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FIGURE 2, Skeletal phenotypes of KLF5*'~ mice in the perinatal period.
A, skeletal staining with Alizarin red and Alcian blue; 8, HE staining of the tibial
limbs of wild-type (+/+) and KLF5" '~ embryos (E16.5). Scole bars, 1 mm and
200 pm, respectively, C, HE, COLZ, and COL10 immunostainings and TUNEL
and TRAP stainings of the tibial limbs of wild-type and KLF5''~ embryos
(E16.5). Inset boxes in the left COL2 panels indicate the regions of the respec
tive right COL2 panels. Blue. red, and green bars indicate proliferative (P) and
hypertrophic (H) layers and bone area (B), respectively. Scale bars, 50 pm.
D, HE, Safranin-O, and von Kossa stainings of the growth plates in proximal
tibias of wild-type and KLF5 ' '~ neonates (1 day). Scale bars, 50 pm. E, relative
lengths of hypertrophic layer (left) and calcified layer (right) in KLF5"'
growth plate compared with those in wild type (1 day). Data are expressed as
means (bars) = S.E. (error bars) for 4 mice/group. *, p < 0.05; **, p < 0.01 versus
wild type.

MMPY as a Transeriptional Target of KLFS in Chondrocytes
To know the molecular mechanism whereby KLF5 contributes
to cartilage degradation, we searched for the transcriptional
targets by comparing mRNA levels in human chondrogenic cell
line OUMS27 adenovirally transfected with KLF5 and the
empty vector using microarray and real time RT-PCR analyses
(Table 1). Among molecules related to matrix degradation,
MMP9 expression was most strongly up-regulated by the KLF5
overexpression.

MMP9 mRNA level was confirmed to be increased in a dose-
dependent manner of adenoviral KLF5 overexpression in
OUMS27 cells (Fig. 3A4). In addition, gelatin zymography
revealed an increase of gelatin degradation by KLF5, which was
compatible with MMP9 activity but not with MMP2 activity,
indicating that KLF5 exhibited proteinase activity via the
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TABLE1

Changes in expression of genes related to matrix degradation by
KLFS overexpression

mENA levels in OUMS27 cells with adenoviral Introduction of KLF5 and the con
trol empty vecior were compared by RT2 prufiler PUR array (APHS-0186; Super
Array Biosctence). For MMP19 and -20 and ADAMTS4, -5, -9, and - 15, real time
RT-PCR was performed using primer sets shown in the supplemental materials.

ND, not detected

Gene symbol GenBank'™ accession number Increase
-fuld
MMPL NM_002421 31
MMP2 NM_004530 L6
MMP3 NM_002422 -13
MMP7 NM_002423 —1.4
MMPE NM_002424 1
MMP9 NM_004994 27,1439
MMPID NM_002425 -1l
MMPLLE M_005940 -18
MMPI2 NM_002426 1.4
MMPI3 NM_002427 =21
MMPL4 NM_004995 26
MMPI5 NM_002428 39
MMPI6 NM_005941 -6
MMPIY NM_002429 16
MMP20 NM_004771 ND
ADAMTS! NM_D06988 -25
ADAMTS4 NM_005099 66
ADAMTSS NM_007038 -14
ADAMTSS NM_007037 24
ADAMTSY NM_182920 L1
ADAMTSIZ NM_139028 1.6
ADAMTSIS NM_139055 3.1
TIMPY NM_003254 30
TIMP2 NM_003255 18
TIMPS NM_D00362 7.7
B Osteopontin MMP13 VEGFA [JEV
4 000 KLFS§
0
20 2000
L] o
Huh? EV
3 ATDCS % H
¢ L
.
2 104
] L
KLFS MMPS Bi\l'
KLFS
é 04 b
g0z 0
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FIGURE 3, Induction of MMP9 by KLF5 overexpression. A, MMP9 and
KLF5 mRANA levels determined by real time RT-PCR analysis after a 3-day
culture of human chondrogenic OUMS27 cells adenovirally transfected
with empty vector (EV) or KLF5 (KL) at 40 or 100 multiplicities of infection
(graphs). Gelatinase activity was determined by gelatin zymography. The
right lane (M) shows markers using recombinant proteins of pro-MMP9,
pro-MMP2, and MMP2. KLFS and actin protein levels were determined by
Western blotting. B, ostecpontin, MMP13, and VEGFA mRNA levels were
determined by real time RT-PCR analysis in a 3-day culture of OUMS27
cells adenovirally transfected with 100 multiplicities of infection of EV or
KLF5. €, MMP9 promoter activity determined by luciferase assay in
OUMS527, ATDCS, and Huh7 cells co-transfected with a reporter construct
containing the 1,250-bp MMP9 5"-end-flanking region and plasmid vector
of EV or KLF5. Data are expressed as relative values compared with EV.
D, TRAP staining of the osteoclast precursor M-BMM» that were retrovirally
transfected with EV or KLFS and cultured with M-CSF and RANKL for 4 -5 days.
Scale bars, 100 pm. The graph shows the number of TRAP-positive multinu-
cleated osteoclasts. £, mRNA levels of KLFS and MMP2 determined by real
time AT-PCA analysis in the M-BMMd: cultures. Data are expressed as means
(bars) = S.E. {error bors). *, p < 0.05; **, p < 0.01 versus EV.
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Cc 3200 MMPY stage when the suppression of carti-
~ lage degradation in the KLF5"'
Eg"” limb was initiated around E16.5

"g (Fig. 2 and supplemental Fig. 2),
Pty these time courses support the
KLFS hypothesis that MMP9 induction by
j 200 KLF5 may lead to the cartilage deg-
2100 radation during endochondral ossi-
2, - fication in skeletal development.
HErY Since MMP9 is known to be
e ﬂl. m' strongly expressed in osteoclastic
cells (26) and to play an important

E o Wl role in skeletal remodeling (3), we

T H +- next investigated the effects of KLF5
3}‘0 re on the culture of osteoclast precur-

sor M-BMM® by retroviral overex-
pression of KLF5. Neither the oste-
oclastogenesis nor the MMP9
mRNA level was affected by the
overexpression (Fig. 3, D and E).
- In the monocyte-macrophagic

ilo [ Raw264.7 cell culture as well, the
2,

adenoviral overexpression of KLF5
did not affect endogenous MMP9

FIGUAE 4, Suppression of MMP9 by KLFS insufficiency. A, KLF5, MMP9, osteopontin, MMP13, and VEGFA
mRANA levels determined by real time RT-PCR analysis in a 3-day culture of primary costal chondrocytes

isolated from wild-type (+/+) and KLFS “~ littermates. Data are expressed as means (bars) = S.E (error
bars) for 4 mice/group. *, p < 0,05 versus wild type. B, time course of the number of the primary costal
chondrocytes above during 5 days of culture. Data are expressed as means (symbols) = SE. (error bars) of
the ratios of day 0 for 3 wells/group. €, MMP39 and KLF5 mRNA levels determined by real time RT-PCR
analysis after a 3-day culture of OUMS27 cells transfected with siSEAP (secreted form of the human
placental alkaline phosphatase; control) or sIKLF5 oligonucleotides (graphs). Data are expressed as means
(bars) = S.E. (error bars) for 3 wells/group. *, p < 0.05 versus sISEAP. MMP9, KLF5, and actin protein levels
were determined by Western blotting, D, MMPS, COL2, DIPEN, and CD34 immunostainings and von Kossa
staining of the tibial limbs of E15.5 wild-type and KLF5" '~ embryos. Blue and red bars indicate proliferative
(P and hypertrophic (H) layers, respectively. Scale bars, 50 um. £, the percentage width of the calcified
layer to the entire hypertrophic layer determined by the von Kossa staining (top) and the number of blood
vessels around the hypertrophic layer determined by the CD34 Immunostaining (bottom) In the growth
plates of E15.5 wild-type and KLFS ™'~ embryos. Data are expressed as means (barsl = S.E. (error bars) for

mRNA level (supplemental Fig. 44),
whereas it increased the activity of
the exogenously transfected lucifer-
ase reporter construct containing
the MMP9 promoter above (supple-
mental Fig. 4B), These findings indi-
cate that KLF5 does not have an
important physiological function in
osteoclastic cells.

To further examine the effect of
loss of function of KLF5 in chon-

3 mice/group. *, p < 0.05 versus wild type.

induction of MMPY. Contrarily, osteopontin mRNA level was
not altered by the overexpression, suggesting that chondrocyte
differentiation at later stages was not affected by KLF5 (Fig. 38).
MMP13 was moderately decreased, whereas vascular endothe-
lial growth factor A (VEGFA) wax little regulated by KLF5 in
OUMS27 cells, both of which were consistent with the results
of microarray analyses (Table 1 and supplemental Tables 1 and
2). To examine the transcriptional regulation, a luciferase
reporter gene construct of the MMPY 5'-end-flanking region
was transfected into OUMS27, ATDCS, and human hepato-
cytic Huh? cells. The transcriptional activity determined by the
luciferase reporter assay was enhanced by co-transfection with
KLF5 inall cells, demonstrating the transcriptional induction of
MMP9 by KLFS5 (Fig. 3C).

