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Table 5. Statistical Analysis No. 2

Muttivariate Logistic Regression

{R2 = 0.17, n = 46)
P 0dds Ratio 35% CI
Duration: 2 times* 0.004 1.81 1.20-2.97
Preoperative tibialis anterior: 0.049 0.29 0.08-1.00
2-3- and 0-1
Gender: male-female 0.091 3.12 0.83-12.67
Age: 10 yr 0.289 1.25 0.83-1.93

* Preoperative duration of palsy.
Cl indicates confidence interval.

# Discussion

In spinal anatomy, the L4 and L5 nerve roots are distrib-
uted throughout the tibialis anterior,'*'2 and it is mainly
the L4 nerve root that controls tibialis anterior move-
ment. So, impairment of the L4 nerve root was thought
to commontly cause drop foot. But in this study, the main
lesion occurred in the L4/5 segment, with only 3 patients
presenting with a L3/4 single lesion, and there was no
extraforaminal lesion in the L4/5 segment. None of these
3 patients with 1.3/4 single lesion complained of radicu-
lar symptoms. In addition, if tibialis anterior would be
ruled by L4 nerve root, there would be cases with drop
foot due to L4 radiculopathy, but, actually, we have
never experienced drop foot with L4 radiculopathy so
far. From the results of the current study, we could con-
clude that drop foot would be mainly caused by an im-
pairment of the L5 nerve root and that this root mainly
rules the tibialis anterior.

In an investigation of cases with drop foot caused by
degenerative lumbar diseases, Girardi et al*?® reported
that no statistically significant relationship was found
between the extent of recovery and age, diagnosis (her-
niated nucleus pulposus or lumbar spinal stenosis), du-
ration of symptoms, or severity of preoperative weak-
ness. In their investigation, however, the authors defined
drop foot as a muscle weakness of the tibialis anterior,
scoring less than 4 out of 5. The weakest tibialis anterior
strength observed in a patient was 2 out of 5, while no
patients presented with a preoperative tibialis anterior
strength of 0~1. In our clinical experiences, patients with
tibialis anterior strength of 4 out of 5 do not show drop
foot at all. By contrast, we defined drop foot as a muscle
weakness of the tibialis anterior scoring less than 3 out of
S, in compliance with the Medical Research Council
guidelines. Moreover, 17 patients (37%) in our study
presented with a preoperative tibialis anterior strength of
0-1. Focusing exclusively on those patients with a pre-
operative tibialis anterior strength of 2-3~, we demon-
strate recovery from drop foot in 76% (22/29, 14 excel-
lent and 8 good cases) of cases.

In a previous study on recovery from motor deficits,
there are some reports concerning postoperative motor def-
icits as neurologic complications,” however, there are few
reports concerning preoperative motor deficits. Postacchini

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

et al'* reported an inverse relationship between the severity
of the preoperative motor deficit and ability to recover com-
plete motor function in contrast to the findings of Girardi et
al.’ In the current study, we have found improved surgical
outcome in the patients with shorter duration of palsy and
higher strength of tibialis anterior, which supports the re-
sults of Postacchini et al,'* and all patients who had com-
pletely recovered had palsy for 3 months or less, but there
was a patient who had a 4-day duration of drop foot who
did not recover at all.

Concermng the recovery process, ]onsson and
Stromqvist'® reported that most recovery occurred dur-
ing the first 4 months following surgery. In the current
study, we describe 14 patients who made a full recovery.
Of these, the shortest duration to reach full tibialis ante-
rior strength was 6 weeks, while the longest duration was
2 years (Figure 3). Taking these results into consider-
ation, progress of recovery could be prospected 2 years
after surgery.

A clinical question that might arise is whether to operate
on a patient suffering from drop foot but without any leg
pain. In the current study, 8 patients presented in this man-
ner, 5 of which (63%) made a full recovery. There was no
significant difference in neurologic recovery (P = 1.000)
between these patients and those suffering from leg pain,
suggesting that drop foot without radicular pain due to
degenerative lumbar diseases can be treated effectively with
surgery.

In the current study, age at surgery significantly af-
fected postoperative tibialis anterior strength, and the
risk increased by 1.45 times with each 10-year rise in age,
as shown by a Mann-Whitney U test. However, the mul-
tiple regression analysis failed to show a relationship
between age at surgery and postoperative tibialis ante-
rior strength. We speculate that the significant Mann-
Whitney U test resulted from the tendency for older age
patients to have suffered a longer duration of symptoms.

m Conclusion

Severity of palsy before surgery and duration of symp-
toms are considered to be key prognostic factors for suc-
cessful surgery for drop foot, while compression pathol-
ogy (herniated or canal stenosis), age at surgery,
neurologic involvement, leg pain, and number of com-
pressed segments have little effect on surgical outcome.

j:-‘-l Key Pomts

. Of panents, 61 % recovered from drop foot after ;
‘surgery. -

N Preoperatwe strength of the tlblahs antenor and.\. '

. duration of palsy were facrors that most aﬁected’.i )

B "the surgxcal outcome.. . . e

" Cases-with pamless palsy can be succcssfully e

_ treated with operation. S

— 103 —



E266 Spine * Volume 32 « Number 8 * 2007

References

1.

2.

w

Baysefer A, Erdogan E, Sali A, et al. Foot drop following brain tumors: Case
reports. Minim Invasive Neurosurg 1998;4:97-8. )
Hassan FO, Shannak A. Primary pelvic hydaad cyst: An unusual cause of
sciatica and foot drop. Spine 2001;26:230-2.

. Reynolds F. Damage to the conus medullaris following spinal anaesthesia.

Anaesthesia 2001;56:238-47.

. Ahmad FU, Pandey P, Sharma BS, et al. Foot drop after spinal anesthesia in

a paticnt with a low-lying cord. Int ] Obstet Anesth 2006;15:233~6.

. Mitler DB Jr. Arthroscopic meniscus repair. Am J Sports Med 1988;16:315-20.

6. Jurist KA, Greene PW I, Shirkhoda A. Pcroncal acrve dysfunction as a

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

complication of lateral meniscus repair: A case report and anatomic dissec-
don. Arthroscopy 1989;5:141-7.

. Epstein NE. Nerve root complications of percutaneous laser-assisted diskec-

tomy performed at outside institutions: A technical note. | Spinal Disord
1994;7:510-2.

. Carreon LY, Puno RM, Dimar JR 1, et al. Perioperative complications of

10.

11.

12.

