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Trabecular bone microfracture pathogenesis and associated healing processes are not well understood. We ana-
lyzed themicrocalluses that formsubsequent tomicrofractures in patientswith osteoporosis (OP) using synchro-
tron radiation micro CT (SRCT).
Subchondral bone columns were extracted from the femoral heads of 11 female patients with a femoral neck
fracture. SRCT scanningwas performedwith 5.9 × 5.9 × 5.9 μm3 voxel size and themicrocallus numberwasmea-
sured in a 5-mm cubic subchondral bone region. The trabecular bonemicrostructure was measured and its rela-
tionship to the microcallus number was analyzed. In addition, the degree of mineralization of the microcallus
region and that of the rest of the trabecular bone were measured and compared.
Microcallus formations were detected in all cases, with a mean microcallus number of 4.9 (range, 2–11). The
microcallus number had a significantly negative correlationwith bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th), and degree ofmineralization, and had a positive correlation with specific bone surface (BS/BV). The
degree ofmineralization of themicrocallus regionwas lower than that of the rest of the trabecular bone andhad a
wider range of values.
Microcallus formations were frequently detected in patients with OP, andmore prevalent in the bone with thin-
ner trabeculae, suggesting microfractures might occur due to activities of daily living as the OP progresses. The
degree of mineralization of microcallus might represent the process of bone healing from immature woven
bone to mature trabecular bone.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Patients with bone fragility due to bone diseases such as osteoporo-
sis (OP), rheumatoid arthritis, and hyperparathyroidism sometimes
have bone fractures by normal impacts of daily living, which is called in-
sufficiency fracture. Insufficiency fractures usually occur at the vertebral
body, pelvis, and femoral neck. Generally, the fracture line or deforma-
tion is not clearly visible by plain radiography, and can only be detected
by computed tomography (CT) or magnetic resonance imaging (MRI).
Such fractures sometimes occur in the subchondral bone of the femoral
head, and this is now receiving attention as a “subchondral insufficiency
fracture of the femoral head” [1–3]. This condition can result in femoral
head collapse, producing a rapidly progressing deformity [4,5].

Fractures that occur in trabecular bone at a microscopic level are re-
ferred to as microfractures. A callus that subsequently forms at a
microfracture site as part of the healing process is referred to as a
852-8501, Japan. Fax: +81 95
microcallus [6,7]. Microfractures and microcalluses cannot be detected
by conventional clinical imaging equipment. It is postulated that
microfractures occur and are repaired by microcalluses even in normal
bones without any symptoms. If this bone healing is not successful,
the trabecular bone connectivity will be lost at the site of the
microfracture, resulting in trabecular structural weakness. If such
microfractures occur extensively, it can eventually cause clinical signs,
which can be related to osteoporotic pain and insufficiency fracture.

Synchrotron radiation micro CT (SRCT) has significant advantages
when comparedwith standardmicro CT. The SRCT possesses a high res-
olution and a high quantitative capability and can identify three-
dimensional (3D) trabecular bone mineralization in addition to the
bone microstructure [8–10]. Synchrotron radiation is generated by
passing electrons accelerated to the speed of light in a magnetic field.
The resulting X-ray beam is highly intense, strongly collimated, and
practically monochromatic. Artifacts such as beam hardening and
noise rarely occur with the synchrotron radiation X-rays used for
micro CT, whereas they are certainly present in conventional micro
CT. Therefore, a high quantitative performance can be achieved with
SRCT. It can be used to identify the 3D distribution of trabecular miner-
alization and to visualize the trabecular structure [11–13].
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The degree of trabecular mineralization is equivalent to the density
of the mineral deposited in collagen, and is regarded as an index of
bone turnover as well as an index of the mechanical property of the
bone [8,9]. Highly mineralized bone generally means that the bone is
mature and aged, and has low bone turnoverwith hardmaterial. Poorly
mineralized bone indicates that there is high bone turnover and soft
material. Therefore, SRCT is one of the few ways to perform 3D analysis
of the trabecular bonemicrostructure andmetabolism at the same time.

Whereas microcalluses have been detected using optical microsco-
py, electronmicroscopy, histological techniques, and radiographic tech-
niques, there has been no published report of 3D analysis using SRCT.
Although the degree of mineralization of microcallus has been analyzed
histologically [14], there has been no study which analyzed microcallus
mineralization quantitatively using SRCT. It might be possible to under-
stand more about microfracture pathogenesis and their healing pro-
cesses by performing such an analysis. A study of microcalluses in the
subchondral bone of the OP femoral headmight also lead to greater un-
derstanding of subchondral insufficiency fractures of the femoral head.

