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Background: Osteoporosis of transplanted/grafted bone is well known in the immediate post bone
transplantation/bone grafting period. In limb transplantation, the growth plates in the transplanted
limbs retain their longitudinal growth properties. However, there is a paucity of reports on what
happens to the bone and the growth potential of the growth plate when limb transplantation between
a juvenile donor and an adult recipient is performed.

Materials and Methods: Ten juvenile to juvenile hind limb transplants and five juvenile to adult
hind limb transplants were performed in male syngeneic Lewis rats. Osteoporosis in the isochrono-
graft as well as the heterochronograft limbs was measured by 3D micro-CT. In addition, the increase
in tibial length, after transplantation was measured and compared with the increase in the tibial
length of the opposite non-operated limbs.

Results: The 3D CT parameters indicate a significantly inferior bone quality in the heterochrono-
grafts compared with the isochronografts. After transplantation, the increase in the tibial length of
the isochronografts was similar the increase in length of the opposite juvenile non operated tibiae
and the heterochronograft tibias.

Conclusion: Age is a significant factor that affects the bone quality, resulting in post transplant
osteoporosis in heterochronografts compared with isochronografts. However, the growth plate after
transplantation remains unaffected by the difference in age and continues to grow at its own inherent
rate in adult recipients as it does in the juvenile recipients.
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Transplantation
INTRODUCTION due to the revascularization and creeping substi—
It is known that osteoporosis develops in the tution during the repair process,

grafted or transplanted bone after bone transplant— Each growth plate has an inherent mechanism
ation or bone grafting, This phenomenon occurs for determining the growth rate and ultimate limb
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morphologyg), but the process is also influenced by
a variety of hormones that have a permissive effect
on enabling the growth plate to achieve its maxi—
mum growth potential, Growth hormone, thyro—
xine, somatomedin C, insulin like growth factor I,
insulin like growth factor II, cortisol, insulin, and
sex hormones all play important roles in regulating
the development of the growth plate as well as the
rate of limb g‘rowth&g)_

Limb transplantation between male syngeneic
Lewis rats of different ages provides a unique
experimental model that is made possible by the
advances in micro vascular surgery that allow an
examination of post bone transplantation osteo—
porosis and the growth potential of the donor
growth plates, The aim of this study was to deter—
mine the correlation between the bone quality and
growth potential with age as a recipient dependent
factor after limb transplantation by comparing the
degree of osteoporosis and growth of the limb that
develop after limb transplantation between animals
of different ages.

The main focus was on what occurs when a
growth plate with significant growth potential is
placed into an adult environment i.e, do they still
retain their property of promoting longitudinal
growth in the changed milieu? If the answer is yes,
then is this increase in length different from the
increase in length occurring in the juvenile en—
vironment? This study also examined whether or
not the difference in age has an effect on the
density of the transplanted bone, Several studies
have examined the behavior of a juvenile growth
plate in an adult body by limb transplantation
between animals of different ages., However, the
reported results are conflicting, Some studies
reporting that the juvenile growth plate attains its
full growth potential in an adult body3>, while other
studies claim that the juvenile growth plate attains
only a part of its growth potential in an adult

hormonal environment'®'”, One of the aims of this
study was to provide valuable information that
could be applied clinically to vascularized growth
plate transplantations, Vascularized growth plate
transplantation is becoming a feasible alternative
for the management of growth arrest due to
growth plate damage by tumors, infections, trauma
or congenital anomalies,

There are several reports where microvascular
epiphyseal transplantation has been used to recon—
struct the extremities in children whose epiphyseal
plates have been damaged or surgically removed as
12719 This serves the

dual purpose of reconstruction of a bony defect as

a result of disease or trauma

well as the restoration of longitudinal growth,

MATERIALS AND METHODS

Male syngeneic Lewis rats were selected for this
study. Two groups of rats differing only in age
were used in this study. The first group consisted
of juvenile rats (mean 23.8 days, range 21—28
days). The second group consisted of adult rats
(mean 72.4 days, range 71-77 days). The hind
limbs of these rats were divided into the following
four experimental groups:

Group 1: Ten juvenile to juvenile right hind
limb isochronografts,

Group 2: The non—operated contra lateral left
hind limbs of the 10 juvenile rats in Group 1.

