Clin Orthop Relat Res (2009) 467:3199-3205
DOI 10.1007/s11999-009-0902-y

SYMPOSIUM: TRIBUTE TO DR. MARSHALL URIST: MUSCULOSKELETAL GROWTH FACTORS

Distraction Osteogenesis Enhances Remodeling of Remote Bones

of the Skeleton
A Pilot Study

Julia F. Funk MD, Gert Krummrey MD,
Carsten Perka PhD, Michael J. Raschke PhD,
Hermann J. Bail PhD

Received: 22 July 2008/ Accepted: 7 May 2009/ Published online: 29 May 2009

© The Association of Bone and Joint Surgeons® 2009

Abstract Bone injuries have a systemic influence on the
remodeling of bone. This effect has not been examined
concerning its extent and duration. We measured the sys-
temic effect of distraction osteogenesis on the remodeling
of bones of the axial skeleton by means of the mineral
apposition rate and bone formation rate in an animal
experiment. Distraction osteogenesis was performed on the
tibiae of 24 mature Yucatan minipigs. After a 4-day latency
period, the tibiae were distracted 2 mm/day for 10 days.
The ensuing consolidation phase lasted 10 days. Three
fluorescent labeling substances were applied intravenously:
calcein green at the second postoperative day, tetracycline
1 day after the end of the distraction phase, and xylene
orange 2 days before sacrifice. We prepared ground sec-
tions from the ninth right ribs. The mineral apposition rate
and bone formation rate were measured histomorphomet-
rically on labeled osteons. The median mineral apposition
rate during distraction was 2.39 pm/day (2.12-2.62 pum/
day), which was higher than the rate during consolidation
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(median, 1.62 um/day; 1.54-1.84 um/day). The median
bone formation rate confirmed this result and was
840.51 pm?*/day (744.20-1148.26 ym*day) during dis-
traction and 384.25 pm?*/day (330.84-467.71 pm?/day)
during consolidation. Thus, a short period of distraction
osteogenesis appears to have an anabolic effect on the
mineral apposition rate of remote cortical bone.

Introduction

Bone injuries have a stimulating effect on the growth of
distant, unaffected bones. The reasons for this are systemic
hormonal changes [3] and locally released growth factors
that enter the circulation [10, 14, 32]. The local and sys-
temic changes after skeletal injury are well-described [24,
25]. The healing of an injured bone or bone marrow is
accompanied by a systemically stimulating effect on the
production of bone at distant intact localizations of the
skeleton [24]. This has been named the systemic accele-
ratory phenomenon (SAP) [24, 25]. Bone repair after
skeletal injury follows a sequence of local and systemic
mechanisms of regulation [33]. The initial assumption that
hormonal changes caused the systemic stimulating effect
[9, 21, 22] was largely rejected when subsequent studies
showed locally released growth factors that enter the cir-
culation were primarily responsible for the SAP [4, 5, 12,
31]. Involved mediators are bone morphogenetic proteins,
insulin-like growth factor, transforming growth factor
(TGF-B), platelet-derived growth factor (PDGF), fibroblast
growth factor, prostaglandins, and hormones, such as par-
athormone, growth hormone, and glucocorticoids [5, 35].
The injury of the bone marrow and the resulting release of
osteogenic substances primarily lead to this stimulation
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[10]. It has been shown that osteoblastic cells will be
recruited to aid the healing of a distant bone defect [30].
Any systemic influence has been described as small [11] or
absent [37] in cases of solely cortical lesions. SAP appears
primarily to arise from cancellous bone [24] and leads to
bone growth at sites of the skeleton remote from the injury
[1, 3, 15, 19, 20]. Elevated cell numbers, increased cell
activity, or both may be the cause of this stimulation
[18, 28].

Initiation of the systemic effects quickly follows an
injury [11, 37]. However, the magnitude and duration of
the influence on bone remodeling distant to the injured site
has not been fully determined due to the heterogeneity of
the examined material with varying species, diverse frac-
tures types and accompanying injuries (eg, those to soft
tissue) (Table 1). While most fracture repair is based on
endochondral ossification, repair during distraction osteo-
genesis is primarily based on intramembranous ossification
[2, 34]. The mechanical stimulus on the cells through
distraction contributes largely to the release of mediators.
The mechanical strain stimulates proliferation rate, as well
as mitogen production and mitotic cell activity. Therefore,
systemically effective factors such as TGF-f [24] and
PDGF [26] are released, which increase osteoblast activity
and influence the formation of callus [6-8, 27]. Thus,
distraction osteogenesis allows exploration of the influence
of mechanical stimulus on the systemic stimulation as
compared to rigidly fixed bone injuries [8, 36].