The expression patterns of KLF5 and MMP-9 during chon-
drocyte differentiation were confirmed to be similar in cultured
OUMS-27 cells (supplemental Fig. 14). In addition, the time
course analyses by immunostainings of embryonic limbs
showed that KLF5 expression was seen early from E13.5,
whereas MMP9 expression could be detected at E15.5 and
cnhanced at E16.5 (supplemental Fig. 18). Since the embryonic

24686 JOURNAL OF BIOLOGICAL CHEMISTRY

drocytes, we cultured primary cos-

tal chondrocytes derived from
KLF5*"" mice and confirmed that the KLF5 mRNA level was
decreased to about half that of wild-type chondrocytes (Fig.
4A). Among the molecules related to terminal differentiation of
chondrocytes, cartilage degradation, and remodeling, only
MMP9, and not osteopontin, MMPI13, or VEGFA, was signifi-
cantly suppressed by the KLF5 haploinsufficiency. Proliferative
ability was comparable between cultured chondrocytes from
KLF5" '~ and the wild-type littermates (Fig. 4B). Gene silencing
of KLF5 by RNA interference also caused the reduction of
MMP9 mRNA expression in OUMS27 cells (Fig, 4C).

Finally, an immunohistochemical staining confirmed that
MMPY expression seen in the cartilage layer and the perichon-
drium of wild-type limb was scarcely detected in KLF5 ™~ (Fig,
4D). In the cartilage layer, the decreased MMPY expression was
correlated with the suppression of COL2 degradation and
chondrocyte calcification, determined by immunohistochemi-
cal and von Kossa stainings, respectively. In the perichondrium,
the MMP decrease was correlated with the suppression of
DIPEN, which is a neoepitope at the aggrecan cleavage site gen-
erated by MMPs, and with that of CD34, which is an endothelial
antigen representing blood vessels, determined by respective
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immunostainings. Quantitative analyses actually revealed sig-
nificant decreases in the width of the von Kossa-positive calci-
fied layer and the number of CID34-positive blood vessels in the
KLF5" '~ limb (Fig. 4F).

DISCUSSION

The present in vivo analyses revealed that KLF5 haploinsuf-
ficiency caused impairment of cartilage matrix degradation and
the subsequent remodeling to bone tissue, without affecting
chondrocyte proliferation or differentiation. Microarray and
cell culture analyses demonstrated that KLF5 contributes to the
cartilage degradation through transcriptional induction of
MMP9. MMP9 is known to be a potent proteinase that
degrades denatured collagens and activates other MM1I’s and
cytokines (4, 8, 27). In fact, the homozygous deficient mice
(MMP9™"" mice) are reported to exhibit skeletal abnormality
similar to KLF5"'~ mice: clongation of hypertrophic layer,
impaired vascularization, and delayed formation of bone and
bone marrow cavity in the limbs (3), indicating a role of the
KLF5-MMPY axis during skeletal development.

It is, however, of note that the defect of KLF5 is physiologi-
cally more critical than that of MMP9, since KLF5™'™ mice die
in iitero before ER.5, whereas MMPY™"" mice grow normally
after birth, and MMP9"'" mice show no abnormality from
embryos (3). This might be because KLF5 regulates molecules
other than MMP9, since the present microarray analyses
revealed up-regulation of several molecules like a-E-catenin
(CTNNAL), ADAMTS4 (a disintegrin and metalloproteinase
with thrombospondin-like repeat 4), interleukin-1, and
MMP14 by the KLF5 overexpression in chondrogenic cells
(Table 1 and supplemental Tables 1 and 2). a-E-catenin, a pro-
totypic member of the a-catenin family and a component of the
cadherin-catenin complex (28), is known to be required to sus-
tain adhesion between cells during mammalian morphogenetic
events (29). Although it is mainly expressed in epithelial tissues
and the loss-of-function mutation causes human squamous cell
carcinoma of the skin (30), the involvement in matrix de-
gradation or angiogenesis remains unknown. Meanwhile,
ADAMTSA4 is a principal proteinase for aggrecan (31), a major
cartilage matrix component that is degraded before collag-
enases cleave collagens in the hypertrophic layer (32). Hence,
KLF5 might possibly lead to aggrecan degradation through
induction of ADAMTS4, which is followed by matrix degrada-
tion by MMP9 (5). Interleukin-1, a representative proinflam-
matory cytokine, is also known to be a potent stimulator of
MMPs, ADAMTSs, and other catabolic cytokines (32), so that
interleukin-1 and MMP9 induced by KLF5 might initiate the
subsequent catabolic changes of the cartilage. MMP14,
although the induction by KLFS was not strong (Table 1), is also
a key proteinase in growth plate resorption, since the MMP-14-
deficient mice exhibited dwarfism due to impaired endochon-
dral ossification and angiogenesis, similarly to the KLF5~ "~
mice (33, 34). KLF5 may therefore be a crucial transcription
factor that controls the molecular network for cartilage matrix
degradation during endochondral ossification.

Another difference in the effects of insufficiency of KLF5 and
MMP9 is their function in osteoclasts or chondroclasts.
MMP9 '~ mice showed abnormal bone remodeling after birth

AL
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with impaired osteoclast recruitment, whereas KLF5 '™ mice
showed normal bone remodeling. Expression of MMP9 by oste-
oclastic cells may physiologically be important for skeletal
development, since transplantation of wild-type bone marrow
cells, including osteoclast progenitors, rescues the skeletal phe-
notype (3). In fact, MMP9 is abundantly expressed (26),
whereas KLF5 was barely detected in osteoclastic cells (Fig. 1).
The finding that the KLF5 overexpression in osteoclast precur-
sors failed to alter endogenous MMP9 expression and oste-
oclastic differentiation (Fig. 3, Dand E, and supplemental Fig. 4)
supports the importance of MMP9 expression in osteoclastic
cells. The present study, however, demonstrated that other
than in osteoclasts, MMP9 was expressed in chondrocytes and
perichondrium during skeletal development and was dramati-
cally decreased by the KLF5 haploinsufficiency (Fig. 4D). This
decrease was correlated with the suppression of COL2 degra-
dation and an aggrecan cleavage neoepitope DIPEN. In addi-
tion, the induced MMPY in chondrocytes by the KLF5 overex-
pression exerted a potent enzyme activity by gelatin
zymography (Fig. 34), as previously reported (35). These indi-
cate a significant role of cell-autonomous action of MMP9Y in
chondrocytes in the process of cartilage degradation.

For endochondral ossification of hypertrophic chondrocytes,
chondrocyte apoptosis, cartilage matrix degradation, and vas-
cularization are tightly coupled (2, 5); however, which of these
steps is rate-limiting remains unclear. A recent study on knock-
out mice of an antiapoptotic protein, galectin 3, has shown that
acceleration of chondrocyte apoptosis was not associated with
endochondral ossification (36), suggesting that chondrocyte
apoptosis might be dispensable for the process. Several reports
have indicated the matrix degradation and vascularization as
the crucial steps (3, 5, 37-39), and, in fact, the present in vivo
analyses showed that suppressions of MMP9 expression and
cartilage matrix degradation by KLF5 insufficiency led to
impairment of skeletal development accompanied by
decreased vascularization (Fig. 4D). In vitro cultures, however,
showed that a principal angiogenic factor, VEGFA (37~ 40), was
little influenced by gain or loss of function of KLF5 in chondro-
cytes (Figs. 3B and 4A4); nor were other angiogenic factors,
VEGFC, VEGFD (41), HGF (42), FGF1, or FGF2 (43, 44), in the
microarray analyses (supplemental Table 2). Hence, KLF5 is
likely to regulate vascularization indirectly as a secondary effect
of MMP9 secretion and matrix degradation in the cartilage
layer and perichondrium, although the details need to be fur-
ther investigated. In fact, cartilage explants from MMP9™ "~
mice in culture are reported to show a delayed angiogenesis (3).
A previous report on MMPI13™'~ and MMP9™'" mice also
showed that the cartilage matrix degradation was decreased in
parallel with the pace that vasculature recruitment maintains
with the slower rate of endochondral ossification (5). This evi-
dence suggests that the matrix degradation may create a per-
missive environment for blood vessels to invade or make angio-
genic factors accessible, leading to a hypothesis that cartilage
degradation is a rate-limiting step for endochondral ossifica-
tion of hypertrophic chondrocytes.

The skeletal abnormality of KLF5+/— mice was limited to
the perinatal period and disappeared as the animals grew up
after birth under physiological conditions. This may be due
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to compensatory mechanisms for endochondral ossification,
such as an increase of proteinases other than MMP9. In fact,
proteinases, such as MMP13, tended to be regulated oppo-
sitely to MMP9 by the KLF5 overexpression (Fig. 3B and
Table 1). Since MMPs arc known to play roles under various
pathological conditions, including wound healing, arthritis,
and tumor development (45-47), we examined the effects of
KLF5 insufficiency on bone fracture and arthritis by making
the models in KLF5' ' mice at 8 weeks of age (supplemental
Fig. 5, A and B). In results, there was no difference in fracture
healing or arthritis development between KLF5''™ and the
wild-type littermates. KLF5 may thercfore be indispensable
for skeletal development only in the perinatal period but
be dispensable after birth under physiological and patholog-
ical conditions. Another possible compensatory mechanism
is bone formation by osteoblasts, despite the expression of
KLF5 in the cells (Fig. 1). This osteoblastic compensation
may be sufficient to make up for the KLF5 dysfunction in
chondrocytes after a substantial number of osteoblasts have
appeared after birth but insufficient in the perinatal period
when chondrocytes play central roles in endochondral ossi-
fication. Generation and evaluation of conditional knock-
out mice will clarify the tissue-specific roles of KLF5. In
addition, further understanding of the molecular network
related to the KLF5-MMP9 axis will greatly help us to
unravel the complex mechanism modulating endochondral
ossification.
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Summary

Objective: Although knee ostecarthritis (OA) is a major public health issue causing chronic disability, there is no objective or accurate method
for measurement of the structural severity in general clinical practice. Here we have established a fully automatic program KOACAD (knee OA
computer-aided diagnosis) to quantify the major OA parameters on plain knee radiographs, validated the reproducibility and reliability, and
investigated the lation of the p ters with knee pain.

