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The present study was undertaken to histomorphometrically analyze early peri-implant bone tissue
reactions that occur after radiotherapy and to determine whether hyperbaric oxygen therapy (HBO)
affects bone tissue at the microscopic level by altering bone morphology. Twelve rabbits received a sin-
gle dose (15 Gy) of cobalt®® radiation to one hind leg and the other hind leg served as a control. Tita-
nium screws were placed into the femur and tibia directly after irradiation. Six animals received HBO
during the first 4 postoperative weeks. After 8 weeks of follow-up, bone specimens containing the
screws were prepared for histomorphometry. Bone-metal contact and the amount of bone in the thread
areas and in the mirror areas were measured in a blinded manner. Periosteal bone formation and bone
remodeling decreased after irradiation; also after HBO treatment. Hyperbaric oxygen therapy improved
bone formation in nonirradiated bone and to some extent also in the irradiated bone. Bone maturation
was improved in the HBO animals after irradiation. It was concluded that irradiation reduces the
capacity for osseointegration of titanium implants. Hyperbaric oxygen treatment may improve bone
formation and especially has positive effects on bone maturation after irradiation.
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implants

he osseointegration protocol is an established
clinical technique by which titanium implants
can be anchored in different bones of the body.?
The concept has mainly been used to replace lost
teeth with bone-anchored prostheses in the oral
cavity,2 but also to replace lost parts of the face
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with bone-anchored prostheses.® Radiotherapy
in combination with surgery is the treatment gen-
erally used for malignant tumors in the cranio-
facial region. The osseointegration procedure is
an alternative system to conventional reconstruc-
tive surgery, whereby craniofacial prostheses are
anchored to the bone tissue by titanium implants.
If the bone tissue is compromised in any way, early
implant failures can occur.*

Clinically, the most common cause of compro-
mised bone tissue in the craniofacial region is
radiotherapy. It is well known that implants are
lost more frequently in these patients.>® Some stud-
ies have pointed to the possibility that hyperbaric
oxygen therapy (HBO) can be used to improve the
bone quality and potential for osseointegration in
these situations.*”-8 Knowledge concerning peri-
implant bone tissue reactions after radiotherapy is
still insufficient. The present study was undertaken
to histomorphometrically analyze early peri-
implant bone tissue reactions that occur after
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radiotherapy and to determine whether HBO
affects bone tissue at the microscopic level by alter-
ing bone morphology.

Materials and Methods

The study design was approved by the Goéteborg
University (Sweden) laboratory animal ethical
committee. Twelve adult (over 9 months old) New
Zealand white rabbits were used in the study. The
rabbits were group housed, and all animals were
females or neutered males.

Implants. A total of 48 screw-type endosseous
implants was manually manufactured from com-
mercially pure titanium by Meditech, Gdteborg
University, Sweden. The total length of the
implants was 10 mm, with an outer diameter of 3.7
mm and a square head. After manual grading, the
implants were cleaned in n-butylalcohol (Merck,
Darmstadt, Germany) and absolute alcohol in
ultrasonic baths. The cleaning procedure was com-
pleted by autoclaving.

Anesthetic Procedure. Intramuscular injections
of fentanyl and fluanison (Hypnorm, Janssen-Cilag,
Buckinghamshire, England) at a dose of 0.5 mL/kg
body weight and intraperitoneal injections of
diazepam (Stesolid Novum, A/S Dumex Denmark,
Pharmacia-Upjohn, Stockholm, Sweden) at a dose
of 1.5 mg/kg body weight were used for general
anesthesia during irradiation and surgical proce-
dures, but not during HBO treatment. Local anes-
thesia with 1.0 mL of 5% lidocaine (Xylocaine,
Astra, Moélndal, Sweden) was administered to the
tibiae and femora, where the implants were to be
placed. The shaved skin of the rabbits was washed
with a mixture of iodine and 70% ethanol prior to
surgery. As an adjunct to surgery, the animals
received an antibiotic, benzyl-penicillin (PenoVet,
Boeringer Ingelheim Agrovet, Hellerup, Denmark),
at a dose of 20 mg/kg body weight. Postoperatively,
intramuscular injections of buprenorfin (Temgesic,
Reckitt & Colman, Hull, England) were given in
doses of 0.1 mg/kg body weight. At the time of sac-
rifice, intravenous injections of a mixture of saline
and barbiturates (Mebumal Vet, 60 mg/mL, Nord
Vacc, Sweden) 1:4 were given.

