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Purpose: This study investigated the effects of multiple drilling on the immature
capital femoral epiphysis following ischemic injury in a piglet model. Materials
and Methods: Ischemic necrosis of capital femoral epiphysis was induced bilateral-
ly in 12 piglets using a cervical ligation method. Three weeks later, medial, central,
and lateral 3 drill holes were made on the left femoral head using 0.062” K-wire. At
3, 6,9, and 12 weeks following the multiple drilling, femoral heads were harvested
from each three piglets. On histologic examination, percent of revascularization, per-
cent of osteoblast surface, capital femoral epiphyseal quotient and proximal femoral
growth plate height were evaluated. Untreated right femoral heads served as control.
Results: While percent of revascularization of left capital femoral epiphysis with
multiple drilling was significantly higher than untreated control side (p<0.001), per-
cent of osteoblast surface, capital femoral epiphyseal quotient and proximal femoral
growth plate height showed no significant difference. Conclusion: This study indi-
cates that multiple drilling could promote revascularization of ischemic capital femo-
ral epiphysis, and multiple drilling does not appear to produce bony physeal bars at
short-term, if using small diameter drill. However, multiple drilling alone does not
seem to prevent femoral head deformity or to promote new bone formation.
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INTRODUCTION

Legg-Calve-Perthes disease is one of the most common diseases involving hip
joint in growing children.! The etiology is still obscure, however, many previous
clinical and experimental studies have suggested that ischemic injury on the im-
mature capital femoral epiphysis plays a major role in pathogenesis.

Contrary to the osteonecrosis of the femoral head in adult, LCP disease accom-
panies remodeling process during its natural course.* During remodeling process,
dead bone is replaced with living bone, and the deformed femoral head can re-
model within the acetabular socket, thereby providing the chance to restore the
spherical congruency of the hip joint.* Many surgical or non-surgical treatments
focus on so called “containment” of the femoral head into the acetabular socket to
facilitate the restoration of spherical congruency during the remodeling period.
Therefore, if properly treated, the prognosis of LCP disease is thought to be better
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than that of osteonecrosis of the femoral head in adult,
which results in progressive head collapse and subsequent
degenerative arthritis of the hip joint. However, the remod-
eling capacity of the femoral head depends on the extent of
the disease-involvement and the age at the onset of the dis-
ease. The patients with extensive involvement and/or near
the skeletal maturity would have little remodeling capacity.
“Containment” treatment does not consistently produce
spherical femoral head in the older patients,”” which results
in deformed femoral head and subsequent early degenera-
tive arthritis of the hip joint. Therefore, there have been ef-
forts to develop effective treatment modalities other than
“Containment” for these patients with poor prognosis.’

Multiple drilling is a treatment method that does not rely
on containment. The rationale of multiple drilling is to pro-
vide conduits for revascularization to the ischemic femoral
head so as to prevent further ischemic injury and facilitate
healing of necrotic bone. Indeed, several clinical studies have
shown promising outcomes after multiple drilling on the os-
teonecrosis of the femoral head in adult, supporting the effi-
cacy of multiple drilling on ischemic femoral head,® never-
theless, multiple drilling has rarely been performed on LCP
disease.”!® Although LCP disease and osteonecrosis after
femoral neck fracture were the first reported cases in which
multiple drilling had been performed,"! many surgeons are
concerned about possible damage to the proximal growth
plate, and the efficacy of multiple drilling on ischemic im-
mature femoral head has not yet been reported.

The purpose of this study was to evaluate the effects of
multiple drilling on the ischemic immature femoral head
using a piglet model. We investigated whether multiple drill-
ing could increase revascularization on the ischemic femo-
ral head and prevent collapse of the femoral head. We also
investigated the effect of multiple drilling on the proximal

growth plate.

MATERIALS AND METHODS

The study design was approved by the Institutional Animal
Care and Use Committees. Twelve female piglets, five to six
weeks old and weighing 5 to 6 kg, were used. Ischemic inju-
ry was surgically induced to femoral capital epiphyses on
both sides. Three weeks later, multiple drilling was per-
formed on the left femoral head, while the right femoral head
was left undone to serve as a control. Histological evaluation
was performed at 3, 6,9 and 12 weeks after multiple drilling.