Group 3: Five juvenile to adult right hind limb
heterochronografts,

Group 4. The non—operated contra lateral left
hind limbs of the adult rats in Group 3.

The surgical procedure was performed under
general anesthesia, which was induced and main—
tained by a single intraperitoneal dose of ketamine,
Two surgical teams were involved, One team was
dedicated to harvesting the donor limb from the 15
juvenile rats while the other team performed the

microvascular anastomosis of the donor limb to the
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recipient stumps of 10 juvenile and five adult rats,
The donor juvenile limb was harvested using an
above the knee amputation at the mid—femur
diaphysis level, The femoral vessels of the donor
limbs were the last structures divided in an attempt
to keep the ischemia time to less than one hour,
This was followed by the microvascular anasto—
mosis of the donor limb to the recipient above the
Knee amputation stumps of 10 juvenile and five
adult rats, Bony stabilization was first achieved by
inserting an intramedullary 18G needle into the
femur, which was followed by microvascular ana—
stomosis of the femoral vessels using 10—0 Nylon
interrupted sutures, Femoral and sciatic nerve
anastomoses were then performed with 10-0
Nylon, and finally the corresponding muscle groups
were sutured, All the rats received prophylactic
antibiotics in the form of an intramuscular injec—
tion of Penicillin 1 postoperatively, After the
transplant, the rats were housed separately and
were allowed to bear weight on the transplanted
limbs when the pain permitted, The increase in the
length of the transplanted limbs was then moni—
tored by calculating the tibial lengths on the serial
postoperative radiographs, The first set of radio—
grams was taken three weeks after transplant—
ation, These radiograms were taken after sedating
the rats in order to allow correct positioning of the
limbs for the radiograms., All the animals were
sacrificed at 10 weeks after the transplant by
administering an overdose of intraperitoneal Thio—
pentone, A second set of radiograms was taken at
this time, The increase in length of the tibia of the
transplanted limbs was then measured by calcul—
ating the difference in the lengths of the tibia at
the three and 10 weeks post—transplantation
radiograms, Similarly, the increase in length of the
tibia of the contra lateral non—operated hind limbs
during the same time interval was measured in all
animals,
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In order to ensure accuracy, all tibial lengths
were measured using the software program Rapidia
Version 2.7 (INFINITT, Seoul, Korea), which also
corrected for the errors due to X—ray magnific—
ation, In order to measure the degree of osteo—
porosis in the transplanted limbs, the tibias of
both, the isochronografts and heterochronografts,
were harvested from the sacrificed animals, After
stripping the harvested tibias of all soft tissues the
bones were prepared by precision sawing and
subjected to a high resolution three—dimensional
micro—CT analysis ( #—CT—40, Scanco Medical AG,
Zurich, Switzerland). The scanned images had a
three—dimensional reconstruction of the cubic
voxel sizes 31x31x31 um’. Each three dimen—
sional image dataset consisted of approximately
200 micro—CT slide images (1024%x1024 pixels)
with 16 bit gray levels, The micro CT images were
segmented from the accurate three dimensional
data sets using a previously described method
(Ding et al, 1999). The following parameters were
examined: bone volume fraction (VF), Trabecular
Number (Tb.N), Trabecular Thickness (Tb.Th),
Trabecular Separation (Th.Sp), Bone Surface to
Total Volume ratio (BS/TV) and Bone Surface to
Bone Volume ratio (BS/BV) were calculated based
on unbiased, assumption free three dimensional
methods, The micro CT parameter values from the
isochronograft group were then compared with the
heterograft measures using an unpaired Student’s
t test. A p—value<0,05 was considered significant,
Comparisons were then made between the increase
in the tibial lengths of the transplanted isochro—
nograft (juvenile to juvenile) limbs and the increase
in the tibial lengths of the corresponding contra
lateral non—operated hind limbs in the same
animals (Group 1 v/s Group 2).

Similarly comparisons were made between the
increase in the tibial lengths of the transplanted
isochronograft limbs and the transplanted hetero—
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chronograft (juvenile to adult) limbs (Group 1 v/s
Group 3). Finally, comparisons were made between
the increase in the tibial lengths of the hetero—
chronograft limbs and the corresponding contra
lateral non—operated hind limbs in the adult
animals (Group 3 v/s Group 4).

