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Abstract
Purpose To verify the hypothesis that depth of the low-intensity band on T1-weighted MR image is useful for distinguishing 
subchondral insufficiency fracture (SIF) from osteonecrosis of the collapsed femoral head (ON).
Patients and methods We reviewed 35 consecutive hips in 35 patients with radiological evidence of subchondral collapse of 
the femoral head and available MR images and histology between May 2013 and January 2016. Both clinical and radiologi-
cal appearances were investigated. The ratios of distance from articular surface of the femoral head to the T1 low-intensity 
band to femoral head diameter (band depth ratio: BDR) on (1) mid-coronal slice of MR images and that on (2) coronal slice 
of MR images in which the highest BDR was observed, were calculated.
Results The mean age in SIF group was significantly higher than that in ON group (SIF: 68 years, ON: 49 years, P = 0.0017). 
The rates of history of steroid intake or alcohol consumption in SIF group were significantly lower than those in ON group 
(P = 0.0022 and P = 0.0408, respectively). The mean BDRs in SIF group were (1) 0.16 and (2) 0.23, which were significantly 
lower than those in ON group [(1) 0.42 and (2) 0.59] (P < 0.0001 for both). The cut-off BDR values to differentiate SIF from 
ON were (1) 0.22 and (2) 0.38, respectively.
Conclusion The results of the study suggest that depth of the low-intensity band on T1-weighted MR image is useful for 
distinguishing SIF from ON in cases with collapsed femoral heads.
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Introduction

Subchondral insufficiency fracture of the femoral head (SIF) 
is one of the important diseases reflecting an aged society, 
since a SIF has so far been mainly reported in elderly women 
with osteoporosis [1–3]. It is necessary to differentiate SIF 
from osteonecrosis of the femoral head (ON), as these two 
conditions have several overlapping characteristics in both 
imaging and clinical appearances [1, 2].

A number of studies have reported useful clinical and 
imaging features for distinguishing SIF from ON, since some 
cases of SIF have been reported to heal after conservative 

therapy [4]. One of the characteristic findings in SIF has 
been reported to be the shape of the low-intensity band on 
the T1-weighted image: it is generally irregular, serpiginous, 
convex to the articular surface, and often discontinuous 
[1–3]. Conversely, in ON, it is generally smooth and cir-
cumscribes all of the necrotic segments, as the low-intensity 
band represents repaired tissue [1, 2]. However, a recent 
paper reported a SIF case with concave-shaped low-intensity 
band, such as in ON [5].

The aim of this study was to test the hypothesis that SIF 
can be differentiated from ON according to the depth of the 
low-intensity band on T1-weighted MR image in cases with 
collapsed femoral heads.
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Patients and methods

The institutional review board (IRB) approved the study. 
This study reviewed 35 consecutive hips in 35 patients with 
radiological evidence of a subchondral collapse of the fem-
oral head, where both MRI and histology were available, 
between May 2013 and January 2016. The patients included 
15 males and 20 females with a mean age of 59 years (range 
25–86 years). All hips underwent prosthetic replacement. 
Regarding the clinical factors, the history of corticosteroid 
intake or alcohol abuse was investigated. Alcohol abuse was 
defined as the consumption of more than 400 ml of ethanol 
per week, which is known to result in a significant risk for 
ON [6]. The body mass index (BMI; kg/m2) was calculated 
and obesity was defined as a BMI of 26.4 or greater [7].

Histopathological diagnoses

The histopathological diagnosis of SIF was made according 
to the following reported characteristics [1, 2]: macroscopi-
cally, a liner fracture with a whitish-gray appearance paral-
leling the subchondral bone endplate was observed: micro-
scopically, the whitish-gray area consisted of irregularly 
arranged fracture callus, reactive cartilage, and granulation 
tissue. It should be noted that small areas of necrotic bone 
trabeculae and bone marrow may be observed in SIF; how-
ever, such necrosis is confined to the area around the fracture 
line without any evidence of antecedent bone infarction [8, 
9]. The histopathological diagnosis of ON was made when 
the femoral head showed a zonal pattern comprising an area 

of bone infarction, reparative granulation tissue, and viable 
tissue [10].