Induction of ischemic insult to the capital femoral
epiphysis

Ischemic insult to the capital femoral epiphysis was in-
duced using cervical ligation method, as described by Kim,
et al.'? Under the general anesthesia, piglets were laid on
the table in the lateral decubitus position. Lateral transverse
skin incision was made over the hip joint. The gluteus and
underlying short abductor muscles were split and retracted
aside. After capsulotomy, ligamentum teres was severed
blindly using curved scissors. With use of curved passer in-
strument, two No. 2 Ethibond (ETHIBOND EXCEL Poly-
ester Suture, Ethicon Inc., Somerville, NJ, USA) sutures
were placed around the femoral neck and were manually tied
as tightly as possible (Fig. 1). Then, 1 mm drill hole was
made from the cartilaginous articular surface to the cancel-
lous bone of femoral capital femoral epiphysis, and the es-
tablishment of ischemia on the femoral head was confirmed
by observing that no blood was coming out from the drill
hole. Wound was closed layer by layer. Surgery was per-

formed on both sides at the same time.

B L 8

Fig. 1. An experimental model of ischemic necrosis of the capital femoral epiphysis using a cervical ligation. After a longitudinal skin inci-

sion over the left hip joint under sterile condition, a partial capsulotomy was performed and the ligamentum teres was transected. Two
ethibond sutures were placed around the neck and hand-tied using slip-proof ligation technique as tightly as possible to disrupt the as-
cending cervical vessels supplying the capital femoral epiphysis (A). To evaluate the position of cervical ligation, stainless steel wire was
used in pilot study and the postoperative radiograph showed proper position of cervical ligation wires (B).
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Multiple drilling procedure

Multiple drilling was performed three weeks after cervical
ligation. Under the general anesthesia, piglets were laid on
the table in the prone position. About 2 cm-sized skin inci-
sion was made along adductor muscle, and then medial
femoral neck was exposed with blunt dissection through
adductor intermuscular plane. With the guidance of image
intensifier, drilling was performed three times with 0.062”
Kirschner wires at 2,000 revolutions per minute. Using the
same entry portal at medial cortex of femoral neck, wire
was inserted aiming at medial, central, and lateral one third
of capital femoral epiphysis through proximal growth plate

(Fig. 2).

Sample preparation

Bilateral femora were harvested 3, 6, 9, and 12 weeks after
multiple drilling (6, 9, 12, and 15 weeks after cervical liga-
tion). Before the process for histologic sections, antero-poste-
rior radiographs were taken with bilateral femora after har-
vest. The radiographic film was placed directly under the
bone to minimized magnification effects. For histologic eval-
uation, a representative section from the central load-bearing
region for the femoral head was analyzed. The region was
chosen because it is the region of maximal femoral head
height and diameter, corresponding to the outline of the fem-
oral head seen on the AP radiographs.!* Specimens were
fixed with 10% formalin solution at 4°C for 7 days, and then
decalcified with 5% AgNO solution at 4°C for 3 to 4 days.
One cm-thick-slices were made through the central portion
of the femoral heads with maximum diameter in the coronal
plane and embedded in paraffin, and then further sectioned at
a thickness of 7 um. The mounted sections were stained with
hematoxylin and eosin. For histomorphologic evaluation,
photographs of each section were taken with Nikon E800

Fig. 2. Three weeks following ischemic insult, drilling was performed using
0.062" K-wire and a motorized drill under fluoroscopic control. Medial, cen-
tral, and lateral three drill holes were made from medial side of cervical neck
through the proximal femoral growth plate to the capital femoral epiphysis.

microscope (Nikon USA, Melville, NY, USA) at various
magnifications, and the measurement was made with use of
Image-Pro Plus (version 4.5; Media Cybernetics, Silver
Spring, MD) software program.

Assessment of revascularization

To assess the revascularization effects of multiple drilling on
ischemic capital femoral epiphysis, percent of revascuraliza-
tion within the central region of the femoral head was de-
termined. Percent of revascularization is the percent area
containing fibrovascular repair tissue divided by the total
capital femoral epiphysis area.'> Measurements were made
at x4 magnification.

