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Abstract

In end-stage osteoarthritis (OA) of the hip, the effect of bone metabolism with and without cartilage is unclear. In this study,
we aimed to investigate histomorphology and microdamage in the subchondral bone of the femoral head in areas with and
without articular cartilage in patients with end-stage OA. Nineteen femoral heads were evaluated in 10 women who under-
went total hip arthroplasty for OA and in nine cadaveric controls (CNT). Chondral thickness and subchondral bone plate
thickness (SBP.Th) were measured in 5-mm-wide areas where cartilage was lost (area A) or preserved (area B) in OA and
in corresponding areas in the load-bearing portion of the femoral head in the CNT. Histomorphometry and microdamage in
5% 5-mm areas of cancellous bone were assessed. SBP.Th and bone volume were significantly greater in area A than in area
B or in the CNT. Osteoid volume was significantly greater in area A than in area B or in the CNT. There was no significant
difference in eroded surface between area A and CNT. Microcrack density was significantly greater in area A than in area B
or in the CNT. Although accumulation of microdamage was caused by concentration of stress on the subchondral bone in the
cartilage loss area in end-stage OA, remodeling for microdamage repairing mechanism was not enhanced. It was considered
that the subchondral cancellous bone volume was increased because of modeling, not remodeling, by stress concentration
due to articular cartilage loss.
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Introduction

Osteoarthritis (OA) is a serious disorder of the joints asso-
ciated with aging [1] and has become a substantial medi-
cal and public health problem [2]. The morbidity of OA
increases with age [3] and includes slowly progressive
destruction and degeneration of cartilage, subchondral bone,
and surrounding tissues [4].

There have been many reports on the changes that occur
in the articular cartilage and subchondral bone in OA [5-12].
A relationship between OA and microdamage has also been
described, but the details are unknown [13—17]. Reduction of
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subchondral bone mass in response to increased remodeling
in early-stage OA has been reported [8], although micro-
damage has never been examined in early-stage OA. More
microdamage of subchondral bone has been documented
in osteoporotic patients with femoral neck fracture than in
patients with end-stage OA [16]. Microdamage occurs in the
subchondral bone in early- and progressive-stage OA and
was reported to be an initiation of targeted remodeling [13].
OA is associated with degeneration and abrasion of carti-
lage, but its relevance to microdamage in the subchondral
bone in end-stage OA is unclear.

The purpose of this study was to reveal the pathophysiol-
ogy of end-stage OA by measuring histomorphometry and
microdamage in the subchondral bone at the femoral head
in areas with and without articular cartilage in patients with
end-stage OA of the hip.
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Materials and methods

Nineteen femoral heads were collected from 10 women
(mean age 73.7 years) who underwent total hip arthroplasty
for end-stage OA of the hip (Kellgren—-Lawrence classifica-
tion [18] grade 4). Non-osteoarthrotic femoral heads were
collected from nine cadaveric controls (CNT; 4 men, 5
women; mean age 83.1 years). There was no significant dif-
ference in age between OA patients and CNT (Fig. 1). The
femoral heads were cut coronally 15 mm wide at the center
(Fig. 2a). Using the method reported by Burr et al. [19],
bone samples were stained en bloc with 1% basic fuchsin
and embedded in methyl methacrylate. Ground sections of
100 pum thickness were obtained for histomorphometry and
microdamage analysis. Chondral thickness and subchondral
bone plate thickness were measured in areas where cartilage
was lost (area A; Fig. 2b) or preserved (area B; Fig. 2b) in
patients with OA and in corresponding areas in the load-
bearing part of the femoral head in the CNT (Fig. 2c). Meas-
urements were performed in the order of chondral thick-
ness, subchondral bone plate thickness, and subchondral
bone (Fig. 2d). Histomorphometry and microdamage were
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Fig.1 Box plot of the age of patients with hip OA and CNT.
There was no significant difference in age between OA and CNT
(p=0.089). Differences between the two groups were tested for sta-
tistical significance by Student’s ¢ test. CNT cadaveric controls, OA
osteoarthritis

Fig.2 Femoral heads were cut coronally 15 mm wide at the center.
a Measurements of chondral thickness and subchondral bone plate
thickness where cartilage is lost (area A) and preserved (area B) in
patients with osteoarthritis b and corresponding areas in the load-

assessed in 5 X5 mm areas of cancellous bone under the
subchondral bone plate (Fig. 2d, square). Histomorphomet-
ric measurements were performed using a semi-automated
digitizing image analyzer, consisting of a light or epifluo-
rescent microscope and a digitizing pad connected to a
computer with histomorphometric software (System Supply
Co., Nagano, Japan). All measurements were performed in
a blinded manner by one histomorphometrist. Microdam-
age was measured at 100X magnification. Microdamage in
the bone was defined as a typical crack shape with a cer-
tain depth of field and a surrounding halo of increased basic
fuchsin staining. Crack density, mean crack length, and
crack surface density were measured.