13.

14.

15.

posterior lumbar decompression and arthrodesis in older adults. § Bone Joint
Surg Am 2003;85:2089-92.

. Okuda §, Miyauchi S, Oda T, et al. Surgical complications of posterior

lumbar interbody fusion with total facetectomy in 251 patients. ] Neurosurg
Spine 2006;4:304-9.

Campbell WW. The Neurologic Examination. Philadelphia, PA: Lippincott
Williams & Wilkins; 2005.

Hoppenfeld S, Hutton R. Physical Examination of the Spine and Extremi-
ties. New York, NY: Appleton-Century Crofts; 1976.

Frymoyer JW, Wiesel SW. The Adult and Pediatric Spine. 3rd cd. Philadel-
phia, PA: Lippincote Williams & Wilkins; 2004. ’

Girardi FP, Cammisa FP Jr, Huang RC, ct al. Improvement of preoperative
foot drop aftcr lumbar surgery. J Spinal Disord Tech 2002;15:490-4.
Postacchini F, Giannicola G, Cinotti G. Recovery of motor deficits after
microdiscectomy for lumbar disc herniation. | Bone Joint Surg Br 2002;84:
1040-5.

Jonsson B, Stromgqvist B. Motor affliction of the LS nerve root in lumbar
nerve compression syndromes. Spine 1995;20:2012-15.

— 104 —



Available onliné at www.sciencedirect.com
- 4

“»2¢ ScienceDirect

BBRC

www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 354 (2007) 453458

Bone marrow-derived osteoblast progenitor cells in circulating
blood contribute to ectopic bone formation in mice

Satoru Otsuru >°, Katsuto Tamai **, Takehiko Yamazaki 2, Hideki Yoshikawa °,
Yasufumi Kaneda ?

2 Division of Gene Therapy Science, Osaka University Graduate School of Medicine, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan
Y Department of Orthopaedic Surgery, Osaka University Graduate School of Medicine, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan

Received 18 December 2006
Available online 10 January 2007

Abstract

Recent studies have suggested the existence of osteoblastic cells in the circulation, but the origin and role of these cells in vivo are not
clear. Here, we examined how these cells contribute to osteogenesis in a bone morphogenetic protein (BMP)-induced model of ectopic
bone formation. Following lethal dose-irradiation and subsequent green fluorescent protein-transgenic bone marrow cell-transplantation
(GFP-BMT) in mice, a BMP-2-containing collagen pellet was implanted into muscle. Three weeks later, a significant number of GFP-
positive osteoblastic cells were present in the newly generated ectopic bone. Moreover, peripheral blood mononuclear cells (PBMNCs)
from the BMP-2-implanted mouse were then shown to include osteoblast progenitor cells (OPCs) in culture. Passive transfer of the
PBMNCs isolated from the BMP-2-implanted GFP-mouse to the BMP-2-implanted nude mouse led to GFP-positive osteoblast accu-
mulation in the ectopic bone. These data provide new insight into the mechanism of ectopic bone formation involving bone marrow-

derived OPCs in circulating blood.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Bone morphogenetic protein; Ectopic bone; Circulating osteoblast progenitor cells; Bone marrow transplantation

BMP-2 and other members of the BMP family are well-
known inducers of bone formation in vitro and in vivo [1]. Dur-
ing healing of bone fractures, stimulation from BMPs recruits
OPCs to the fracture sites and induces their differentiation to
become osteoblasts. An experimental model of ectopic bone
formation in mice has also indicated that BMP-2 stimulation
is essential for the recruitment of OPCs to the osteogenic sites
[2). The source and the route for the recruitment of the OPCs

in this model, however, have not been fully elucidated. Nota- -

bly, the surrounding soft tissues, the periosteum and the bone

Abbreviations: OPCs, osteoblast progenitor cells; BMPs, bone mor-
phogenetic proteins; MOPCs, marrow-derived OPCs; GFP, green fluo-
rescent protein; BMT, bone marrow transplantation; PBMNCs,
peripheral blood mononuclear cells; DAPI, 6-diamidino-2-phenylindole;
FITC, fluorescein isothiocyanate; H&E, hematoxylin and eosin; TRAP,
tartrate-resistant acid phosphatise.

* Corresponding author. Fax: +81 6 6379 3909.
E-mail address: tamai@gts.med.osaka-u.ac.jp (K. Tamai).
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marrow all constitute potential origins for the OPCs involved
in osteogenesis, but it is unclear how these OPCs target the
region expressing BMPs [3].

Recent studies have shown the existence of OPCs (or
indeed osteoblasts) in the circulating blood of various
mammals, including humans [4-6]. These reports indicate
an. ability of circulating cells to function as osteoblasts in
culture and to form osseous tissues after transplantation,
suggesting that OPCs and/or osteoblasts may be supplied
via the circulation to regenerating bone in vivo. This
hypothesis is potentially an attractive one for the field of
bone-regenerative medicine, especially if an adequate num-
ber of circulating OPCs can be isolated from peripheral
blood, expanded in culture, and delivered to sites requiring
bone regeneration. However, the origins of circulating
OPCs and evidence of endogenously circulating cells with
the potential to migrate and contribute to bone regenera-
tion in vivo have not yet been fully demonstrated.
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Here, we répor; for the first time that marrow-derived
OPCs (MOPCs) can migrate to a BMP-2 pellet implanted
into mouse muscle and differentiate to become osteoblasts
within the BMP-2-induced ectopic bone. We have also suc-
ceeded in culturing circulating OPCs from PBMNCs isolat-
ed from BMP-2-implanted mice. Furthermore, intravenous
transfer of the GFP-transgenic PBMNC:s containing OPCs
to nude mice implanted with BMP-2 pellet generates a sig-
nificant number of GFP-osteoblasts in the BMP-2-induced
ectopic bone. We believe that these new findings will accel-
erate further understanding of the role of circulating OPCs,
not only in ectopic osteogenesis, but also in the healing of
bone fractures in vivo.

Materials and methods

Bone marrow cell transplantation (BMT). Under sterile conditions,
bone marrow cells were isolated from 8- to 10-week-old male C57BL/6
transgenic mice that ubiquitously expressed enhanced GFP [7]. Eight- to
10-week-old female C57BL/6 mice were lethally irradiated with 10 Gy. For
BMT, each irradiated mouse received 5 x 10° bone marrow cells from GFP
transgenic mice. Experiments on BMT mice were performed at least 6
weeks after BMT. All animals were handled according to approved pro-
tocols and the guidelines of the Animal Committee of Osaka University.

