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Fic. 7. Postoperative findings at 7 months after surgery. (Left) In the radiographic findings,
satisfactory bone union and alignment was observed. (Right) The patient can walk withouta cane,
and full weight bearing is possible.

bone graft can be double-barreled without dis-
turbing its blood supply.®” The double-
barreled fibular graft can provide enough
strength to support the spinal column.

Various methods of fixation can be consid-
ered. The standard method involves internal
fixation with screws and a plate combined with
external plaster casting. However, the start of
walking rehabilitation is often delayed with this
method, and long-term fixation can decrease
postoperative quality of life. Prolonged rehabil-
itation is a significant problem for patients,
especially for those with a poor prognosis. Ex-
ternal skeletal fixation can also be used; al-
though this method does not require internal
devices, the instrumentation is too bulky for
pelvic fixation. As we have reported earlier, we
previously used screws and a plate for fixation
of the transferred bone graft® However, more
recently, our first choice of fixation device has
been the Cotrel-Dubousset rod system.

The Cotrel-Dubousset rod system was origi-
nally developed to treat spinal scoliosis.® The
most recent version of the system consists of a
rod and pedicular screws and can be used for
internal fixation of traumatic lesions of the
spine and for pelvic ring reconstruction.?="!
The transferred bone can be rigidly fixed by
compression pressure along the rod. The rigid
fixation allows early rehabilitation of walking.
A possible disadvantage is the dead space
caused by the relatively large device, which
sometimes requires soft-tissue coverage, such

as with a rectus abdominis musculocutaneous
flap or latissimus dorsi musculocutaneous flap.

CONCLUSIONS

The double-barreled fibular graft is well vas-
cularized and can achieve satisfactory bone
union. It is a safe and effective method for
reconstructing the pelvic ring. Furthermore,
the Cotrel-Dubousset rod system can provide
rigid fixation soon after surgery and is useful
for early rehabilitation of walking.
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Ideas and Innovations

Short Pedicle Superficial Inferior Epigastric
Artery Adiposal Flap: New Anatomical

Findings and the Use of This Flap for
Reconstruction of Facial Contour

Isao Koshima, M.D.
Tokyo, Japan

Free vascularized dermal-fat flaps have been
used for facial contouring in the treatment of
congenital and traumatized facial atrophy. The
major disadvantages of these flaps are wide
postoperative donor scars and bulkiness of the
transferred flaps. To overcome these disadvan-
tages, we previously reported on the intraoral
transfer of a deep inferior epigastric artery per-
forator (DIEP) adiposal flap based on only a
perforator. Although many shortcomings with
this flap have been overcome, detection and
dissection for paraumbilical perforators are
still difficult. To overcome these shortcomings
for facial contour correction, we have used a
superficial inferior epigastric artery adiposal
flap with one-stage removal of bulky fatty tis-
sue. This article describes new anatomical find-
ings regarding the superficial inferior epigas-
tric artery system and successful use of an
intraorally or extraorally transferred superficial
inferior epigastric artery adiposal flap with a
short pedicle for three patients with facial con-
tour deformities.

ANATOMY

On the basis of an anatomical study of 10
cadavers and more clinical cases, it was ob-
served that the superficial inferior epigastric
artery divides from the femoral artery below
the inguinal ligament and runs superiorly to
approach the umbilicus. This branch locates

proximally over the deep fascia of the rectus
abdominis muscle and distally in the superfi-
cial fatty layer. It gives off a few cutaneous
perforators (0.3 to 0.5 mm in diameter) during
the whole course. The superficial or deep
branch of the superficial circumflex iliac artery
also derives from the femoral artery and runs
in a superolateral direction over or under the
deep fascia of the sartorius muscle through the
inguinal ligament. The superficial circumflex
iliac artery system gives off several ascending
branches to connect the superficial inferior
epigastric artery system in the lower abdominal
regiomn.

Sometimes, on the basis of our cadaveric and
clinical experiences, in cases where the super-
ficial inferior epigastric artery is absent or hy-
poplastic, long, large ascending branches of
the superficial circumflex iliac artery system
develop complementarily. When a superficial
inferior epigastric artery is long and large, the
ascending branches of the superficial circum-
flex iliac artery system are usually short and
small. Both systems complement each other in
the lower abdominal region. The distal termi-
nals of the superficial inferior epigastric artery
sometimes connect to the perforators from the
deep inferior epigastric system. Regarding the
venous drainage of the superficial inferior epi-
gastric artery system, the superficial epigastric
vein is part of the large cutaneous venous sys-
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tem in this area, which always exists and often
runs independently medial (and sometimes
parallel) to the superficial inferior epigastric
artery system in the superficial layer of fatty
tissue. The major superficial inferior epigastric
artery trunk usually does not have the concom-
itant veins, but sometimes it is accompanied by
tiny concomitant veins (<0.5 mm). The three-
dimensional distributions of the superficial in-
ferior epigastric artery, its concomitant vein,
and the superficial epigastric vein are compli-
cated. The superficial vein distributes through
the subdermal layer, and the superficial infe-
rior epigastric artery and its concomitant vein
are in the deep layer of the superficial fatty
layer above the superficial fascia in the lower
abdominal wall (Fig. 1).