Mathods: KOACAD was programmed to measure joint space narrowing at medial and lateral sides, osteophyte formation, and joint angula-
tion. Anteroposterior radiographs of 1979 knees of a large-scale cohort population were analyzed by KODACAD and conventional categorical
grading systems.

Resulls: KOACAD automatically measured all parameters in less than 1 s without intra- or interobserver variabllity. All parameters, especially
medial joint space narrowing, were significantly correlated with the conventional gradings. In the parameters, osteophyte formation was as-
sociated with none of the joint space parameters, suggesting different etiologic mechanisms between them. Multivariate logistic reg

analysis after adjustment for age and confounding factors revealed that medial joint space narrowing and varus angulation of knee pmls
were risk factors for the presence of pain (594/1979 knees), while neither lateral joint space nor ostecphyte area was.

Conclusiorr KOACAD was shown 1o be useful for objective, accurate, simple and easy evaluation of the radiographic knee OA severity in daily
clinical practice. This system may also serve as a surrogate measure for the development of disease-modifying drugs for OA, just as bone

mineral density does in ost

© 2008 Ostecarthritis Research Socaty International. Published by Elsevier Lid. All rights reserved.
Key words: Osteoarthritis, Knee, Diagnosis, Computer-aided diagnosis, Imaging, Plain radiograph.

Introduction

Due to the rapidly increasing fraction of aging people today,
osteoarthritis (OA) Is now considered as a major public
health issue causing chronic disability in most developed
countries. It is estimated that up to 10% of the entire world
population, and more than 50% of those aged over 50
years, are suffering from OA'. Knee OA, affecting about
30% of those over 65 years and as often assomaisd with
disability as heart and chronic lung diseases®”, is charac-
terized by pathological features including joint space
narrowing, osteophyte formation, and joint angulation.
Although OA and osteoporosis are the two major skeletal
disorders with strong social impact’, OA falls far behind os-
teoporosis in the assessment of its disease severily and in
the development of disease-modifying drugs. This is mainly
due to the lack of an objective and accurate method to

*Address correspondence and reprint requests to: Dr Hiroshi
Kawaguchi, M.D., Ph.D., Sensory and Motor System Medicine,
Faculty of Medicine, The University of Tokyo, 7-31,
Bunkyo, Tokyo 113-8655, Japan. Tel: 81-3-3815-5411 ext. 30473,
Fax: 81-3-3818-4082; E-mail: kawaguchi-on @ h.u-tokyo.ac jp

Received 3 January 2008, revision accepled 9 March 2008.

evaluate the structural severity and thereby 1o assess the
efficacy of drugs as surrogate measures like bone mineral
density (BMD) in osteoporosis.

Although magnetic resonance imaging (MRI) with high
resolution has been rapidly advanced as a promising tech-
nique, it is still too laborious and expensive to perform in
general clinical practice or in population-based epidemio-
logic studies, and the interpretation remains controversial
as a primary end -point in clinical trials of the disease-
modifying drugs®~". Biochemical markers of cartilage tum-
over are being tested to measure the disease progression;
however, their validation as a_surrogate measure will
require significant additional work®®, Hence, plain radiogra-

ylsmnsudemdmagcrkﬂsmdardasamemwma!ls
non-invasive, inexpensive, convenient, simple, and fasi to
use in assessing OA severity. The most conventional
system to grade the radlographlc severity has been the
Keligren/Lawrence (K/L) grading®. However, this categori-
cal system is limited by incorrect assumptions that progres-
sion of distinct OA features like joint space narrowing and
osteophyte formation is linear and constant, and that their
relationships are proportional. Since the system em-
phasizes the development of osteophytes, it is unclear
how to handie knees with severe joint space narrowing
but no osteophyte formation. To overcome the problem,
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a radiographic atlas of individual features was published b!
the OA Research Society International (OARSI) in 1995"
and a revised version in 2007''. This system separately
evaluates joint space narrowing and osteophyte formation
at the medial and lateral tibiofemoral compartments on radio-
graphs; however, the grading is still limited in reproducibility
and sensitivity due to the subjective judgment of individual
observers and the categorical classification into four-grade
(0—3) scales. Although several semi-automatic methods for
objective measurement with continuous variables of joint
space or angle using computer-assisted systems have re-
cently been developed, there still remain intra- and interob-
server variabilities since initial operations like n:Ie ing
points or drawing lines must be manually performed®~

The present study has developed a novel mmpuler
program, KOACAD (knee OA computer-aided diagnosis),
which for the first time has realized a fully automatic mea-
surement of major parameters of knee OA: joint space
area (JSA) and the minimum joint space width (mJSW) at
medial and lateral sides, osteophyte area, and tibiofemoral
angle (TFA) on plain anteroposterior radiographs. We
examined the reproducibility and reliability of KOACAD by
comparing it with conventional grading systems and semi-
automatic measurements.

Anhritis is the most common cause of pain in the
elderly'”, and knee pain is the principal clinical symptom
of knee OA. Although much effort has been devoted toward
a definition of knee pain, the correlation with radiographic
sevarqu of the knee OA was not as strong as one would

8-20 Hence, this study finally sought to identify
radiographic factors related to knee pain by examining the
association of the KOACAD parameters with the presence
of pain using a baseline database of our large-scale OA
cohort study ROAD (research on OA against disability).

Subjects and methods
SUBJECTS

The ROAD study Is & nationwide OA cohort study that starled in 2005,
and Is constituled of four cohorts, So far, we have completed creation of
a baseline dalabase including clinical and genomic information of 3040
pmapunm in three cohorts in urban, mountainous, and seacoast areas.
The d posterior and laleral radiograp

Then, the Robar's filter was applied to extract the rough ouflines of tibia
and femur, so that medial and lateral sides could be judged by the difference
of calculated widihs of tibla and fibula al the level of 100 pixels above the
botiom of the image [Fig. 1(B))

Next, to determine the region of interest (RQI) including the tibiolemoral
joint space, a vertical neighborhood difference filler was appiied o identify
points with high absolute values of difference of scales. The center of all
the points was then calculated, and 480 = 200 pixels of a rectangie with
the centar was decided as the ROI [Fig. 1(C)]. Within the ROI, the outline
of femoral condyle was designated as the uppar rim of the joint space by ver-
tical filtering with the 3 = 3 square neighborhood difference fiter [Fig. 1(D)}.
The two ends were determined using a Canny’s filter fo remove the noise
of lines™, and vertical lines from the ends were designated as the outside
rims of the joint space. Outiines of rior and p gins of the tibial
pmmmumﬂmlhmwmto!mmmlmyh and the middle
line batween the two outlines was designated as the lower rim of the joint
space [Fig. 1(E)]. Then, ammmmwmlmlo«mmnmouum
was drawn, and their as the inside nms
[Fig 1:F}]T‘hemsdhimﬂhmnlJSAemmmhndan5w
rounded by the upper, lower, inside, and outside rims above [Fig. 1(G)].
The medial and lateral mJSWs were lurther determined as the minimum ver-
tical distances in the respective JSA [Fig. 1(H]}.

To measure osteophyle area and TFA, the madial and lateral outlines of
femur and tibla were drawn by the 3 » 3 square horizontal neighborhood dil-
terence filter and Canny's filler as described above. Then, the inflection
points for the outlines were calculated. The medial outiing of the tibla rom
the inflection point wasurawnwwardlomwmr[m 1(1)). and the
area that was diatly p outling was

gnated as the phyte area |Flg 1(J)]. For TFA. a migdie line
between the medial and lateral cutlines of the fermur from the top of the
image 1o the inflection points was drawn [Fig. 1(K)], and the straight regres-
sion line was determined o be the axis of the femur. Similarly, the straight
regression line of the middie line of the tibia from the boftom to the inflection
points was designated as the axis of the tibia. The lateral angle between the
two axis lines was calculated as TFA [Fig. 1(L)].

ANALYSES

Tommwmm memmgoframogruphshrmKOA-
CAD analysis, we initially evaluated the bility of the six p
by an intraclass cosfficient of correlation l!OC} on radiographs of 20 individ-
uals faken al a 2-week interval with vanous knee flexion angles (0, 10, 20,
and 30°) and X-ray beam angulations (0, 5, 10, and 15°).
Cmmmmmdnwm the K/L system urdngRSI rad-ogrepmc nﬂas
were p d by orthop
salemdlmmm 19’?9mdmmphsahwn and intra- andinmmvan-
abilities ware evaluated by » values. mkmwmmmmmam eval
uatad by semi by a
program (Quick Grain Standard, Inotech, Hiroshima, Japan) after drawing of
the outlines of femur and tibia by the orthopedists, and intra- and interobserver
ICCs of each parameter wera compared with those of KOACAD.
Correlations of the KOACm parameters with the K/L grading (0—4) were

knees of all participants. For evaluation of the KOACAD system, we used
1979 anteroposterior radiographs from 2002 knees of 1001 of

by S test on the entire 1979 radiographs.
Comrelations with the OMISI grading (0—3) were similarly examined for five
KOACAD

the urban cohort after 15 artificial knee joints and eight knees with more
than 5" flexion contracture were omitted. The study was conducted with
approval of the Institutional Review Boards (IRBs) of the University of Tokyo
and the Tokyo Metropolitan Institute ol Gerontology, and all participants
provh written inf

RADIOGRAPHY

Plain radiographs with standing on both legs and the knee extended were
taken with a horizontal X-ray beam unless otherwise described, using a Fuji
5000 Plus Reader on a 36 « 48 cm Fujl ST-VI Computed Radiography (CR)
imaging plate (Fuji Tokyo, Japan) with a 20 < 30 mm rect-
muhrmwmmn“amavnmﬁmmm Rotation of tha foot
was adjusted 1o keep the second metatarsal bone parallel to the X-ray
bearmn. Images were downloaded into Digital Imaging and Communication
in Medicine (DICOM) format files with a spatial resolution of 1584 x 2016
pixels (giving a pixel size of 0.01 mm) and 1024 gray levels.

