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near the GP may cause overgrowth of the bones [2]. Limb
length discrepancy (LLD) caused by the above conditions is
currently corrected by surgery if the final difference is
predicted to be more than 2 cm [7]. Limb lengthening by
distraction osteogenensis [9, 23, 24] is yet another option of
surgical treatment.

The GP is an avascular tissue that comprises resting,
proliferating and hypertrophic chondrocytes in columnar
arrangement. Various cytokines and growth factors arc
known to affect the growth and differentiation of chon-
drocytes. Of these, insulin-like growth factor-I (IGF-1) is
the most prominent growth factor, mediating growth
hormone (GH) effects either by cendocrine [3] or by
autocrine/paracrine mechanisms [13]. The lack of GH or
IGF-1 may cause a short stature [21], while their overpro-
duction may cause giantism or acromegaly.

Subcutaneous or intravenous administration of GH or
IGF-1 enhances systemic bone growth [8, 22], and
recombinant human GH and IGF-1 are now available to
treat the GH/IGF-I-deficient patients. To date, however, no
standard method has been established for controlling the
growth of a particular bone by such a humeral growth
factor. The patient with LLD has no choice other than
undergoing surgical lengthening of the short bone, which

Fig. T a A young male rabbit bearing two osmotic pumps on his
back, b a radiograph of the animal. Each osmotic pump was
connected to a radiolucent plastic catheter and aluminium canula
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usually requires the long-term application of a bulky
external fixation device. We rcport here a technique for
enhancing local bone growth at a selected GP by the
continuous infusion of IGF-l into the epiphysis. This
method does nol require major surgery and is applicable
for treating patients with LLD.

Materials and methods
Animals

Thirty-three male Japanese white rabbits (age: 4 wecks;
weight: 650-800 g) were purchased from Oriental Yeast Co.
(Tokyo, Japan). The animals were housed under stand-
ardised environmental conditions and fed slandard rabbit
chow (RC4, Oriental Yeast Co.). The control group
consisted of five rabbits whosc body weight and bone
growth were observed but which were not operated on
(infact tibia). The remaining 28 rabbits were anaesthetized
with an intravenous injection of ketamine hydrochloride and
xylazine at doses of 20 mg/kg and 5 mg/kg body weight,
respectively. A small hole (diameter: 0.35 mm) was then
drilled into the epiphysis of both proximal tibia. An L-

N/S

inserted into the proximal epiphysis of the tibia. The right pump was
filled with normal saline (N/S) and the left pump with insulin-like
growth factor-1 (IGF-I)
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2 mm

N/S IGF-1

Fig. 2 A radiograph of rabbit tibiac treated for 4 weeks with normal
saline (V/S) and insulin-like growth factor-1 (/GF-1). The 1GF-l-trcated
tibia was 2 mm longer than the N/S-treated tibia. Note that the fibula
did not show overgrowth

shaped cannula of a 28-gauge needle was inserted through
the hole, and the surrounding tissues were sutured to stabilize
the needle. Two ALZET osmotic pumps were implanted
subcutaneously on the back of the rabbit (Fig. 1a). The left
tibia was infused with IGF-1 at 150 pg/kg per day through a
polyethylene catheter connected to the cannula, and the
right tibia was infused with normal saline (N/S) (Fig. Ib).
The recombinant human IGF-1 was a generous gift of
Fujisawa Chemical Co. (Osaka, Japan).

The rabbits were divided into three groups based on the
length of time infused with the IGF-I and N/S solutions: -
week treatment group (n=35), 2-week treatment group (n7=5)
and 4-week treatment group (n=14). Following the (reat-
ment period, the animals were killed by sodium pentobar-
bitone injection (60 mg/kg body weight), and the tibiae
were harvested (o measure the bone mineral density (BMD)
and to carry out radiological and histological analyses. This
protocol was approved of by the local animal protection
agency and the Ethics Committee of the University of
Tokushima.

In a subset of this experiment, we performed a continuous
local infusion of Indian ink at 2.5 ul/h into the proximal
epiphysis of the tibia of each of four animals with the aim of
analysing the distribution of the infused material. After 48 h
all four rabbits were killed, and the harvested tibiae were
fixed with 10% neutral formalin for 3 days and then
decalcified in 20% aqueous EDTA for 4 weeks. Specimens
were cut coronally (5 mm thick) for macroscopic photographs
and then embedded in paraffin. The embedded sections were
then cut coronally (3 um thick) for microscopic observation.

Radiological analysis

Soft X-rays of the tibiae were taken using a Model CMB-
2T (Softex Co., Kanagawa, Japan). Bone length was
measured using SCION Image software.

Histological analysis

All specimens from the harvested tibiac were fixed with
10% neutral formalin for 5 days, decalcified in 20%
aqueous EDTA for 4 weeks and then embedded in paraffin.
Sections 3 pm in thickness were cut coronally and stained
with haematoxylin and eosin. The numbers of chondrocytes
per column in the proliferative (PZ) and hypertrophic (HZ)
zones of the GP were counted under a microscope with a
20x% objective. All well-orientated “full or intact” cell
columns (i.e. columns sectioned in a plane showing
consecutive cells extending the entire thickness of each
zone) were included in the analysis. The numbers of the
cells residing within each zone in these columns were
counted, expressed as numbers of cells per column and
averaged for each zone of each animal [22]. The total
height of the GP was measured as the distance between the
two chondrosseous junctions. To measure the heights of the
PZ and HZ, their borders were delincated on the basis of
morphological criteria [10].