Radiological evaluations

Radiographically, the presence of demarcating sclerosis, a 
subchondral fracture, and the degree of collapse of the femo-
ral head were investigated on both the anteroposterior (AP) 
and lateral views [11, 12].

MRI evaluations

The MR examinations were performed by using a 1.5-T 
system (Siemens; Erlangen, Germany) under 5 mm slice 
thickness. The matrix sizes were 192–256 × 256–512 for 
both coronal and axial images. The fields of view were 
330–350 mm for coronal images and 300–330 mm for axial 
images. The T1-weighted spin-echo (SE) images (repetition 
time/echo time [TR/TE] = 430–616/10–14 ms), fat-saturated 
T2-weighted SE images (TR/TE = 3500–5000/82–90) in the 
coronal and axial (and/or oblique-axial: paralleling the fem-
oral neck axis) planes were available in all 35 cases.

The band depths were calculated as the band depth ratios 
(BDRs) using the NIH Image freeware (Bethesda, MD, 
USA) (Fig. 1). The BDRs were calculated using following 
formula: (distance from the articular surface of the femoral 
head to the T1 low-intensity band)/femoral head diameter 
on the (1) mid-coronal slice of MR images and that on the 
(2) coronal slice of MR images in which the deepest low-
intensity band (the highest BDR) was observed. When two 
low-intensity bands were observed in a femoral head, the 

Fig. 1  Diagram showing the 
method used to calculate the 
ratios of the band depth ratio of 
the femoral head using the NIH 
Image freeware (Bethesda, MD, 
USA). The left panel is a mid-
coronal slice of the T1-weighted 
MR image. a is the diameter of 
the femoral head and b is the 
longest distance from the articu-
lar surface to the low-intensity 
band. Then, the lengths of a and 
b were automatically calculated, 
where b/a is the band depth 
ratio (BDR) on the mid-coronal 
slice of the T1-weighted MR 
image. The right panel is a coro-
nal slice (anterior slice in this 
case) of MR images in which 
the highest BDR is observed. 
b′/a′ indicate the highest BDR 
of all coronal slices
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BDRs were calculated using the distal band [13]. In addi-
tion, the location (center, anterior or posterior) of the high-
est BDR was investigated. The calculations were made by 
two observers (S.I. and G.M.), who are orthopedic surgeons 
and have extensive experience with making imaging diag-
noses. To evaluate the inter-observer reproducibility of the 
measurements of the BDRs and the locations of the highest 
BDRs, the reliability of the measurements was evaluated 
using Spearman’s correlation coefficient and kappa statistics, 
respectively. The correlations between the measurements 
were considered to be in good agreement (> 0.7) [14]. A 
kappa value of 0.21–0.4 corresponds to a fair agreement. 
A value of 0.41–0.6 represents moderate agreement, and 
values of 0.61–0.8 indicate substantial agreement. A value 
of > 0.81 is considered to be almost perfect [15].

Statistical analyses were carried out using the Chi square 
test or Fisher’s exact probability to compare sex, history of 
steroid intake or alcohol consumption, presence of radiologi-
cal demarcating sclerosis or subchondral fracture and loca-
tion of the highest BDR between the two groups. The age, 
BMI, bone mineral density (T score), degree of femoral head 
collapse, and BDRs were compared between the SIF and ON 

groups using the unpaired t test. The cut-off BDR values to 
differentiate SIF from ON were calculated using receiver 
operating characteristic (ROC) curves. In the ROC curves, 
the area under the curve (AUC) was used to test the useful 
BDRs, in which an area of 1 represented a perfect test and 
an area of 0.5 represented a worthless test. The statistical 
analyses were performed using the JMP Ver. 9.0.1 software 
program (SAS Institute Inc., Cary, NC). p values of less than 
0.05 were considered to be statistically significant.