In this study, we analyzed microcallus formations that occurred
in subchondral trabecular bones of OP femoral heads using SRCT to in-
vestigate: (1) the prevalence and number of microcallus formations;
(2) the relationship betweenmicrocalluses and the trabecular bonemi-
crostructure; and (3) the characteristics of the degree of mineralization
of microcallus.

Materials and methods

Subjects

The subjects were 11 patients with femoral neck fracture who had
undergone bipolar hip arthroplasty at Nishiisahaya Hospital (mean
age, 76.2 ± 7.7; range, 65–92 years, all female). Those who were
male, patients with any symptoms in the hip joints or bone and joint
Fig. 1. a, b: A subchondral bone column 10mm in diameter and 10 mm in height was extracted
parameters, and the degree ofmineralization of the subchondral trabecular boneweremeasure
the column.
diseases such as rheumatoid arthritis, or patients with medications
that affect bone metabolism such as bisphosphonate were excluded.
Eleven femoral heads were obtained in surgery, and subchondral bone
samples were extracted from the loading area of each femoral head
(Fig. 1). Subchondral bone columns (10 mm in diameter and 10 mm
in height) were extracted using a coring reamer at a position 15 mm
outside the lateral edge of the fovea of the capitis femoris. The samples
were preserved in an acrylic case filled with physiological salt solution,
and maintained in a freezer.

The ethics review board of our institute approved the study protocol,
and all patients were provided informed consent to participate. The
study protocol complied with the World Medical Association Declara-
tion of Helsinki-Ethical Principles for Medical Research Involving
Human Subjects.

Imaging

SRCT scanning was performed at beamline BL20B2 in the synchro-
tron radiation facility SPring-8 (Hyogo, Japan). A 30-keV X-ray beam
and a 4000 × 2624-pixel charge-coupled device (CCD) camera were
used. The voxel size was 5.9 × 5.9 × 5.9 μm3. The samples were thawed
gradually at room temperature, and maintained at the same tempera-
ture while being scanned. Each sample was placed on the table, and a
1-s exposure was performed every 0.1° of rotation for a total of 180°
and 1800 radiographic projections. The total scanning time for each
sample was approximately 2.5 h. The raw data were reconstructed as
Tag Image File Format (TIFF) images.

Image analysis

The (1) microcallus number, (2) trabecular bone microstructure,
and (3) degree of mineralization of the microcallus region were mea-
sured using the bone microstructure measurement software TRI/3D-
from the loading area of the femoral head. c, d: The microcallus number, microstructural
d in a 5-mm cube region located 1mmbeneath the subchondral bone plate at the center of
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BON (Ratoc System Engineering, Tokyo, Japan). The measurement re-
gion was a 5-mm cube region located 1 mm beneath the subchondral
bone plate at the center of the extracted column (Fig. 1).

First, two observers counted the microcallus number. Discontinuous
bone-like tissues surrounding a trabecular bone circumferentially
were defined as microcalluses, as shown in Figs. 2B and C. If the bone-
like tissues were formed partially on one side, theywere not considered
to be microcalluses. All images were investigated carefully and
each microcallus was labeled in all three planes of the multi-planar
reconstruction.

Next, the trabecular bonemicrostructure wasmeasured in the same
region where the microcallus number was counted. The images were
binarizedwith a fixed threshold. The threshold between bone and back-
ground in a histogram of the image was determined by discriminant
analysis, and the mean value of the threshold for an arbitrary five sam-
ples was set as the fixed threshold. The measurement parameters were
the bone volume fraction (BV/TV) (%), the specific bone surface (BS/BV)
(mm2/mm3), the trabecular thickness (Tb.Th) (μm), the trabecular
number (Tb.N) (1/mm), the trabecular separation (Tb.Sp) (μm), the
structure model index (SMI), the degree of anisotropy (DA), and the
connectivity density (ConnD) (1/mm3) [15]. The SMI is an index for
evaluatingwhether trabecular bone is rod-like or plate-like. SMI=0 in-
dicates an ideal plate-like structure, while SMI = 3 indicates a rod-like
structure; therefore, a smaller value means a more plate-like structure.
The DA is a parameter indicating the direction of the trabecular bone,
which is determined by the mean–intercept–length (MIL) method,
and a higher value indicates higher anisotropy [16]. The ConnD is a pa-
rameter describing trabecular connectivity, and a higher value means
greater connectivity [17].