Table 1 Effect of continuous local infusion of insulin-like growth
factor-1 (IGF-1} on the length of tibia bone (VS not significant)

Tibia length {mm)

Before n* Duration Normal 1GF-1 p
infusion of infusion saline value
(weeks) (N/S)

59.5+0.9 5 One 674+04 674104 NS
61.7+1.8 5 Two 73.9x1.6 74917 <0.01
61.1+£0.9 14  Four 882414  903+13  <0.004
“1, Number of animals
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Fig. 3 Photomicrographs of the
proximal tibial epiphysis treated
for 4 weeks with [GF-1 (a) and
N/S (b). Stain: Haematoxylin-
eosin. After continuous local
infusion of IGF-I. new bone
trabeculac were formed in the
centre of the epiphysis. In the
N/S-treated bone, there was an
atrophy of bone trabeculae in
the centre of the epiphysis. This
atrophy was consistently ob-
served in young rabbits even in
intact bone (c)

Peripheral quantitative computerised tomography (pQCT)

Computerised tomography was performed with the Stratec
pQCT apparatus (model XCT-960A; Norland/Stratec, Forl
Atkinson/Pforzheim, USA/Germany). Metaphysecal pQCT
scans of the proximal part of the tibiae were taken to
measure trabecular BMD. Measurements were performed
on I-mm-thick slices at 5 mm distal to the proximal growth
plate of the tibia.

Statistical analysis

Statistical analysis of the data was performed using
Student’s paired f-test for experimental animals. The results
are shown as the mean * the standard deviation (SD).
Values of p<0.05 were considered to be significant.

Results
Skeletal growth

Figure 2 shows a radiograph of IGF-l- and N/S-infused
tibiae. Afier the 2-week infusion of IGF-I locally, the left
tibia was approximately 1 mm longer than the right tibia,
which had been infused with N/S (p=0.01). Afier the 4-
week infusion of IGF-1 locally, the left tibia was approx-
imately 2 mm longer than the right tibia, which had been
infused with N/S (p<0.004). To summarise, after the 2- and
4-week treatments with IGF-1, the length of the left tibia
had increased by approximately 1 mm and 2 mm, respec-
tively (Table 1). There was no overgrowth in the fibula of
the injected tibiae. There was no difference in the length of
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the intact tibiae of the control animals and that of the N/S
infused tibiae.

Histological analysis

Structures of the epiphysis and adjacent GP were analysed
histologically at various stages of the experiment. The
intact tibia of a 4-week-old control rabbit showed charac-
teristic histological features, i.c. the bone trabeculae of the
epiphysis were thicker and coarser than those of the
metaphysis, and the centre of the epiphysis contained only
a few bone trabeculae. Intact tibiae of 6- and §- weck-old
rabbits showed basically the same histological features,
with the exception that the height of the GP had became
spontaneously smaller in older animals. When N/S was
infused continuously into the epiphysis for 2 or 4 weeks
and the histological findings compared with those of age-
matched intacl tibiae, there was no significant change in the
epiphysis and GP (Fig. 3b,c). When IGF-1 was infused for
2 weeks or 4 weeks, however, there was a significant
increase in the number of bone trabeculae in the centre of
the epiphysis (Fig. 3a). In addition, there were significant
increases in the height of the GP and in the number of
proliferating and hypertrophic chondrocytes in each longi-
tudinal column (Fig. 4a—c; Table 2) in 1GF-1 treated tibia as
compared with N/S-treated tibiac. This result was consis-
tently observed throughout the experiment.

In order to examine the distribution of infused
materials, we infused Indian ink — instead of IGF-1 — into
the proximal epiphysis using the same methodology
(osmotic pump). Macroscopically, Indian ink filled up
the bone-marrow cavity of the epiphysis (Fig. 3a).
Microscopically, some of the dye infiltrated into the GP
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Fig. 4 Photomicrographs of the growth-plates (GPs) treated for
4 weeks with IGF-1 (a) and N/S (b). Stain: Haematoxylin-eosin.

Continuous local infusion of IGF-1 into the epiphysis resulted in a
15% increase in the height of the adjacent GP. Note the significant

and stained the proliferating and hypertrophic chondro-
cytes. The distribution of the Indian ink within the GP was
not homogeneous, and an unstained area was distinguish-
able under low-power magnification. Under high-power
magnification, however, the dye reached more or less into
the deep layer of the GP. Some of the dye appeared to pass
through the GP to reach into the primary spongiosa of the
metaphysis (Fig. 5b).

pQCT data

Trabecular volumetric BMD (mg/cm3) of the proximal
metaphysis of IGF-I-infused tibiac was significantly higher
than that of the control tibiae both in the 2-week group (p=
0.012) and 4-week group (p<0.001) (Table 3). No

i
Q»

¢

increase in number of the proliferative (PZ) and hypertrophic (HZ)
chondrocytes in each column. ¢ Photomicrographs of the growth plate
of the intact tibia. There is no difference between the N/S-treated GP
and the intact GP

significant difference was seen in the l-week treatment
group (p=0.18).