Statistical analysis was performed using GraphPad Prism
5 (GraphPad Software Inc., La Jolla, CA, USA). Differences
between the groups were tested for statistical significance
by one-way analysis of variance. If a significant difference
was found, the difference between the means of two groups
was tested using Tukey’s multiple comparison test. A p
value < 0.05 was considered statistically significant.

All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of the
institutional and/or national research committee and with the
1964 Helsinki Declaration and its later amendments or com-
parable ethical standards. The study design was approved by
the Ethics Committee at Kagawa University. Informed con-
sent was obtained from all individual participants included
in the study.

Results

As shown in Table 1, Chondral thickness was significantly
lower in area A than in area B or the CNT (p <0.0001).
Subchondral bone plate thickness was significantly greater
in area A than in area B or in the CNT (p <0.0001). Trabecu-
lar bone volume in the cancellous bone under the cartilage
was significantly greater in area A than in area B or the
CNT (p <0.0001). Trabecular number was also significantly
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bearing portion of the femoral head in cadaveric controls c. Histo-
morphometry and assessment of microdamage were performed in
5% 5 mm areas of cancellous bone under the subchondral bone plate
d. C.Th chondral thickness, SBP.Th subchondral bone plate thickness
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Tgble 1 Assessment of Area A Area B CNT p value
h1§tom0rphometry and (n=10) (n=10) (n=9)
microdamage
Histomorphometry
C.Th (um) 81.4 + 1385 1248.7 + 552.1 1411.6 + 406.5 <0.0001%°
SBP.Th (um) 841.3 +273.7 287.1 +186.9 215.6 +54.9 <0.0001*°
BV/TV (%) 413+ 115 21.2+93 21.8 +4.8 <0.0001*°
Tb.Th (um) 319.9 +105.3 225 +£99.7 250.5 £ 161.8 0.22
Tb.N (N/mm) 1.4+05 09+02 1.0+03 0.033*
Tb.Sp (um) 485.5 +209.8 930.1 + 377.6 854.1 £ 3844 0.014*
OV/TV (%) 21+14 1.1+0.6 0.58 +£0.8 0.0008°
OS/BS (%) 219+ 149 159+9.3 146 +7.3 0.32
ES/BS (%) 23+ 1.7 0.6 +0.7 41+25 0.0008°
Microdamage parameters
Cr.Le (um) 87.9 +£32.1 61.7+19.1 504 +21.7 0.22
Cr.Dn (#/mm?) 52+24 1.5+14 0.6 +0.42 <0.0001%®
Cr.S.Dn (#um/mm?) 475.2 +269.0 110.2 £ 135.0 35.6 £23.2 <0.0001*°

BV/TV percentage of bone volume, Cr.Le mean microcrack length, CNT cadaveric controls, Cr.Dn micro-
crack density, Cr.S.Dn microcrack surface density, C.Th chondral thickness, ES/BS percentage of eroded
surface, OS/BS percentage of osteoid surface, OV/TV percentage of osteoid volume, SBP.Th subchondral
bone plate thickness, 7b.Th trabecular thickness, 7b.N trabecular number, 7b.Sp trabecular separation

Significant difference in area A vs. area B

bSignificant difference in area A vs. CNT

“Significant difference in area B vs. CNT

higher in area A than in area B (p=0.033). Trabecular
separation was significantly lower in area A than in area
B (p=0.014). Osteoid volume was significantly greater in
area A than in area B or in the CNT (p =0.0008). Eroded
surface was significantly lower in area B than in the CNT
(p=0.0008). There was no significant difference in micro-
crack length between any of the areas sampled, although
microcracks tended to be longer in area A. Microcrack den-
sity was significantly greater in area A than in area B or the
CNT (p <0.0001). This shows that microcracks accumulated
more in area A than in area B (Fig. 3). Microcrack surface
density was also significantly greater in area A than in area
B or in the CNT (p <0.0001).

Discussion

The primary aim of this study was to examine bone metab-
olism in end-stage OA of the hip by measuring chondral
thickness and subchondral bone plate thickness, as well as
histomorphometry and microdamage at the femoral head
in areas with and without articular cartilage and in corre-
sponding areas in the load-bearing part of the femoral head
in CNT. There were several reports on the loss of articular
cartilage and subchondral bone in end-stage OA [2—4, 6, 7,
12, 13]. Although a relationship between OA and micro-
damage in the load-bearing part of the femoral head has
been described [13—-16], there have been no reports on
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microdamage in areas where cartilage is lost or preserved
in patients with end-stage OA of the hip. To our knowledge,
this is the first study to find an increase in the subchondral
bone plate thickness and a decrease in chondral thickness
in areas of lost cartilage compared with areas of preserved
cartilage or the corresponding areas in the CNT, along with
an increase in cancellous bone volume and significant accu-
mulation of microdamage. In areas of lost cartilage, we
found an increased osteoid volume but not an increase in
the eroded surface, which is different from normal remod-
eling changes.