Finally, the degree of mineralization was measured. The CT value
was converted to the degree of mineralization using a calibration
curve obtained from a BMD phantom. A cylindrical stack of BMD phan-
toms made of epoxy resin with hydroxyapatite (Kyoto Kagaku, Kyoto,
Japan), which were 6 mm in diameter and 1 mm in height, ranging
from 200 to 800 mg/cm3, was scanned. The degree of mineralization
of whole trabecular bone in the measurement region was first mea-
sured. Then, as shown in Fig. 2D, microcalluses and trabecular bone in
the center of the microcallus were extracted manually, and defined as
the microcallus region. The microcallus cavities were not included in
the microcallus region.
Fig. 2. a: 3D SRCTmicrocallus image. b, c: The discontinuous bone-like tissue surrounding trabe
becular bone in its centerwere defined as amicrocallus region, and its degree ofmineralizationw
microcallus region.
In addition, we defined the trabecular bone excluding the
microcallus region as the trabecular region. Thus, the whole trabecular
bone was divided into two parts, which included both the microcallus
region and the trabecular region. The degree of mineralization of
whole trabecular bone, that of the microcallus region, and that of the
trabecular region were then measured.

Statistical analysis

Statistical analysis was performed using SPSS ver. 16.0 (SPSS,
Chicago, IL, USA). The correlations amongmicrocallus number, age, tra-
becular bone structure parameters, and degree of mineralization were
analyzed with Spearman's rank correlation coefficient test. The degree
of mineralization of themicrocallus region and that of the trabecular re-
gionwere compared using aMann–Whitney U test. The level of statisti-
cal significance was established at p b 0.01 for all analyses.

Results

As shown in Table 1, microcallus formations were detected in all 11
cases (100%), with a meanmicrocallus number of 4.9 (range, 2–11) in a
5-mmcube region. ThemeanBV/TVwas 18.7%, and themean Tb.Thwas
147.0 μm. The mean SMI was 1.31, which indicated that the trabecular
bone structure was rather plate-like.

Table 2 shows the rank correlation coefficients between microcallus
number and age, trabecular bone structure parameters, and the degree
of mineralization. The microcallus number had a significantly negative
correlation with BV/TV and Tb.Th (r = −0.744, p = 0.009 and r =
−0.878, p b 0.001, respectively), and had a positive correlation with
BS/BV (r = 0.850, p = 0.001). This means that patients with a higher
microcallus number have lower BV/TV and Tb.Th, and higher BS/BV.
The microcallus number also had a significantly negative correlation
with the degree of mineralization of whole trabecular bone (r =
−0.767, p= 0.006), so that for patientswith a highermicrocallus num-
ber, the degree of mineralization of whole trabecular bone was signifi-
cantly lower. In addition, the patients with a higher microcallus
number tended to have lower degrees of mineralization of trabecular
region (r = −0.665, p = 0.026).

The mean microcallus region mineralization was significantly lower
than that of the trabecular region, as shown in Table 1 and Fig. 3 (966.5
cular bone circumferentially was defined as amicrocallus. d: Microcallus and repaired tra-
as compared to that of the trabecular region. Themicrocallus cavitieswere not included in

image of Fig.�2


Table 1
Data of the microcallus, trabecular bone structure parameters, and the degree of mineralization.

Number of
microcallus

BV/TV
(%)

BS/BV
(1/mm)

Tb.Th
(μm)

Tb.N
(1/mm)

Tb.Sp
(μm)

SMI DA ConnD
(/mm3)

TMD All
(mg/cm3)

TMD Mc
(mg/cm3)

TMD Tb
(mg/cm3)

Mean 4.9 18.7 17.6 147.0 0.82 568.3 1.31 2.31 5.11 1032.6 966.5 1033.1
SD 3.2 3.7 2.0 21.4 0.10 99.5 0.19 0.33 1.13 33.0 66.3 33.4
Min 2 12.6 14.0 115.8 0.66 456.3 0.99 1.63 2.50 966.6 798.2 965.2
Max 11 25.5 21.2 185.1 0.97 834.2 1.61 2.80 6.79 1081.0 1086.9 1081.1