Discussion

We describe hercin a method for controlling local bone
growth at the level of the individual GP. The continuous
infusion of 1GF-I into the proximal cpiphysis of the tibia
promoted longitudinal bonc growth: I mm in the 2-week
treatment and 2 mm in the 4-week treatment. This promotion
of bone growth was associated with an increase in the num-
ber of bone trabeculae in the epiphysis, an increase in the
thickness of the GP, an increase in the number of the
proliferating and hypertrophic chondrocytes in each column

@ Springer
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Table 2 Effect of the contin-
uous local infusion of IGF-1
on the growth-plate of the

Experimental groups®

N/S 1GF-I

proximal tibia (NS not
significant)

*RZ, Resting zone; PZ,
proliferating zone; HZ,

p value

One-week group

Total height (um) 714.6+14.9 715.6%17.3 NS

RZ height (um) 78.1£20.6 78.5£22.8 NS

PZ height (um) 382.8421.9 382.8+22.7 NS

PZ cell number 30.0x1.6 30.5+24 NS

HZ height (um) 253.8+12.8 254.2%16.5 NS

HZ cell number 120414 12.7£0.9 NS
Two-wecek group

Total height (um) 54964152 586.9+8.1 <0.004

RZ beight (pm) 499+1.8 49.7+£1.9 NS

PZ height (um) 290.1%15.2 316.4%8.1 <0.017

PZ cell number 29.6x1.4 33.6x1.5 <0.005

HZ height (um) 209.545.4 220.7+5.4 <0.023

HZ cell number 9.4+0.9 11.6£0.9 <0.04
Four-week group

Total height (um) 511.2+8.4 356.6+20.7 <0.01

RZ height (um) 22.5+1.4 212412 NS

PZ height (um) 279.6+8.2 304.6+16.9 T <0.03

PZ cell number 268%1.6 30.6£0.9 . <0.009

HZ height (em) 209.2+3.6 230.9£4.9 <0.003

HZ cell number 9.4+1.1 12213 <0.03

hypertrophic zone. RZ = GP —
(PZ + HZ)

and an increase in the BMD and bone mineral content (BMC)
of the proximal metaphysis of the tibia bone. Our results are
consistent with those of Ohlsson et al., who reported that in
the hypophysectomised rat IGF-I increased the width of the
epiphyseal GP by increasing the number of proliferating cells
[14]. The results of our Indian ink study suggest that locally
infused 1GF-1 mostly stayed within the epiphysis, although a
portion did infiltrate into the GP, stimulating the growth and
differentiation of physeal chondrocytes. The fibula in the
same limb did not show any overgrowth, suggesting that the
locally infused IGF-1 acted only at the adjacent GP.

IGF-1, also called as somatomedin C, is a single-chain
polypeptide of approximately 7.5 kDa that circulates in the
plasma at a concentration of 20-80 nM in humans {17]. In
the original ‘somatomedin hypothesis’, IGF-1 was believed
to be a mediator of pituitary GH. Although the mode of
action of IGF-I remains open to discussion [20), it has been
proposed that the primary effect of GH is to stimulate IGF-I
production by the hepatocytes; as such, IGF-1 is responsible
for stimulating the longitudinal expansion of GPs in an
endocrine fashion [3]. More recent work has suggested that
GH may act directly on the GP to amplify the production of
chondrocytes from germinal zone precursors and then to
induce local IGF-I synthesis, which 1s thought to stimulate
the clonal expansion of chondrocyte columns in an
autocrine/paracrine manner [13].

The general administration of an over-dose of IGF-I should
enhance systemic bone growth and may produce undesirable
side cffects. For example, high concentrations of serum IGF-1
have been shown to be a major risk factor for the development
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of breast, prostate and colon cancers [4, 6, 15]. We believe
that the locally targeted injection of low-dose 1GF-1 is a more
effective and appropriate method to avoid adverse events.

Previous studies in humans and experimental animals
[T, 12, 18, 19, 25] have shown that systemic administra-
tion of IGF-I enhances not only systemic bone growth but
also increases BMD in the metaphysis. There has been no
report on the local effect IGF-1 on the trabecular bone of the
epiphysis and metaphysis. In our study, trabecular volu-
metric BMD of the proximal metaphysis increased follow-
ing the continuous infusion of IGF-1 into the epiphysis. The
exact mechanism by which this effect is achieved is not
known, but the Indian ink study suggests the possibility that
IGF-I infused into the epiphysis passed through the GP and
rcached the metaphysis, where it acted on bone formation
directly.

In conclusion, we have demonstrated that continuous
local infusion of IGF-I into the epiphysis is a valid
approach for delivering this protein into the selected GP
and to control the growth rate and differentiation of physeal
chondrocytes. In our preliminary experiment with this
method, IGF-I was the most effective of the various growth
factors and cytokines tested (data not shown). In terms of
clinical application, this method does not require major
surgery because human patients can use an extracorporal
pump instead of an osmotic pump. The patients also can
avoid osteotomy and the long-term application of a bulky
external fixation apparatus. We believe that this method
will soon be applied to treat LLD in the field of pediatric
orthopaedics.
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Fig. § a Frontal section of the proximal tibia after continuous
infusion of Indian ink. The bone-marrow cavity of the epiphysis was
almost completely filled with the dye. b Photomicrograph (40x) of the
GP after continuous infusion of the Indian ink into the epiphysis. The
dye infiltrated into the GP and stained the proliferating and
hypertrophic chondrocytes. Some of the dye seemed to reach into
the primary spongiosa of the metaphysis

Table 3 Trabecular bone mineral density (mg/em?) of the proximal
metaphysis of the tibiae as measured with peripheral quantitative
computerised tomography