IMAGE PROCESSING BY KOACAD

The KOACAD was programmed {o parform the auto-
matically on the digital images above using the wpcl-orimm programming
language C++ [Fig. 1(A)]. Initially, correction for radiographic magnification
was performed based on the image size of the rectangular metal plate, To
reduce the image noise, ihe entire radiograph underwent filtering three times
with & 3 = 3 square neighborhood median fiter as reparted previoushy®'.

mJSW and JSA at the medial and lateral
sidas m Wwd with the OARSI joinl space namowing grades al the
respective sides, and the KOACAD osteophyte area with the QARSI osteo-
phyle grade of the medial tiblal plateau. Since there was no radiograph of
OMARSI grade 3 of lateral joint space namowing, coralations of the KOACAD
lateral JSA and lateral mJSW were examined with the QARSI grade 0-2.

Carrelations among the KOACAD parameters were analyzed using Pear-
son's comelation lest, and parametars with correlation value of more than 0.5
were defined as confounding factors,

For the of tactors iated with symp knee pain,
age and the six KOAG&O were compared knees with
and without pain by Student’s 1est on the 1979 radiographs. Logistic regres-
sion analyses were used to estimate odds ratio (OR) and the associated
85% confidence interval (Cl). Final multivariate logistic models were created
through stepwise elimination of variabies of interest from univariate analysis
after agjusiment for age and confounding factors.

A P-value of <0.05 for ysis of salety | dered signil-
icant. Dala analyses were performed using SAS version 0 0 (SAS Institute
Inc., NC, USA).

Results

REPRODUCIBILITY OF KOACAD PARAMETERS BY KNEE
FLEXION ANGLES AND X-RAY BEAM ANGULATIONS

The KOACAD system could automatically measure the
six parameters on an anteroposterior knee radiograph in
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Fig. 1. Schema of image processing by KOACAD. (A) A digitized knee radiograph as a DICOM file. (B) Filterings lo reduce the image noise and
to extract outlines of tibia and femur, (C) ROI and the center including the tibiofemoral joint space, (D) An outline of femoral condyle (blue line) as
the upper and outside rims of the joint space. (E) Outlines of anterior and posterior margins of the tibial plateau (green lines), and the middle line
between the two outlines (red line) as the lower rim of the joint space. (F) A straight regression line (black line) for the lower rim line, and thair
intersections as the inside nms. (G) Medial and lateral JSAs (white areas) surrounded by the upper, lower, inside, and outside rims. (H) Medial
and lateral mJSWs (brown lines) as the minimum vertical distances in the JSAs. (1) Medial outline (blue line) of the tibia drawn from the calcu-
lated inflection point upward to the joint level. (J) Osteophyle area (red area) that is medially prominent over the smoothly extended outline of the
tibla. (K} Medial and lateral outlines (blue lines) of the femur and tibia from the edges of the image to the inflection points, and the middle lines
(purple lines). (L) TFA as the lateral angle between the straight regression lines (black lines) of the middle lines above in the femur and tibia.
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less than 1 s without any manual operation. To decide the
ideal conditions of taking radiographs for the KOACAD
analysis, we first examined the reproducibility of the para-
meters measured on radiographs of 20 individuals taken
at a 2-week interval with various knee flexion angles and
X-ray beam angulations (Table 1). The reproducibility of all
parameters was highly maintained with 0° of the knee flex-
ion angle (ICC = 0.88-0.99), which became lower as the
angle was increased. It was also maintained with 0 and
5° of X-ray beam angulations (ICC = 0.87—0.99), while it
was not determined in most of the radiographs with 10
and 15° due to overlap of femoral condyle and tibial plateau.
Hence, we decided to take radiographs with the knee
extended and a horizontal X-ray beam for the KOACAD
measurement,

COMPARISON OF KOACAD WITH CONVENTIONAL SYSTEMS

We measured the six parameters by KOACAD more than
twice on 1979 radiographs, and confirmed that all parame-
ters were unchanged independent of observer or time mea-
sured (all ICC = 1.0). Contrarily, when we examined the
intra- and interobserver variabllities of the conventional cat-
egorical grading systems on 50 randomly selected radio-
graphs, the intra- and interobserver variabilities were high
by the K/L system (x value = 0.84 and 0.76) and the OARSI
radiographic atlas (x <0.75 and <0.65) (Supplementary
Table S1). In addition, the intra- and interobserver ICCs of
semi-automatic measurements using a conventional
computer-assisted procedure of the parameters were less
than 0.7 and 0.6, respectively, for joint space parameters
and osteophyte area, and were less than 0.8 for TFA, indi-
caling that even this computer-assisted system is robust
with respect to variability in lines drawn by observers for
the computer to analyze (Supplementary Table S1).

We then examined the correlations of the KOACAD
parameters with the K/L and OARSI gradings on the 1979
radiographs (Table Il). All parameters were significantly cor-
related with the K/L grading (P < 0.0001); with medial JSA,
medial mJSW, and TFA being most strongly correlated with
it. Five common parameters showed good correlation
between KOACAD and OARSI grading (P < 0.0001), and
medial JSA and medial mJSW also showed most of the
strong correlations.

CORRBELATIONS AMONG THE KOACAD PARAMETERS

Although all KOACAD parameters are known to be
affected as OA progresses, the changes are neither propor-
tional nor is the relationship constant. We therefore exam-
ined the correlations among the parameters on the 1979
radiographs by Pearson's cormelation test (Table Ill). As
expected, correlation values were more than 0.5 between
medial JSA and medial mJSW, and between lateral JSA
and lateral mJSW, Indicating that these are confounding
factors for each other. More interestingly, although osteo-
phyte area was measured at the medial tibia, it was signif-
icantly associated with neither medial JSA nor mJSW,
suggesting different etiologic mechanisms between osteo-
phyte formation and joint destruction. Furthermore, JSA
and mJSW at the lateral side were positively comrelated
with those at the medial side, and TFA was strongly associ-
ated with decreased mJSWs not only at the medial side but
also al the lateral side. This implies that there is a back-
ground generally affecting the whole joint for OA progres-
sion rather than the medial-lateral shift of loading axis of
mechanical stress within the joint.

CORRELATIONS OF THE KOACAD PARAMETERS WITH
KNEE PAIN

To further identify radiographic factors associated with
knee pain using the KOACAD system in the 1979 radio-
graphs, we compared the ters between groups
with (594 knees) and without (1385 knees) knee pain (Table
IV). Although age was comparable, all parameters were
significantly different between the two groups. Especially,
medial JSA and medial mJSW were lower and TFA was
higher in the group with pain than that without pain. Univar-
iate logistic regression analysis after adjustment for age
revealed that female sex (OR = 1.64; 95% Cl = 1.47—1.84),
medial JSA (1.16; 1.05—1.27), medial mJSW (1.66;
1.49-1.87), and TFA (1.07; 1.03—1.10) were significantly
associated with the presence of pain.

Considering that medial mJSW and medial JSA, as well
as lateral mJSW and lateral JSA, were found to be con-
founders for each other (Pearson’s correlation value > 0.5;
Table Ill), we performed a multivariate analysis after adjust-
ment for age and confounding factors in both genders

Table |
Reproducibility of KOACAD parameters measured on radiographs of an individual with various knee flexion angles and X-ray beam
angulations
Knee flaxion angle (°) 0 10 20 30
KOACAD parameters (ICC)
Medial JSA (mm' 0.88 0.77 0.74 0.74
Lateral JSA (mm®) 0.92 0.87 0.73 0.73
Medial mJSW (mm) 0.96 0.92 0.90 0.78
Lateral mJSW (mm) 0.95 0.86 0.88 0.80
Osteophyte area (mm?) 0.99 0.91 0.79 0.81
TFA (*) 0.94 0.93 0.86 0.86
X-ray beam angulation (°) o 5 10 15
KOACAD parameters (ICC)
Medial JSA (mm‘:} 0.88 0.87 ND ND
Lateral JSA (mm®) 0.92 0.82 (17/20) (20/20)
Medial mJSW (mm) 0.96 0.96
Lateral mJSW (mm) 0.95 0.95
Osteophyte area (mm®?) 0.99 0.89
TEA (*) 0.94 0.93

Reproducibility of six parameters was evaluated by an ICC on radiographs of 20 individuals taken at a 2-week interval. ND: not determined

due to overlap of femur and tibia.
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Table Il
Correlations of the KOACAD parameters with the K/L and QARSI gradings
0 1 2 3 4 =3
K/L grading
Number 162 €25 956 205 31
Medial JSA (mi 1124118 97.0+ 08 911 £07 83.2+19 524 +54 -0.29
Lateral JSA (mm 1143+ 20 1106 £ 1.1 1072+09 1053+ 1.9 106.2 + 6.1 ~-0.08
Medial mJSW (mm) 39+01 34400 3100 25+ 01 1.5+02 -0.41
Lateral mJSW (mm) 47401 44+00 43+01 42+01 42+03 -0.11
Osteophyte area (mm®) 27414 20402 32+02 79+13 109+4.2 0.15
TFA (*) 175.7+02 1762+ 0.1 177404 178.6 =0.3 1842+12 0.31
OARSI grading
Medial JSA (mm®) (n) 105.2 + 0.9 (802) 89.8 + 0.7 (953) 90.0 £1.3 (317) 65.4+2.2 (107) -0.34
Lateral JSA (mm*) (n) 109.6 + 0.6 (1926) B7.7 £ 4.2 (38) 61.7=7.3(15) —{0) -0.16
Medial mJSW (mm) (n) 3.6 £ 0.0 (602) 3.1 £ 0.0 (953) 27=0.0(317) 1.8+0.1 (107) ~-0.45
Lateral mJSW (mm) (n) 4.3+ 0.0 (1928) 334102 (38) 25+03(15) )] -0.19
Osteophyte area (mm?) (n) 204102 (1212) 28104 (421) 4.7+ 0.6 (215) 14.7 £ 0.7 (131) 025

Analyses ware pedormed by Spearman's correlation test on 1979 radiographs, and data are expressed by means = s.em. (all

P-values < 0.0001).