Irradiation Procedure. Four to 6 hours prior to
implant placement, the rabbits received irradiation
to the proximal tibial metaphysis and the distal
femoral metaphysis of the right hind leg; the left
hind leg served as a control. During irradiation, the
femur and tibia were placed on a 5-cm-thick poly-
styrene phantom. Gamma irradiation (cobalt®?)
was used to minimize the difference in the absorbed
dose in soft tissue and bone. Source-to-skin dis-
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tance was 60 cm and field size was 7.5 x 7.5 cm.
The dose rate was approximately 0.5 Gy per
minute. A 5-mm bolus was applied to ensure full
buildup, and 15 Gy were given as a single dose.

Surgical Procedure. After irradiation, the ani-
mals were divided into 2 groups (A and B), with 6
animals in each group. All animals had 4 implants
placed 4 to 6 hours after irradiation, with 1 implant
in each tibial and femoral metaphysis. The implants
were placed under aseptic conditions using a very
gentle surgical technique with sharp drills and low
drill speeds. Ample cooling with saline solution was
provided when preparing the implant sites, as well
as when the implants were carefully screwed into
the tibial and femoral cortical bone sites. The fascia
and the skin were sutured in separate layers. The
animals were allowed full weight-bearing after
surgery. The implants were left in place for 8 weeks
and then removed. Group B received HBO treat-
ment during the first 4 postoperative weeks.

Hyperbaric Oxygen Treatment. On the third
postoperative day, the animals in group B were
placed in a 75 L pressure chamber (G6teborg Div-
ing Technique, Goteborg, Sweden) and subjected
to pure oxygen (280 kPa for 2 hours). During this
period, the first 10 minutes were used for succes-
sive compression up to 280 kPa; the pressure was
then kept constant for 90 minutes, and decompres-
sion lasted 20 minutes. The chamber temperature
was kept at 23°C by a water cooling system. Pro-
duced carbon dioxide was eliminated by a con-
stant flow of oxygen with a flow rate of 1.5 L/min.
The HBO treatment was performed once daily
Monday through Friday, and a total of 20 treat-
ments was given.

Preparation of Specimens and Histomorpho-
metric Measurements. On the day of sacrifice 8
weeks after implant placement, the animals were
again anesthetized according to the method
described above. The skin and the fascia were
opened, the implants with surrounding bone tissue
were removed en bloc, and the animals were then
sacrificed. The specimens were fixed in 4% neutral
buffered formaldehyde and further processed to be
embedded in light curing resin (Technovit 7200
VLC, Kulzer, Wehrheim, Germany). Exakt sawing
and grinding machines (Exakt Apparatebau, Nord-
stedt, Germany) were used to reach a final thick-
ness of about 10 um for the embedded specimens.
The sections were stained with toluidine blue
according to Donath,? and light microscopic inves-
tigations, including histomorphometric calcula-
tions, were performed with Leitz Microvid equip-
ment (Leitz, Wetzlar, Germany) connected to an
IBM computer (Armonk, NY). Measurements
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Fig 1 Specimen from a nonirradiated,
non-HBO-treated implant. To get a bet-
ter resolution of peri-implant bone for-
mation, the bone was divided into 2
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Fig 2 Specimen from a nonirradiated,
non-HBO-treated implant (toluidine
blue stain, original magnification X63).
PR = periosteal bone; MB = mature

Fig 3 Specimen from an irradiated,
non-HBO-treated implant (toluidine
blue stain, original magnification X63).
The most striking effect of radiotherapy

morphologically separable types. Mature
bone (MB) was defined as the more com-
pact and lightly stained bone. Newly
formed bone (NB) was stained more
darkly, more porous, and could be distin-
guished from the mature bone because
of the broken lamellae (arrowheads)
(toluidine blue stain, original magnifica-
tion x80).

were performed in the eyepiece of the microscope
using an objective of 10x and a zoom of 2.5.

Histomorphometric measurements of bone-
metal contact (BMC), the amount of bone in the
thread area (TA), and the amount of bone in the
area immediately “outside” the same thread—the
out-folded “mirror image” (MA) area—were
measured and calculated for the entire implant
and for the 3 best consecutive threads. To get bet-
ter resolution of peri-implant bone formation, the
bone was divided into 2 morphologically separa-
ble types. Mature bone (MB) was defined as the
more compact and lightly stained bone. Newly
formed bone (NB) was stained more darkly, more
porous, and could be distinguished from the
mature bone because of the broken lamellae (Fig
1). The separation of bone tissue into mature and
newly formed bone was based on findings by Sen-
nerby et al.1?