Burr et al. [13] reported that both subchondral bone plate
thickness and cancellous bone volume decreased in early-
stage OA because of increased remodeling and that subchon-
dral bone plate thickness increased because of a decrease in
the amount of cartilage and increased stress as the disease
progresses. In the present study, we investigated patients
with end-stage OA, whose disease was more advanced than
in the patients described by Burr et al. We found an increase
in subchondral bone plate thickness with decreasing chon-
dral thickness, along with an increase in the cancellous bone
volume under the subchondral bone plate. The relationship
between cartilage and subchondral bone plate thickness
was similar to that in the study of patients with progressive
osteoarthritis by Burr et al. However, there was a marked dif-
ference in the subchondral cancellous bone volume between
our patients with end-stage OA and those with progressive
OA as reported by Burr et al.
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Fig.3 Microcracks in areas of
the cancellous bone under the
subchondral bone plate. a End-
stage osteoarthritis of the hip
(Kellgren—-Lawrence classifica-
tion grade 4). b A section of
the surface of the femoral head
showing a cartilage-lost area
(area A) and cartilage-preserved
area (area B). ¢ In area A, the
bone volume is increased and
many microcracks (indicated by
black arrows) can be observed.
Scale bar 100 pm. d In area

B, only a few microcracks are
evident. Scale bar 100 um

Lietal. [11] reported that remodeling and bone volume
increased more in the subchondral bone at the load-bearing
portion of the femoral head than in the cancellous bone at
the deeper trabecular bone in patients with OA of the hip.
However, Kumarasinghe et al. [5] reported that bone ero-
sion was decreased in the absence of reduced bone forma-
tion in end-stage OA of the hip. In our study, we observed
an increased osteoid volume but not an increase in the
eroded surface, which does not suggest involvement of the
normal coupling between bone resorption and formation.
Kuliwaba et al. [20] reported significantly elevated expres-
sion of mRNA for osteocalcin in the trabecular bone of the
proximal femur in end-stage OA of the hip. Therefore, it
is possible that the bone volume in the subchondral bone
increases because of modeling in response to load bearing
rather than normal remodeling of the bone. Excessive load
bearing has been found to cause bone modeling and an
imbalance between bone formation and bone resorption.
Cox et al. [10] reported that bone volume was greater and
that there was less bone matrix mineralization in the sub-
chondral cancellous bone in areas of lost cartilage than in
areas where cartilage remained in knees with OA. Moreo-
ver, whether this was in response to remodeling or mod-
eling is unknown, but it seems possible that the amount of
immature bone tissue was increased in response to exces-
sive load bearing in areas without cartilage. Therefore,
it is suggested that bone shape changes by modeling due
to mechanical loading [21], and the same phenomenon is

considered to occur in the subchondral bone of end-stage
OA.

Microdamage in the form of microscopic cracks occurs
in the bone because of physical repetitive loading in daily
activities [22]. Targeted remodeling plays the role of repair-
ing microdamage caused by load bearing, in vivo [23, 24].
Although the relationship between end-stage OA and micro-
damage in subchondral cancellous bone is not clear, Burr
et al. [13] mentioned the possibility that repair of microda-
mage may cause remodeling in early OA. Coughlin et al.
[14] reported that microdamage in post-traumatic OA causes
resorption of subchondral bone and becomes key in pro-
gression of OA. Furthermore, Ramme et al. [17] found an
accumulation of microdamage and increased remodeling
followed by degeneration of articular cartilage in the sub-
chondral bone in a rat model of OA created by rupture of
a cruciate ligament. However, they did not investigate end-
stage OA.

Frost et al. [25] reported that accumulation of microdam-
age occurs due to an increase in loading stress, due to sup-
pression of damage repair, or both. Loss of cartilage dam-
ages the underlying bone [26]; thus, it is considered that
the load-bearing stress of the subchondral bone increases
due to cartilage loss. In this study, accumulation of micro-
damage was not observed in the cartilage-preserved area
but in the cartilage-lost area. If accumulation of microda-
mage occurred, targeted remodeling should be enhanced.
However, in this study, enhancement of remodeling was not
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observed even if microdamage increased. Based on these
findings, accumulation of microdamage was suspected not as
an initiation of remodeling but the result of increasing load
bearing in end-stage OA. Increasing load bearing increases
modeling, which is different from past reports [13, 17] that
remodeling was enhanced in early-stage and progressive OA.
In this study, increased bone volume was observed in end-
stage OA of the hip.

Generalization of the study findings is limited by the
small sample size. This study only assessed end-stage OA
of the hip, and we did not investigate progression of OA.

In conclusion, we assessed histomorphologic features and
bone microdamage in the subchondral bone in areas of the
femoral head where articular cartilage area is lost or pre-
served in end-stage OA of the hip. Although accumulation
of microdamage was caused by concentration of stress on the
subchondral bone in the cartilage loss area in end-stage OA,
remodeling for microdamage repairing mechanism was not
enhanced. It was considered that the subchondral cancellous
bone volume was increased because of modeling, not remod-
eling, by stress concentration due to articular cartilage loss.
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