FLAap ELEVATION

Although preoperative Doppler examina-
tion is useful for confirming the course of the
superficial inferior epigastric artery, the
sounds do not correlate with the size of the
artery because even very small arteries of less
than 0.3 mm can produce strong sounds. The
flap is outlined to include the superficial infe-
rior epigastric artery. The first incision is made
transversely through the inguinal ligament to
detect the existence and size of the superficial
inferior epigastric artery and superficial epigas-
tric vein. In some cases where the superficial
inferior epigastric artery is small (<0.5 mm) or

absent, the ascending branch of the superficial
circumflex iliac artery system is usually de-
tected. When a superficial inferior epigastric
artery is very large, the superficial circumflex
iliac artery ascending branch is usually small or
absent. Therefore, either dominant artery can
be selected as a pedicle of the superficial infe-
rior epigastric artery flap. The superficial epi-
gastric vein is always present and runs 3 cm
medially through the superficial inferior epi-
gastric artery.

After confirming locations of the superficial
inferior epigastric artery (or the ascending
branch) and superficial epigastric vein, a {lap is
outlined on the lower abdominal wall. The
selected pedicle artery is placed at the proxi-
mal end of the adiposal flap. Then, a transverse
skin incision is extended through the inguinal
ligament to include the distal pedicle artery
above the deep fascia. After a whole adiposal
flap is incised and elevated subcutaneously, the
proximal portion of the pedicle vessel is
transected just above the inguinal ligament
and a superficial inferior epigastric artery adi-
posal flap is obtained. Proximal dissection of
the pedicle vessel to the femoral artery is not
necessary. Pedicle vessels (superficial inferior
epigastric artery or ascending branch, and su-
perficial epigastric vein) are usually transected
just above the inguinal ligament.

To achieve adequate thickness of the flap, it
can be thinned primarily by resection of the

Fic. 1. (Left)y Schematic drawing of the superficial inferior epigastric arterial system. The superficial inferior
epigastric artery usually arises from the femoral artery just below the inguinal ligament (£1) and joins with the
perforators of the deep inferior epigastric artery system. The superficial inferior epigastric artery (I°2) is sometimes
missing and arises from the superficial circumflex iliac artery ((), as in the left groin region. V, superficial epigastric
vein. (Right) Schema of the three-dimensional distribution of the superficial inferior epigastric artery (A), its con-
comitant vein (C), and the superficial epigastric vein (V). S, superficial fascia in the lower abdominal wall.
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superficial portion of the fatty tissue from the
flap to not damage the superficial epigastric
vein, because the superficial inferior epigastric
artery is located in the deep adiposal layer and
the superficial epigastric vein in the superficial
layer. If necessary, thinning, except around the
perforator in the flap, is possible with removal
of fatty tissue with scissors. The key point for
this operation is bloodless flap elevation to
detect and preserve the distal branches of the
superficial inferior epigastric artery or superfi-
cial circumflex iliac artery branches. Finally,
the donor abdominal defect is closed primarily
by direct closure with suction drainage. A post-
operative pressure bandage is required for 2
weeks (Iig. 1).

CASE REPORTS

Between May of 2002 and March of 2004, the facial de-
formities of six patients were repaired with a {ree superficial
inferior epigastric artery adiposal flap with a short pedicle.
The patients ranged in age from 11 to 53 years (all were
femnale patents). Two cases involved facial lipodystrophy, two
had hemifacial hyperplasia, one had a postmaxillectomy de-
formity, and one experienced forehead depression after a
fracture involving the skull base. The flap was implanted by
an intraoral approach in three cases for buccal augmentation.
Regarding selection of the recipient vessels, the facial artery
and its branch, the superficial temporal artery and its preau-
ricular branch, the facial vein or a concomitant vein of the
facial artery, and the superficial temporal vein were used.
Postoperatively, blood circulation of the adiposal flap was
confirmed by continuous bleeding at the distal side of the
flap. Postoperative patency of the anastomosed flap artery was
detected by a Doppler audiometer, and there was no post-
operative reexploration of the anastomosed vessels because
of thrombosis. None of the cases experienced postoperative
infection or donor site problems (Table I).

Case 1: Free Superficial Inferior Epigastric Artery
Adiposal Flap for Facial Lipodystrophy (Intraoral
Approach)

A 46-year-old woman with localized lipodystrophy of the
right side of her face complained of a right cheek depression.
A subcutaneous pocket was created supraperiosteally in the
right cheek through an intraoral mucosal incision. With a
small submandibular incision 2 cm in length, the right facial
vessels were exposed as recipient vessels. Through a medial

longitudinal scar on the lower abdominal wall following hys-
terectomy, the superficial inferior epigastric artery and su-
perficial epigastric vein were dissected. A free superficial in-
ferior epigastric artery adiposal flap, 8 X 8 cm, was elevated
and primary thinning of the flap was performed. The pedicle
vessels, superficial inferior epigastric artery, and superficial
epigastric vein were anastomosed to the right facial vessel.
The abdominal donor defect was closed direcitly.
Temporary facial palsy and trigeminal sensory loss oc-
curred around the right upper lip for 1 week. Two years after
surgery, there was no atrophy of the augmented face (Tig. 2).

Case 2: I'ree Superficial Inferior Epigastric Artery—
Superficial Circumflex Hiac Artery Adiposal Flap for
Postoperative Facial Deformity

A B3-year-old woman presented with a depressed right
malar region. Thirty-three years earlier, she had received
surgical treatment for right maxillary sinusitis. Thereafier,
her facial deformity had occurred. A three-dimensional com-
puted tomographic scan revealed depression of the anterior
wall of the maxillary bone.