We postulated the systemic stimulation, as reflected by
the mineral apposition rate (MAR) and the bone formation
rate (BFR), during the distraction phase is increased
compared to the consolidation phase.

Materials and Methods

Cortical rib bone specimens of 24 minipigs that underwent
distraction osteogenesis were analyzed histomorphometri-
cally to compare MAR and BFR during distraction and
the following consolidation phase. Therefore, MAR and
BFR were measured once during distraction and repeated
in the same animal group during consolidation by
applying sequential fluorochrome labeling. We performed

distraction osteogenesis on the left tibiae of 24 mature
female Yucatan minipigs with a mean age of 77 weeks
(range, 32-116 weeks). Under sterile conditions and gen-
eral anesthesia, a 1.5-cm piece of the fibula was excised
using a lateral approach. A premounted half-ring fixator
was fixed to the tibia, which was then osteotomized sparing
the periosteum through an anteromedial approach at mid-
shaft. After a postoperative latency period of 4 days, the
tibiae were distracted 1 mm every 12 hours for 10 days.
Following this was a consolidation period that lasted
10 days.

For fluorescent polychrome labeling, three different
substances were introduced intravenously through a jugu-
lar-implanted port system at defined points in time during
the experiment: calcein green (Sigma Aldrich Chemie
GmbH, Steinheim, Germany) at a dose of 15 mg/kg body
weight (BW) on Day 2 postoperatively; tetracycline
hydrochloride (Supramycin® pro infusione; Griinenthal
GmbH, Aachen, Germany) at 25 mg/kg BW on Day 16;
and xylene orange (Sigma Aldrich) at 90 mg/kg BW on
Day 23.

On Day 25, the animals were sacrificed by injecting
40 mL Thiopental (Byk Gulden, Altana Pharma Deutsch-
land GmbH, Konstanz, Germany) for deep sedation
intravenously and, after cessation of breathing, producing
cardiac arrest with 40 mL 14.9% potassium chloride. The
ninth right rib was explanted and fixed in neutral isotonic
formalin solution by applying the principle of immersion
fixation. The rib was chosen as the specimen because it is
the only nonweightbearing bone in quadrupeds suitable for
the examination of cortical changes in tubular bones.

Using a cutting grinding system (Exakt-Trenn-
schleifsystem-Makro; ~ Exakt  Apparatebau ~ GmbH,
Norderstedt, Germany), three 3-mm-thick sections were cut
out of each rib. The specimens were taken dorsally 2 cm
from the costovertebral joint, from the middle of each rib,
and ventrally 2 cm from the bone-cartilage border. While
sectioning, we ensured the cutting band was orthogonal to
the tangent of the axis of the rib.

The bone specimens were processed under the exclusion
of light and infiltrated with a synthetic fluid on a methyl-
methacrylate base (Technovit 7200 VLC ® ; Heraeus Kulzer,
Weinheim, Germany). The specimens were further treated

Table 1. MAR values from studies on intact bone without any skeletal injury

Study Species Bone Bone type MAR (pm/day)
Frost [13] Human Various Trabecular 1.10
Piert et al. [29] Minipig Iliac crest Trabecular 1.84
Mosekilde et al. [23] Sinclair minipig Vertebra Trabecular 1.47
Funk et al. (current study) Yucatan minipig Rib Cortical 1.55

MAR = mineral apposition rate.
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using the sandwich technique and finally ground to a
thickness of about 80 pwm using a microgrinding system
(Phoenix 3000; Fa. Jean Wirtz GmbH & Co KG, Diisseldorf,
Germany).

We digitized the ground sections using a direct light
microscope, a digital camera, and the image analysis pro-
gram KS 400 3.0 (Kontron Elektronik GmbH, Eching,
Germany). Therefore, the three fluorochromes were stimu-
lated with the respective spectrum of light, which was
possible through the interposition of suitable filter systems
consisting of an excitation filter, a dichromatic division
mirror, and a blocking filter (filter combinations: I 3 for
calcein, D for tetracycline, N 2.1 for xylene orange; Leica,
Bensheim, Germany). A macro especially manufactured for
this experiment was applied for the collection of data. All
intact completely or nearly completely depicted osteons
with a threefold marking were examined histomorphomet-
rically. Therefore, the circle-like structures were read into
the computer individually using the camera and microscope
at a magnification of 40 x 10 x 0.55 (Fig. 1A-C). Due to
the different glowing intensities of the fluorochromes, the
exposure time of the camera was varied for each of them.
The digitized images were contrast enhanced and combined
into one image for each osteon to optimally depict all three
labels (Fig. 2). The MAR in pm/day and BFR in pm?/day
were then determined for the time periods between the
applications of calcein and tetracycline (distraction phase),
tetracycline and xylene orange (consolidation phase), and
calcein and xylene orange (total period of observation).