Statistical analysis of the obtained data was then
performed, The limbs from completely separate
animals (e.g., juvenile to juvenile isochronografts
versus juvenile to adult heterochronografts) were
compared using a student’s t test for independent
groups, while the limbs from the same animal
(e.g., juvenile to juvenile isochronografts versus
contralateral nonoperated limbs of the juvenile
animals) were compared using a student’s t test for
the correlated groups, A p—value<0.,05 was
considered significant, University Animal Care and
Use Committee (ACUC) approval was obtained
before commencing the study.

RESULTS

1. The micro-CT 3D parameters of transplanted

bone in isochronograft and heterochronograft

limbs

The parameter values for bone mass indicated a
significantly inferior bone quality in the trans—
planted bone in the heterochronograft group com—
pared with the bone quality of the isochronograft
group. The 3D fractional bone volume (VF) from

the heterochronograft group was significantly
lower than the bone volume fraction of the iso—
chronograft group (p=0.0096). In the hetero—
chrongraft group, the values for the trabecular
number (Th.N) were significantly smaller (p=0.001)
than those from the isochronograft group, The
values for the trabecular separation (Th.Sp) were
significantly higher in the heterochronograft group
than in the isochronograft group (p<0.001) in—
dicating that the trabecular density of the hetero—
chronograft group was significantly lower than
that of the isochronograft group. The trabecular
thickness (Tb.Th) was significantly lower in the
heterochronograft group than in the isochro—
nograft group (p=0.028) indicating that the tra—
beculae in the heterochronograft group was sig—
nificantly thinner and weaker than in the iso—
chronograft group, The bone surface to total volu—
me ratio (BS/TV) derived from the heterochro—
nograft group was significantly smaller than that
from the isochronograft group (p<0.001). The
bone surface to bone volume ratio was significantly
higher (p=0.0080) in the heterochronograft group
than in the isochronograft group,

2. Increase in length of juvenile isochronograft limbs
compared to increase in length of non-operated
contra lateral hind limb (Group 1 vs. Group 2)
During the experimental period, the tibia in the

Table 1. The Micro-CT 3D Parameters of the Transplanted Bone in the Isochronograft and Heterochronograft Limbs

Isochronograft (n=0)

Heterochronograft (n=5)

Mean+SD (range) Mean+SD (range) tvalue p-value
BV/TV 0.3£0.177 (0.09-0.38) 0.055+0.023 (0,028-0,081) 3.03 0.0096
Tob.N (1/mm) 3.924+1 249 (1.563-5.650) 142+056 (0.819-1.862) 421 0.0010
Tb.Th (mm) 0.0697+0.0242 (0,037-0.112) 0.0421+0.003 (0,039-0,047) 247 0.028
Tb. Sp (mm) 0.221+0.15 (0.083-0.583) 0.757+0.308 (0.421-1.174) -4.63 0.0005
BS/TV (1/mm) 1014222 (7.197-13.295) 269+110 (1.419-3.863) 7.01 <0.0001
BS/BV (1/mm) 35.4+9 40 (22.70-53.35) 48.9+176 (9.257-54.27) -313 0.0080

Tb N, Trabecular number; Th Th, Trabecular thickness; Tb.Sp, Trabecular separation; BV, Bone volume; TV, Tissue volume; BS, Bone

surface; ns, no significance, SD, Standard deviation,
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Table 2. Data Showing the Animal Groups and the Increase in Tibial Length during the Experimental Period

n

Starting length (cm)

Final length (cm)

Average net growth (cm)

Juvenile isochronografts (Group1) 10 352+024 (33-38) 4754021 (44-52) 123+013 (1.0-1.4)
Juvenile contralateral limbs (Group 2) 10 3.58+032 (35-39) 4.86+023 (48-56) 128+019 (1,0-17)
Juvenile-adult heterochronografts (Group 3) 5 3.56+0.36 (3.4-3.9) 478+061 (3.9-53) 122+018 (1.0-1.4)
Adult contralateral limbs (Group 4) 5 458+043 (41-51) 5.08+0.38 (4.8-57) 0.50+0.30 (0.0-0.80)