After creating a subperiosteal pocket through subciliary
and alar incisions on the right side of the face, the superficial
temporal vessel was exposed through a preauricular incision
as arecipientvessel. Through a previous operative scar on the
right abdominal wall, the pedicle vessels were dissected to
clevate an adiposal flap. As the superficial inferior epigastric
artery was very small (0.7 mm), the ascending branch of the
superficial circumflex iliac artery (1.0 mm) was included in
the flap.

A free adiposal flap, 13 X 7 cm, was transferred to the
prepared face, and fatty tissue was removed to reduce the
thick flap. The pedicle arteries of the flap, the superficial
inferior epigastric artery (0.7 mm) and the superficial cir-
cumflex iliac artery (1.0 mm), were respectively joined to the
preauricular branch (0.7 mm) and parietal branch (1.0 mm)
of the superficial temporal artery. The superficial epigastric
vein (1.5 mm) of the flap was anastomosed to the superficial
temporal vein.

Her postoperative course was without problems. There was
no flap necrosis and, 7 years 7 months after surgery, the
patient had a nearly normal malar contour with additional
surgery. She had no problems in the donor abdominal wall
(Fig. 3).

Case 3: Free Superficial Inferior Epigastric Artery
Adiposal Flap for Hemifacial Microsomia

A 14-year-old girl with hemifacial microsomia of the right face
complained of facial asymmetry caused by hypoplasty of the
facial and mandibular bones and soft tissues. Using an inuaoral
approach with asulcus incision, subperiosteal and subcutaneous

TABLE 1
Patient Summary: Superficial Inferior Epigastric Artery Adiposal Flap

Case Age (yr)/Sex Diseases Recipient-Anastomosed Vessels Complications
1 46/F Lipodystrophy FA-SIEA, FA branch-SIEA branch, SIEV-FV -
2 b3/F Maxillary carcinoma postoperative deformity  STA-SCIA, STA preauricular branch-SIEA, SIEV-FV -
3 14/F Hemifacial hypoplasia FA-SIEA, SIEV-FA concomitant vein —
4 19/F Established forehead fracture SIEA T portion-STA (flow-through), SIEV-STV -
5 11/F Hemifacial microsomia FA-SCIA ascending branch, SCIV-FV -

FA, facial artery, FV, faci

vein; SIEA, superficial inferior epigasuic artery; STEV, superficial inferior epigasuic vein; STA, superficial temporal artery; STV, supetficial

temporal vein; SCIA, superticial circumflex iliac artery, SCIV, superficial circumnflex iliac vein.
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Fic. 2. (Leff) Preoperative frontal view of a 46-year-old woman with right facial lipodystrophy (the patient in case 1). {Center)
A free superficial inferior epigastric artery adiposal flap obtained from her left abdominal wall was transferred intraorally. (Right)
Postoperative lateral view 1 year 9 months after surgery. No additional surgery was required.

F1G. 3. (Left) Preoperative lateral view of a 53-year-old woman (the patient in case 2) with right malar depression after
maxillary resection. (Cenfer) An intraoperative customized (debulked) superficial inferior epigastric artery adiposal flap with a
short pedicle transected above the inguinal ligament. (Rlight) Postoperative view 1 year 4 months later.

dissection was performed (o create a subcutaneous pocketin the
right cheek. The facial vessel in the affected face, which showed
no anatomical irregularity, was prepared as a recipient vessel. A
superficial inferior epigastric artery adiposal flap, 10 X 5 cm, was
obtained through a small transverse incision in the right lower
abdominal wall. The large superficial inferior epigastric artery
and superficial epigastric vein were transected above the ingui-
nal ligament. The proximal end of the pedicle vessel of this flap
was anastomosed (o the facial vessel through a very small (3 cm
in length) submandibular incision. The donor defect was closed
directly.

The patient’s postoperative course was smooth. One year
4 months after surgery, there was no infection of the flap, and

no additional defatting or augmentation of the repaired face
was required. The donor site showed no complications such
as abdominal hernia, weakness, bulging, or related lumbago
(Figs. 4 and 5).

DISCUSSION

Historically, a free deltopectoral dermal-fat
flap was first used for hemifacial atrophy
paljenls.l-2 Since then, a vascularized groin der-

mal-fat flap?? has become popular as the first
choice for this correction. These established
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FiG. 4. (Left) Preoperative frontal view of a 14-year-old girl with a right hemifacial
hypoplasia (the patient in case 3). (Right) Postoperative frontal view 13 months after flap
transfer; with no additional surgery.

FiG. 5. (Left) Asuperficial inferior cpigastric artery adiposal flap was designed on the right lower
abdomen. (Right) An adiposal flap was clevated to be transferred intraorally, with a minimal
submandibular incision.

dermal-fat flaps contain hard subcutaneous tis- After the introduction of scapular and para-
sue, which results in scar formation of the scapular flaps,®® a customized parascapular
transferred subcutancous dermis. In addition, ﬂap”o with extension of the dorsal thoracic
a large dermal-fat flap requires donor-site skin fascia and/or inframammary fascia was devel-
grafting, which causes poor aesthetic results in oped for facial contour correction. This flap

the donor region. has the advantage of customized thickness for
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one-stage reconstruction. However, simulta-
neous flap elevation is difficult because the
donor site is close to the face and also a change
in position may be necessary to obtain the flap.
In addition, the donor scar is unacceptable for
young women.