Group Number N/S IGF-1 p value
One week 92.5%19.6 101.4£17.6 0.180

Two weeks 5 148.6436.0 164.6+32.2 <0.012
Four weeks 14 146.0435.1 159.0+35.7 <0.001
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Abstract

v

In this report, we described an adult case with
a lumbar herniated nucleus pulposus that had
migrated to the S1 nerve root foramen from L5-
S$1 disc space. Endoscopically, the migrated mass
was successfully removed after laminectomy at
the S1 with a small skin incision of 20 mm in

length. Unlike the other levels, the intraforami-
nally migrated mass along the St root can be
excised without any removal of the facet joints;
therefore, additional spinal fusion is not neces-
sary. Thus, an $1 foraminal migrated mass can be
a good surgical candidate for minimally invasive
endoscopic surgery.

introduction

v

Recently, a minimally invasive technique for lum-
bar decompression surgery has been developed
[1-7]. Intraforaminally migrated disc herniation
is a rare herniation of the nucleus pulposus.
Among those cases, migration into an S1 nerve
root foramen is even rarer, since herniation of the
nucleus pulposus at L5-S1 is likely to migrate
into an L5 nerve root foramen.

The migrated herniation mass can be removed
using a spinal endoscope [7]; however, that was
not as easy as the endoscopic removal of hernia-
tion at the disc level (standard condition). To
remove the migrated mass, an additional lami-
notomy was necessary and the tubular retractor
needed to be appropriately moved during the
operation.

In the literature, there are no case reports of the
endoscopic removal of an intraforaminally
migrated disc herniation. We present the case of
a patient with an intraforaminally migrated disc
herniation, which was successfully removed
using a spinal endoscope.

Case report

v

The patient, a 40-year-old man, felt acute low
back pain when carrying a heavy baggage at
work. He also experienced strong paresthesic
burning pain radiating to the plantar and lateral

sides of the right leg. He was unable to walk
because of the pain. Although his low back pain
slightly decreased with rest, the strong burning
pain and paresthesia in the right leg persisted.
Thus, he could not work.

He visited a local hospital, where MRI revealed a
herniated nucleus pulposus on the right side at
the L5-S1 level. © Fig. 1 shows the MRIs taken at
the hospital. The herniated mass spread along
the right S1 nerve root (left pictures in © Fig. 1)
and migrated to the caudal side. © Fig. 2 shows
the axial section from L5-S1 to the sacrum. Each
white arrow in the axial sections indicates the
herniated mass. In the right S1 nerve root
foramen seen on the axial picture through the
middle of the S1 body, the herniated mass was
observed compressing the nerve root. The patient
was first treated conservatively. However, his
symptoms gradually worsened, and he noted
weakness of the right ankle.

Then he was referred to our Orthopedic Depart-
ment because of the approximately 1-month-
long course of right leg pain and was admitted
for surgery. The straight leg raising test (SLRT)
was positive at 70 degrees on the right side and
weakness of the right flexor hallucis longus with
4/5 on manual muscle testing (MMT) was noted.
The neurological examination revealed paresthe-
sia and decreased sensation along the right S1
dermatome. The findings indicated right S1
radiculopathy and were in good agreement with
MRI findings, i.e., compression of the S1 nerve
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Para-sagittal

(left) Fig.1

Sagittal MRIs taken before surgery.

root by an intraforaminally migrated lumbar disc herniation
from the L5-S1 disc. The migrated mass probably compressed
the dorsal root ganglion, because he had a strong paresthesic
sensation in his right foot. Although MRI showed slight bulging
of the disc at L4/5 as well, the neurological deficit such as weak-
ness and paresthesia were only found at the S1 nerve root level.
Thus, we decided to remove the intraforaminally migrated disc
material at the S1 foramen.

An endoscopic excision of the herniated mass, after right L5-S1
laminotomy and decompression of the right S1 root with a 20
mm skin incision, were performed. © Fig. 3 shows the skin inci-
sion scar in this patient (1 finger breadth incision in length).
After the incision, laminotomy of L5 and un-roofing of S1 nerve
root (selective laminotomy)} were performed using a Kerrison
rongeur. © Fig. 4 shows the laminectomized area. Please note
the area of removal of the S1 lamina. The dura matter and S1
nerve root were then exposed. The S1 root nerve was found to be
tightly compressed at the disc level (© Fig. 5). The herniated

Fig.2 Axial MRIs taken before surgery.

Middie of
$1 body

mass at the L5-S1 intervertebral disc level was removed; how-
ever, the mobility of the S1 root did not improve. The migrated
HNP was inspected along the S1 nerve root into the foramen.
The caudally migrated herniation mass was detected at the cau-
dal portion toward the S1 foramen at the S1 pedicle level (© Fig.
6). The herniation was successfully removed endoscopically
without any complications. The operation lasted 150 minutes,
and there was little blood loss. © Fig. 7 demonstrates the MRIs
after the surgery. Note the migrated mass is removed and the S1
nerve root is decompressed.

After the operation the patient experienced a dramatic resolu-
tion of symptoms, with a 5/5 FHL on the MMT. His pain disap-
peared completely, as did his muscle weakness and paresthesia.
He could start walking smoothly the day after surgery and
showed a complete relief of pain. No recurrence was noted at
the last follow-up.

Tonogai | et al. Minimally Invasive Endoscopic Removal... Minim Invas Neurosurg 2007; 50: 173-177
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Fig.3 Operation scar.

Discussion

v . .

This minimally invasive endoscopic technique was first reported
by Foley and Smith [1]. Huang et al. [8] and Sasaoka et al. [9]
stated that endoscopic posterior decompression surgery was
less invasive than the conventional open surgery based on data
of IL-6 and CRP after the surgery. Biomechanically, endoscopic
surgery was also reported to be minimally invasive [10]. Muscle
injuries related to this endoscopic technique were investigated

and compared to those related to conventional open surgery.

