in the
non-collapsed area in ONFH may be the result of collapse.

HU values on plain CT represent a normalized index of X-ray at-
tenuation based on a scale ranging from −1000 for air to 0 for water
[28]. HU values have been shown to correlate with BMD values ob-
tained using various measurement methods, such as dual-energy X-ray
absorptiometry and quantitative CT, suggesting their clinical utility
[29,30]. In our study, microarchitectural analysis using micro-CT
showed that the HU values around the lateral collapsed lesion corre-
lated with BMD. Also, the evaluation using HU values was able to detect
the difference between the two sides of the lateral collapsed lesion in
ONFH, as seen in the microarchitectural evaluation. In addition, the HU
values identified the difference in characteristics of the lateral collapsed
lesion between ONFH and SIF, suggesting that plain CT may be a useful
tool for distinguishing the two diseases.

Our study has several limitations. First, we analyzed only 10 fe-
moral heads each in SIF and ONFH. The precise histopathological di-
agnosis of SIF is difficult for femoral heads with severe collapse. To
minimize the effect of collapse on the microarchitecture, we focused on
cases in which the depth of collapse was less than 3 mm. However, in
both diseases it was difficult to obtain femoral heads with only a slight
collapse, since in addition to the rarity of SIF, joint-preserving surgery is
often performed for ONFH patients with minimal collapse. Despite the
small number of cases, it is meaningful to evaluate femoral heads with
minimal collapse in accurately diagnosed ONFH or SIF. Second, the
patient age distribution differed between SIF and ONFH, which may
have affected the microarchitectural results. However, we avoided this
problem by evaluating the microarchitectural features of each disease
separately rather than in comparison with each other. Third, we eval-
uated femoral heads that had already collapsed. It is important to
evaluate the pathophysiology before collapse to determine the me-
chanism involved, but it is impossible to identify SIF before collapse.
Nonetheless, by focusing on cases with minimal collapse, we succeeded
in identifying differences between the two diseases, thus elucidating
how features of collapse are impacted by the presence of necrotic lesion
surrounded by reparative tissues. Further studies are needed to clarify
the mechanism of collapse. Fourth, ONFH and SIF differed regarding
medication history and the duration from pain onset to surgery.
Although these factors might cause variability in the microarchitectural
parameters even in the same disease, we feel that our results are
meaningful and provide certain characteristics of microarchitecture in
each disease.

In conclusion, the morphological features of the lateral collapsed
lesion were inconsistent between ONFH and SIF, suggesting different
pathomechanisms of femoral head collapse.
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