To overcome these disadvantages of estab-
lished flaps, we developed a DIEP adiposal
flap'™'* without the rectus abdominis muscle
and paraumbilical perforator adiposal flap,
with a short perforator and an intraoral
approach,'® and these have been applied to
facial contour correction.? These flaps result in
minimum donor-site morbidity compared with
a rectus abdominis musculocutaneous flap,
and a considerable amount of the fatty tissue in
these adiposal flaps can be removed. However,
the disadvantage of the DIEP flap and paraum-
bilical flap is difficult dissection of the perfora-
tors and the deep inferior epigastric vessel
through or above the rectus abdominis muscle.

On the basis of our cases, the superficial
inferior epigastric artery flap seems to be more
suitable for augmentation of facial contour de-
formities and large or thick soft-tissue defects
in the head and neck region than rectus abdo-
minis musculocutaneous, DIEP, or paraumbil-
ical adiposal flaps. Allen and Heidand also
used this flap for breast reconstructions.'® It
leaves a more acceptable secondary defect for
greater tissue yield than the scapular, para-
scapular, or other flaps. The advantages of the
superficial inferior epigastric artery adiposal
flap are as follows: (1) deeper and longer dis-
section of the superficial inferior epigastric ar-
tery system to the femoral artery as in the groin
flap is unnecessary; (2) only a short length of
the superficial inferior epigastric artery is re-
quired to nourish the flap; (3) flap elevation
time is short; (4) thinning of the flap may be
performed with primary defatting; (5) the
bulky fat of this flap can be reduced with pri-
mary defatting, and customized defatting in
one-stage reconstruction is possible; (6) it can
be obtained at the aesthetically best donor site
and results in minimum donor-site morbidity
and a concealed donor scar; (7) preservation
of the rectus abdominis muscle allows for preg-
nancy in young women; and (8) a large cuta-
neous vein, the superficial epigastric vein, is
available as a venous drainage system.

The major disadvantage ot a superficial infe-
rior epigastric artery adiposal flap is anatomical
variation: loss of the superficial inferior epigas-
tric artery (or hypoplasty). Taylor found the

artery to be present in 65 percent of subjects in
his study of groin dissections in cadavers.!”

-Allen and Heitland also found a consistency of

72 percent in dissected groins, and the artery
was present on both groins in 58 percent.'® On
the basis of our experiences, patients without a
superficial inferior epigastric artery always have
dominant ascending branches of the superfi-
cial circumflex iliac artery that supply the lower
abdominal wall. Regarding the anatomy of the
superficial inferior epigastric artery system, we
believe that the ascending branch of the super-
ficial circumflex iliac artery compensates for
the superficial inferior epigastric artery deficit,
and a superficial inferior epigastric artery flap
can be raised in all patients with the superficial
inferior epigastric artery itself or with an as-
cending branch of the superficial circumflex
iliac artery and large superficial epigastric vein
system. Another disadvantage is the fact that
fine technical skills are necessary to dissect and
anastomose the small and short pedicle vessels
for the superficial inferior epigastric artery flap
with a short pedicle. For beginners, a larger
and longer vascular pedicle can be obtained
including the proximal division (1.0 to 2.0 mm
in diameter) of the superficial inferior epigas-
tric artery from the femoral artery. Also, care-
less creation of a subcutaneous pocket in the
face may result in damage to the buccal
branches of the facial nerve. Finally, this flap
seems to be the best application for facial con-
touring surgery, and it is indicated especially
for children and for young women who expect
to become mothers.

CONCLUSIONS

The major disadvantages of vascularized der-
mal-fat flaps for facial contouring in the treat-
ment of congenital or traumatized facial asym-
metries are postoperative wide donor scars and
bulkiness of the transferred flaps. To overcome
these disadvantages, we developed a superficial
inferior epigastric artery adiposal flap with a
short pedicle. This article describes new ana-
tomical findings on the superficial inferior epi-
gastric artery system and the successful use of
an intraorally or extraorally transferred super-
ficial inferior epigastric artery adiposal flap
with a short pedicle for three patients with
facial contour deformities. The advantages of
this method are as follows: one-stage augmen-
tation with a short transverse incision on the
lowest part of the abdomen, and transfer
through an intraoral or extraoral approach re-
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sulting in a minimal incision on the face. The
disadvantages are the anatomical variation of
the superficial inferior epigastric artery, which
can be compensated for by the ascending
branch of superficial circumflex iliac artery,
and difficult dissection of small-pedicle vessels.
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Abstract

To elucidate the sequential changes of osteogenesis in pores of periosteum-attached hydroxya-
patite blocks with a relationship to attachment of periosteum in the rabbit model, detailed micro-
scopic observations and morphometric analysis of pores were carried out. Neither bone nor adipose
tissue was found in the pores of PHAB embedded in the muscle during the entire experimental
period in the control group. By contrast, newly formed hone tissue was confirmed to have a lami-
nated architecture and depolarization was initially found at the margin of the pores near the face
attached to by periosteum of rectangular-shaped PHAB at week 8, and bone formation in pores
extended to the distal portion from the attached face. At week 12, adipose tissue was observed
inside the bone, recognized as bone sloughing lining the pore. Morphometric analysis revealed a
negative correlation of -0.279 (p<0.001, n=1038) between the percentage of bone in each pore and
the distance from the face of PHAB attached periosteum.