Preparation and implantation of BMP-2-containing collagen pellets.
Recombinant human BMP-2 was provided by Astellas Pharma Inc. (Tokyo,
Japan). The BMP-2 was suspended in buffer solution (5 mmol/L glutamic
acid, 2.5% glycine, 0.5% sucrose, and 0.01% Tween 80) at a concentration of
1 pg/puL. Next, 3 pL (3 pg of BMP-2) of the BMP-2 solution was diluted in
22 uL PBS and blotted onto a porous collagen disc (6 mm diameter, 1 mm
thickness), freeze-dried, and stored at —~20°C. All procedures were carried
out under sterile conditions. BMP-2-containing or control PBS-containing
collagen pellets were implanted onto the backs (below muscle fascia) of
BMT mice, C57BL/6 mice, or nude mice. Three weeks later, fluorescent
photos of ectopic bone formation were taken using a digital microscope
(Multiviewer system VB-S20 KEYENCE, Osaka, Japan).

Morphological and immunofluorescent analysis of the ectopic bone.
Ectopic bone was removed and fixed with 4% paraformaldehyde at 4 °C for
48 h. After taking soft X-ray photos, the bones were decalcified at 4 °C for 6
days with the EDTA solution replaced every other day. After decalcifica-
tion, the pellets were equilibrated in PBS containing 15% sucrose for 12 h
and then in PBS containing 30% sucrose for 12 h, embedded in Tissue-Tec
OCT Compound (Sakura Finetek Japan, Tokyo, Japan), and frozen on dry
ice and stored at —20°C. For immunofluorescence staining, 6-um-thick
sections were cut with a Cryostat (Leica Microsystems AG, Wetzlar, Ger-
many). After washing, the sections were treated with 0.1% trypsin'(Difco
Laboratories, Detroit, MI) in PBS for 30 min at 37 °C to activate antigens.
Then the sections were blocked with normal goat serum for 1 h before
incubation with polyclonal anti-mouse osteocalcin antibody (1:250, Takara
Bio Inc., Shiga, Japan). Subsequently, sections were stained with Alexa
Fluor 546 goat anti-rabbit secondary antibody (Molecular Probes, Eugene,
OR) for 2 h. Then, sections were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) for 10 min at room temperature and mounted with anti-fade
solution VECTOR Shield (Vector Laboratories, Inc., Burlingame, CA).

GFP and tartrate-resistant acid phosphatase ( TRAP)} double staining of
the ectopic bone. For GFP immunohistochemistry, 6-pm-thick sections of
BMP-2-induced ectopic bone were treated with 0.6% hydrogen peroxide in
80% methano! for 30 min and then 3% hydrogen peroxide in PBS for
15 min to inhibit endogenous peroxidase. Then the sections were blocked
with normal goat serum for 1h before incubation with polyclonal anti-
GFP antibody (1:250, MBL, Nagoya, Japan). Signals were detected using
diaminobenzidine. Subsequently, to detect osteoclasts, TR AP staining was
carried out using a staining kit (Cell Garage, Tokyo, Japan) according to
the manufacturer’s protocol. Counterstaining was performed with
hematoxylin.

Culture of MOPCs in PBMNCs. Peripheral blood was taken from the
heart of BMP-2-implanted mice with a 24-gauge needle and 1-ml syringe
containing heparin and enriched for light-density mononuclear cells
(PBMNCs) by Ficoll-Paque (Amersham Biosciences AB, .Uppsala, Swe-
den) centrifugation. Red blood cells were removed by resuspending in
0.125% Tris-NH,4Cl buffer and sieving through a nylon mesh. To culture
MOPCs, were then inoculated in basal medium consisting of DMEM
supplemented with 10% FCS, 100 U/mL streptomycin/penicillin, and 50%
conditioned culture medium (DMEM with 10% FCS) of mouse bone
marrow-mesenchymal cells as a growth factor supplement (Otsuru and
Tamai, unpublished data). To induce osteoblast differentiation, those cells
were cultured in the osteogenic medium consisting of IMDM supple-
mented with 0.1 uM dexamethasone (Nacalai Tesque, Kyoto, Japan),
10 mM B-glycerol phosphate (Sigma, Saint Louis, MO), and 0.05 mM
ascorbic acid 2-phosphate (Sigma) for 34 weeks. Cells were then fixed
with 4% paraformaldehyde for 10 min and treated with 0.2% Triton X in
phosphate-buffered saline (PBS) for 10 min.

Imnumostaining of cultured MOPCs. Cultured MOPCs were pre-
treated with 3% skim milk (Nacalai Tesque) in PBS for 1h before
incubation with polyclonal anti-mouse osteocalcin antibody (1:250,
Takara Bio Inc.), monoclonal anti-mouse alkaline phosphatase antibody
(1:250, R&D Systems, Minneapolis, MN) or polyclonal anti-mouse
osteopontin antibody (1:250, LSL, Tokyo, Japan). Subsequently, sec-
tions were stained with Alexa Fluor 546 goat anti-rabbit or anti-rat IgG
secondary antibody (Molecular Probes) for 2 h. Those cells were stained
with 4',6-diamidino-2-phenylindole (DAPI) for 10 min at room tem-
perature and mounted with the anti-fade solution VECTOR Shield
(Vector Laboratories, Inc.).

Passive transfer of PBMNCs from BMP-2-implanted GFP-mouse to
BMP-2-implanted nude mouse. For passive transfer of PBMNC:s containing
MOPCs, nude mice implanted with BMP-2-containing collagen pellets
were injected with PBMNCs from the GFP-transgenic BMP-2-implanted
mice via a tail vein. Injections were carried out everyday for one week.

Results

Bone marrow-derived cells contribute to BMP-2-induced
ectopic bone formation

We first evaluated whether bone marrow-derived cells
are involved in the process of BMP-2-induced ectopic bone
formation. We implanted BMP-2 pellets under the muscu-
lar fascia in the backs of GFP-BMT mice that had been
transplanted with GFP-transgenic bone marrow cells after
lethal dose irradiation (Fig. 1A). Three weeks after the
implantation of BMP-2 collagen pellets, intense GFP fluo-
rescence had accumulated in the region of the BMP-2-in-
duced ectopic bone (Fig. 1B). Immunohistological
analysis revealed that a significant number of GFP-positive
cells expressing osteocalcin (OC) were seen lining the newly
generated bone (Fig. 1C). Tartrate-resistant acid phospha-
tase (TRAP) and GFP double staining revealed that some
of the GFP-positive lining cells were TR AP-positive osteo-
clasts, which were clearly distinguishable from GFP-posi-
tive/TRAP-negative positive cells (Fig. 1D).