Evaluation of new bone formation

To evaluate the effect of multiple drilling on the new bone
formation as a repair process after an ischemic injury, per-
cent of osteoblast surface was measured. Percent of osteo-
blast surface is the percent trabecular surface area covered
with cuboidal-shaped osteoblasts.'* Measurements were
made at x20 magnification. Scanning the whole capital
femoral epiphysis under a microscope, measurement was
made in the area of repair away from the chondro-osseous
junction so that the primary spongiosa would not be includ-
ed in the analysis. The necrotic areas of the femoral head
showing absence of osteoblasts were not measured.

Assessment of femoral head collapse

The degree of femoral head collapse was assessed by
epiphyseal quotient. Maximum femoral head height and di-
ameter were measured on AP radiographs and the epiphy-
seal quotient was calculated by dividing the height by the
transverse diameter of osseous capital femoral epiphysis
(Fig. 3).15

Epiphyseal quotient=A/B

)

Fig. 3. Capital femoral epiphyseal quotient was defined as height of osse-
ous capital epiphysis divided by maximum transverse diameter.

YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 52 NUMBERS5 SEPTEMBER 2011 n



Sun Young Gong, et al.

Measurement of femoral neck growth plate thickness

To evaluate the effect of multiple drilling on the growth plate,
the thickness of the femoral neck growth plate was mea-
sured. The thickness of growth plate was measured from the
edge of the reserve zone to the last hypertrophic chondrocyte
in the transverse cartilage septum before vascular ingrowth. !¢
The thicknesses was measured at the medial, middle and lat-
eral thirds of the growth plate and averaged (Fig. 4).

Statistical analysis
Statistical analysis was accomplished using SPSS statistical

Fig. 4. After staining with hematoxylin and eosin, the thickness of the growth
plates was measured. The growth plate was divided into three regions on
coronal sections (medial, middle, and lateral thirds, and dot lines show bor-
ders of each region) and the thicknesses were measured along the direction
of enchondral ossification (axis of arrows) at each region and averaged.

package (version 13.0; SPSS Inc., Chicago, IL, USA). A
two-way analysis of variance (ANOVA) was used, with
treatment (control versus multiple drilling) and time (time
of harvest after multiple drilling) as the grouping variables.
The level of significance was set at p<(0.05. All data are pre-
sented as mean+standard deviation.

RESULTS

All the specimens showed growth arrest of the bony epiph-
ysis, empty lacunae in the trabecular bone, necrotic changes
in the marrow space, and the presence of fibrovascular re-
pair tissue, which indicated that ischemic osteonecrosis on
capital femoral epiphysis was successfully induced in all
the study animals (Figs. 5 and 6).

The histopathological changes on the capital femoral
epiphysis of the control side, where ischemic insult was in-
duced without multiple drilling, were very similar to those
previously described by Kim, et al.'”” The specimens har-
vested six weeks after ischemic insult showed oval shaped
deformity losing normal sphericity of the femoral heads.
On examination with high power, the central portion of capi-
tal femoral epiphysis was filled with fibrovascular tissue in-
stead of the bony trabeculac and marrow fat cells. Some

let. (A) Polycut section view (H&E, x4). (B) Higher magnification of
the growth cartilage surrounding the secondary ossification cen-
ter shows normal columnar pattern (H&E, x10). (C) Higher magnifi-
cation of the growth plate cartilage of the metaphyseal physis
shows normal cellular zones including reserve, proliferative and
hypertrophic zones. Vascular invasion of terminal hypertrophic
chondrocytes and primary spongiosa formation in the metaphysis,
indicative of enchondral ossification, are evident (H&E, x10).