The result suggested that bone-sloughing formation lining pores, filled by adipose tissue with
islets of erythroblasts is induced by the differentiation of mesenchymal stem cells provided via
periosteum attaching onto the face of PHAB. We wish to emphasize that the complex of PHAB-
attached vascularized periosteum presented might provide a favorable and secure material for
bone reconstruction iz vivo.

it is essentially limited to obtain a sufficient

Introduction volume of autologous bone grafting and work

Autologous bone graft, especially vascular-
ized bone graft, has been regarded as one of
the most reliable and well documented proce-
dures to repair defects after major surgical
interventions or trauma'”. However, it is hard
to apply this graft for a larger defect because

into various shapes for filling the defect.
Hence, various materials have recently been
proposed for substitutions, replacing autolo-
gous bone graft. Especially, whereas hydrox-
yapatite (HA) has been regarded as a
promising candidate of artificial bone because
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of its suitable biological affinity, clinical appli-
cation of porous HA (PHA) is limited
because of the difficulty to establish sufficient
strength to replace the defect and prevent
infection.

To overcome these drawbacks of PHA, we
have highlighted vascularized periosteum’ ",
and been investigating the possibility of the
clinical use of PHA with the attachment of
vascularized periosteum as an artificial bone
that is generally known as a promoter of
osteogenesis. This procedure can not only
reduce invasiveness but obtain adjustable
shapes of the graft for individual defects. Con-
cise results of bone formation in pores of PHA
and its usage have previously been discussed,
however, osteogenesis and extension within
the PHA block (PHAB) is still unclear
because there few have been reports on
detailed histological observations and sequen-
tial changes of bone formation in pores. To
provide details of osteogenesis in pores of
PHAB with the attachment of periosteum, the
present paper describes sequential changes
and extension of newly developed bone in
pores of PHAB, and discusses osteogenesis
with reference to previous reports.

Materials and Methods

1. Animals

Japanese white rabbits (male, approximate-
ly 3 kg in body weight) were raised under
identical conditions and used for the following
experiment. Animals that had infections or
injured themselves during the rearing period
were excluded from the experiment. Animals
were handled in a humane way throughout
the experimental period, in accordance with
the Guideline for Animal Experiments of Toho
University.

2. Preparation of rib-latissimus dorsi periosto-

muscule flaps and periosteum-attached porous
hydroxyapatite blocks (PHAB)

Anesthesia was introduced and maintained
by 25 mg/kg of pentobarbital sodium injection
(Nembutal injection 7, Dainippon Pharmaceu-
tical Co., Ltd, Osaka) administered into the
auricular vein of the animals. Japanese white
rabbits in the right lateral decubitus position
were extensively shaved from the left fore-
limb to the lumbar region. A rectangle of
approximately 40 X 90 mm in area was drawn
on the surface of the overlying skin between
the 8th and 10th ribs, 20 mm ventral to the
spine, and the crossover site of the scapula
and the posterior margin of the forelimb was
included in the base of the flap to capture the
origin of thoracodorsal blood vessels. A trans-
verse linear incision was made to the latis-
simus dorsi muscle. The latissimus dorsi was
cut anteriorly and posteriorly along the line,
and the caudal end of the latissimus dorsi was
cut and raised to expose the inferior margin
of the 11th rib. The anterior portion of the rib-
periosteum was detached from the rib, pre-
serving the connection between the posterior
aspect of the latissimus dorsi and periosteum.
Thus, two or three strips of periosteum, each
3-5mm in width and 25-30 mm in length, were
obtained from the 8th to the 11 th ribs. Steril-
ized porous HA blocks” of 8 X 4 X 2 mm size
(50% porosity, pore diameter 500 x4 m)
( Apacerum®, PENTAX, Tokyo) were
attached firmly to the 8th and 9th rib-perios-
teum (canbium layer side)with 5-0 nylon
thread and also attached to the posterior sur-
face of the latissimus dorsi between strips of
periosteum. A silicon film (Opsite”, Smith &
Nephew, USA) was sewn on the surface of
the site where the latissimus dorsi flap was
collected in order to block the influence of
underlying ribs and intercostal muscles, and
then, the muscle layer and skin were closed
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with a two-layered suture in the usual man-
ner (Fig. 1). To prevent infection after the
surgical intervention, 100 mg/kg of
piperacillin sodium (Pemmalin for injection”,
Sawal Pharmaceutical Co., Ltd., Osaka) was
subcutaneously administered and 50 mg/kg of
kanamycin sulfate (Kanamycin sulfate for
injection “Meiji”", Meiji Seika Kaisha, Ltd.,
Tokyo) was intramuscularly administered to
the animals.

Four rabbits each were sacrificed under
intravenous anesthesia at 4, 8, and 12 weeks
after the operation, and HA blocks with the
surrounding tissues were extracted.

3. Histological examination and morphomet-
ric evaluation

The extracted samples were subjected to
Villanueva bhone staining following formalin
fixation and then non-decalcified ground sec-
tions of 15 um thickness were prepared.
These sections were observed under a light
microscope, polarized light microscope, and
conforcal laser scanning fluorescence micro-
scope. One of the samples collected at 12
weeks after the operation was decalcified.
From this sample, the paraffin sections were
prepared, stained with hematoxylin and eosin
in the usual manner, and observed under a
light microscope.