Results

According to the histopathological findings, 18 patients (18 
hips) were diagnosed as having SIF (Fig. 2) and 17 patients 
(17 hips) as having ON (Fig. 3). The detailed clinical find-
ings of all patients are shown in Table 1. The patients in the 
SIF group included 5 males and 13 females with a mean age 
of 68 years (range 41–85 years) and ten males and seven 
females with a mean age of 49 years (range 25–86 years) 
in the ON group. There was a significant difference in the 
age between the two groups (P = 0.0017). The proportion 

Fig. 2  An 81-year-old female with a history of corticosteroid intake 
(SIF). Her body mass index (BMI) was 21.1 kg/m2. a An anteropos-
terior (AP) radiograph of the right hip at the onset of pain. A col-
lapse is not observed at the femoral head. b An AP radiograph 
3 months after the onset of pain. Both a collapse of the femoral head 
and osteoarthritic change (joint-space narrowing) are observed at 
the superolateral portion of the femoral head, although she under-
went the conservative treatment (the avoidance of weight bearing 

activities for 4 weeks). c The low-intensity band on the mid-coronal 
slice of the T1-weighted MR image (repetition time/echo time [TR/
TE] = 616/10 ms) is parallel to the subchondral bone end-plate. The 
BDR was 0.10. d The highest BDR (0.17) of all coronal slices is 
observed at the posterior portion on the femoral head. e The band 
region histopathologically corresponds to the fracture callus, reactive 
cartilage, and granulation tissue (H&E, ×40)
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of females was higher in the SIF group than that in the ON 
group. However, there was no significant difference in the 
sex between the two groups (P = 0.0636). All of the patients 
with ON had a history of corticosteroid intake or alcohol 
abuse, or both. On the other hand, only 4 of 18 patients 
(22%) with SIF had a history of corticosteroid intake, and 

one patient (6%) had a history of alcohol abuse. The rates of 
history of steroid intake or alcohol consumption in the SIF 
group were significantly lower than those in the ON group 
(P = 0.0022 and P = 0.0408, respectively).

Radiologically, in ON, nine hips were classified as stage 
3A, which indicates the collapse of the femoral head to be 

Fig. 3  A 38-year-old male with 
a history of corticosteroid intake 
(ON). a An AP radiograph of 
the left hip just before prosthetic 
replacement (Stage 3A and 
Type C2). b The low-intensity 
band on the mid-coronal slice 
of the T1-weighted MR image 
(TR/TE = 430/14) is concave 
to the articular surface. The 
BDR is 0.58. c The highest 
BDR (0.71) is observed at the 
anterior portion on the femoral 
head. d The histopathologi-
cal appearance of the necrotic 
region, which demonstrates the 
accumulation of bone marrow 
cell debris, and bone trabeculae 
with empty lacunae beneath 
the fracture line (H&E, ×40). 
e There is repair tissue in the 
reparative zone, including 
vascular granulation tissue and 
fibrous tissue (H&E, ×40)

Table 1  Clinical and imaging 
findings of  SIFa and  ONb

a Subchondral insufficiency fracture of the femoral head
b Osteonecrosis of the femoral head
c Mean (range)
d Band depth ratio

SIF (n = 18) ON (n = 17) P values

Clinical outcomes
 Age (years) 68 (41–85)c 49 (25 to 86) 0.0017
 Sex (Male/female) 5/13 10/7 0.0636
 Body mass index [kg/m2] 22.9 (16.6–32.2) 21.9 (13.7–29.4) 0.4843
 Corticosteroid intake (+) 4 (22%) 13 (76%) 0.0022
 Alcohol abuse (+) 1 (6%) 6 (35%) 0.0408
 Bone mineral density [T-score SD] − 2.3 (− 1.0 to − 3.8) − 1.0 (− 0.9 to − 3.8) 0.0079