Successful culture of OPCs in PBMNCs from a BMP-2-
implanted mouse

To determine if a BMP-2-implanted mouse contained
OPCs in circulating blood, we isolated PBMNCs from a
BMP-2-implanted mouse and cultured those cells in the con-
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Fig. 1. Bone marrow-derived osteoblast progenitor cells contribute to BMP-2-induced ectopic bone formation in GFP-BMT mice. (A) A BMP-2 pellet is
shown implanted under the muscular fascia of a GFP-BMT mouse. (B) A BMP-2 pellet shows accumulation of GFP fluorescence three weeks after
implantation. Soft X-ray photo of the BMP-2 pellet demonstrates that ectopic bone has formed in the BMP-2 pellet. Histologic section stained with
hematoxylin and eosin (H&E) of the BMP-2 pellet also reveals bone formation in the BMP-2 peliet. Magnification, 400x. (C) Immunofluorescence staining
shows that cells lining the newly generated ectopic bone are osteoblasts expressing osteocalcin (OC), and that some of those cells show GFP fluorescence
(GFP), revealed as yellow-colored cells in merged picture (Merge) of OC, GFP and DAPI staining (DAPT). Magnification, 400x. (D) GFP and TRAP
double staining reveals that the bone marrow-derived osteoclasts (red arrow-head) as well as bone marrow-derived non-osteoclastic cells (brown arrow-

head) line the newly formed ectopic bone. Magnification, 400x.

ditioned culture medium, as described in the methods section
(Fig. 2A). As we expected, adhesive stromal type cells success-
fully expanded in culture. Then we looked at the expression of
osteoblast-specific proteins before and after induction of oste-
ogenic differentiation. OP, a marker of undifferentiated oste-
oblasts, was shown to be expressed in the cultures without
induction of differentiation (Fig. 2B). Under these culture
conditions, however, the differentiation-specific makers
ALP and OC were not expressed (Fig. 2B). After change of
culture medium to the osteogenic medium, however, these

!

cells then expressed and secreted abundant ALP and OC as
well as OP in the culture medium (Fig. 2C).

Intravenous transplantation of GFP-PBMNCs provides
GFP-osteoblasts in the ectopic bone in the BMP-2-implanted
nude mouse

To confirm further that significant numbers of MOPCs
mobilize from bone marrow to peripheral blood and con-
tribute to ectopic bone formation, we isolated PBMNCs
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\

PBMNC isolation PBMNC in culture

B Basal medium Cc Osteogenic medium

Fig. 2. OPCs in PBMNCs from a BMP-2-implanted mouse express bone matrix proteins in culture. (A) Cultured PBMNC:s isolated from peripheral blood
of a BMP-2-implanted mouse. (B) Immunofluorescence staining of the cultured cells from isolated PBMNCs shows only osteopontin (OP) expression in
normal medium. (C) When those cells were cultured in osteogenic medium, however, there is positive immunoreactivity for alkaline phosphatase (ALP)
and osteocalcin (OC) as well as OP. The staining patterns and DAPI staining (DAPI) are shown in the merged image (Merge). Magnification, 200x.

Fig. 3. OPCs in PBMNC:s can contribute to ectopic bone formation in a BMP-2 pellet. (A) A nude mouse implanted with a BMP-2 pellet is injected daily
for 7 days with PBMNC:s taken from BMP-2-implanted GFP transgenic mice. (B) A histologic H&E-stained section shows ectopic bone formation in the
BMP-2 pellet. Magnification, 400x. (C) Immunofluorescence staining of the newly generated ectopic bone shows that osteocalcin-expressing osteoblasts
(OC).and GFP-positive cells derived from the injected PBMNCs (GFP) co-localize with yellow-colored cells in the merged picture (Merge) with DAPI
staining (DAPI). Magnification, 400x.
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everyday from BMP-2 pellet-implanted GFP-transgenic
mice and injected the isolated PBMNCs (1 x 10°) through
the tail veins of BMP-2 pellet-implanted nude mice daily
for 7 days (Fig. 3A). Two weeks later, the implanted pellets
were recovered and examined histologically. We observed
that GFP-positive osteoblasts originating from the injected
PBMNC:s contributed significantly to ectopic bone forma-
tion in the mice (Fig. 3B).

Discussion

Circulating mesenchymal precursor/stem cells or osteo-
blast lineage cells have been shown to exist in various mam-
mals, including humans and mice [4-6,8,9]. Moreover,
those circulating mesenchymal/osteoblast lineage cells have
been isolated from peripheral blood, expanded in culture,
and inoculated to show their potency to become osteo-
blasts both in vitro and in vivo. Nevertheless, a number of
important questions have been raised following those
observations, including as to where those circulating cells
came from and where they went in vivo? In this study, we
have shown, for the first time, clear evidence that marrow
cells in intact bone are the major, if not the exclusive,
source of circulating OPCs in an in vivo model of ectopic
bone formation using BMP-2-stimulation in mouse muscle.
Of note, our GFP-BMT mouse model showed that ~40%
of osteocalcin-producing cells in the ectopic bone were
derived from MOPCs, suggesting that endogenous circulat-
ing MOPCs may contribute to ectopic bone formation
observed in various pathological conditions, and possibly,
to fracture healing. Other findings that showed the need
for adequate blood flow to obtain mature bone regenera-
tion also add credence to the importance of MOPCs in
the circulation [10].

Currently, little is known about the signals that trigger
the migration of OPCs from the bone marrow into the cir-
culation and this was not addressed in detail in the current
study. Vascular endothelial growth factor (VEGF) previ-
ously has been shown to have the capacity to recruit mar-
row-derived vascular endothelial progenitor cells [11] and
we also observed elevation of VEGF levels in the muscle
around the implanted BMP-2 pellets (data not shown).
This observation may suggest that VEGF contributes to
angiogenesis in the area of bone regeneration, although
further evidence is needed to support this hypothesis.