The individual rings of labeled osteons were segmented
using a grey scale and if necessary manually closed.
Manual processing was necessary when the segmented
lines were not continuous. For this reason, only completely
or nearly completely closed circlelike structures could be
evaluated. If gaps larger than 10% of the circumference
were found, manual processing would have been too
arbitrary, and thus, the osteon was excluded from mea-
surement. The closed structures constituted approximately
87% of the total number of observed threefold labeled
rings. We were able to evaluate 266 osteons. Through
filling of the enclosed areas within the rings, three circle-

Fig. 1A-C The three fluorescent
labels were digitalized with their
respective  filter combinations:
(A) calcein green, (B) tetracy-
cline, and (C) xylene orange.
Scale bar = 50 um.

Fig. 2 The three images of an osteon were combined into one and
contrast enhanced. Scale bar = 50 pum.

like areas were created from each osteon (Fig. 3A-B). The
areas between the fluorochrome labels were measured and
the values divided by the number of days of distraction and
consolidation, respectively, to yield the BFR during both
phases. On the basis of the largest area, the center of
gravity of the Haversian system was determined. From this,
a corona of 72 rays was generated. The mean was calcu-
lated per osteon from the distances of the rays between the
fluorochromic bands divided by the time interval between
the applications (Fig. 4A-B). This value corresponded to
the MAR in pm/day for the respective interval between
marker substance applications.

Due to the small number of animals, the Wilcoxon sign-
rank test for connected paired samples was applied to show
differences between distraction and consolidation phase.
Displayed are medians and 25-75 percentiles. Statistical
evaluation of data was performed using SPSS™ 9.0 soft-
ware (SPSS Inc, Chicago, IL).
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A

Fig. 3A-B The areas between the labeled rings of the osteon show
the mineral apposition during (A) the distraction phase and (B) the
consolidation phase.
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Fig. 4A-B The length of the rays between the fluorescent labels
indicates the mineral apposition in micrometers of (A) the distraction
phase and (B) the consolidation phase.

Results

The median MAR during the distraction phase was higher
(p = 0.0001) than that for the consolidation phase:
2.39 ym/day (2.12-2.62 pm/day) versus 1.62 um/day
(1.54-1.84 um/day), respectively. The median BFR during
distraction was also higher (p = 0.0002) than that for
consolidation: 840.51 um?*/day (744.20-1148.26 pm?/day)
versus 384.25 pm?*day (330.84-467.71 um*day). Thus,
the MAR was 47.5% higher during the distraction phase
than during the consolidation phase (Fig. 5), and the BFR
45.7% higher (Fig. 6).

Discussion

Bone injuries have a systemic influence on bone remod-
eling. In this animal experiment, we examined the systemic
influence of distraction osteogenesis on cortical bone
through histomorphometric analysis of MAR and BFR.
We acknowledge several limitations. First, we did not
compare the effect of different types of injuries but rather
illustrated the principal of remote effects during short-term
distraction osteogenesis as a special form of bone injury.
Second, only the two described parameters were
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Fig. 5 The boxplot diagram depicts the higher (p = 0.0001) MAR
during the distraction phase than during the consolidation phase. Solid
bar in box = median value; box = 27-75 percentile; error

bars = minimum/maximum value.
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Fig. 6 The boxplot diagram depicts the higher (p = 0.0002) BFR
during the distraction phase than during the consolidation phase. Solid
bar in box = median value; box = 27-75 percentile; error
bars = minimum/maximum value.

measurable in the same animals consecutively, which
provided a steady study setting, as all other parameters of
possible bias stayed unchanged. We believed other histo-
morphometric or immunohistochemical parameters for
bone turnover were not suitable for comparing consecutive
measurements in the same animal. Third, blood chemistry
specimens for consecutive measurements of systemic
secretion of growth factors were lost. Although this is a
limitation, the standardized and automated method of
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analyzing the bone formation parameters with fluorescent
labeling in a steady animal model made it possible to show
the short-term effect of distraction osteogenesis as a special
type of bone injury for the first time in cortical bone.