Endoscopic view at the L5-S1 disc level. |

Fig.5

Ikawa et al. [11] investigated back muscle injuries after MED sur-
gery using near infrared spectroscopy (NIRS), and showed that
the MED technique was not associated with an alteration of
hemodynamics after the surgery, as observed after conventional
open surgery. Thus, the number of lumbar disorders that can be
treated using the minimally invasive endoscopic technique will
increase in the future. .

Recently, the technique has been applied to treat lumbar spond-
ylolysis, cervical radiculopathy, lumbar cystic lesions, and lum-
bar lateral stenosis [1-7,12].
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In this report, we describe the case of a patient who underwent
endoscopic removal of an intraforanimally migrated herniated
nucleus pulposus. The mass was successfully removed endo-
scopically. Compared to surgery for an ordinary herniated mass
at the disc level, the laminectomized area was large (© Fig. 4).
However, by appropriately changing the position of the tubular
retractor, it was not technically difficuit to endoscopically lami-
nectomize such an area (© Fig. 3).

The intraforaminally migrated mass along the S1 root can be
excised without any removal of the facet joints; therefore, addi-
tional spinal fusion is not necessary. However, at other levels,
such as L3-4 and L4-5, additional facetectomy is sometimes
required to access a migrated intraforaminal mass. Thus, an S1

Fig.6 Endoscopic view of the S1 nerve root
foramen.

Fig.7 Axial MRI taken after surgery.

Middle of
$1body

foraminal migrated mass can be a good surgical candidate for
minimally invasive endoscopic surgery.
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Callus formation during healing of the
repaired tendon-bone junction
A RAT EXPERIMENTAL MODEL

This study was undertaken to elucidate the mechanism of biological repair at the tendon-
bone junction in a rat model. The stump of the toe flexor tendon was sutured to a drilled
hole in the tibia {tendon suture group, n = 23) to investigate healing of the tendon-bone
junction both radiologically and histologically. Radiological and histological findings were
compared with those observed in a sham control group where the bone alone was drilled
{n = 19). The biomechanical strength of the repaired junction was confirmed by pull-out
testing six weeks after surgery in four rats in the tendon suture group. Callus formation
was observed at the site of repair in the tendon suture group, whereas in the sham group
callus formation was minimal. During the pull-out test, the repaired tendon-bone junction
did not fail because the musculotendinous junction always disrupted first.

In order to understand the factors that influenced callus formation at the site of repair,
four further groups were evaluated. The nature of the sutured tendon itself was
investigated by analysing healing of a tendon stump after necrosis had been induced with
liquid nitrogen in 16 cases. A proximal suture group (n = 16) and a partial tenotomy group
(n = 16) were prepared to investigate the effects of biomechanical loading on the site of
repair. Finally, a group where the periosteum had been excised at the site of repair (n = 16)
was examined to study the role of the periosteum. These four groups showed less callus
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formation radiologically and histologically than did the tendon suture group.

In conclusion, the sutured tendon-bone junction healed and achieved mechanical
strength at six weeks after suturing, showing good local callus formation. The viability of
the tendon stump, mechanical loading and intact periosteum were all found to be
important factors for better callus formation at a repaired tendon-bone junction.

Tendons and ligaments are usually treated sur-
gically when injured at the site of insertion into
bone. Various techniques are used to attach
tendon to bone, such as an endobutton, a
suture anchor and an interference screw.! In
order to achieve good long-term results, bio-
logical integration between the tendon and
bone is required.

The normal tendon-bone junction is a
unique structure composed of four zones,
including a transitional fibrocartilaginous zone
characterised by the presence of calcified fibro-
cartilage next to the bone and non-calcified
fibrocartilage next to the tendon.>* There is
controversy about whether these four zones
are restored at the repaired tendon-bone junc-
tion.*¢ In previous studies the healing of
tendon-to-bone has been examined in dogs or
rabbits both histologically and biomechani-
cally.”® However, radiological evaluation was
not undertaken and this is essential to assess
the integration of tendon-to-bone.
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We have attempted to clarify the mechanism
of tendon-bone healing using a suture anchor
technique in a rat model and assessing callus
formation by radiological and histological
examination.

Materials and Methods

We obtained 106 seven-week-old male Wistar
rats (Charles River Japan Co. Ltd, Yokohama,
Japan), weighing 280 g to 300 g. The rats were
housed in individual cages, at 23°C and a
humidity of 55% in a controlled room under a
12:12 hour light-dark cycle. The animals had
free access to food and water. This study
protocol conformed to the guidelines for the
care and use of laboratory animals of our uni-
versity. The rats were divided into groups
(Table I).