Table 3. Comparison between the Increases in the Tibial
Lengths of the Groups during the Experimental Period

t-value  p-value

Juvenile isochronograft vs juvenile
contralateral non-operated limb
(Group 1 vs Group 2)

Juvenile-adult heterochronograft vs
adult contralateral non-operated limb 0529 0.61
(Group 3 vs Group 4)

Juvenile isochronograft vs juvenile-adult
heterochronograft 56
(Group 1 vs Group 3)

0447 0.66

<0,001

juvenile isochronograft limbs grew in length by
1,234+0.13 cm (range 1.0 to 1.4 cm). This was not
significantly different (p=0.66) from the increase
in tibial length from the non—operated contra
lateral hind limb of these juvenile animals, which
grew by a total of 1.28+0.19 cm (range 1.0 to 1.7

cm) during the same period.

3. Increase in length of the juvenile to juvenile
isochronograft hind limbs compared to the
increase in length of the juvenile to adult hetero-
chronograft hind limbs (Group 1 vs. Group 3)

The tibia from the juvenile isochronograft hind

limbs grew in length by 1.23+0.13 cm (range 1.0

to 1.4 cm) during the experimental period, which

was not significantly different (p=0.61) from the
increase in tibial length from the juvenile to adult
heterochronograft hind limbs, which grew by 1,22+

0.18 cm (range 1.0 to 1.4 cm) during the same time

interval,

Fig. 1. Radiogram of the rat hindimbs taken 3 weeks after
transplantation-tibial lengths of both the transplanted and op-
posite non operated limb were measured.

Fig. 2. Radiograph of rat hindlimbs 10 weeks after transplant-
ation showing an increase in the length of the tibias of the
transplanted limbs as well as the opposite non operated limbs,

4. Increase in length of juvenile to adult hetero-
chronograft hind limbs compared to the increase
in length of adult non-operated contra lateral
hind limbs (Group 3 vs. Group 4)

During the experimental period, the tibia of the
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juvenile to adult heterochronograft hind limbs
increased in length by 1.22+0,18 cm (range 1.0 to
1.4 cm), which was different (p<0.001) from the
increase in tibial length from the adult non—
operated contra lateral hind limbs, which increased
in length by 0.50%0.30 cm (range O to 0.8 cm)
during the same time interval (Table 1-3, Fig. 1, 2)

DISCUSSION

Osteoporosis of transplanted/grafted bone in the
immediate post bone transplantation/bone grafting
period is well known, Steinberg et al? showed by
radiographic and histological studies that cortical
grafts had decreased density during the first six
months but gradually regained their mass to the
normal cortical bone at two years, They concluded
that a creeping substitution remodeling process
might take up to two to three years,

Buchardt"? reported that there are three differ—
ences between cancellous and cortical bone incor—
poration into the host bone after a bone graft or
bone transplantation: in the revascularization
phase, in the initiation of the creeping substitution
phase and in the repair phase, The mechanical
strength and bone mass of cancellous and cortical
grafts are related to their respective repair process.
There is an increase in bone apposition in the
cancellous bone and a reverse process in the
cortical bone during the revascularization and
creeping substitution phases. The cancellous graft/
transplant tends to be strengthened first whereas
cortical transplants are weakened. An allograft
incorporates at a slower rate than an autograft,
Both vascular penetration and bone formation are
slower and less extensive,

Kline et al’
porosis after limb transplantation in animals of

, reported the occurrence of osteo—
different ages, However, they did not establish a
correlation between the degree of osteoporosis and

the age of the recipient animal because that study

primarily evaluated the growth characteristics of
the growth plate after limb transplantation, Kline
attributed the post transplantation osteoporosis to
non weight bearing and a lack of external stress
after limb transplantation, Non weight bearing and
a lack of external stress may play some role in post
transplantation osteoporosis but the significant
difference in bone quality between isochronografts
and heterochronografts suggests that age also
plays a role in the etiology and pathogenesis of
post transplantation osteoporosis. These experi—
mental findings suggest that the bone quality after
a bone graft/transplant also depends on the age of
the recipient