Fig. 6. Photomicrographs of the femoral head of immature piglet at
two weeks following induction of ischemia. (A) Polycut section
view (H&E, x4). (B) The growth cartilage surrounding the second-
ary ossification center shows empty lacunae at growth plate carti-
lage, which indicates establishment of ischemic insult to the capi-
tal femoral epiphysis (H&E, x10). (C) The growth plate of the
metaphyseal physis also shows disarray of normal pattern of
columnization and necrosis after the ischemic damage (H&E, x10).
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bony trabeculae still remained in the central marrow spaces
of capital femoral epiphysis, however, lacunae of trabecu-
lae were empty and the trabeculae were surrounded by fi-
brovascular tissues without osteogenic cell linings. In this
study, we failed to observe the appearance of new accesso-
1y ossification centers in the capital femoral epiphysis, how-
ever, there were evident new bone formation on the growth
cartilage surrounding the secondary ossification center of
the capital femoral epiphysis. The gross appearance of the
capital femoral epiphysis was like an eggshell that had pe-
ripheral new bone trabeculae and central empty space filled
with fibrovascular tissue. The specimens harvested 9, 12,
and 15 weeks after ischemic insult showed similar histo-
pathologic changes. The thickness of peripheral bony tra-
beculae which were formed by the growth cartilage sur-
rounding the secondary ossification center of capital femoral
epiphysis increased, however, fibrovascular tissue without
any evidence of new bone formation still remained in the
central marrow space of the capital femoral epiphysis. Tak-
en all together, the histopathologic changes after ischemic
insult on capital femoral epiphysis could be summarized as
permanent ischemic necrosis without bony healing in the
central marrow space and temporary ischemic necrosis fol-
lowed by restored enchondral ossification of epiphyseal
growth cartilage in the periphery (Fig. 7). Revascularization

with fibrovascular tissue invasion was observed in the pe-
riphery first, and then to the central marrow space over time,
preceding the restoration of enchondral ossification of the
growth cartilage surrounding the secondary ossification
center of the capital femoral epiphysis. Despite the new bone
formation at peripheral growth plate, femoral head defor-
mity progressed with central collapse (Fig. 7).

On the specimens harvested from the treatment side, dis-
ruptions of cervical growth plate, which were made by multi-
ple drilling, were observed. Since we took a small coronal
piece from the center of femoral head to make histologic
sections, the sections from only 7 of 12 specimens included
drill holes in them. One of the striking changes after multi-
ple drilling was rapid revascularization to the whole capital
femoral epiphysis. While fibrovascular invasion started at
the periphery, on the multiple drilling-untreated femoral head
of the control side, and then progressed to the central region
overtime, abundant fibrovascular tissues invasion from the
cervical metaphysis to the whole capital femoral epiphysis
through disruption of metaphyseal growth plate which was
made by drilling was observed on the treatment side (Fig. 8).
Compared by percent of revascularization, revascularization
was significantly faster after multiple drilling (Table 1), al-
though revascularizationof ischemic femoral head pro-

gressed with time in both groups.

2 B 45 Y

Fig. 7. Photomicrographs of the femoral head of immature piglet
at fifteen weeks following induction of ischemia. (A) Polycut sec-
tion view (H&E, x1). (B) The growth cartilage surrounding the
secondary ossification center shows complete regeneration of
normal columnar pattern and enchondral ossification (H&E, x10).
(C) In the central area of the secondary ossification center, ne-
crotic bony trabeculae remnants intermixed with fibrovascular
scar tissue are noted, and there is no evidence of new bone for-
mation at all (H&E, x10).

Fig. 8. Photomicrographs of the femoral head of immature piglet
at three weeks following multiple drilling. (A) Polycut section view
(H&E, x1). (B and C) The centro-medial and centro-lateral junc-
tions of the proximal femoral growth plate are disrupted by drill-
ing. From cervical metaphysis to the secondary ossification cen-
ter through transphyseal hole, abundant fibrovascular invasion is
observed (H&E, x4).
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Despite rapid revascularization, bony healing process af-
ter multiple drilling was not different from those without
multiple drilling. In the central marrow space of capital fem-
oral epiphysis, necrotic bony trabeculae and marrow cells
were replaced by fibrovascular tissue without new bone for-
mation. New bone formation took place only at the growth
cartilage surrounding the secondary ossification of the capi-
tal femoral epiphysis by restored enchondral ossification.