4. Estimation of bone areas in pores of the
periosteum-attached HA block

The percentage of the total area of newly
formed bones to the total area of pores that
were observed as a circle, the percentage of
the total area of bones formed in a pore to the
pore area and the distance from the surface to
which periosteum was attached to the center
of the pore in the preparation were calculated
for the purpose of objectively evaluating bone
formation in pores with time. Following fur-

Fig. 1 © PHA blocks (porosity : 50%, dimen-
sions . 8 X4 X 2 mm) were ligatned to the cam-
bium layer of periosteum and muscle followed by
the raising of the latissimus dorsi musculo-
periosteal flap.-Strips of periosteum, each 3-5 mm
in width and 25-30 mm in length, were obtained
from 8th to the 11th ribs.

ther observations by light microscopy, the
microscopic images were inputted via a digital
camera (PDMC Ie, Polaroid Corporation, USA)
as digital images (800 x 600 pixels) (TIFF
format) in to a personal computer (Power-
Book G4, Apple Computer Inc., USA). There
were approximately 130 pores per prepara-
tion for a total of 4000 pores in 30 prepara-
tions. The area of each pore and the area of
newly formed bone in the pore were deter-
mined using image analysis software (Image
J, freeware downloaded from http://rsh.info.
nih.gov./ij/). and the percentage of the total
area of newly formed bones in the pores to
the total area of the pores was obtained in
each preparation. The percentage of the area
of bones formed in one pore to the pore area
and the distance from the surface to which
the periosteum was attached were analyzed
using single regression analysis for the pur-
pose of evaluating the progression of new
bone formation in PHAB.
5. Evaluation of tissues formed in pores

The area of each tissue observed in pores
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was determined in the preparations of the
periosteum- and muscle-attached blocks, and
the percentage ol the area of each tissue to
the total area of newly formed tissues was
compared between these preparations.

6. Evaluation of three-dimensional (3D) dis-
tribution of tissues in pores

The pore that is observed as a circle in a
preparation is a given cross-section of the
pore that can be hypothesized as a sphere.
The following parameters were estimated to
show the 3D distribution of each tissue in a
pore. The percentage of each area represent-
ing bone, adipose, and fibrous connective tis-
sues in each pore and the area of the pore
were estimated using image analysis software
(Image J). Deviation ratios (DR) were
obtained by dividing the radius (r) of a pore
circle (d : area of each circle) in each prepa-
ration by the maximum radius (R : radius of
the largest circle observed). estimated from
the radius of the largest circle, to establish
how far it was from the circle observed to the
center of the sphere. The equations using “d”
and “D" values which can be obtained by
the morphometric analysis program were as
follows -
r+'=R*
D=n R’

=y (R*r)
Deviation Ratio (DR)=l/R=V (R%*)/R =

J(D-d) /D =V (1-d) /D
Then, the percentages of the areas of bone

and adipose tissue in each pore were calculat-
ed. The determination and evaluation were
conducted under the hypothesis that a pore
was a sphere and evenly distributed in a
block and each pore observed in a preparation

was a perfect circle.

1% 4% (2005)

Results

1. Histological evaluation

In the periosteum-attached block, approxi-
mately half of the pores in PHAB were filled
with loose and edematous fibrous tissues at 4
weeks after the operation (Fig. 2A), but the
rest were vacant. At 8 weeks after the opera-
tion, most of the pores in the preparation
were filled with loose fibrous tissues with vas-
cularization, and formation of calcified bhones
was observed in only part of the pores (Fig.
2B). At 12 weeks after the operation, all of
the pores were filled with fibrous connective
tissue, and bone and adipose tissue was also
ohserved in some pores (Fig. 2C). In these
pores, fibrous connective and adipose tissues
were observed in the center of the pores, and
bone was ohserved along the wall of the
pores. It was confirmed that these bones had
a laminated architecture, which showed bire-
fringence in polarized light microscopy. and
were mature calcified bone tissues that emit-
ted green fluorescence at an excitation wave-
length of 520 nm (Fig. 2D). Observation with
confocal laser scanning fluorescence
microscopy revealed calcified bones that emit-
ted green fluorescence at an excitation wave-
length of 520 nm at the site corresponding to
the area of bone observed under a light
microscope (Fig. 3). Blood vessels running
through the connecting passage between
pores were also observed in some prepara-
tions. In the observation of decalcified prepa-
rations, the accumulation of cells with a small
basophilic nucleus. corresponding to an islet of
erythroblasts, was often found in some adi-
pose tissues (Fig. 4).

In the muscle-attached HA block, formation
of fibrous connective tissue was observed
throughout the experimental period and no

formation of new bones and adipose tissue
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(c)

(d)

Fig. 2  Low power view of the pores ol non-decalcilied ground sections

with attached periosteum. (a) Pores were almost vacant 4weeks after

implantation. (b) Pores were entirely filled with fibrous tissue and

some of them included bone islets at 8 weeks. (¢) Bone formation grad-

ually progressed in the pores near the attached side of the periostcum

at 12 weeks. (a~c¢) . Villanueva bone stain, x 40) {d) Especially. dou-

ble-refracted. laminated, and mineralized bone was found in the pores by

polarizing microscope at 12 weeks. (Villanueva bone stain, X 100}

was observed in the pores (Fig. 5).

2. Changes in areas of bone in the pores of
the periosteum-attached blocks

In the periosteum-attached PHAB, no bone
formation was observed in any of the pores in
the preparations at 4 weeks after the opera-
tion. However, the mean percentage of bone
area to the pore area in the preparations at 8
weeks after the operation reached 2.00% and
the maximum value was 7.66%. The mean

(074

percentage reached 3.15% and the maximum

value was 15.1% In the preparations at 12
weelks after the operation (Fig. 6). In the
muscle-attached PHAB, no bones werce found
in any pores in the preparations throughout
the experimental period.