Study I: healing process. Each rat was anaes-
thetised with sodium pentobarbital (50 mg/kg
body-weight) and a longitudinal skin incision
was made on the medial aspect of the tibia. A
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Table I. Number of rats used for each experiment

N. HIBINO, Y. HAMADA, K. SAIRYO, K. YUKATA, T. SANO, N. YASUL

Tendon suture

Each group for .
Total for study Il Total

group Control group study II

Radiological studies 10 10 7 28 48
Histological analysis

1 week 3 3 3 12 18

3 weeks 3 3 3 12 18

6 weeks 3 3 3 12 18
Biomechanical study 4 0 0 [ 4
Total 23 19 16 64 106

Fig. 1a Fig. 1b Fig. 1c Fig. 1d Fig. 1f

The experimental groups: a) tendon suture group {n = 23}, b) controf group (n = 19), ¢) necrosis group {n = 16), d) proximal suture group
{n = 16}, e} partial tenotomy group {n = 16), and f} periostea! excision group (n = 16).

hole 1.0 mm in diameter was drilled across the width of the
distal third of the tibia perpendicular to the long axis of the
bome, distal to the distal tibiofibular junction. The flexor
digitorum fibularis tendons (toe flexors) were divided at the
medial aspect of the ankle. We introduced a core suture
using the Kessler method® into the stump of the tendon
using a 5/0 nylon suture which was passed through the hole
and fixed on the anterior aspect of the tibia (tendon suture
group: n = 23; Fig. 1a). As a control, a sham-operative
group was prepared. A hole 1.0 mm in diameter was drilled
in the tibia as before and a 5/0 nylon thread was passed
through it and fixed without invading the flexor tendons
{control group: n = 19; Fig. 1b).

Radiological analysis. The amount of callus formed was
assessed on lateral radiographs at one, three and six weeks
after operation. The area of the callus was measured using
the National Institutes of Health (NIH) Image Software,
version 1.6 (Bethesda, Maryland).

Histological analysis. At one, three and six weeks after the
operation 54 rats were killed and the tibia was harvested
for histological examination of the tendon-bone interface.
The specimen was fixed in 10% buffered formalin before
being decalcified in ethylenediamethyl-acetic acid (EDTA)
and embedded in paraffin. Sections of 5 pm thickness were
obtained in the axial plane from the bone tunnel. The sec-

tions were stained with haematoxylin and eosin and exam-
ined under a light microscope. The histological evaluation
was performed by three different researchers (NH, YH,
KY).

Biomechanical analysis. In order to investigate mechanical
healing at the tendon-bone junction in the tendon suture
group, we concluded a pull-out test with four examples.
Immediately after the specimen was harvested, it was stored
at -80°C prior to thawing to room temperature over one
day before the testing. With a vice clip, the tibia was
secured to the base plate of an AC servo hydraulic materials
testing system (AGS-100D, Shimadzu, Kyoto, Japan) and
the muscle belly of the sutured flexor digitorum fibularis
was held at the actuator. The actuator was moved vertically
at a speed of 5 mm/min to distract the muscle-tendon-bone
complex until failure. The ultimate strength at failure {(N)
and the site of failure were confirmed.

Study lI: factors influencing callus formation. In order to clar-
ify the role of the tendon stump, mechanical stress and perios-
teum in callus formation at the repaired tendon-bone
junction, animals were allocated to four additional groups.
Role of the tendon stump in callus formation. We induced
necrosis of the tendon stump by soaking it in liquid nitro-
gen for one minute'® and then sutured it to the hole in the
bone (necrosis group, n = 16; Fig. 1c).
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Fig. 2c

Serial radiological changes in a) the tendon suture group and b) the control group. ¢) Serial changes in the amount of callus in the tendon suture
group and in the control group (¥, p < 0.05 using the post hoc analysis with Tukey-Kramer test).

Role of traction force (mechanical loading) in callus forma-
tion. In order to reduce mechanical loading through the
sutured tendon we sutured its stump at a site proximal to
the standard position of the tibiofibular junction {proximal
suture group, n = 16; Fig. 1d). For the same purpose we
created a partial tenotomy at the muscle-tendon junction
prior to reattaching the tendon at the standard position
used in the tendon suture group (partial tenotomy group,
n = 16; Fig. 1le).

Role of periosteum in callus formation. We removed 1 c_rn2
of periosteum around the centre of the drill-hole in the tibia
prior to suturing the tendon stump to the hole in the bone
(periosteal excision group, n = 16; Fig. 1f).

Except for the specimens used for the biomechanical
assessment the same histological and radiological analyses
undertaken in the first stage of the study were conducted to
evaluate the subsequent callus formation. In all cases the
limbs were not immobilised and the rats were allowed to
move freely after the operation.

Statistical analysis. Statistical differences were evaluated
using one-way analysis of variance (ANOVA) and a post

VOL. 89-B, No. 11, NOVEMBER 2007

hoc analysis with the Tukey-Kramer test. A p-value < 0.05
was regarded as statistically significant.

Results

Study |: healing process

Radiographs. In the tendon-bone suture group, the large
cartilaginous callus observed at the site of the repair two
weeks after surgery gradually remodelled, decreasing in size
by six weeks when the bony prominence at the tendon-bone
interface was still present (Fig. 2a). There was little callus
formation in the control group (Fig. 2b). The area of callus
in the control group was significantly smaller than in the
tendon suture group (post hoc analysis with Tukey-Kramer
test, p < 0.05) (Fig. 2¢).

Histological analysis. The histological findings in each
group corresponded well with the radiological appear-
ances. In the tendon suture group, serial histological
changes revealed callus formation at the tendon-bone inter-

" face. During the first week, granulation tissue at the site of

repair was initially composed of inflammatory cells.
Intramembranous ossification around the whole tibia took
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3 weeks 6 weeks

Fig. 3b

Serial histological changes in haematoxylin and eosin-stained sections of the axial plane through the bone tunnel in a) the tendon suture group and
b) the control group. T, tendon stump; B, drill-hole in bone {all sections: magnification x 2; scale, bar, 1000 pm).