Table 1. Results of Histologic Examination

Percent of osteoblast surface increased with time, however,
showed no significant difference between femoral heads of
both sides (Table 1) (Fig. 9), indicating that multiple drill-
ing did not facilitate new bone formation on the central
marrow space of the ischemic capital femoral epiphysis.
Lack of bony healing in the central region led central col-
lapse, which resulted in gross femoral head deformity on
the treatment side as well. The degree of femoral head de-

Revascularization (%) Osteoblast surface (%) Epiphyseal quotient Growth plate height (um)
Control MD#* Control MD#* Control MD#* Control MD#*
3 wks (n=3) 10.3£2.5 42.845.5 2.7+1.6 34413  0.19+0.03  0.2440.03 1,258.3£2.8 1,188.8+7.4
6 wks (n=3) 20.5+4.2 74.8£5.9 15.843.3 132445  0.20+0.05  0.19+0.02 1,138.5¢11.1  1,068.9£11.1
9 wks (n=3) 67.1£6.1 89.1+6.5 18.2+4.4 20.1#4.1  0.10+0.03  0.13+0.03 1,138.949.1 1,298.2+24.2
12 wks (n=3)  85.5+8.8 97.1£2.2 254435 30.2+4.4  0.09+0.02  0.10+0.03 1,1542+12.6  1,136.6+24.7
p value'
Group' <0.001 0.422 0.113 0.921
Time® <0.001 <0.001 <0.001 <0.001
Interaction' <0.001 0.386 0.324 <0.001

Data are expressed as meanzstandard deviation.
*Multiple drilling.

"pvalue was obtained using a two-way ANOVA.
*Control group versus Multiple drilling group.
*Time of harvest after multiple drilling.
"Interaction between Group and Time.

Fig. 9. Photomicrographs (H&E, x1) and antero-posterior radiographs of the femoral head of immature piglet at twelve weeks following
drilling. Although multiple drilling provided increased revascularization on the ischemic capital femoral epiphysis, there was no signifi-
cant difference in head collapse or proximal femoral growth plate height between untreated control group (A and C) and multiple drilling
group (B and D).
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formity, measured by epiphyseal quotient increased with
time, however, we could find no significant difference be-
tween femoral heads of both sides (Table 1). In other words,
multiple drilling could not prevent central collapse of isch-
emic capital femoral epiphysis (Fig. 9).

Disruption area of cervical metaphyseal growth plate,
which was made by multiple drilling, served as revascular-
ization channel with fibrovascular tissue filled inside. Al-
though we could evaluate the fate of these drill holes on the
growth plate in only 7 of 12 specimens, no bony bridge for-
mation within the drill holes was noted. The thickness of
cervical metaphyseal growth plate showed no significant
difference between femoral heads of both sides (Table 1).

Thus, on histologic examinations, we could not find any
adverse effects of multiple drilling on cervical metaphyseal
growth plate.

DISCUSSION

The strategy of multiple drilling as a treatment modality for
the ischemic capital femoral epiphysis is based on a distinct
vascular anatomy of the immature femoral head. In chil-
dren, the proximal femoral growth plate imposes a barrier
to the intraosseous blood flow from the metaphysis to epiph-
ysis, so that the capital femoral epiphysis depends exclu-
sively on extraosseous retinacular vessels.!” The retinacular
vessels arise from the vascular ring around the base of neck,
ascend along the surface of the neck, and enter peripheral to
the base of capital femoral epiphysis, which render the cap-
ital femoral epiphysis more vulnerable to ischemic insult."”
Revascularization after ischemic event takes more time, es-
pecially on central portion, because revascularization also
depends on the peripheral extraosseous retinacular vessels.
Clinically slow revascularization may prolong the duration
of disease course, and the collapse of central ischemic epiph-
ysis during slow revascularization process may endanger
the regenerated vasculatures from the periphery to cause
another round of ischemic event.'®

The aim of multiple drilling is to make a channel on the
growth plate barrier, so that the intraosseous blood flow from
the metaphysis may supply the ischemic epiphysis cross the
growth plate.”® In this study, we could observe that after mul-
tiple drilling, the abundant fibrovascular repair tissue came
from the metaphysis crossing the growth plate through the
drill hole and spread radially to the capital epiphysis. These
intraosseous vasculatures induced rapid revascularization to

the ischemic capital femoral epiphysis, suggesting that mul-
tiple drilling could serve as one treatment option for rapid
revascularization in LCP disease.