(Table V). It was found that low medial mJSW and high TFA
were associated with the presence of pain, while neither
lateral mJSW nor osteophyte area was.

Discussion

In the present study, we established a fully automatic
computer-assisted program, KOACAD that can quantitate
the major features of knee OA on plain radiographs. This
system has achieved objective, accurate, simple and easy
assessment of the structural severity of knee OA without
any manual operation in general clinical practice or in pop-
ulation-based epidemiologic studies. The system could also
accurately evaluate distinct features of knee OA like joint
space narrowing, osteophyte formation, and joint angulation
in one sitting. By applying this system to the baseline data in
the ROAD study, medial joint space narrowing and varus
angulation, though neither lateral joint space narrowing
nor osteophyte formation, was shown to be associated
with symptomatic knee pain.

Independent measurement of the parameters by KOA-
CAD enabled us to examine the correlation of distinct fea-
tures of OA, which may lead to better understanding of
the OA pathophysiology. For example, a lack of association
between osteophyte formation and joint space narrowing
indicates independent backgrounds of the two representa-
tive features of knee OA. A previous prospective study us-
ing a famous OA cohort, the Chingford study, has reported
that there was no association between the two features™.
Although the authors described in the paper that this might
possibly be due to inaccurate and subjective measurement
on radiographs, the present KOACAD analysis has

confirmed the reliability by accurate and objective measure-
ment. A recent cross-sectional study has also shown that
osteophyte formation was unrelated not only to joint space
namowing on plain rm:lioq;raphsJ but also to cartilage loss
measured by quantitative MRI**. Furthermore, by creating
an OA model through induction of instability in mouse
knee joints, we have identified a cartilage specific molecule,
carminerin, that regulates osteophyte formation without af-
fecting cartilage destruction during the OA progression”®?%,
Further clinical and basic research will disclose the distinct
backgrounds of the two OA features. The correlation analy-
sis among the parameters also revealed that joint space
namrowing at medial and lateral sides was positively corre-
lated, indicating an etiologic mechanism that affects the
whole joint. Although this does not necessarily deny the
mechanistic contribution of medial-lateral shift of the loading
axis within the joint to the OA progression, the limitation of
efficacy of a valgus knee brace, lateral wedged insole, or
valgus high tibial osteotomy for medial compartment OA
of the knee may al least partly be explained by the resuit.

For accurate and reproducible assessment of tibiofe-
moral joint space on plain radiographs, a variety of radio-
graphic methods have been developed. Several reports
have claimed that positioning of the knee with several
angles of flexion provides more accurate joint space mea-
surement than conventional extended knees due to super-
imposition of the anterior and posterior margins of the
tibial plateau’®*’#%. Among the reports, angulation of the
X-ray beam and rotation of the foot were different, and
some of them included fluoroscopic assistance for the
adjustment of margins of the tibial plateau. Despite these
efforts, none of the radiographic protocols has realized
high reproducibility or sensitivity for long-term longitudinal

Table Ili
Correlations among the KOACAD parameters

Medial JSA Lateral JSA Medial mJSW Lateral mJSW Osteopyte area TFA
Medial JSA 1.00
Lateral JSA 0.22 (<0.0001) 1.00
Medial mJSW 0.70 (<0.0001) 0.13 (0.0008) 1.00
Lateral mJSW 0.18 (<0.0001) 0.72 (<0.0001) 0.22 (<0.0001) 1.00
Osteophyle area 0.02 (NS) 0.13 (0.0006) 0.04 (NS) 0.13 (NS) 1.00
TFA 0.08 (0.03) 0.03 (NS) 0.21 (<0.0001) 0.19 (<0.0001) 0.02 (NS) 1.00

Analyses were performed by Pearson's correlation test on 1979 radiographs, and data are expressed as Pearson's correlation values and

P-values in the parentheses. NS: not significant (P > 0.05).
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Table IV
Differences of age and the KOACAD parameters between knees
with and without pain

Pain (+)

Pain () P-value

Participants 594 (124/470) 1385 (575/810)
(men/women)

Age (years) 76847 77.0+£4.4 NS
Parameters

Medial JSA (mm®) 880+ 1.0 957+0.7 -<0.0001
Lateral JSA (mm®) 1059+1.1 1102 £ 0.7 0.0013
Medial mJSW (mm) 29410 33+12 <0.0001
Lateral mJSW (mm) 43401 44400 0.0044
Osteophyte area (mm°®) 4B+ 54 29+70 0.0002
TFA (°) 177.9+33  1768+4.3  <0.0001

Analyses were performed on 1879 radiographs, and dala are ex-
pressed by means £ s.em. P-values were determined by Student's
t test. NS: not significant (P> 0.05).

studies® “®. And, first of all, since these methods increase
the cost and require the technician to be specifically trained,
they are unlikely to be applicable in general clinical practice
or population-based epidemiologic studies. Meanwhile, the
conventional standing extended view knee radiographs that
the KOACAD system adopted are known to be sensitive to
change if the tibial plateau is adequately aligned™. To over-
come variability of the tibiofemoral joint space by the posi-
tioning of the knee and the angulation of the X-ray beam
causing the misalignment of the anterior and posterior mar-
gins of the tibial plateau, the KOACAD system for the first
time designated the middle line between outiines of anterior
and posterior margins of the tibial plateau as the lower rim
of the radiographic joint space. In fact, reproducibility of all
KOACAD parameters was highly maintained with 0° knee
flexion and 0—5° X-ray angulation (Table I). This, however,
indicates that OA patients with flexion contracture of the
knee cannot be appropriately assessed by the KOACAD
system, so that patients with more than 5° flexion contrac-
ture were excluded from the present study.

Digital images by computed radiographic techniques offer
several advantages compared with conventional analog
film-screen radiography, and are increasingly available in
routine patient management because they allow image
enhancement, quantification, archiving, transmission,
simultaneous access to the image at multiple sites, and
reduction in radiation dose®'. Although this study used
digitized images as the DICOM file, we have confirmed
that images digitized from analog radiographs by general
image scanners could be used for the KOACAD analysis
with perfect reproducibility (ICC = 1.0). In addition, since
KOACAD is programmed based on a personal computer,
and not on a massive workstation, it can be used anywhere,
even away from clinics.

Table V
Multivariate logistic regrassion analysis for OR and 85% CI of the
KOACAD parameters for knee pain

Men (699) Women (1280)

OR 85% CI OR 95% ClI
Medial mJSW 1.46 1.16-1.90 1.41 1.23-1.63
Lateral mJSW 0.09 0.79-1.23 1.10 0.98—1.24
Osteophyte area 0.99 0.96-1.04 0.99 0.98-1.00
TFA 1.07 1.01-1.13 1.07 1.03-1.10

Data were calculated by stepwise logistic regression analysis
after adjustment for age and confounding factors on 1979
radiographs.

The relationship between the radiographic findings and
the symptomatic pain in knee joints remains controversial,
but at least the severity of radiographic OA is not linearly
correlated with that of pain'®~?°, Although the present mul-
tivariate analysis was able to detect significant associations
of knee pain with low medial mJSW and high TFA, they
were not strong (Table V). This may be due to the compli-
cated mechanism underlying the pain. Although articular
cartilage is viewed as a major target tissue of OA, knee
pain may arise from a number of different structures like
joint capsule, ligaments, menisci, bursae, and the bone
marrow. Pathological structures caused by OA may contrib-
ute to pain indirectly. For example, inflammatory synovitis
and associated capillaries are innervated by pain fibers
and may be affected in OA™. Furthermore, previous MRI
surveys among patients with radiographic knee OA showed
that knee pain was due not only to OA-related disorders, but
also to spontaneous osteonecrosis and bone marrow
edema around the knee joint*™°_ A limitation of the KOA-
CAD system is that these periarticular disorders are not in-
cluded in the parameters but are best shown by MRI, which
might possibly lead to failures in the treatment of knee pain.