Fig. 4a

Fig. 4b

Fig. 4c Fig. 4d

Radiological changes at three {left side) and six {right side} weeks after the operation, in a) the necrosis group, b) proximal suture group, ¢} partial

tenotomy group, and d) periosteal excision group.

place under the periosteumn without the formation of an
intermediate cartilaginous layer (Fig. 3a). By three weeks,
woven bone was found on the posterior aspect of the tibia
at the transitional tendon-to-bone zone with an intermedi-
ate cartilaginous layer. Some chondrocytes began to calcify
the surrounding matrix, resembling the endochondral ossi-
fication found in fracture healing. By six weeks, the woven
bone within the intermediate cartilaginous layer was
replaced by lamellar bone (Fig. 3a).

There was little callus formation in the hole in the bone
in the control group (Fig. 3b). Intramembranous ossifica-
tion took place under the periosteum.

Biomechanical analysis. At six weeks after the operation,
the muscle-tendon-bone complex failed in all four speci-
mens at the muscle-tendon junction at a mean of 28.8 N

(26.60t029.35). The sutured tendon-bone junction did not
break during the pull-out test.
Study IlI: factors influencing callus formation
Role of the tendon stump in callus formation. The radio-
graphs show that callus formation was reduced in the
necrosis group (Fig. 4) compared with that in the tendon
suture group (Fig. 2a).
Role of traction force. The formation of callus was reduced in
the proximal suture and partial tenotomy groups compared
with that in the tendon suture group (Fig. 4).
Role of the periosteurn. Periosteal excision markedly compro-
mised callus formation (Fig. 4).

The area of callus in each group at three weeks after the
operation is demonstrated in Figure 5. Without either
mechanical load or the biological effect from the tendon
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Fig. 5

Barchart showing mean and standard deviation area of callus at
three weeks after the operation a) the control group, b) tendon
suture group, ¢) proximal suture group, d) partial tenotomy group,
e) necrosis group, and f) periosteal excision group (¥, post hoc
analysis with the Tukey-Kramer test, p < 0.05).

stump, callus formation at the site of tendon-bone repair was
significantly reduced {post hoc analysis with Tukey-Kramer
test, p < 0.05) compared with that in the tendon suture group;
however, callus formation was even less in the control group
{post hoc with Tukey-Kramer test, p < 0.05).

Histological analysis in the necrosis group showed that
minimal callus formation was induced at the repaired ten-
don-bone junction (Fig. 6). Similarly when the traction at
the tendon reattachment had been reduced by suturing in a
proximal position or by partial tenotomy, callus formation
was poor three weeks after the operation (Fig. 6).

In the absence of periosteum the formation of an external
callus at the repaired tendon-bone junction was also defi-
cient (Fig. 6).

Discussion

In our model, the tendon-bone junction was mechanically
healed six weeks after surgery and was confirmed by the

P e e

Fig. 6a Fig. 6b
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point of reattachment being mechanically stronger than
that of the muscle-tendon junction. Radiologically, we
found a large amount of callus formed at the suture site
during normal healing. At the tendon-bone junction, callus
was also confirmed histologically, but the typical four-zone
structure of the junction was not observed.

Previously, it has been reported that the junction healed
showing the normal transitional four-zone structure.*$
However, the importance of these four zones for the repair
process is still a matter of controversy.* Leung et al® histo-
logically investigated the repaired tendon-bone junction up
to 24 weeks after surgery. They found that the structural
integration at the site of repair was poor without a typical
intermittent fibrocartilage zone, suggesting that the four-
zone structure may not be important to obtain good
healing. Our results were similar.

Instead of obtaining the four zones during healing, we
found that callus formed at the site of normal healing and
presume that callus formation is a key factor for healing.
For appropriate callus formation in the second part of our
study we showed that the viability of the tendon stump,
mechanical loading and the presence of periosteum were
important.

It has been widely recognised ! that cell proliferation and
differentiation, the presence of a number of growth factors
and an intact scaffold greatly contribute to tissue regenera-
tion. As there was little callus formation in the control
group, the presence of the tendon stump seemed to be
important for the stimulation of callus at the tendon-bone
interface. This was tested by preparing a tendon stump
necrosis group. Consistent with our hypothesis, callus for-
mation was minimal in this group compared with the nor-
mal tendon suture group, suggesting that the tendon stump
may release factors related to osteogenesis.

In general, mechanical stress is a key factor for osteo-
genesis. This principle has been seen to operate in our study
because in both groups where the loading was reduced, the
callus formation was poor. .

Kojimoto et al'? found that preservation of the perios-
teum was important for callus formation in bone lengthen-
ing in a rabbit model of callus distraction. In a clinical

Fig. 6¢c

Fig. 6d

Histological findings at three weeks after the operation in a) the necrosis group, b) proximal suture group, ¢) partial tenotomy group and d) periosteal
excision group. T, tendon stump; B, bone (all sections: magnification x 2; scale bar,1000 um).
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setting, Wakisaka et al'® investigated the importance of the
periosteum in a patient undergoing bone lengthening. Our
results showed that callus formation occurred at sites where
the periosteum was intact, but was deficient where it had
been excised.

We demonstrated that a viable tendon stump, mechani-
cal stress, and intact periosteum were all important for cal-
lus formation at the site of tendon reattachment. Further
studies are necessary to clarify the role of callus in the inte-
gration of tendon and bone.

No benefits in any form have been received or will be received from a commer-
cial party related directly or indirectly to the subject of this article.
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Abstract The present study investigated the factors contributing to the loss of upper and lower

extremity muscle mass in three elderly stroke patients with right hemiplegia in whom our rehabilita-

tion program could not be performed at 1-2 weeks after onset.