Mean percentages for the mentioned parameters
were calculated for the implants on the irradiated
side (tibia + femur) and compared to the mean per-
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bone; NB = newly formed bone.

on bone-forming capacity was reduced
periosteal bone formation (PR) in the col-
lar region of the implants. The irradiated
implants also showed less newly formed
bone (NB). MB = mature bone.

centages for the implants (tibia + femur) on the
control side. Comparisons were also made
between HBO-treated (group B) and non-HBO-
treated animals (group A) for irradiated and nonir-
radiated bone tissue. The measurements were
made in a blinded manner (the investigator did not
know to which group the specimens belonged).

Statistical Methods. To assess the effect of irra-
diation, the Wilcoxon signed rank test was used in
both groups. The effect of HBO treatment was
evaluated by Fisher’s permutation test'! for irradi-
ated as well as nonirradiated bone tissue.

Results

The most striking effect of radiotherapy on bone-
forming capacity was reduced periosteal bone for-
mation in the collar region of the implants (Figs 2
and 3). Bone that had been cut during surgery
often remained, without any signs of resorption or
bone deposition around the implants that had been
placed in irradiated bone tissue. Around several
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Table 1 Detailed Histomorphometric Data

Group A Group A Group B Group B
(no HBO, (no HBO, (HBO, (HBO,
nonirradiated) irradiated) nonirradiated) irradiated)

BMC tot (%) 13 (9 to 20) 2 (5to 23) 17 (14 to 20) 18 (11 to 36)
BMC MB (%) 0. 15 (0 to 1)*t 1(0to 2)* 2(0.5t0 3)t 2(1to4)
BMC NB (%) 13 (8 to 20) 1(5to 23) 15 (11 to 20) 17 (7 to 35)
BMC tot 3b (%) 21 (13 to 34) 2 (10 to 43) 31 (27 to 36)t 30 (20 to 54)
BMC MB 3b (%) 3 (0to 2)*t 3(0to5)* 5 (1 to 9)t 5(2t09)
BMC NB 3b (%) 21 (13 to 34) 1(9 to 43) 27 (18 to 34) 27 (17 to 51)
TA tot (%) 52 (47 to 56)* 1(32to56)* 53 (4310 62) 49 (29 to 62)
TA MB (%) 4 (2 to7)* 6 (4 to 9)*t 6 (3t0 8) 9 (7 to 12)t
TA NB (%) 48 (43 to 53)* 35 (26 to 50)* 47 (40 to 56) 40 (22 to 54)
TA tot 3b (%) 78 (69 to 86) 6 (53 to 78) 83 (76 to 88)* 75 (59 to 84)*
TA MB 3b (%) 9 (4 to 15)*t 7 (10 to 24)* 15 (10 to 23)t 21 (17 to 28)
TA NB 3b (%) 71 (64 to 81)* 4 (43t0 66)* 71 (61 to 75)* 60 (43 to 69)*
MA tot (%) 49 (40 to 60) 2 (33 to 56) 48 (38 to 58) 46 (25 to 56)
MA MB (%) 9 (4to 21) 2 (7 to 15) 12 (8 to 16)* 15 (11 to 19)*
MA NB (%) 39 (33 to 52) 0 (21 to 42) 36 (28 to 44) 31 (13 to 40)
MA tot 3b (%) 83 (70 to 91) 2 (67 to 82) 82 (74 to 88) 77 (55 to 87)
MA MB 3b (%) 22 (10 to 37) 9 (17 to 37) 28 (20 to 35)* 33 (25 to 44)*
MA NB 3b (%) 64 (57 to 74) 51 (41 to 65) 58 (54 to 62) 53 (27 to 65)

= significant difference in group; * = significant difference between groups.

BMC = bone-to-metal contact; TA = bone within the thread area; MA = bone within the “mirror” area;
tot = total amount of bone; MB = mature bone; NB = newly formed bone; 3b = 3 best threads.

implants in irradiated, non-HBO-treated bone (lrr-
nHBO), persisting bone fragments were noticed;
the woven bone was not replaced by lamellar
bone, and the structure of the woven bone was
sometimes very disorganized and immature com-
pared to the specimens from the nonirradiated
bone tissue (nlrr-nHBO). In one of the Irr-nHBO
specimens, cartilage formation was seen.