BV/TV: bone volume fraction, BS/BV: specific bone surface, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabecular separation, SMI: structure model index, DA: degree of
anisotropy, ConnD: Connectivity density, TMD All: degree of mineralization of whole trabecular bone, TMDMc: degree of mineralization of microcallus region, TMD Tb: degree of miner-
alization of trabecular region.
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and 1033.1 mg/cm3, respectively, p = 0.002). The mean distribution of
the degree of mineralization is shown in Fig. 4 and 3D color image of
the degree of mineralization and cross-sectional image are shown in
Fig. 5. The mode values were 1092.4 mg/cm3 and 1165.5 mg/cm3, the
median values were 1001.2 mg/cm3 (interquartile range, 824.7 to
1121.2 mg/cm3) and 1084.1 mg/cm3 (interquartile range, 927.2 to
1178.6 mg/cm3) for the microcallus region and trabecular region, re-
spectively. The degree of mineralization of the microcallus varied
more widely than that of the trabecular region.

Table 3 shows the rank correlation coefficients between the degree
of trabecular region mineralization, age, trabecular bone structure
parameters and the degree of mineralization. The degree of mineraliza-
tion of trabecular region had a significantly positive correlation with
Tb.Th (r = 0.736, p = 0.01). In addition, the trabecular region with
a higher degree of mineralization tended to have higher BV/TV (r =
0.655, p = 0.029), and lower BS/BV (r = −0.618, p = 0.043).

Discussion

This is the first study to analyzemicrocalluses and the associated de-
gree of mineralization three-dimensionally and quantitatively using
SRCT. There has been oneprevious study,which visualized amicrocallus
using conventional micro CT, describing the feasibility and advantages
of micro CT in terms of nondestructive and three-dimensional
microcallus formation analysis [18].

In the last decade, the technologies for minimizing beam hardening
were advanced in the conventional micro CT, and that allows us to per-
form more accurate analysis of trabecular bone mineralization com-
pared to before [19,20]. However, X-ray of the conventional micro CT
is polychromatic, while SRCT using monochromatic X-ray provides a
more accurate evaluation of bone mineralization. We thought SRCT is
necessary for the analysis on the degree of mineralization of minute
structure such as a microcallus.

In the present study, all 11 OP patients hadmicrocallus formations in
the femoral head subchondral trabecular bone with a mean of 4.9
microcallus formations in a 5-mm cube region (Table 1). Patients in
this study did not have hip pain before they sustained a femoral neck
fracture, indicating that small asymptomatic fractures at the trabecular
bone level might already have occurred in their femoral heads.
Table 2
The rank correlation coefficient between the number of microcallus formations and age, trabec

Age BV/TV BS/BV Tb.Th Tb.N Tb.Sp

r 0.005 −0.744 0.850 −0.878 −0.268 0.388
p 0.989 0.009 ** 0.001 ** b 0.001 ** 0.426 0.238

BV/TV: bone volume fraction, BS/BV: specific bone surface, Tb.Th: trabecular thickness, Tb.N: tr
anisotropy, ConnD: connectivity density, TMD All: degree of mineralization of whole trabecular
alization of trabecular region.
Spearman's rank correlation coefficient test.
**p b 0.01.
*p b 0.05.
Previously, Freeman et al. [21] and Watson [22] observed femoral
heads in OP patients with femoral neck fractures using an opticalmicro-
scope, detecting microcallus formations in all cases.

We acknowledge that patients with the greater numbers of
microcallus formations had significantly lower BV/TV and Tb.Th, higher
BS/BV, and a lower degree of mineralization (Table 2). The correlation
between microcallus formation and lower bone volume or thinner tra-
beculae suggests that a greater microcallus number is correlated with
greater bone structure fragility. However, the reduced bone volume
also produces concavities and through-holes in the trabecular bone,
which increases the surface area. The degree of mineralization on the
surface of trabecular bone is lower than that of the center. There may
be a tendency for the degree ofmineralization to be calculated lower be-
cause of the increase in surface area within the trabeculae. Thus, the
microcallus number also had a significantly negative correlation with
the degree of mineralization of whole trabecular bone. Furthermore,
microcalluses occurred at the trabeculae with low mineralization be-
cause bone strength was correlated to the degree of mineralization.