In the blocks obtained at 12 weeks after the
operation, the preparations were listed in
descending order of percentage of bone area,
and four preparations with higher percent-
ages of bone area were selected. In these
preparations. the percentage of bone area in a

pore 1o the pore area and the distance from
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Fig. 3 | Low power view and conforcal laser fluo-
rescence micrograph of the laminated bone at 12
weeks with attached perioeteum. Bone formation
was observed along the wall of the pores. and we
confirmed that these bones had a laminated
structure. which showed birefringence in polar-
ized light microscopy and were mature calcified
bone tissues that emitted green fluorescence al
an excitation wavelength of 520 nm. (Villanueva
bone stain, X 40)

7 (2005)

the surface to which periosteum was attached
were tested by single regression analysis. A
negative linear correlation between these
parameters was obtained from all of these
preparations (Fig. 7~10). Peason’s product
moment correlation coefficient was obtained
from the data of all the pores in the prepara-
tions of the blocks collected at 12 weeks after
the operation and tested by z transformation.
As a result, there was a negative correlation
of -0.279 (p<0.001, n=1038) between the per-
centage of new bone formation in each pore
and the distance from the attached perios-
teum (Fig. 11).

3. Percentages of tissues in a pore

The percentage areas of each component
tissue observed in a pore were compared
between the periosteum- and muscle-attached
hlocks. In the periosteum-attached block, the

percentage of bone and adipose tissues was as

Fig. 4 : High power view of the pores, decalcified section at 12 weeks,

Blood vessels running through the interporous canal between pores are

present. The accumulation of cells with a small basophilic nucleus. lLe. an

islet of erythroblasts. was often found in some adipose tissues. (HE

stain, X 100, Arrow head ; Islets of erythroblasts,

Bone, C Capillary)

*

; Adipocytes, B ;
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(b)

Fig. 5 . Low power view of the pores of non-decalcified ground sections

with attached muscle. (a) The pores were entirely vacant at 4 weeks.

(b) The pores were filled only with fibrous tissue at 12 weeks after

implantation. (Villanueva bone stain, x40)

ossification ratio (%)

6 8 10 12 14

Fig. 6 . Sequential changes of the percentage
bone area of the periosteum-attached blocks. No
bone formation was observed in any of the pores
in the preparations at 4 weeks after the opera-
tion, but the mean percentage of bone area to the
pore area in the preparations at 8 weeks after the
operation reached 200% and the maximum value
was 7.66%. The mean percentage reached 3.15%
and the maximum value was 15.1% at 12 weeks
after the operation.

high as 5 %, and that of fibrous tissues includ-
ing blood vessels was approximately 83%. In
the muscle-attached block, only blood vessels
and fibrous tissues were observed, and nei-
ther bone nor adipose tissues was found (Fig.
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Fig. 7 . All graphical representation with analyti-
cal results of Peason's product moment correla-
tion coefficient of the pores with attached perios-
teum.

12).

4, 3D distribution of each tissue in a pore
Bone tissues were observed along the cir-
cumference of a pore as approximately 10% of
the radius in width, and adipose tissues were
often demonstrated on the inner side of the
bone tissue as approximately 10% of the
radius in width. Only fibrous tissues including
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Fig. 8 : All graphical representation with analyti-
cal results of Peason’s product moment correla-
tion coefficient of the pores with attached perios-
teum.
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Fig. 10 : All graphical representation with ana-
lytical results of Peason’s product moment corre-
lation coefficient of the pores with attached
periosteum.

blood vessels were ohserved from the center
to approximately 80% of the radius (Fig. 13).

Discussion

Although autologous bone graft, especially
vascularized bone graft, has been regarded as
one of the most reliable procedures for repair-
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Fig. 11 © Integrated graphical representation
with analytical results of Peason’s product
moment correlation coefficient tested by z trans-
formation. This result shows a negative correla-
tion of -0.279 between the percentage of new
bone formation in each pore and the distance
from the attached periosteum. (p<0.001, n=1038)

ing bone defects after major surgical interven-
tion and/or trauma, it is still hard to gain suf-
ficient volume, strength, and shape of autolo-
gous bone grafting in cases of bone defects
that arelarge and complicated in shape. Vari-
ous materials have been recently proposed for
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Bone 6%

Capillary
Adiposew
5% B}

The blocks attached with pariosteum The blocks attached with muscle

Fig. 12 . The percentages of areas of tissues
observed in a pore were compared between the
periosteum- and muscle-attached blocks. The per-
centage of fibrous connective tissues including
blood vessels was as high as 83% and that of
bone and adipose tissues was approximately 5%
in the periosteum-attached block. On the other
hand, only blood vessels and fibrous connective
tissues were observed, and no bone and adipose
tissues were found in the muscle-attached block.

replacing autologous bone graft, such as
metallic materials, inorganic substances like
HA, macromolecular polymers or biopolymers”.
Among them, HA has been regarded as one
of the promising candidates of artificial bone
for clinical use because it has suitable biologi-
cal affinity and has been known to promote
the differentiation of stem cells into
osteoblasts”.