The importance of providing additional OPCs to sites
of new bone formation has been shown in a number of
previous studies [12~17]. From a clinical perspective, iden-
tification of signals that induce migration of MOPCs into
the circulation could have potential future clinical applica-
tions, since increasing MOPCs in the circulation may help
patients with delayed or non-union of bone fractures by
increasing the number of MOPCs at the bone repair site.
The ability to induce circulating MOPCs to enter the
peripheral blood circulation may also enable us to easily
isolate these cells by simple venous blood sampling, thus
providing an opportunity to develop novel cell-based

regenerative therapies for bone fractures and possibly for
other damaged tissues. Because current procedures to iso-
late mesenchymal cells directly from the bone marrow are
invasive and carry a possible risk of bone marrow infec-
tion, the easier approach of isolating MOPCs from periph-
eral blood has advantages in terms of safety, repeatability,
and acceptability. In addition, this method may also be
helpful in developing new therapies for genetic disorders
such as osteogenesis imperfecta through genetic manipula-
tion of isolated MOPCs (18,19]. Thus, further investigation
of circulating MOPCs is warranted to more precisely char-
acterize their cell biology and the mechanisms that lead to
their induction. Such work may have very exciting implica-
tions for novel therapeutic strategies in bone regenerative
medicine.
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Sagittal Alignment of the Subaxial Cervical Spine After
C1-C2 Transarticular Screw Fixation in Rheumatoid Arthritis
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Ryutaro Fu]zz, MD, } Motoki Iwasaki, MD, PhD,} Tsuyoshi Fuchiya, MD,§ Keiju Fujiwara, MD, PhD,§
Takeshi Fuji MD, PhD,} and Hideki Yoshikawa, MD, PhD}

Abstract: Several articles reported the association between the
development of subaxial kyphosis and the hyperlordotic fixation
of CI-C2. However, their patients were heterogeneous in both
primary disease and operative procedure. Transarticular screw
fixation has become a popular procedure for C1-C2 arthrodesis
instead of wiring techniques in which C1-C2 is difficult to fix in
the intended alignment. Furthermore, in rheumatoid arthritis
(RA) patients, subaxial lesions play an important role in
potential subaxial alignment changes. The subaxial influences
after C1-C2 transarticular screw fixation in patients with RA are
unclear. To investigate the radiographic features of the subaxial
cervical spine after C1-C2 transarticular screw fixation for RA,
we reviewed 28 cases of C1-C2 transarticular screw fixation for
rheumatoid atlanto-axial subluxation. The sagittal alignment of
C1-C2 and the subaxial cervical spine was measured and the
factors that affect subaxial alignment were investigated.
Subaxial alignment became less lordotic in the postoperative
course. The C1-C2 fixation angle and subaxial alignment
showed a negative linear correlation. However, no significant
correlation was found between changes in the C1-C2 angle and
changes in the subaxial alignment. Four patients had a
postoperative kyphotic subaxial deformity. Neurologic dete-
rioration recurred in 4 patients, because of the postoperative
development of subaxial subluxation. Common radiographic
changes included an increase in CI1-C2 lordosis, constant
inclination of Cl1, an anterior shift of C2, and a decrease in
C2-C7 lordosis. Many factors, not only Cl-C2 angle, are
associated with subaxial sagittal alignment change after C1-C2
transarticular screw fixation.
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(J Spinal Disord Tech 2007,20:436-441)

he upper cervical spine is well known to be affected by

various kinds of pathologies and often must be fused
surgically to relieve the cord compression and/or intract-
able pain. Despite excellent results of C1-C2 posterior
arthrodesis, several authors' have reported postopera-
tive malalignment of the subax1a1 cervical spine after
the procedure. Yoshimoto et al? reported that 42% of the
patients who underwent C1-C2. arthrodesis showed the
progression of kyphosis in the subaxial cervical spine, and
that C1-C2 fixation in a hyperlordotic position led to
subaxial kyphosis after the surgery. This conclusion,
however, is of limited significance, because these previous
studies involved a variety of- surgeries and diseases
including rheumatoid arthritis (RA). Posterior wiring
techniques were formerly the standard procedures to fuse
C1-C2.3-6 Tightening of a wire passed around the laminae
of Cl and C2 tended to approximate these laminae and
often impose a hyperlordosis. Recently, however, trans-
articular screw fixation has become a popular procedure
for C1-C2 arthrodesis in place of wiring techniques.”® Cl1-
C2 can be aligned more freely by this procedure than by
wiring techniques. In patients with RA, subaxial cervical
alignment is affected not only by CI1-C2 fusion but also
by subaxial lesions including subaxial subluxation (SAS),
commonly recognized and often progressive among
patients with RA. There has been no detailed study of
subaxial changes after C1-C2 transarticular screw fixation
in patients with RA. We retrospectively investigated
subaxial changes after C1-C2 transarticular screw fixation
exclusively in patients with RA.

MATERIALS AND METHODS
Between 1995 and 2001, 35 patients with rheuma-
toid atlanto-axial subluxation underwent C1-C2 transar-
ticular screw fixation supplemented with posterior wiring
or lamina clamping. Patients who underwent concomitant
surgery on the subaxial region were excluded from
the study. Two patients died within 2 years after the
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surgery: one from myocardial infarction and the other from
brain infarction. Five patients were lost to the minimum
2-year follow-up; thus, the remaining 28 patients (4 men and
24 women) provided the data in this study. A monocortical
autograft from the iliac crest was used in each patient.
The mean age of patients at surgery was 60.2 years (range,
34 to 74y) and the mean follow-up period was 6.0 years
(range, 2 to 10y) after the surgery. All patients fulfilled
the American Rheumatism Association criteria for RA.
The indication for surgery was intolerable neck pain and/
or cervical myelopathy caused by C1-C2 subluxation.
Blinded measurement of sagittal spinal curve was
conducted by one of the authors (Y.M.), who was not
directly involved in the surgeries nor in the follow-up of
patients using a modified Harrison posterior tangent
method.® Radiographs, taken with the patient in the
upright or sitting position, were scanned using a high
quality image scanner and the digital data were trans-
mitted to a computer work station, where measurement
was performed using a software program (Poplmaging
Version 3.5; Digital Being Kids, Kanagawa, Japan). The
bony landmarks to be identified on lateral neutral
radiographs were all postero-superior and postero-infer-
ior vertebral body corners of C2-C7, the mid-Cl anterior
arch, and the mid-C1 posterior arch. Relative rotational
angle (RRAcn.cn) Is the segmental angle derived from
posterior vertebral tangents passing through the 2 points
of the posterior vertebral body corners of Cm and Cn
(Fig. 1).. RRA(|.c> was obtained from the angle between
the posterior vertebral tangent of C2 and the perpendi-
cular to the line through the centers of the anterior and
posterior arches of C1 (Fig. 1). RRA was defined to have
a negative (— ) value in segmental lordosis and a positive
(+) value in segmental kyphosis. The absolute rotation
angle (ARA¢c;.¢c7) was defined as the summation of the
angles from RRAc;.c3 to RRAcg 7. The atlas plane
angle (APA) was the angle derived from the horizontal
line and the line passing through the centers of the
anterior and posterior arches of C1 (Fig. 2). Negative (—)
APA meant CI in an extension position with respect to
the horizontal plane. The horizontal translation of C2
from C7, which was defined as the distance from the

Lateral neutral radiograph

FIGURE 1. Relative rotational angle .