Hahn et al. evaluated 37 vertebrae using a histological technique,
and reported that microcallus formations were located mostly in the
lower thoracic and lumbar vertebrae [14]. Microcallus formations can
be frequently found where there is a trabecular bone volume of less
than 11% and higher values of trabecular bone pattern factor (TBPf).
Cheng et al. assessed microcallus formations in the 4th lumbar vertebra
(L4) and femoral neck taken from 50 cadavers, and analyzed the rela-
tionship between the number of microcallus formations counted by a
microscope and the trabecular bone structure measured by micro CT
[23]. The results indicated that the prevalence of L4 vertebrae
microcallus formation was 82%, and that of the femoral neck was 11%.
The L4 vertebrae with a lower bone mineral density also had a greater
number of microcallus formations. However, there has been no prior
published report that analyzed the relationship between the occurrence
of microcalluses and the trabecular bone microstructure in the femoral
head.

The degree of mineralization of the microcallus region was lower
than that of the rest of the trabecular bone (Figs. 3, 5). This suggests
that a microcallus consists of immaturewoven bone, wheremineraliza-
tion does not progress. There has been no published report on the de-
tailed analysis of the degree of mineralization of microcalluses.
ular bone structure parameters, and the degree of mineralization.

SMI DA ConnD TMD All TMD Mc TMD Tb

−0.476 0.259 −0.05 −0.767 −0.231 −0.665
0.139 0.442 0.892 0.006 ** 0.494 0.026 *

abecular number, Tb.Sp: trabecular separation, SMI: structure model index, DA: degree of
bone, TMDMc: degree of mineralization of microcallus region, TMD Tb: degree of miner-



Fig. 3. Degree of mineralization of the microcallus region and the trabecular region. The
degree ofmineralizationwithin themicrocallus region rangedwidely andwas statistically
lower than that of the trabecular region.

Fig. 5. a, b: 3D color image of the degree of mineralization and cross-sectional image. The
red region indicates a low degree of mineralization. The degree of mineralization of
microcallus was lower than that of the surrounding trabecular bone, suggesting that the
microcallus consists of immature woven bone.
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The process of microcallus formation has been described as follows
[14]: When a trabecular fracture occurs, (1) connective tissue prolifer-
ates within a few days (fibrous phase). Mineralization can already be
seen at the center. (2) This tissue develops into a loosely structured cal-
lus of woven bone (fibrous-bony phase). (3) Themicrocallus reaches its
maximum size (bony phase). (4) The microcallus undergoes modeling
or remodeling processes (modeling phase). (5) Finally, the fracture
crevice is closed bymineralization a fewweeks after the trabecular frac-
ture (later stage).We consider that themicrocallus formations observed
in this study were in the fibrous-bony phase, the bony phase, and the
modeling phase.

The degree of microcallus mineralization ranged widely (Fig. 3),
suggesting that the onset time was different for each microfracture. It
also suggests that the repair speed might vary depending on the
microfracture. It is expected that microfractures occur continuously in
daily living and are successively repaired by microcalluses.

A subchondral insufficiency fracture of the femoral head is a relative-
ly newdisease concept proposed in 1996 [1]. It is defined as a fracture in
the subchondral bone of the femoral head due to bone fragility, such as
in OP. Patients with OP may have asymptomatic microfractures due to
Fig. 4.Distributions of the degree ofmineralization. Themode valueswere 1092.4mg/cm3

and 1165.5mg/cm3, themedian valueswere 1001.2mg/cm3 (interquartile range, 824.7 to
1121.2 mg/cm3) and 1084.1 mg/cm3 (interquartile range, 927.2 to 1178.6 mg/cm3) for
microcallus region and trabecular region, respectively.
activities associated with daily living. Subchondral insufficiency frac-
tures might develop clinically when microfractures occur extensively
during the same period and exceed a certain level.

Blackburn et al. performed a mechanical test revealing that the mi-
crohardness of a microcallus was similar to that of a normal trabecular
bone [24]. Cheng et al. considered that microcalluses might help main-
tain the strength of bone tissue [23]. Thus, microcallus formation is
considered to maintain bone strength in elderly OP patients. Even if
microfractures occur, if the number is small and the normal repair pro-
cess works, there would be no harm biomechanically. In contrast, in-
complete repair with microcallus formation might also be a factor that
promotes the development of subchondral insufficiency fractures of
the femoral head.