MR imaging outcomes
 (1)  BDRd on the mid-coronal slice 0.16 (0.10–0.25) 0.42 (0.21–0.65) < 0.0001
 (2) The highest BDR of all coronal slices 0.23 (0.15–0.38) 0.59 (0.35–0.80) < 0.0001
 (2)–(1) 0.07 (0–0.26) 0.17 (0–0.39) 0.0084

Location of the highest BDR 0.1314
 Center 7 (39%) 4 (24%)
 Anterior 7 (39%) 12 (71%)
 Posterior 4 (22%) 1 (5%)
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less than 3 mm, five hips were classified as stage 3B (3 mm 
or more), and three were classified as stage 4 (osteoar-
thritic changes) according to the classification of the Japa-
nese Investigation Committee of Health and Welfare [16]. 
Localization of the affected necrotic lesion was type C1 (the 
necrotic area occupies more than two-thirds of the region 
but does not extend to the acetabular edge) in 6 hips and 
type C2 (the necrotic area occupies more than two-thirds 
of the region and extends to the acetabular edge) in 11 [16]. 
Demarcating sclerosis in the femoral head was observed 
radiographically in 9 of 18 hips (50.0%) in SIF group and 
in 11 of 17 hips (64.7%) in ON group. A subchondral frac-
ture was seen in 11 of 18 hips (61.1%) in SIF group and 
in 9 of 17 hips (52.9%) in ON group. There were no sig-
nificant differences in the rates of either demarcating scle-
rosis or subchondral fracture between SIF and ON groups 
(P = 0.3784 and P = 0.6253, respectively). Among positive 
radiological subchondral fracture cases (SIF: 11, ON: 9), 
all 11 cases with SIF showed the T1 low-intensity band on 
MR images at the subchondral portion of the femoral head, 
while only two cases with ON (22.2%) showed this findings, 
a significant difference between the groups (P = 0.0005). A 
previous report showed the proximal band at the subchon-
dral portion in case with ON corresponded to the fracture 
line with aggregation of bone debris, while the distal band 
corresponded to the reparative tissue formed around the 
osteonecrosis [13]. The mean degree of collapse of the 
femoral head was 2.1 mm (range 1–4 mm) in SIF group and 
2.5 mm (range 1–5 mm) in ON group. There was no signifi-
cant difference in the degree of collapse of the femoral head 
between SIF and ON groups (P = 0.3122).

The results of MRI evaluations are also shown in Table 1. 
The mean BDR on the (1) mid-coronal slice of MR images 
in the SIF group was 0.16, while that in the ON group was 
0.42. There was a significant difference in the BDR on the 
mid-coronal slice of MR images between the two groups 
(P < 0.0001). In the SIF group, the mean BDR on the (2) 
coronal slice of MR images in which the highest BDR was 
observed, was 0.23, while that in the ON group was 0.59. 
There was a significant difference in the highest BDR of all 
coronal MR images between the two groups (P < 0.0001). 
The mean difference between (1) the highest BDR of all 
coronal slices and (2) the BDR on the mid-coronal slice in 
the ON group was significantly larger than that in the SIF 
group (P = 0.0084). The cut-off BDR values to differenti-
ate SIF from ON were (1) 0.22 (sensitivity: 94%, specific-
ity: 94%) and (2) 0.38 (sensitivity: 100%, specificity: 94%), 
respectively (Fig. 4). Regarding the locations of the deepest 
low-intensity band (the highest BDR), in the SIF group, 7 of 
18 cases (39%) were seen in the mid-coronal slice (center), 
7 (39%) in the anterior portion and 4 (22%) in the posterior 
portion. In contrast, in the ON group, 4 of 17 cases (24%) 
were seen in the mid-coronal slice (center), 12 (71%) in the 

anterior portion and 1 (5%) in the posterior portion. A higher 
proportion of cases in the ON group demonstrated the high-
est BDR in the anterior portion than that in the SIF group; 
however, there was no significant difference between the two 
groups (P = 0.1314).