One of the concerns about multiple drilling is a possible
damage to the growth plate that has already suffered from
ischemic insult. However, considering the fact that the can-
didates for this procedure would be the older patients with
poor regeneration capacity and/or extensive disease involve-
ment, the adverse effects of multiple drilling on the growth
plate may not be clinically significant. Moreover, in this
study, although we did not evaluate the long term effect till
growth maturity, the height of growth plate showed no dif-
ference after multiple drilling or we could not observe any
bone bridge formation till 12 weeks after multiple drilling.
These observations are compatible to a previous report which
showed that less than 7% of drill injury to the growth plate
did not cause growth disturbance.?

Despite the rapid revascularization, we could not observe
significant changes in amount of new bone formation at the
central marrow space of the capital femoral epiphysis or in
the degrees of femoral head collapse after multiple drilling.
Lack of new bone formation in the central marrow space of
capital epiphysis is not a new finding. In the piglet model of
ischemic necrosis, Kim, et al. observed predominant osteo-
clastic bone resorption during repair process without fol-
lowing new bone formation.!*!* They regarded the early
bone loss, the lack of new bone formation, and the persis-
tence of fibrovascular tissue in the area of bone resorption
as key pathologies which compromise the structural integri-
ty of the femoral head and produce progressive femoral
head collapse. In this study, we could observe new bone for-
mation by restored enchondral ossification at the growth car-
tilage surrounding the secondary ossification center. Howev-
er, there was no appositional new bone formation noted in
the central marrow space of the capital femoral epiphysis.
This repair process in the piglet model is different from the
healing process in adult animal model of osteonecrosis.?! In
the rabbit model of adult ischemic necrosis, the invasion of
marrow vascular spaces of the “dead” portion of femoral
head by the proliferative mesenchymal cells and capillaries
from adjacent “living”’metaphysis of femoral neck was ob-
served at the early stage of repair process. These mesenchy-
mal cells differentiated into osteoblastic lineage cells and
led to appositional new bone formation, which replaced the
necrotic bone with appositional new bone. It is still not clear
why new bone formation does not take place in the isch-
emic capital femoral epiphysis. One of the possible expla-
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nation is the existence of the proximal femoral growth plate
barrier, which does not allow the osteoprogenitor cells from
the adjacent metaphysis of femoral neck to invade the isch-
emic capital epiphysis. We expected that the recruitment of
the proliferative mesenchymal cells from the metaphysis
below the growth plate through the drill hole on the growth
plate would facilitate new bone formation. However, there
was no increased new bone formation after multiple drill-
ing, even though we could observe rapid revascularization.
These observations suggested that rapid revascularization
alone does not lead to increased new bone formation. Al-
though further studies are required, it may be related to the
biological milieu of the ischemic capital femoral epiphysis,
which precludes new bone formation.

We acknowledge a number of limitations in the present
study. First, the number of animals used in this study was
relatively small. Therefore, the present results should be in-
terpreted with caution due to the potential for type II error.
Second, the osteoclastic activity after multiple drilling was
not evaluated on histologic sections in this study. The result
of this study showed that multiple drilling promoted rapid
revascularization, but not new bone formation. Therefore, if
rapid revascularization after multiple drilling promotes os-
teoclastic activity and bone resorption, multiple drilling alone
may aggravate femoral head collapse of the patients with
LCPD, which would be a potential limitation of its clinical
application. Although this study showed no significant dif-
ference in epiphyseal quotients between control and multi-
ple drilling groups, further study is required to determine
the effect of multiple drilling on osteoclastic activity and
bone resorption. Third, to evaluate the adverse effect of mul-
tiple drilling on the metaphyseal growth plate, we measured
growth plate thickness. This is an easy and simple method,
however, it may not be a sensitive indicator to evaluate the
function of the growth plate and the observation was made
only for 12 weeks after the procedure. Although the results
of this study suggest that the short-term adverse effects on
the metaphyseal growth plate after multiple drilling may not
be prominent, the long-term consequences are still unclear.

The results of this study showed that multiple drilling fa-
cilitates revascularization of ischemic capital femoral epiphy-
sis. However, multiple drilling alone does not increase new
bone formation and does not prevent the femoral head de-
formity. The damage to the proximal femoral growth plate
may be limited if a small size drill is used. Further studies are
needed to assess the functional status of the growth plate
over a long term.
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