In this study, we analyzed only a part of the femoral head loading
area. We would like to investigate the predilection site of microcallus
by extending the area of analysis or investigate the difference in the
microcallus number corresponding to the depth from the subchondral
bone plate in the future. Subchondral insufficiency fracture of the fem-
oral head occurs near a subchondral plate, and the shape is usually con-
vex superiorly and parallel to a cartilage surface in T1 MRI weighted
images [2,25,26]. We might be able to better understand the relation-
ship of the femoral head microcallus and insufficiency fracture by ex-
tending the area of analysis. Furthermore, it might be possible to
understand more about the characteristics of the pathological condi-
tions, by comparing the differences of themicrocallus formations in var-
ious secondary OP cases caused by glucocorticoid medications, diabetes
mellitus, and rheumatoid arthritis, etc.

This study has several limitations. First, we had a very limited num-
ber of cases. The opportunity to use SRCT is generally limited, and scan-
ning is a lengthy process. Moreover, SRCT is a comparatively extensive
technique in comparison with conventional micro CT. As a result, the
Table 3
The rank correlation coefficient between the degree ofmineralization of trabecular region,
and age and trabecular bone structure parameters.

Age BV/TV BS/BV Tb.Th Tb.N Tb.Sp SMI DA ConnD

r −0.109 0.655 −0.618 0.736 0.182 −0.445 0.209 −0.327 0.321
p 0.75 0.029* 0.043* 0.010** 0.593 0.17 0.537 0.326 0.365

BV/TV: bone volume fraction, BS/BV: specific bone surface, Tb.Th: trabecular thickness,
Tb.N: trabecular number, Tb.Sp: trabecular separation.SMI: structure model index, DA:
degree of anisotropy, ConnD: connectivity density.
Spearman's rank correlation coefficient test.
**p b 0.01.
*p b 0.05.

image of Fig.�3
image of Fig.�4
image of Fig.�5
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number of cases was also small in previously published studies using
SRCT. To accommodate for this statistical limitation, we only used defi-
nite data with a significance of p b 0.01 in this study. As there were no
healthy control subjects, we could not assess whether the number of
4.9 microcalluses in a 5-mm cube region was considered numerous or
few. In addition, there was no control sample other than the loading
area. Thereforewe could not assesswhether this phenomenon occurred
only in the loading area, in the whole femoral head or on the acetabular
side. In Japan, it is very difficult to obtain the femoral head of a cadaver
for any purpose other than medical education due to religious issues.
We did not performmeasurement of dual-energy X-ray absorptiometry
(DXA) of the proximal femur and the lumbar spine of the subjects. Os-
teoporosis is defined as the presence of low-impact hip fracture [27,
28]. We manually performed measurement of the microcallus number
and extracting of the microcallus region. The definition of a microcallus
was visually clarified, incomplete formations were strictly excluded,
and two observers performed these processes in order tomake a precise
and specific assessment of the microcallus. It was difficult to identify
microcalluses in the fibrous phase, where mineralization had not yet
progressed, and in the late stage, where fracture healing was almost
completed.We considered that themicrocallus formations we detected
with wide-ranging degrees of mineralization would be in the fibrous-
bony phase, the bony phase, or the modeling phase of healing. As
this was a cross-sectional microcallus study, we could not provide an
in-depth description or analysis of the onset and progression of
microfractures.

In conclusion, microcalluses were detected in the subchondral bone
of the femoral heads in all patients with OP, with a mean of 4.9
microcalluses in a 5-mm cube region. This indicated that fractures at
the trabecular bone level had occurred asymptomatically due to activi-
ties or impacts associated with daily living.

Caseswith greater numbers ofmicrocallus formations showed lower
BV/TV, narrower Tb.Th, higher BS/BV, and lower degrees of mineraliza-
tion. Greater fragility of the bone structure is definitely correlatedwith a
greater microcallus number.