Another limitation of this study is a lack of longitudinal In-
vestigation to validate the sensitivity of the KOACAD system.
One criticism has been that plain radiographs are insensitive
to change over time, and that even a small radiographic
change is associated with substantial cartilage loss™. Nev-
ertheless, the current recommendations suggest that clinical
studies of knee OA should include a structural measure of
OA sevaritf'”. This emphasizes the need for further refine-
ment in the definition of radiographic outcomes in prospec-
tive clinical trials. Recent longitudinal studies using
quantitative MRI have shown that subjects with knee OA
lose 5% of their tibial cartilage volume per year’ ** and
that the cartilage loss is correlated with worsening of symp-
toms and portends knee replacement”®*®. Although the car-
tilage loss detected by quantitative MRI is much greater than
that detected in plain radiographs, the MRI-based cartilage
volume correlates with the change of radiographic features
to some extent*®*', Since the KOACAD system can provide
continuous measures of parameters of OA severity, it is pos-
sible that the system is as sensitive to change over time as
quantitative MRI. Also, the association between knee pain
and radiographic features cannot be appropriately assessed
in a cross-sectional survey, but should be evaluated over
a defined period of time, as indicated by previous
reports*®*®. Qur baseline survey in the ROAD study has
included quantitative MRI on a group of randomly selected
participants. In 2008—2010, we are planning a second sur-
vey including the KOACAD radiographic analysis on more
than 3000 participants and the quantitative MRI on a portion
of these. Comparison of the KOACAD parameters and the
MRI findings will validate the sensitivity of the KOACAD
system over time, and lead to further understanding of the
association between knee pain and radiographic features.

In conclusion, we have established a fully automatic
computer-assisted program, KOACAD, to quantify knee
OA severity on plain radiographs, and validated its high re-
producibility and reliability in a cross-sectional study. This
system may not only be useful for objective evaluation of
knee OA patients in daily clinical practice or in population-
based epidemiologic studies, but also act as a proper surro-
gate measure for the development of disease-modifying
drugs for OA. We hope in the future that this system will
be prevalently used worldwide to lead to international crite-
ria for diagnosis and treatment of knee OA, just like BMD in
osteoporosis.
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Nanoscale Structured Phospholipid Polymer Brush for Biointerface
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To prepare the biomaterial surface having both lubricity and biocompatibility, we aimed to prove the mechanism
of the resistance of friction and protein adsorption with grafting polymer. We prepared
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) grafted layer using an atom transfer radical
polymerization (ATRP) method, which had the advantage of controlling surface structures on nanoscale. From
the results of surface characterization, it was confirmed that the thickness of the PMPC grafted layer was 4-10
nm and the conformation of the PMPC grafted layer was brushlike. We investigated the friction propertics in air
and in water with an atomic force microscopy (AFM). The friction coefficients of the PMPC brush layers were
decreased dramatically in water and the resistance of friction depended on the thickness of the PMPC brush layer.
We also investigated the protein adhesion properties by measuring the force-distance curves using the AFM
cantilever immobilized with a bovine serum albumin (BSA). The adhesion force between the BSA and the
PMPC brush layers were markedly reduced and the resistance of the BSA adhesion depended on the thickness of
the PMPC brush layer. For resisting both friction and protein adsorption in water, it was a key factor to keep the
thick hydrated layer made by the elongated hydrophilic PMPC brush chains.

Key words: phospholipid polymer, polymer brush, atom transfer radical polymerization, atomic force microscopy, lubneity

L. INTRODUCTION

In recent years there has been increasing interest in
surface modification with polymers to improve a solid
surface properties for biomaterials. Lubricity is one of
the essential properties for biomaterials such as artificial
jomnts, blood pump bearings, and catheters. As for
artificial joints, the loosening caused by wear between
the articulating surfaces is the most serious problem
limiting their survival and clinical success. We aimed
for obtaining both lubricity and biocompatibility for
biomaterial surfaces. We used poly(2-methacryloyl-
oxyethyl phosphorylcholine) (PMPC) as a surface
modifier, which is well known for biocompatible
polymer whose side chain is composed of phosphurrl-
choline resembling phospholipid of cell membrane'™.
The polymers with MPC units onto the surface of
medical devices have already been shown to suppress
biological reactions when they are in contact with living
organisms. Using the fundamental research results,
PMPC are now clinically used on the surfaces of
intravascular stents, guide wires, soft contact lenses, and
artificial heart*”. Surface grafting of PMPC is excellent
method to obtain the biocompatibility™'®, We expect that
the PMPC grafling also improves lubricity of a solid
surface because there are the same phospholipid polar
groups on the surface of the human articular cartilage, It
has been reported that the PMPC grafting onto the
polyethylene liner of the artificial hip joint clearly
reduced wear berween the articulating surfaces for long
term'""?, However why the PMPC grafting improves
surface lubricity or biocompatibility has not been clear
yet. In this study, in order to investigate the surface
properties of the PMPC grafted surface, we prepared the
nanoscale structured PMPC grafted layer using an atom

transfer radical polymerization (ATRP) method, which
was famous for preparing well-controlled polymer
grafted layer'™'. We mainly smdied two surface
properties on nanoscale. The first is about the friction
properties. We measured the friction force of the PMPC
grafied surfaces with an atomic force microscopy
(AFM). The second is about the protein adhesion
properties. We obtained force-distance (f-d) curves with
8 protein immobilized AFM cantilever, and calculated
adhesion force of the protein on the PMPC grafted
surfaces.

2. EXPERIMENTS
2.1 Surface preparation
2.1.1 Surface-initiator immobilization

Si0; coated silicon wafers (Si) were cut into 1.0 cm x
2.0 cm, rinsed sufficiently with acetone and ethanol and
treated with oxygen plasma To prepare the
homogeneous monolayer of the initiator on the silicon
wafers, monochlorosilane, 3-(2-bromoisobutyry!)-propyl
dimethylchlorosilane (BDCS), was used as the surface
initiator. We synthesized BDCS as previously
described'®. The cleaned substrates were immersed in &
5 mmolll toluene solution of BDCS for 24 h. The
wafers were removed from the solution, rinsed with
methanol, and dried in an argon stream before used for
the graft polymerization.
2.2.2 Graft polymerization of MPC

The graft polymerization of MPC on the silicon
wafers was performed using an ATRP method. MPC
was dissolved in 10mL of dehydrated methanol. Capper
bromide (I) (20 mg, 0.135 mmol) and 2,2"-dipyridy! (43
mg, 0.27 mmol) were added with stirring under argon at
room temperature. The amount of MPC was changed
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variedly in order to control the thickness of the PMPC
brush layers. After the solution was stirred for 30 min
under an argon gas atmosphere, the BDCS
immobilized silicon wafers were immersed inio the
solution and at the same time ethyl 2-bromoisobutyrate
{20 uL, 0.135 mmol) was added as a sacrificial initiator.
The polymerization was carried out at room temperature
with stirring under an argon gas atmosphere. The silicon
wafers were removed from the polymerization mixture
after the desired time period, Subsequently, they were
extracted with a Soxleht apparatus in methanol for 20h
and dried in vacuo at room temperature. The scheme of
the reaction is shown in Fig.1.
2.3 Surface characterization

The surface chemical composition was determined by
X-ray pt lectron sp py (XPS). Survey scans
(0-1100 eV) were performed to identify the C, N, O, and
P elements. A take off angle of the photoelectrons was
90°. All binding energies were referenced the Cy, peak at
285 ¢V. The static water contact angles were
using & goniometer at room temperature. Water droplets
of 6 puL were contacted onto the substrates and the
contact angles at 10 sec were directly measured by
photographic images. The data was collected at 3
positions on each sample. The thickness of the PMPC
brush layers in air was measured by ellipsometry. The
surface morphology of the PMPC brush layers was
observed with an AFM in air. Images were captured in &
| pm x | jum area.
2.4 Interfacial friction measurements

A Nanoscope Na AFM (Digital Instuments) was
used to characterize interfacial friction properties.
Experiments were performed in contact mode in air and
in water. V-shaped Si;N cantilevers with an announced
force contact of 0.12 N/m were used, Surface friction
data were acquired by scanning in the Trace and Retrace
directions by disabling the slow scan axis. The friction
voltage signals were corrected and converted to units of
force by the previously proposed method'é, For

investigating the friction-load relationship, the scan size
was maintained at 2.0 pm and the scan rate at 2.0 Hz,
giving a sliding velocity of 8 umys. The applied load was
varied by changing the vertical deflection of the
cantilever. The load was calculated with a method
previously.”. To calculate the load, we

measured the f-d curve right after every friction imaging.
The friction versus sliding velocity measurements was
carried out between the sliding velocity of 0.4 pm/s and
488 um/s, A scan size of 2 um was used for the
measurements.
2.5 Investigation of the protein adhesion properties
2.5.1 Bovine serum albumin (BSA) immeobilization
onto the AFM cantilever

The BSA-immobilized cantilever was prepared as
follows. The oxygen-plasma treated Si;N, cantilever
was reacted with an ethanol solution of 3-aminopropy-
Itriethoxysilane (APTES) for 2 h at room temperature,
end then rinsed with water and ethanol. The surface
silanized with APTES was reacted with a 5 % solution
of glutaraldehyde in phosphate buffered saline (PBS) for
3 h, and then rinsed with PBS, followed by immersing in
3 mg/mL BSA in PBS at 37 °C for 3 h. The cantilever
was then rinsed with PBS.
2.5.2 Measurements of the f~d curves

We measured the f-d curves in PBS (pH = 7.4) using
the BSA-immobilized AFM cantilever and obtained the
adhesion properties between the BSA and the PMPC
brush layers. Fig.2 shows a typical f-d curve for an AFM
cantilever contacted with a solid surface. The maximum
normal deflection of the ing curve was defined as
adhesion force, Fy, and the area framed by approaching
curve and retracting curve was defined as adhesion work,
W, We used these two parameters for comparing
adhesion properties. More than two f-d curves were
obtained at one location through repeated cantilever
approach/retract cycles, and the measurements were also
repeated at more than five locations on each sample.