The histomorphometric data are presented in
detail in Table 1 and are graphically illustrated in
Figs 4 and 5. The major portion of bone found in
contact with the implants and within the thread
areas was newly formed bone. There was less
bone in the thread areas around the implants
placed in irradiated bone tissue compared to the
nonirradiated implants in both groups. The reduc-
tion was significant in the Irr-nHBO implants
when calculating the entire implant (P = .046) and
in the Irr-HBO implants when calculating the 3
best threads (P = .046). The implants placed in
irradiated bone tissue showed less newly formed
bone (NB) in the thread areas, compared to the
nonirradiated implants in both groups. The reduc-
tion was significant in the Irr-nHBO implants,
both when measuring the entire implant (P =
.046) and the 3 best threads (P = .028) and in the
Irr-HBO implants when calculating the 3 best
threads (P = .046).
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After HBO, significantly more bone was found
in contact with the nlrr-HBO implants, compared
to the nlrr-nHBO implants (P = .032), when calcu-
lating the 3 best threads. More mature bone was
found in contact with the nlrr-HBO implants com-
pared to the nlrr-nHBO implants, both when mea-
suring the entire implant (P = .043) and the 3 best
threads (P = .0065). There was a significant
increase of mature bone in the thread area after
HBO, both for the nlrr-HBO implants when calcu-
lating the 3 best threads (P = .048) and for the Irr-
HBO implants when measuring the entire implant
(P = .035) compared to the corresponding nHBO
implants. When comparing nlrr-nHBO and Irr-
nHBO implants, significantly more mature bone
was seen in contact with the irradiated implants,
both when measuring the entire implant (P = .046)
and the 3 best threads (P = .046). There was also
significantly more mature bone in the thread area
in the Irr-nHBO implants, both when measuring
the entire implant (P = .046) and the 3 best threads
(P = .028). When comparing the amount of bone
in the mirror areas, more mature bone was seen in
the Irr-HBO compared to the nlrr-HBO implants,
both when measuring the entire implant (P = .028)
and the 3 best threads (P = .046).
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Discussion

The method for histologic evaluation using light
microscopy and computer analysis has been used
in earlier studies.12-16 However, the follow-up time
of 8 weeks in the present study and the calculation
of mean percentages for the implants on the irradi-
ated side (tibia + femur) compared to the mean

Johnsson et al

percentages for the implants on the control side
differs from the mentioned studies. A follow-up
time of 8 weeks was selected for calculating the
early peri-implant bone reactions. The rabbits used
in the present animal model have a bone turnover
rate that is approximately 3 times faster than in
humans, with integration of cortical implants
occurring within 6 weeks.” Both the follow-up
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Fig 6 Specimen from a nonirradiated,
HBO-treated implant. It was slightly
more difficult to distinguish newly
formed bone (NB) from mature bone
(MB) in the HBO treated group espe-
cially in the periosteal region (arrow-
heads) (toluidine blue stain, original
magnification X 63).

time and calculation of the mean percentages for
the tibial and femoral implants were chosen so
that the results could be correlated with a previous
study measuring removal torques.'8

In the present study, the bone was divided into
2 morphologically separable types: mature bone
and newly formed bone. This separation into dif-
ferent bone types was based on findings by Sen-
nerby et al.1® In this study, Sennerby showed that
bone formation around titanium implants can be
seen 7 days after implant placement. Six weeks
after implant placement, it was still possible to
distinguish between the original bone and the
newly formed bone, because of the interrupted
lamellae. After 12 weeks, remodeling of the corti-
cal bone was not apparent, and the bone close to
the implant had the same degree of mineralization
as the original bone. In the present study, mature
bone could be distinguished from newly formed
bone 8 weeks after implant placement. However,
since the bone was not labeled, it was not possi-
ble to separate fully matured bone that was
formed after implant placement from mature
bone present at surgery.