(RRACm-Cn)-

Bony landmarks

€ 2007 Lippincorr Williams & Wilkins

postero-superior body corner of C2 to a vertical line
through the postero-inferior body corner of C7, was
termed Tzcs.c7 (Fig. 2). The RRA from C1-C2 to C6-C7,
the ARA(;.c7, the APA, and the Tzc,.c7 were measured
on lateral neutral radiographs before surgery, 1 month
after surgery, | year after surgery, and at the final follow-
up. Subaxial vertebral slippage ( > 3 mm) was regarded as
significant SAS if accompanied by rheumatoid lesions
such as-erosive changes in facet joints, intervertebral
discs, endplates, or spinous processes.

Neurologic impairment was evaluated using the
Ranawat classification (class I, no neural deficit; class II,
subjective weakness with hyperreflexia and dysesthesia;
class IIIA, objective weakness and long tract signs but
ambulating; and class I1IB, objective weakness and long
tract signs and not ambulating).'® Neck pain was also
classified using Ranawat grading (0, none; 1, mild; 2,
moderate; and 3, se.vere).10 Clinical assessment was
conducted just before the surgery, 1 year after the
surgery, and at the final follow-up. The relationship
between clinical status and the change in subaxial cervical
alignment was also investigated. L

Paired ¢ test, Student ¢ test, analysis of variance, and
correlation coefficient methods were used for statistical
analysis. Probability values less than 0.05 were considered
statistically significant. Analyses were performed using
JMP statistical computer software, version 5.0 (SAS
Institute, Cary, NC). '

RESULTS

Radiographic Evaluation

C1 Inclination

The mean APA before surgery was —11.2 + 12.0
degrees; 1 month after surgery, it was —15.9 £ 8.8
degrees; 1 year after surgery, it was — 12.9 + 8.5 degrees;
and at the final follow-up, it was —12.0 + 9.2 degrees.
The CI inclination came into a more extended position
with respect to the horizontal line just after the surgery
and it returned to its preoperative inclination subse-
quently. However, there was no statistical difference
among these values.

RRACm-Cn

C2 posterior tangent

RRActc2

Pasterior fangents C1-C2 angle
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Addas plane angle Horizontal translation of C2

(APA) .
FIGURE 2. Atlas plane angle (APA) and horizontal translation
(Tzc2c7)- '

C1-C2 Alignment

The mean RRA . before surgery was — 6.0 + 11.9
degrees; 1 month after surgery, it was — 13.1 + 9.8 degrees;
1 year after surgery, it was — 12.7 + 9.5 degrees; and at the
final follow-up, it was — 13.5 + 9.4 degrees. The lordosis in
C1-C2 was significantly increased by surgery (—6.0 vs.
—13.1 degrees, P =0.0016) and showed no significant
change in the postoperative course. There was a positive
linear correlation between preoperative and postoperative
RRA¢.c2 (R =0.535, P =0.0028) (Fig. 3A); the more
lordotic the preoperative C1-C2 alignment was, the more
lordotic the C1-C2 fixation angle became.

Horizontal Translation of C2

The mean horizontal translation (Tzc,.c7) before
surgery was 3.3 + 13.0mm; 1 month after surgery, it was
8.4 + 12.4mm,; 1 year after surgery, it was 9.7 £ 12.4 mm;
and at the final follow-up, it was 12.9 £ 15.0mm. C2

progressively shifted forward with respect to C7 post-
operatively (P = 0.0030).

Subaxial Alignment

No patients had SAS and only 1 patient had a
positive value of ARAc,.c; on a lateral neutral radio-
graph preoperatively. The mean ARAc,.¢7 before surgery
was —20.2 £ 13.2 degrees; 1 month after surgery; it was
—19.5 + 13.6 degrees; 1 year after surgery, it was —15.5 &
13.0 degrees; and at the final follow-up, it was
—13.3 £ 15.6 degrees. The subaxial cervical spine became
less lordotic with increasing. postoperative time (P =
0.0293). The RRA(;.c; one month after surgery, which
was also the CI-C2 fixation angle, and the ARA¢,.c7 one
year after surgery showed a negative linear correlation
(R = —0.516, P = 0.0043) (Fig. 3B); the more lordotic
the alignment in which C1-C2 was fixed by surgery, the
less lordotic the subaxial alignment became postopera-
tively. However, no significant correlation was found
between the operative changes of RRAc;.co and the
postoperative changes of ARAc,.c7 1 year after surgery
(R= —0.180, P=0.362) (Fig. 4A) or at the final
follow-up (R =0.070, P =0.731) (Fig. 4B) (Fig. 5).
Postoperative positive conversion of ARAgz.¢7, which
indicates the development of subaxial kyphosis, was
found in 4 patients (14%) during the follow-up. In 3 of
them, the kyphosis was closely related to the deterioration
of preoperative rheumatoid subaxial lesions, such as
erosive changes of the facet or endplate. Postoperative
development of SAS was noted in 5 patients (18%), all of
whom had some degree of preoperative subaxial lesions
preceding subluxation (Fig. 6). No statistical dssociation
was found between postoperative RRAc|.c2 and the
postoperative development of SAS.

Clinical Evaluation

Preoperatively, 25 patients (89%) had neck pain,; all
of them indicated pain relief by 1 or 2 grades of Ranawat
category 1 year after the surgery. During the follow-up
period, neck pain deteriorated in 5 patients; in 2 of these
patients, the development of subaxial kyphosis was noted.