3, RESULTS AND DISUCUSSIONS
3.1 Surface characterization

The grafting of PMPC on the silicon wafers was
confirmed using XPS, The peaks in the carbon atom
region (Cy,) at 286 eV and 289 eV indicated the ether
bond and the ester bond, respectively, and those in the
nitrogen atom region (Ny,) at 403 eV and phosphorus
atom region (Py,) at 133 eV were specific to the
phosphorylcholine group in the MPC unit. The results of
the contact angle and the dry thickness are shown in
Fig.3. The static water contact angles on the PMPC
brush layers were about 10-25°, which was 20-30 % of
those on the unmodificd Si. The PMPC grafting greatly
increased hydrophilicity, and a very little introduction of
the PMPC chains made dramatic effects on the
wettability by water. The thickness of the PMPC brush
layers was increased with an increase in polymerization
degree. We controlled the thickness of the PMPC brush
layers by changing the amount of the MPC monomer in
the polymerization solution. The dry thickness of the
PMPC brush layers was used to estimate the graft
density oby,

o= hpN,/ M,

where h is the layer thickness determined by
ellipsometry, p is the density of dry polymer layer
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Figd4 The AFM images of (a) the unmodified Si, (b)
PMPC 50, PMPC 100, and PMPC 150,

(1.30g/cm® for PMPC'Y), N, is Avogadro’s number, and
M, is the number-average molecular weight of a
polymer chain grafted on surface. M, was determined by
measuring the molecular weight of a free polymer
because previous reports described that the molecular
weight of a polymer chain gnﬂedonmrfncewnlhe
same as that of a free polymer' . As a result, the average
of the guﬂ density of the PMPC brush layers was 0.17
chains/nm’. It was said that polymer-grafted layer which
hadmnlhmﬂlodutulfnmzmﬂdmmybeme
high dense brush conformation'®, We confirmed that the
PMPC grafted layer prepared via ATRP became “brush™
layer. We also confirmed the brush conformation of the
PMPC grafted layers with an AFM in dry condition. The
AFM images are shown in Fig.4, Compared with the
unmodified Si, brush structure of the PMPC 50, 100, and
150 (the numbers, 50, 100, and 150, were the
polymerization degree) was observed. The root-mean-
square (RMS) surface roughness of all samples was
about 0.5 nm, which indicated that the PMPC brush
layers prepared by ATRP were very homogeneous.
3.2 Friction properties
Interfacial friction forces for the unmodified Si,
PMPC 50, PMPC 100, and PMPC 150 measured as a
function of normal load in air (a) and in water (b) are
shown in Fig.5. In air, the friction coefficients of the
PMPC brush layers were the same value as those of the
unmodified Si, and showed the same behavior, which
characteristically showed the high friction coefficients
under lower load. These results were due to the adhesion
force between the AFM cantilever and the substrate
acting as normal load. The adhesion force between the
AFM cantilever and the unmodified Si was 10-30 nN,
measured by the fd curves. Under lower load, the
adhesion force had relatively a large effect on normal
load and the friction coefficients became very high. The
same value of the adhesion force was measured by the
J-d curve measurements about the PMPC brush layers in
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Fig.5 The friction coefficients as & function of normal
load in (&) air and in (b) water.
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Fig.6 Schematic illustration of the sliding interface (a) in
air, (b) in water under lower load, and (c) in water
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Fig.7 The friction force as a ﬁ.mctwn of sliding velocity

in water.

air. It was indicated that the PMPC chains were
compressed in air and had no effect on interaction
between the AFM cantilever and the silicon substrate
(Fig.6 (a)). On the other hand, in water, the friction
coefficients of the PMPC brush layers greatly decreased.
Under lower load, the friction coefficients of the PMPC
brush layers were especially low, and gently increased
8s normal load increased. These results indicated that the
adhesion force between the AFM cantilever and the
substrate did not occur on the PMPC brush layers in
water because the hydrophilic PMPC chains elongated
in water, took in a lot of water, and made the hydrated
layer (Fig.6 (b)). The PMPC hydmted layer prevented
from the direct contact between the AFM cantilever and
the substrate, and achieved highly lubricity. As normal
load increased, the AFM cantilever penetrated into the
layer (Fig.6 (c)), and the interaction against the substrate
gradually occurred. This was the reason why the friction
cocfficients increased as normazl load increased. Seen
from the thickness dependency, the friction coefficients
of the PMPC brush layers decreased with an increase in
the thickness of the PMPC brush layer because the
thicker brush layer made the thicker hydrated layer.
Satisfying the condition of noncontact friction interfaces
leads to very low friction.

The friction forces measured &s a function of a sliding
velocity in water are shown Fig 7. The friction force of
the unmodified Si decreased monotonically with an
increase in the sliding velocity, On the other hand, there
was maximum value in the friction force-velocity curve
about the PMPC brush layers. These phenomena were
also found in gel friction reported by Gong er al.™”. By
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reference to this report, the reason for these results was
that the elastic deformation of the PMPC brush chains
was measured as the friction force under the low sliding
velocity. When the sliding velocity became higher than
the elastic mobility of the PMPC brush chains, the
clastic deformation did not contribute to the friction
force and the friction decreased with an increase in the
shding velocity.
3.3 Protein adhesion properties

The representative f-d curves measured with the BSA
immobilized cantilever are shown in Fig.8, and F,; and
Was are shown in Fig.9. It was confinned that the
adhesion force between the BSA and the PMPC brush
layers was markedly reduced and then decreased with an
increase in the thickness of the PMPC brush layers, The
Fagand W, of PMPC 150 was nearly measurement limit,
50 it was believed that PMPC 150 had little or no
interaction with BSA. Hydrophobic interaction is a main
interaction when a protein adheres a solid surface,
reported by Kidoaki ef al?'. The hydrophilic PMPC
brush layers resisted hydrophoblc interaction with the
BSA. In addition to the reduction of hydrophobic
interaction, hydration repulsive force caused the
resistance of the BSA adhesion force. Hydration
repulsive force said to be a short-range force that usually
appeared at nanoscale separation distances and arose
whenever water molecules bind to strongly hydrophilic
materials. Therefore, the required properties for resisting
the protein adhesion are not only just hydrophilicity but
also the ability to couple many water molecules, which
means that making the thick hydrated layer. The
thickness of the hydrated layer increased as the thickness
of the polymer brush layer increased, considered from
the friction measurements, Hydration repulsive force is
the reason why the resistance of the BSA adhesion force
depended on the thickness of the polymer brush layer.

4. CONCLUSIONS

We prepared the well-controlled PMPC brush layer
using an ATRP method. We controlled the thickness of
the PMPC brush layers on nanoscale by changing the
amount of the MPC monomer in the polymerization
solution. From the nanoscale friction measurements by

AFM, it was most important for obtaining lubricity to
satisfy the condition of noncontact friction interfaces
with the hydrated layer. From the /d curves
measurements using the BSA-i bilized T,
the BSA adhesion force was clearly decreased by the
PMPC grafting because of both the reduction of
hydrophobic interaction and the increase of hydration
repulsive force. The hydrated layer made by the
clongated PMPC brush layer in water served a key role
in leading to excellent lubricity and biocompatibility.
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Ssummary The study aimed to determine the status of disease management activ-
ities that patients under conservative treatment actually performed and to examine
the relevant factors in performing or not performing the activities. A survey was
conducted with hip OA patients of the orthopaedic outpatient service of one univer-

sity hospital in Japan. Results indicated that it is necessary to advise patients at an
earlier stage of the disease to perform the management activities and to develop a
program to link the advice to actual performance of the activities.
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Introduction

Hip osteoarthritis (OA) is a progressive chronic dis-
ease with pain and restricted range of motion, caus-
ing disorder in activities in daily life (ADL). In Japan,
secondary disease of the hip joint resulting from
dysplastic hip is common. In most cases, patients
have symptoms such as pain or discomfort in their
19205 and 1930s and are diagnosed as having hip

1361-3111/5 - see front matter © 2008 Elsevier Ltd. All rights reserved.
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disease, Gradual degeneration over time is a charac-
teristic of the disease, and in the slow progression of
the symptoms, pain and restriction in the range of
motion gradually increase over 1030 years. If con-
gruency in not acceptable, osteotomy is performed
to prevent further development of OA (Honda et al.,
1999). However, a limited number of patients can
have surgery because of the indication required for
arthroplasty, such as joint compatibility and the
rate of progression. Typical surgery, total hip
replacement (THR), is performed in Japan for OA
patients aged 60 or over who have disorders in ADL
due to unrelieved pain (Creamer et al., 1998; Anon.,
2000; Dolin et al., 2003). Therefore, conservative
treatment is the first line in treatment of OA. Pa-
tients are required to find a way of controlling their
pain and managing the disease, by doing weight
management and muscle training in daily life
(Anon., 2000; Manek and Lane, 2000).

In conservative treatment, weight reduction and
muscle training are firstly recommended. Weight
reduction is important to reduce the load on the
hip joint (Arokoski, 2005). The hip joint is sub-
jected to a load three times that of the body
weight (Davy et al., 1988) and patients are directed
not to lift heavy objects or remain standing for long
periods. A large randomized clinical trial (RCT)
(van Baar et al., 1998) verified that weight reduc-
tion and muscle training lead to pain relief and
improvement in the range of motion of the hip.
The guideline suggests that exercises, including
stretching and muscle training, have an effect of
slowing the progress of the disease (Hochberg
et al., 1995; Anon., 2000). Doctors explain this
importance to patients and advise them to accept
and practice the therapy in their daily lives.