The results revealed common factors

such as prolonged accurate microinjection of hypotensive agents, severe hemiplegia (Brunnstrom stage

I or II), diarrhea and delayed initiation of tube feeding at 3 to 8 days after onset.

With regard to

individual differences, while all patients were recovering in bed, the degree of decrease in muscle mass

varied among patients because they moved their extremities differently.

Key words : elderly. acute stroke patients, loss of lower extremity muscle mass, related factors

Introduction

In recent years, the importance of rehabilitation
during the acute phase of stroke is being recognized,
and the notion that rehabilitation must begin during the
acute phase is becoming more widely accepted. How-
ever, when providing nursing care to acute stroke pa-
tients, it is necessary to provide seemingly contradic-
tory treatments, i.e., rest as part of acute patient man-
agement and exercise to prevent disuse syndrome.
Hence, patients tend to remain rested in bed. Studies
have been conducted using CT and DXA to analyze
disuse muscle atrophy (reduced muscle mass) in cere-
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brovascular disorder patients Disuse muscle atro-
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phy occurs on not only the paralyzed side. but also the
unaffected side, and for prevention, studies have reaf-
firmed the necessity of placing patients in anti-gravity
postures, such as sitting and standing positions, begin-
ning in the acute phase*~"". However, in actual clinical
settings, it is not possible to actively perform rehabilita-
tion on elderly patients with cerebrovascular disorders
due to complications such as fever and diarrhea.

Here, we examined three elderly stroke patients with
right hemiplegia in whom our rehabilitation program

could not be performed during the acute phase.

Objective

The present study investigated and compared three
elderly patients with right hemiplegia in whom our
rehabilitation program could not be performed at 1-2
weeks after onset in order to identify the factors related

to the loss of lower extremity muscle mass. The re-
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sults of the present study should aid acute-phase recov-
ery in elderly stroke patients.

Terminology

The early phase of stroke was defined as within two

weeks of onset.

Methods

1. Subjects and Methods

Of stroke patients who were admitted on emergency
to our hospital, subjects were those in whom a rehabili-
tation program designed by the authors could not be
performed. In order to maintain consistency in disease
conditions, three right-handed patients with right hemi-
plegia were selected.

The lower and upper extremity muscle mass of the
three patients was measured by DXA (USA. Hologic
Inc, QDR Delphi).

formed at 3-5 days after onset, and the second measure-

The first measurement was per-

ment was performed at 7 days after the first measure-
ment. Consciousness level, nutritional status, body
weight and lower extremity circumference were meas-
ured twice at the same time as

DXA. Other data were obtained
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The rehabilitation program that we designed was an
exercise program that was separate from the rehabilita-
tion programs designed by nurses and physical thera-
pists. The rehabilitation program was not performed

when patients did not meet the program criteria.

2 . Ethical considerations

The present study was conducted after receiving the
approval of the Ethics Committee for Clinical Research
at Tokushima University Hospital. The contents of the
study were explained to the subjects and their families.
Upon verbal and written explanation that participation
was voluntary, that nobody would be disadvantaged in
medical treatment and nursing due to discontinuation or
lack of participation in the study, and that privacy
would be protected, agreement to participate was ob-

tained in writing.

Results

1. Decreased muscle mass
Table 1 shows the muscle mass and the degree of
decrease in the upper and lower extremities on the

paralyzed and unaffected sides, as assessed by DXA.

from medical charts.

In the three patients, comparative
analysis was conducted using the
following 19 attributes and predic-

tors for low lower extremity mus-

cle : age, gender, disease, main ther-
apy. accompanying disease, treat-

ment, paralyzed side. affected-side

Table 1 Comparison of upper and lower extremity muscle mass among the three patients
Case A | CaseB | CaseC | Mean(SD)
Lower extremity muscle mass (DXA) ;
Paralyzed side, first test (g) 4,831 6,307 5,664 | 5,600(661)
Paralyzed side. second test (g) 4,568 5,752 5,073 | 5,131(502)
Difference (Second test-First test) (g) —263 —555 —591 | —469(179)
Degree of decrease (%) —~5.4% | —8.8% | —10.4%
Unaffected side. first test (g) 4,743 6,060 4,958 | 5,253(706)
Unaffected side, second test (g) 4,382 5,526 4,780 | 4,896(580)
Difference (Second test-First test) {(g) —361 —-534 —174 | —357(178)

. Degree of decrease (%) -7.6% | —8.9% | —3.5%
motor function (Brunnstrom stage),
consciousness level lowing di Upper extremity muscle mass (DXA)

OnSCIousness fevel, swatlowing dis Paralyzed side, first test (g) 2.427| 2,727 2,282 2.478(227)
order, aphasia, communication level, Paralyzed side. second test (g) 2,194 2,833| 2,221 2,416(361)
other relevant symptoms, nutri- Difference (Second test-First test) (g) —~274 106 —61 ~62(169)

0, — [¢74 9, — 70,
tional status (TP:total protein), Degree of decrease (%) 11.3% | +3.9% 2.7%
start of oral intake after admission, Unaffected Sfde‘ first test (g) 1,912 2,275 2,000

] o o Unaffected side, second test (g) 1,812 2,398 1,934 | 2,062(189)
diet, length of infusion, activity level. | piference (Second test-First test) (g) | —100 123|  —66| 2.051(305)
body weight and lower extremity Degree of decrease (%) ~5.2% | +5.4% | —-3.3% —11(111)

circumference.

Degree of decrease= (Second-test muscle mass-First-test muscle mass) /First-test muscle mass X 100%
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