The results of the above experiment suggest that
even after the transplantation of limbs from
juvenile animals to adult animals (heterochro—
nografts), the growth plates in the transplanted
limbs retain their property of longitudinal growth
and they continue to grow at the same rate in the
new adult environment, as they would have in the
juvenile environment, The increase in length of the
heterochronograft limbs was similar to the increase
in length of the isochronograft limbs, In addition,
the increase in length of the isochronograft limbs
was similar to the increase in the length of the non
operated contra lateral hind limbs, However, the
increase in length of the heterochronograft limbs
was significantly less than the increase in length
of the non—operated contra lateral hind limbs of
the adult rats, Therefore, after three weeks of age,
the local environment of the host ceases to have
a decisive role in determining the growth charac—
teristics of the growth plate, and the increase in
length of the growth plate is determined primarily
by local transplantable factors expressed before
transplantation through an interaction between the
inducing factors and the inherited genomes,

The increase in the length of the adult non—
operated limbs can be explained by the fact that
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the growth pattern in rats differs from that in
humans, in that the growth plates in rats remain
open until well into adulthood, This is despite the
fact that the growth rate observed at 10 weeks of
age was a fraction of that observed at three weeks

119 For this reason, caution should be

of age
taken when extrapolating these results to humans,
and that these findings will require confirmation in
a clinical setting for human patients,

Kline et al also examined the growth plate
morphology in transplanted limbs and observed
that all transplanted limbs maintained the growth
plate morphology and columnar organization,
These results are consistent with those reported by
Kline et alg>, who showed that the adult environ—
ment does not inhibit the longitudinal growth of an
immature growth plate,

Glickman et al®® examined epiphyseal growth
after microvascular transplantation to the sites of
a different growth potential and reaffirmed that
the growth potential of an epiphyseal plate
transplant is a function of the donor regardless of
the recipient site to which it is transplanted, They
hoped their study would provide useful information
for the future transplantation of epiphyseal plates
or extremity allografts, which might provide the
ideal biological solution for clinical problems in—
volving damage to the epiphyseal plate damage by
an infection or trauma, or an absence resulting
from tumor resection or congenital malformations,

Chiu et al” reported a similar study involving
limb transplantation between animals of different
ages, and observed that the transplanted bone
could achieve only 70% of its normal growth in
length, This finding was corroborated by Drze—
wiecki et al'’ who also found that after limb
transplantation, the transplanted bone could not
achieve its normal growth potential but noted that
the maximum growth (91% of normal) occurred in
heterochronografts, However, in both studies, the
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nerves of the transplanted limbs were not sutured
and the animals were kept in non weight bearing
environments, Hence, the failure to achieve full
growth could be attributed to the effects of
denervation and a lack of external stress. Stevens
et al'” examined the growth of epiphyseal plate
allografts after micro vascular transplantation in
rabbits of different ages and found that the growth
rate depended on the age of the donor epiphyseal
plate and was independent of the age of the
recipient,

There are reports in the literature where
microvascular epiphyseal transplant has been used
to reconstruct extremities in children whose
epiphyseal plates have been damaged or surgically
removed as a result of disease or trauma'? '’
Innocenti et al'” ' described the treatment for a
loss of the distal part of the radius, including the
physis and epiphysis in skeletally immature
patients by performing a vascularized proximal
fibula transfer based on the anterior tibial artery,
including the physis and a variable length of the
diaphysis, and reported a consistent and predic—
table longitudinal growth of the transferred fibula,
Based their findings, Innocenti et al proposed that
in cases of loss or damage of the epiphyseal plates,
vascularized epiphyseal transfer is the only
possible procedure that can solve the dual problem
of replacement of an osseous defect and the
restoration of longitudinal growth, Vilkki'® per—
formed microvascular transplantation of a meta—
tarsophalangeal joint with the whole metatarsal
bone for the treatment of a radial club hand, To
date, there are no clinical reports of an allogenic
transfer of growth plates, However, the results of
this study might provide useful information that
may make this procedure feasible in the near
future. Further studies will be needed to assess the
various biochemical, hormonal and other factors

responsible for the differences in the bone densities
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of the transplanted bones in different age groups,

In conclusion, age is one of the significant fac—
tors that affect the bone quality after bone trans—
plantation, However, after transplantation, the
growth plate remains unaffected by the difference
in age and continues to grow at its own inherent

rate,
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