The degree of mineralization of the microcallus region was
lower than that of the rest of the trabecular bone, suggesting that
microcalluses may consist of immature woven bone. The degree of
mineralization of the microcallus region ranged widely, and might rep-
resent stage in healing process of each microcallus, the time of
microfracture onset, and the speed of healing for each microfracture.
Authors' roles

Study design: NO and KC. Data collection: NO, KC, KT, NN and SK.
Data analysis: NO and KC. Data interpretation: NO, KC, KT, MI and
MO. Drafting manuscript: NO and KC. Revising manuscript content:
MI, and MO. Approving final version of manuscript: NO, KC, KT, NN,
SK, MI, and MO. NO and KC takes responsibility for the integrity of the
data analysis.
Acknowledgments

The authors would like to thank Kentaro Uesugi and Naoto Yagi
(SPring-8, Japan Synchrotron Radiation Research Institute, Hyogo,
Japan) for SRCT imaging. This research was partially supported by a
Grant-in-Aid for Scientific Research for Young Researchers (B) from
the Japan Society for the Promotion of Science (JSPS) (20791046) and
Hip Joint Foundation of Japan, Inc.

Disclosures: All authors state that they have no conflicts of interest.
References

[1] Bangil M, Soubrier M, Dubost JJ, Rami S, Carcanagues Y, Ristori JM, et al. Subchondral
insufficiency fracture of the femoral head. Rev Rhum Engl Ed Dec 1996;63(11):
859–61.

[2] Rafii M, Mitnick H, Klug J, Firooznia H. Insufficiency fracture of the femoral head: MR
imaging in three patients. AJR Am J Roentgenol Jan 1997;168(1):159–63.

[3] Yamamoto T, Bullough PG. Subchondral insufficiency fracture of the femoral head: a
differential diagnosis in acute onset of coxarthrosis in the elderly. Arthritis Rheum
Dec 1999;42(12):2719–23.

[4] Yamamoto T, Takabatake K, Iwamoto Y. Subchondral insufficiency fracture of the
femoral head resulting in rapid destruction of the hip joint: a sequential radiograph-
ic study. AJR Am J Roentgenol Feb 2002;178(2):435–7.

[5] Yamamoto T, Bullough PG. The role of subchondral insufficiency fracture in rapid de-
struction of the hip joint: a preliminary report. Arthritis Rheum Nov 2000;43(11):
2423–7.

[6] McFarland PH, Frost HM. A possible new cause for aseptic necrosis of the femoral
head. Henry Ford Hosp Med Bull Mar 1961;9:115–22.

[7] Darracott J, Vernon-Roberts B. The bony changes in “chondromalacia patellae”.
Rheumatol Phys Med Nov 1971;11(4):175–9.

[8] Nuzzo S, Lafage-Proust MH, Martin-Badosa E, Boivin G, Thomas T, Alexandre C, et al.
Synchrotron radiation microtomography allows the analysis of three-dimensional
microarchitecture and degree of mineralization of human iliac crest biopsy speci-
mens: effects of etidronate treatment. J Bone Miner Res Aug 2002;17(8):1372–82.

[9] Nuzzo S, Peyrin F, Cloetens P, Baruchel J, Boivin G. Quantification of the degree of
mineralization of bone in three dimensions using synchrotron radiation
microtomography. Med Phys Nov 2002;29(11):2672–81.

[10] Ito M, Ejiri S, Jinnai H, Kono J, Ikeda S, Nishida A, et al. Bone structure andmineraliza-
tion demonstrated using synchrotron radiation computed tomography (SR-CT) in
animal models: preliminary findings. J Bone Miner Metab Sep 2003;21(5):287–93.

[11] Chappard C, Peyrin F, Bonnassie A, Lemineur G, Brunet-Imbault B, Lespessailles E, et al.
Subchondral bone micro-architectural alterations in osteoarthritis: a synchrotron
micro-computed tomography study. Osteoarthritis CartilageMar 2006;14(3):215–23.

[12] Ito M. Recent progress in bone imaging for osteoporosis research. J Bone Miner
Metab Mar 2011;29(2):131–40.

[13] Chiba K, Nango N, Kubota S, Okazaki N, Taguchi K, Osaki M, et al. Relationship be-
tween microstructure and degree of mineralization in subchondral bone of osteoar-
thritis: a synchrotron radiation μCT study. J Bone Miner Res Jul 2012;27(7):1511–7.

[14] Hahn M, Vogel M, Amling M, Ritzel H, Delling G. Microcallus formations of the can-
cellous bone: a quantitative analysis of the human spine. J Bone Miner Res Sep
1995;10(9):1410–6.

[15] Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Müller R. Guidelines
for assessment of bone microstructure in rodents using micro-computed tomogra-
phy. J Bone Miner Res Jul 2010;25(7):1468–86.