A RRAC1-C2 1 month after surgery B ARAC2-C7 1 year aIter‘s'urgcry
(degreesy  (C1-C2 fixation angle) (degrees)
2 RGO . : 20 At e s
15 4 . ]
104 0] o b
5 0
0 L i
5 P ;‘/ -10 .
-10 4 e [ ] 20 4 o I
-15 1 hd i
20 * -30 4 o @ :3 \
. s ) :
FIGURE 3. A, Correlation between pre- -231 -0 [ -
operative and postoperative C1-C2 an- ;:’ b ° | o S
gles (R=0.535, P<0.01). B, Correlation 4 3 20 .0 o 10 2 3530252041510 3 0 5 10 15 20
between C1-C2 fixation angle and (degrees) (degrees)

subaxial alignment 1 year after surgery
(R= —0.516, P<0.01).
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RRACI-C2 before surgery

RRACI1-C2 1 month after surgery
(C1-C2 fixation angle)
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follow-up (R=0.070, P=0.731).

Preoperative neurologic status was class I in 5 patients,
class II in 14 patients, class IIIA in 5 patients, and class
ITIB in 4 patients. Of the 9 patients with neurologic status
in class IIA or class IIIB, 7 showed postoperative
improvement by one or more grades of Ranawat class,
although the remaining 2 with class IIIB status had no
neurologic improvement. Neurologic status deteriorated
in 4 patients during the postoperative follow-up, because
of the development of SAS. Postoperative alignment
change did not result in neurologic worsening by itself,
unless SAS was also present.

DISCUSSION
RA commonly involves the cervical spine with
potential risks for pain or progressive myelopathy in
patients with long-standing RA. Disorders related to RA
occur predominantly in the upper cervical region, where
surgical treatments have been extensively documen-

year-old woman. B, C1-C2 angle decreased by 7 degrees
postoperatively. Ten years after surgery, there was only
7-degree increase in ARAC; 7.

© 2007 Lippincott Williams & Wilkins

Change in RRACI-C2  (degrees)

FIGURE 5. A, Preoperative lateral neutral radiograph of 52-°

Change in RRACI-C2  (degrees)

ted.!"™13 C1-C2 arthrodesis has been traditionally per-
formed using posterior wiring techniques, which may
have some difficulties with nonunion or loss of correction
between C1 and C2.>° Recent articles'* report high
fusion rates with few complications associated with
transarticular screw fixation procedure introduced by
Magerl and Seemann.” However, we often encounter a
subaxial alignment change, which can be a cause of
neurologic impairment after C1-C2 arthrodesis. Previous
studies on subaxial changes after C1-C2 fusion are of little
use in predicting those changes for patients with RA,
because those studies enrolled patients with various
etiologies of CI1-C2 instability. Subaxial lesions can
develop not only as a natural course of RA'>"'7 but also
as a consequence of upper cervical fusion or disruption of
the extensor muscles involved in posterior cervical
surgery. For these reasons, we chose to focus our study

FIGURE 6. A, Preoperative lateral neutral radiograph of 56-
year-old woman. Slight subluxation and facet erosion were
found at C4-C5. B, C1-C2 angle decreased by 7 degrees
postoperatively. Four years after surgery, marked subluxation
and angular deformity were developed at C4-C5.
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Preoperative 1 month Final which was not excessively lordotic. Although the C1-C2

fixation angle was less lordotic than the preoperative one

in 7 patients (25%), 2 of them had a concomitant decrease

C1 in subaxial lordosis. In these patients, factors other than

i) )

>\ | »

7

FIGURE 7. Radiographic features after C1-C2 transarticular
screw fixation in patients with RA were an increase in C1-C2
lordosis, an anterior shift of C2, a decrease in C2-C7 lordosis,
and the tendency of C1 inclination to return to preoperative
inclination.

on C1-C2 transarticular screw fixation for rheumatoid
atlanto-axial - subluxation. There has been no detailed
study of the subaxial changes after C1-C2 transarticular
screw fixation in patients with RA.

From our study, the radiographic changes after C1-
C2 transarticular screw fixation in patients with RA are
summarized as follows: (1) an increase in C1-C2 lordosis,
(2) a progressive ventral shift of C2 relative to C7,(3) a
progressive decrease in C2-C7 lordosis, and (4) a tendency
of Cl inclination to return to preoperative inclination
(Fig. 7). When radiographs are taken with patients in a
neutral position, patients are asked to face straight ahead.
Preoperative alignment of the skull-Cl complex in a
neutral position may be .a natural alignment for
individual patient. The postoperative increase of C1-C2
lordosis, which caused an increase in C1 inclination, may
have been compensated by a decrease in subaxial cervical
lordosis so as to return the Cl inclination to the
preoperative one. Actually, in our study, there was a
negative linear correlation between the postoperative
alignments of C1-C2 and C2-C7, which is consistent with
the previous report®> (Fig. 3B). On the other hand, no
significant correlation was found between the operative
changes of RRA(,.c» and the postoperative changes of
ARAc,.c; (Figs. 4A, B). This is opposite to the
conventional idea that the more the lordosis in C1-C2
increases from surgery, the more the subaxial kyphosis
that develops. The postoperative increase in Cl inclina-
tion owing to an increase in CI1-C2 lordosis may be
counterbalanced by not only the subaxial cervical
alignment but also by the thoracolumbar spine alignment
to keep the Cl inclination constant, but current study has
no data about that.

Postoperative kyphosis in the subaxial cervical
spine, which was noted in 4 of the 28 patients (14%),
did not develop as often as previously considered and was
closely associated with the deterioration of preexisting
subaxial lesions. The mean C1-C2 fixation angle of these
patients was —20.5 degrees (range, — 17 to 25 degrees),
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the C1-C2 fixation angle might play an important role in
subaxial alignment. Previous studies'®!® have reported
that cervical alignment after posterior surgery is signifi-
cantly affected by detachment of the semispinalis muscles
from the spinous process of the axis. Because of the
ligament weakness inherent to RA, muscle dissection can
also accelerate subaxial lesions and may lead to subaxial
kyphosis.

In this study, development of instability at C2-C3,
which was adjacent to the fused segment, was not found.
The greatest postoperative kyphosis or SAS developed at
C4-C5 or C3-C4, accompanied by the deterioration of
subaxial lesions.