In our study, a 10-day tibial distraction produced a
measurable systemic anabolic effect on bone remodeling
when compared to the values measured during the fol-
lowing consolidation phase in the same animals (Table 1).
The results of this experiment confirm previously per-
formed studies examining the systemic influence of local
skeletal injury [3, 4, 8, 10, 12, 16, 24, 25, 32] (Table 2).
Our results demonstrate the quick onset of systemic stim-
ulation of bone metabolism. The magnitude seems
comparable to the systemic effect of other bone injuries,
although measurement parameters and methods varied as
well as the examined species (Table 2). The duration of the
stimulation appears closely related to the duration of the
stimulus of distraction osteogenesis. Otherwise we would
not have found differences between the distraction phase
and the consolidation phase which directly followed. To
clarify magnitude and duration of the systemic acceleratory
phenomenon, further studies should compare the effects of
different types of bone injuries in a single experimental
model.

Causes for the systemic stimulatory effect are believed
to be mainly due to the release of local growth factors and
to a lesser extent to hormonal changes occurring in the
course of bony injury and the subsequent repair [5, 10, 22].
The injury of the bone marrow is regarded as the trigger of
this process [14]. Vice-versa, it has been shown that distant
osteoblastic cells can be recruited to a bone healing site via
circulation, the stimulus for their relocation again being the
release of growth factors [30].

Despite the opinion that the SAP occurs in cancellous
but not in cortical bone [24], our study shows a substantial
systemic influence on cortical bone applying polychrome
fluorescent labeling. The previous assumption that sys-
temic effects may be detected within the fast-reacting
cancellous bone but not within cortical bone might be
explained by choice of methods of examination. We used a
relatively easy method to confirm increased MAR and BFR
within cortical bone.

In contrast to other investigations, which usually
describe the acceleratory phenomenon examining long
tubular bones of the weightbearing lower extremities or
hind and fore extremities in quadrupeds, our study shows
the effect within the nonweightbearing ribs.

We do not know the duration of SAP and our experi-
ment did not allow such an assessment. However, it may be
assumed the stimulating effect subsides shortly after the
end of the distraction since our study still showed a dif-
ference even between the short periods of distraction
and consolidation. The accelerated bone metabolism

@ Springer

supposedly does not outlast the stimulation for long since
most of the involved growth factors have a very short half-
life, and as described by Holbein et al. [17], only the active
but not the bound factor is responsible for the effect.
Einhorn et al. [10] report a duration of the anabolic effect
of skeletal injury of about 30 days in rats. They inflicted a
single injury on the rats and not a 10-day period of dis-
traction as in our study. Our data with a short period of
injury demonstrated a difference between the MAR in the
distraction phase and in the following consolidation phase,
which indicates the brevity of the systemic effect of callus
distraction on bone metabolism.

Distraction osteogenesis represents a special impairment
of the bone marrow; hence, it makes sense its effect on the
systemic bone remodeling differs from other types of
skeletal injury [17, 36]. The comparison of serum speci-
mens from patients with distraction osteogenesis and
patients with rigidly stabilized proximal tibial osteotomy
revealed callotasis but not osteotomy enhanced the prolif-
erative activity [36]. Although we analyzed only bone
histomorphometric parameters, our data suggest, in accor-
dance with other investigations, the mechanical stimulus of
callus distraction leads to an SAP via the release of various
mediators [14]. Additionally, only during distraction was a
rise in active TGF-f3 observed, a mediator whose release is
probably regulated through mechanical strain [24, 26].
Cyclic stretching of osteoblastic cell cultures stimulated the
cell proliferation and increased the production of TGF-f in
another study [27].

Many investigations concerning changes in bone tissue
use the untreated contralateral side as control. According to
our data and those of other studies, one should bear in mind
the systemic effects of a local skeletal injury and their
possible influence on the outcome. The investigation of the
different extents of the influence of various types of injury
on bone remodeling, however, will need to be the subject
of further studies. The stretching of muscle and nerve tis-
sue, skin, and blood vessels may also have a systemic
effect on the bone metabolism [25].

Distraction osteogenesis has a systemic anabolic effect
on cortical bone of nonweightbearing ribs. The cascade of
growth factor and hormone release and distribution remain
to be elucidated, as do the possible mechanical influences
on their release. Understanding the mechanisms would give
further insight into the duration and dimension of the effect
in different types of injuries.
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