[16] Hildebrand T, Rüegsegger P. Quantification of bonemicroarchitecturewith the struc-
ture model index. Comput Methods Biomech Biomed Engin Jan 1997;1(1):15–23.

[17] Odgaard A, Gundersen HJ. Quantification of connectivity in cancellous bone, with
special emphasis on 3-D reconstructions. Bone Mar-Apr 1993;14(2):173–82.

[18] Müller R, Rüegsegger P. Micro-tomographic imaging for the nondestructive
evaluationof trabecular bone architecture. In: Lowet G, Rüegsegger P, Weinans H,
Meunier A, editors. Bone research in biomechanics. Amsterdam: IOS Press; 1997.
p. 61–79.

[19] Meganck JA, Kozloff KM, Thornton MM, Broski SM, Goldstein SA. Beam hardening
artifacts in micro-computed tomography scanning can be reduced by X-ray beam
filtration and the resulting images can be used to accurately measure BMD. Bone
Dec 2009;45(6):1104–16.

[20] Zou W, Hunter N, Swain MV. Application of polychromatic μCT for mineral density
determination. J Dent Res Jan 2011;90(1):18–30.

[21] FreemanMA, Todd RC, Pirie CJ. The role of fatigue in the pathogenesis of senile fem-
oral neck fractures. J Bone Joint Surg (Br) Nov 1974;56-B(4):698–702.

[22] Watson M. Microfractures in the head of the femur. J Bone Joint Surg Am Jul
1975;57(5):696–8.

[23] Cheng XG, Nicholson PH, Lowet G, Boonen S, Sun Y, Rüegsegger P, et al. Prevalence of
trabecular microcallus formation in the vertebral body and the femoral neck. Calcif
Tissue Int May 1997;60(5):479–84.

[24] Blackburn J, Hodgskinson R, Currey JD, Mason JE. Mechanical properties of
microcallus in human cancellous bone. J Orthop Res 1992 Mar;10(2):237–46.

[25] Yamamoto T, Schneider R, Bullough PG. Subchondral insufficiency fracture of
the femoral head: histopathologic correlation with MRI. Skeletal Radiol May
2001;30(5):247–54.

[26] Ikemura S, Yamamoto T, Motomura G, Nakashima Y, Mawatari T, Iwamoto Y. MRI
evaluation of collapsed femoral heads in patients 60 years old or older: differentia-
tion of subchondral insufficiency fracture from osteonecrosis of the femoral head.
AJR Am J Roentgenol Jul 2010;195(1):W63–8.

[27] Watts NB, Bilezikian JP, Camacho PM, Greenspan SL, Harris ST, Hodgson SF, et al.
AACE Osteoporosis Task Force. American Association of Clinical Endocrinologists
Medical Guidelines for Clinical Practice for the diagnosis and treatment of postmen-
opausal osteoporosis. Endocr Pract Nov-Dec 2010;16(Suppl. 3):1–37.

[28] Hagino H. New development in osteoporosis treatment. Revised osteoporosis diag-
nostic criteria and Japanese practice guideline on osteoporosis. Clin Calcium
2014;24(1):11–8.

http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0005
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0005
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0005
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0010
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0010
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0015
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0015
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0015
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0020
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0020
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0020
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0025
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0025
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0025
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0030
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0030
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0035
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0035
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0040
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0040
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0040
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0040
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0045
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0045
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0045
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0050
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0050
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0050
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0055
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0055
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0055
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0060
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0060
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0065
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0065
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0065
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0070
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0070
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0070
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0075
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0075
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0075
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0080
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0080
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0130
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0130
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0085
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0085
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0085
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0085
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0090
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0090
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0090
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0090
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0135
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0135
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0095
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0095
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0100
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0100
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0105
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0105
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0105
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0110
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0110
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0115
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0115
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0115
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0120
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0120
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0120
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0120
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0140
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0140
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0140
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0140
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0125
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0125
http://refhub.elsevier.com/S8756-3282(14)00113-6/rf0125

	Trabecular microfractures in the femoral head with osteoporosis:
Analysis of microcallus formations by synchrotron radiation micro CT

	Introduction
	Materials and methods
	Subjects
	Imaging
	Image analysis
	Statistical analysis

	Results
	Discussion
	Authors' roles
	Acknowledgments
	References