So far, only the CI1-C2 fixation angle has been
emphasized as a key to regulate postoperative subaxial
alignment in C1-C2 arthrodesis. In patients with RA,
however, subaxial alignment is regulated by multiple
factors: the C1-C2 angle, the development and/or
progression of subaxial lesions, and the disruption of
extensor muscles. These factors are difficult to evaluate
correctly and subaxial change after C1-C2 arthrodesis for
RA is hard to predict. Although we could not demon-
strate the optimal C1-C2 fixation angle from this study,
we do not necessarily deny the argument that Cl1-C2
fixation in excessive lordotic or kyphotic alignment
should be avoided to prevent subaxial malalignment after
the surgery. Regarding neurologic status, alignment
change without SAS did not by itself cause neurologic
worsening, whereas compression myelopathy caused by
SAS was the main cause for postoperative neurologic
deterioration.
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PRIEINTEY, FARICERDZSNEREIHRAINATVS, &
ZHREFVURIESINS L, REBE~NOBENES, thoBEER,
POREER L OHEERAIREV 2 INDETHA9. 4, KEBEHEE
FHERBROIR)OFIZHD. bIKKIIETVE, KECHL
DRENDD, FIZ) L FNED, LoblEsd P,

ZRFRADEZEREZRTEY 5 Mg &

TV ERTRBOBERNICBIT A ERIMZBESLETLS.
@ BB BEIED

@ AV FNVOREERICEDR WV

@ %2R T RRIEN R

@ RAKREBEOHEE BIZERDVEELZVOICRE)

® BEHREKOFE (T—H X, TLIV)

® EETH, BEF-REERMMHEEROEE
ZHFHEBETII—DVLO0BEEROFRIINEVEZEZI R
5. 1DO0BEFERIIIVBET AR —BERLOKELRENTD
B, 8K, BEMNICEBERINILS LY, 20202 FLVOREE
AlZixpEb v, 72, 53 28EEROBRMIMEEEL 22, £%
IR L ESHIRAT CRIZTFE L IFET 5 FEIE, B—BER TR
Thotz. LALeds, ZRFEBTIRERED L) 2 v FIVEIRIC
bBENIEITMR, BREENLVDEHRORRZNEETH S
&, FRANERBETORBEOTRESSH S, ZEOHHATEF
VERELZVRBRRNSEHBETSITORDE (K1), ZOFET
FHBZERVAL R WD, BIEFEOE VRSV FPTET, &

HERITEE 20c M ICREZ DS\, /2, BFHEETEBIEEK

BEINSL., F9FT2L5X )00 1%LUL0EBE 7Y —3 3
VAR TFAREDVBREMICHAESLENREL S, FARIERD
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3 / R
GWAS —
— j::::::,ﬁﬁﬁﬁ
FOREAR
‘ \ BE - HRINE
BEMGET

GWAS: 7/ ARBTYV YT —Yay - A 574

BROPLT ) AEBTT VY I—Va Y AY T4 2 RhH 5 FHEIR
BB RINTEL, HIWKECRTLOHESEBNT, 7V -V 3
VR TA4LIEEEHILY, WOILT ) AEBT YV VIV
v AT 4 (GWAS) 2iTo PN L Lo TETWE0D
Hh,

FILEETYYI-Yar - 2271 (GWAS)

3 TIZ 10 4ERFTIZ Risch & Merikangas (2& 9, EEHZHROEW
HFOBRBICIRT VYT —Yay - AZFL DOFVFERZI LEIRE
nTwizb, 7272, ZhidRMoORTHEREZFICey FLAZEBEEL
TORETBRIZFHIRE TH o /2. 4B, EHBEHOLDORIE~—F
— (R4 270%7I4 b)) IBITICHSRERTEFBINTWZDT,
REABEZT5%07 ) A &HEN CRIZFEZHETE 2HRES
Moz, LPLEYDS, 7VVIT—Yary - A7 4DDORIEY
—7/— (SNP) REWHFLELTELT, FL-WEENLRIAE L TED
RSN T b o, ZO2ETHRMEII—EL, GWAS 2BEAIC
bbb XHIil%k otz Affymetrix, Illumina MWL D, H4c &
A —VT v TENBIETIAE YT TITy b7+ —APRAEEINT
W5, Affymetrix 1 906,600 © SNP, 946,000 2 ¥ —HERKH D72
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DOT O —THEE S 7> Genome — wide SNP Array 60° 2 L T
W5, —7%, Illumina 21 550,000 SNP % ¥ £ ¥ > 2T & % Human-
Hap550 Genotyping BeadChip® #3% 5.

Z M 14T “Nature”, “Nature Genetics”, “Science” FEIZFHXHE
mah7: GWAS OoflZ2RT (FR1). —HERTH LD, BREH
DERPHTETNS., ENERPFKRBEAS 74 THY, EFHTX
XIIBERHICBITSD TCF7L2 DX HICRLDH A Y 74 THAMLI A
LRTWAZLThHAD. ZORTHROKBBELT YV VT a -
A% 74 DEEREEAT S, Wellcome Trust Case Conrol Consor-
tium 2BV T 7 HEBIZDWT 2000 BIFODBEER & 3,000 Bl DO
TOTYVYL—vay - A TANRESNTEY. wRkEkolz
REBIIMES O, EEIRER, so—rKk, BEY Y~F, 1 BER
W, 2RBRFELCRMETHS. ¥MEX 77Ty b7 +—b0d
Affymetrix GeneChip 500K Mapping Array Set® 2FRH ST 5.
HEHEMTIZ Armitage trend test  HWTE D, 5X107 AT 2iE
FFENELTWA, BIDHTIME, EBHRKETIME, 70—
TOME, MEY v<FT3ME, 1ERFHT7ME, 2RHERWBTIMA
D SNP ARE s N/, SMETIEENI IV 2 R5Z LIITER
Moz, BBROKREEZBRLAE SNP %<, HE OLWERER
EMBTETVRRLEEZEZTVNVESY,

FTRCOBEEREZBEOT Ty b7+ —ATHRIHTE 2. &R
XL HHA no TH5DH. 612, bIrEVYETEEZEROKEY
WIRBRLBOBRERLET L. bbHA, 0L LEEERZE
KR AP TRBT 2ERICOWTLERTHA . Common
disease DE AL common variant TdH 5 &, Eric Lander 52K D
IIEE N7z, wWbWb common disease — common variant (CD—-CV)
hypothesis TH5?. H D SANTHROBERIIBEEOBVWZRIZL S
(common variant), ¥7:ZD0%BIEIBOHENLEL TS
(common variant) &\ ) ZEZX THA. —F, common disease —
rare variant dFET 5. ERICMP HDL 2 L A7 o — V% &R
FICHE L TWAREFSEIL, HENMEVIFROBENI LIRS
NTw5? Rare allele iXF v 7 LIZEBINTHWLRWOT, £b %
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