Several studies have shown that bone healing
in long bones of the rabbits is impaired after irra-
diation.%1% A single dose of 15 Gy cobalt®0 was
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used in this study, since severe inhibition of bone
regeneration has been shown after this dose.®
The animal radiation tissue damage model used in
the present study has been estimated to be equiva-
lent to a clinically relevant dose in humans.®
However, the radiation dose and fractionation
may not be sufficient to truly reflect the radiation
pathology in humans, as the tissue response
has been reported to be species-specific.2? All
implants in the present study were placed after
irradiation. The clinical situation that corre-
sponds to this experiment is that in which the
patient is given preoperative radiotherapy fol-
lowed by tumor removal. Tumor removal is
undertaken approximately 4 to 6 weeks after
completion of a radiotherapy course, ie, when the
acute tissue reactions have declined. This is the
ideal time to start the rehabilitation procedure, ie,
to place the implants into the tumor cavity, since
clinical data show higher implant losses in
patients treated with radiotherapy long before
surgery, and an increase in radiation tissue dam-
age over time has been suggested.®

A significant reduction in the amount of bone
within the thread areas around the implants
placed in irradiated bone was seen compared to
the nonirradiated implants in both groups (non-
HBO and HBO). In both groups there was also
significantly less newly formed bone in the thread
areas around the implants placed in irradiated
bone tissue. Author interpretation of these data is
that the single dose of 15 Gy cobalt® reduced the
bone-forming capacity, consistent with previous
reports.1®21 There was significantly more bone-
metal contact in the nonirradiated implants after
HBO treatment. This result is consistent with
other findings, where HBO treatment caused a sig-
nificant increase in bone formation in nonirradi-
ated bone tissue.?? There was significantly more
mature bone, both in contact with and in the
thread areas, around the nonirradiated implants
after HBO. There was also more mature bone
within the thread areas around the irradiated
implants after HBO. It was slightly more difficult
to distinguish newly formed bone from mature
bone in the HBO-treated group (Fig 6). These
findings suggest that bone remodeling occurred
faster in the HBO-treated group.

Several studies have shown a positive correla-
tion between bone-metal contact and removal
torques.?® In other studies, the most important fac-
tor determining removal torque has been stated to
be the amount of bone around the implant at the
cortical passage.’® In the present study, there was
no significant difference (regarding total bone-
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metal contact) when comparing irradiated and
nonirradiated implants. The increase of bone-
metal contact in the nonirradiated implants after
HBO treatment supports the finding in a previous
study,'® where use of HBO increased the biome-
chanical force necessary to unscrew titanium
implants in nonirradiated bone.

For the Irr-nHBO implants, there was signifi-
cantly more mature bone, with respect to both
bone-metal contact and to bone within the thread
areas, compared to the nlrr-nHBO implants. Since
the bone was not labeled, it can only be speculated
that the mature bone in the non-HBO group repre-
sents bone present at surgery and with an inferior
quality and impaired remodeling capacity resulting
from irradiation, and that the mature bone in the
HBO group partially consists of new bone that has
undergone continuous remodeling. Such quality
parameters could have affected the removal torque
measurements reported by Johnsson et al,'® where
postirradiation use of HBO significantly increased
the biomechanical force necessary to unscrew tita-
nium implants in irradiated bone.

The damaging effect of radiotherapy on bone
tissue is believed to be related to the effects on
bone-forming cells, as well as on bone-resorbing
cells, and on the periosteal and endosteal tis-
sues.*2022 The osteoblasts and osteocytes are sta-
tionary cells, which after damage may die or stop
producing bone matrix, whereas the osteoclasts
are migratory cells that after radiotherapy is com-
pleted can recolonize the bone and continue the
resorption. This might lead to bone imbalance
between apposition and resorption. Whether such
bone can accept and integrate endosseous
implants, and the value of HBO in relation to
osseointegration, is still under debate.?425 The
immediate effect of irradiation was used in the
present study to simulate a clinical situation with
reconstructive surgery in the early postirradiation
interval. In earlier studies HBO has been shown to
increase bone formation in bone harvest
chambers,?? to increase the removal torque neces-
sary to unscrew titanium implants after irradiation
damage,'® and to improve histologic osseointegra-
tion.® The present study supports the idea that
HBO has an effect on bone metabolism and mor-
phology that can be used to reduce some of the
damaging effects from radiotherapy. The exact
mechanism of this effect, however, remains to be
elucidated. It could be an effect on the osteopro-
genitor cells, causing an altered differentiation of
osteoblasts, or it could be an effect on undifferenti-
ated mesenchymal cells. Further studies are needed
to resolve these questions.
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Conclusions

The findings of this study compare favorably with
other studies showing that irradiation reduces the
capacity for osseointegration of titanium implants.
Hyperbaric oxygen was shown, as in earlier find-
ings, to improve bone formation in nonirradiated
bone tissue. To some extent, HBO treatment also
improved bone formation in irradiated bone tis-
sue, and HBO could have positive effects on bone
maturation after irradiation, as suggested in this
investigation.
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