The inter-observer reproducibility of the BDR calcula-
tions on the mid-coronal section was 0.831 and those of the 
highest BDR calculations on all coronal slices was 0.781, 
which were in good agreement. The inter-observer repro-
ducibility of the definition of location (center, anterior or 
posterior) of the highest BDR was 0.903 (almost perfect).

Discussion

The findings of this study indicated that the depth of the 
low-intensity band on the T1-weighted image is a useful 
imaging tool for the differentiation of SIF from ON accord-
ing to the histopathological diagnoses of cases with SIF or 
ON. Radiologically, there were no significant differences in 
the frequency of the demarcating sclerosis or subchondral 
fracture between the SIF and ON groups, indicating that 
these findings are not sufficient to distinguish between the 
two conditions. We, therefore, recommend assessing not 
only the shape of the low-intensity band on T1-weighted 
imaging but also the depth of the low-intensity band when 
examining patients with radiological collapse of the femoral 
head [1–4, 11, 14].

Several reports have focused on useful clinical features 
for the differentiation of SIF from ON [1, 2]. The authors 
concluded that osteoporotic elderly women without any 

Fig. 4  Receiver operating characteristic (ROC) curve analysis of band 
depth ratio (BDR) on the mid-coronal slice (a) and the highest BDR 
of all coronal slices (b) for diagnosis of SIF compared to ON shown 
by ROC curves. Schematic diagrams of MRI (right femoral head) 
created according to the cut-off values to differentiate SIF from ON 
are shown in the graphs. a The area under the curve (AUC) values 
was 0.9853 in the BDR on the mid-coronal slice. The cut-off BDR 
value on the mid-coronal slice to differentiate SIF from ON is 0.22 
(sensitivity: 94%, specificity: 94%). b The AUC value was 0.9935 in 
the highest BDR of all coronal slices. The cut-off BDR value of all 
coronal slices to differentiate SIF form ON is 0.38 (sensitivity: 100%, 
specificity: 94%)



1058 Archives of Orthopaedic and Trauma Surgery (2018) 138:1053–1058

1 3

history of corticosteroid intake or alcohol abuse may have a 
high likelihood of suffering from SIF rather than ON when 
radiographs show a collapse of the femoral head [2], which 
were consistent with the majority of our cases (Table 1).

In the current study, both the mean BDR on the mid-
coronal slice and the mean highest BDR (the deepest low-
intensity band of the femoral head) of all coronal slices in 
the SIF group were significantly lower than those in the 
ON group (P < 0.0001 for both). Although there have been 
no reports focused on the depth of the low-intensity band 
on the T1-weighted images for differentiation of SIF from 
ON, the results of our study are considered to be reasonable 
because of the following factors: in SIF, the low-intensity 
band corresponds to a subchondral fracture. Therefore, it 
is generally observed at the shallow portion of the femoral 
head. In contrast, in ON, the low-intensity band represents a 
reactive interface between live and necrotic bone. Therefore, 
the low-intensity band can be observed at the deep portion 
of the femoral head.

All cases are well supported by histopathological evi-
dence, which is a strength of the paper. However, this may 
also represent a major limitation, as the results of our study 
are specific to patients who have undergone prosthetic 
replacement. Another major limitation is the small num-
ber of cases examined (SIF: 18 cases, ON: 17 cases). Fur-
ther studies with a large number of cases with or without 
subchondral collapse in order to evaluate the correlation 
between the depth of the T1 low-intensity band on MR 
images and the histopathological findings are, therefore, 
necessary. The final limitation is that a radiologist was not 
included in this study.

In conclusion, the depth of the low-intensity band (BDR) 
on the coronal slice of T1-weighted MR images is useful for 
distinguishing SIF from ON in cases with collapsed femoral 
heads.
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