We investigated the possibility of using vas-
cularized periosteum-attached PHA as a novel
material for replacing bone defects. We previ-
ously reported that ostenogenesis had been
confirmed in the pores of PHAB, which had
been attached to the anterior portion of
detached periosteum, having no connection to
intercostal vessels . A hypothesis emerged
from the study that PHAB could be regarded
as one of the most favorable materials for
bone reconstruction, because PHAB is easily
processed to fit the shape of the each defect,
and a scaffold comprising PHAB filling the
defect would retain its shape while bone for-
mation in the pores is completed. There have
been several experimental studies emphasiz-
ing the success of mature bone formation in
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Fig. 13 . Evaluation of the 3-D distribution of
each tissue in a pore at 12 weeks after implanta-
tion. The horizon indicates the deviation ratio
(DR), and the vertical shows areas of induced tis-
sue in the pores. Bone tissues were observed
along the circumference of a pore as approxi-
mately 10% of the radius in width, and adipose
tissues were often observed on the inner side of
the bone tissue as approximately 10% of the
radius in width. Only fibrous connective tissues
including blood vessels were observed from the
center to approximately 80% of the radius.

granules or blocks of HA which had been
embedded in soft tissue, followed by the
entire covering of vascularized periosteum'?.
However, few described sequential examina-
tions of bone induction in the pores of PHAB
in detail. Therefore, we aimed to discuss here-
with the sequential events of osteogenesis in
pores with attached periosteum, on the basis
of results from detailed microscopic observa-
tions and morphometric analysis.

In this study, newly formed bone was con-
firmed to have a laminated architecture and
depolarization was initially found at the mar-
gin of the pores near the face of the block
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attached to by periosteum at week 8 after the
surgical intervention, and bone formation in
pores extended to the distal portion from the
attached face of PHAB of rectangular shape.
At week 12, adipose tissue containing islets of
erythroblasts were usually observed inside
the bone, recognized as bone sloughing lining
the pore. The percentage of fibrous tissues
including blood vessels was as high as 83%
and that of bone and adipose tissues was 5%.
By contrast, neither bone nor adipose tissue
was found in the pores of PHAB embedded in
the muscle during the entire experimental
period. The result provides evidence that
bone and adipose tissue containing islets of
erythroblasts always appeared together only
in pores of periosteum-attached PHAB.

To study in more detail the relationship
between bone formation and the functioning
of periosteum attachment, the ratio of bone
area to the total area of all pores was exam-
ined. There was a significant increase in the
mean ratio of bone area to pore area in all
preparations from 8 weeks after the operation.
Then, morphometric analysis revealed a nega-
tive correlation of -0.279 (p<0.001, n=1038)
between the percentage of bone in each pore
and the distance from the face of PHAB-
attached periosteum. It is known that the
periosteum of animals contains subsets of
progenitor cells that possess the potential to
differentiate directly into osteoblasts when

¥ Accordingly, periosteum

inoculated in vivo
may act as a source of stem cell supply and
cause italics bone formation in the pores of
PHA extendeding in a direction away from
the periosteum-attached face of PHAB.
Consistent with these results, adipose tissue
can be recognized as a part of newly devel-
oped bone marrow, because most of the adi-
pose tissue formed in sloughed bone contained

islets of erythroblasts regarded as an impor-

#21% 4 % (2005)

tant component of hematopoiesis. This notion
is also supported by a study that stared the
potential of mesenchymal stem cells to differ-

W Therefore,

entiat into bone, fat, and muscle
the two components newly developed in the
pores, bone and adipose tissue, must bhe
induced by differentiation of mesenchymal
stem cells provided via periosteum which
must function to accumulate and deliver cir-
culating stem cell to pores in adjacent PHAB
because of the failure of bone formation in
muscle-attached PHAB"™. Although evidence
of mesenchymal stem cells was not confirmed
in the study, the result of formation of bone
sloughing containing adipose tissue with a
hematopoietic system in pores of PHAB,
assumes that the periosteumn was an essential
component, acting as a source of stem cells to
induce mature bone in the pores.

On the other hand, it has been generally
discussed that the structural configuration of
HA including the size and shape of the pores
within the fabricated scaffold, has been shown
to be critical in allowing osteoinduction and
growth of bone itself into the scaffolds whilst
also allowing the transfer of nutrients through
the scaffold™”. The present study also eluci-
dated that the thickness of bone, adipose tis-
sue, and fibrous tissue in the spheres of the
pores might develop from the outer layer to
the center of the radius in the ratio of 10-10-80
of radius by the concise stereological analysis
of each component in pores. Generally, PHAB
designed with 50-60% porosity and a pore size
ranging from 100 £ m to 400 x4 m in diameter
has been considered optimal for bone forma-

18~ 20.

tion™ ®. Factors affecting the porosity of the
scaffolds must be taken in to consideration
and be balanced with the mechanical strength
of the scaffold as a requirement of tissue engi-
neered scaffolds is that they must have suffi-

cient mechanical strength for the application
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they are designed for®. The results of the 2)

present study suggest that smaller pore diam-

eters in PHAB may increase bone volume and

provide favorable osteoinduction and suffi-

cient strength. 3)
As a conclusion, bone and adipose tissue

containing islets of erythroblasts in pores may

be induced by differentiation of mesenchymal

stem cells provided via the periosteum which

may play an important role to accumulate and 4)

deliver stem cells to pores in adjacent PHAB.

Even if the clinical application of PHAB alone

is still limited because of the difficulty to

establish sufficient strength to replace the 5)

defect and prevent infection, we wish to

emphasize that the complex of PHAB-

attached vascularized periosteum presented

in this study may become a favorable and

secure material for bone reconstruction in 6)
vivo.
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