However, in contrast to those who have surgery,
patients having conservative treatment regimes
usually visit the university hospital only about once
a year and have few opportunities for medical guid-
ance and information provision. If the disease be-
comes worse, and patients cannot relieve their
pain even though muscle training is performed
aggressively, doctors may suggest total hip
replacement. Doctors give most patients the
instruction of muscle training, mainly strengthen-
ing the adductors by lifting each leg in a recumbent
position. Additionally, individual training can be
provided whenever they request. Disease manage-
ment is controlled by the patients themselves.

Methods

The survey was conducted with OA patients of the
orthopaedic outpatient service of one university

hospital who agreed in writing to participate in
the study and satisfied the following conditions:

« Had not undergone a joint-preserving procedure
or THA.

+ Receiving conservative treatment using a cane
and drugs such as NSAIDs and physical therapy
— including exercises and stretch exercises.

+ Were between the ages of 20 and 80 at the time
of survey.

+ Could communicate in Japanese.

« Had no dementia and could fill in the guestion-
naire sheet.

Patients were asked through doctors to cooper-
ate in the research. Our staff explained the aim
of the survey to the patients in a private room
and received their letters of consent. Staff gave
the patients the questionnaire to fill in by them-
selves in the room and collected the questionnaire
directly from the patients. Their current Japanese
Orthopaedics Association (JOA) score and number
of years of being a patient were extracted from
medical records, and the height and weight of
the patients were measured. The survey was con-
ducted from August 2003 to August 2004.

The questionnaire presented nine statements
regarding disease management activity:

1. | try not to remain standing for long periods of
time.

. | do not choose shoes with high heels or hard soles.

.| am careful about the walking distance and
speed in daily life.

. | use a cane or hold a handrail when necessary.

. | try not to lift heavy objects.

. | do muscle training.

. | am careful with my diet to avoid weight gain.

. | do stretching.

. | do exercise to prevent weight gain.

w N

el =T e S B -

The subjects answered Yes or No to these
statements.

Other factors relevant to the disease manage-
ment activity, such as age, number of years of
being a patient, body mass index (BMI), JOA score,
and discomfort in daily life were also studied. "'Dis-
comfort in daily life’” was investigated by asking
patients about what they felt was difficult in their
daily life using answers graded from 1 to 5. The
questions were:

1. There are no local medical specialists for dis-
ease management.

2. | find it difficult to maintain my body weight
appropriately.
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. | have a hard time controlling pain in daily life.

. | am reluctant to use a walking stick.

. | have a hard time moving joints as | wish.

. It is difficult to choose a treatment method.

. | feel that | am putting burdens on my family or
friends.

. | have a hard time sleeping well due to pain.

=~ oW
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These eight statements were created by
researchers based on the result of preliminary
interviews with 24 OA patients of the orthopaedic
outpatient service and on earlier studies. Then
necessary revision was made to the statements
according to the examination of face validity based
on the opinions of five medical specialists and five
nurses who had more than 3 years experience in
orthopedics. To examine the effectiveness of the
survey sheets, a preliminary survey was conducted
for eight patients, and necessary revision was made
on the questions for the main survey.

Sex, age, disease stage, and number of years of
being an OA patient were extracted from medical
records. Occupation if any, financial status, and
academic background were asked about on the sur-
vey sheet.

We analyzed the disease stage by dividing it into
four stages: pre OA, primary stage, advanced
stage, and end stage. If a patient had hip OA on
both sides, the stage and JOA score on the more
advanced side were used.

The ratio of the answers to the statements on
the disease management activities was calculated
for each disease stage. We used Mantel-Haenszel's
chi-square test to examine any tendency in the
fraction of the activities at each stage. A t-test
was used for differences between one-side hip OA
and two-side hip OA of disease management activ-
ities. We performed factor analysis on the nine
statements of the disease management activities
using the principal factor method with Promax
Rotation, and calculated the coefficients of the
correlation between the total score of the domain,
derived from the factor analysis, and related fac-
tors. We performed a two-sided test with 5% signif-
icant level, using SAS Windows edition Version 9.1.

The Ethical Committee of the Faculty of Medi-
cine, the University of Tokyo, approved the study.
We explained the details of the study to the pa-
tients using a briefing document. They could stop
participating in the study whenever they wished,
as we thus tried not to force them to agree to
the participation, and assured them that subse-
quent medical treatment would not be affected
even if they refused or stopped the participation.
We explained all of these factors to the patients
and conducted the research for those patients

who provided written consent to participate in
the study.

Results

The questionnaire was distributed to 339 patients
and the completed questionnaire was collected
from 330 patients (response rate of 97%). Those
who did not agree to cooperate gave their reasons
for disagreement: 7 patients answered that they
did not have enough time, 1 answered that he/
she felt bad, and 1 answered that he/she did not
understand the purpose of the research.

Table 1 shows the characteristics of all the pa-
tients and of the patients at each disease stage.
The average age of the patients was 51 years
(SD13). Females occupied 89% and the BMI was 23
(SD 3). The average period of being a patient was
7 years (SD 3), and the JOA score was 68 points
(SD 20).

Table 2 shows the achievement ratio of the man-
agement activities. More than 85% of the patients
answered yes to the statement "'l try not to remain
standing for long periods of time.”* and "'l do not
choose shoes with high heels or hard soles."" Sev-
enty-three percent of patients answered yes to
the statements "I do muscle training.”' and "'l
am careful with my diet to avoid weight gain."”
The patients at the advanced stage tended to an-
swer yes to these statements. To the statements
"I do stretching.'' and "' do exercise to prevent
weight gain,”’ more than half of all the patients,
and less than half of the patients answered no.

Differences between one-side hip OA and two-
side hip OA of disease management activities are
shown in Table 3. Results of a t-test showed no sig-
nificant differences between two groups.

About 70% of the patients answered that they
performed the disease management activities be-
cause "'l do not want to let OA progress’’ or "'l want
to control pain.”* About 50% gave the reason that "'
do not want to have surgery."’ About 20% answered
that **I was told by doctors to do so’" (Table 4).

We show in Table 5 the result of the factor
analysis to examine the pattern of the nine dis-
ease management activities. As a consequence,
we extracted (muscle training and weight manage-
ment activities) as the first factor, (Activities to
prevent load on hip) as the second, and (Activities
to aid careful walking) as the third. The factor
loading of "I am careful with my diet to avoid
weight gain’® was relatively low, 0.3, but we in-
cluded it in the first factor (Positive management
activities) from the clinical perspective. Cron-
bach's « coefficient of each factor was in the



Y. Koyama et al.

78

*, SIOURISWNL Uan|e AIaA Uj A1 |, PUB ,,'S9IURISWNOLD Juanyye ALe) vl daf) |, 10) Sasu0dsal JO a1eJ 3u) MOYS 31qRY 33 Uj SIaquinu 3y
‘(paydope sem ol diy pasueape 210w 3y3 Jo 2103 Ayl ‘dnosB o diy |esaNe)-1q B4 u|) 24005 VOr

“xapuj ssey Apog :Iwe .

%27 %81 %8 %6 %61 % ured 03 anp jam Buidaays ayl piey e aaey |
%78 %y %LE %LT xTr % spuauy Jo Ajwe;) Aul uo susping Bupand we | jeyl 193 |
%9¥ %L¥ ®6E %LT $ 4 4 % poyIawW JuaLeal) B 350043 03 ATNJYLP 3
%89 %15 %1€ %EL X6k % ysim | se sjulof Bulaow aw) piey e aaey |
%9¥ b4 %EV %9t *EV % #2135 Bupjjem e asn 03 JueIdNjRL We |
%0E % %01 %91 XL % a1 Apep uj uied Bui)ou0d auN} pley © aaey |
%Ly %9 e £t %Sk % Aeudoidde JyBiam Apoq Aw uielurew 03 NDYHP A Pul |
%67 %01 %Iz %6 %0Z % Juawabeuew aseasip J0j sisijeidads jedipaw 1ed0) ouU 3Je sy
241 Anop ayy w Anayfia
(€) £l (£) 91 (€) 8l (2} 61 (p) 91 (@s) ueaw ajn Anep jo Aoy
(s L (¥ ¥l (g) i (€) gl () vl (qs) ueaw wem 03 AIniqy
(ty ¥4 (6) (74 (g) 8 (V] i (ow) 9z (@s) ueaw ujed
() 6 (g Si (4] Bl @ 6l (9) €1 lqs) ueaw uopjow Jo auey
(£ 9¢  (51) o (Ew) 18 lov) g8 (02) 89  (gs) ueaw 035 YOr
%LE %65 %Ly %99 %8y % (ARY-qor
%EL %L %81 %€l 6Tl % 421139 3y3) UoIPUOd JjwouEd3
%09 %SE %W %52 b % (#0129 10 3yenpeRJS 100Yds YBiY) PUNOIBYIR] JfWapedY
(8) 6 () 9 (£) L (s) 9 (£) L lgs) ueay (sJeak) siuyR0aIsO JO uoIeINg
(€) 134 (£) £7 (£) Fa4 (£) 4 (€) €2 (gs) ueaw (wy/8%) LIwe
(6) s (6) Vi (g) 56 (@ ] (6) 65 (gs) ueaw (B%) yBam
%88 %6 %06 %16 %68 % (918Wa4) X85
() 65 (ot) 05 z4) (o)) g (g1) 1S (qs) ueay (s1eh) aby
[5L=U B9 =U br=u 9G=U 0EE=N
pug  aaissaiBoid Arewiig V0 3id @0y

sjuaiyed ayy jo punosiyoeg | ajqel



