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Where Are We Now?

Distraction osteogenesis is an
important treatment for growth
deformities, malunions, and

traumatic bone loss. After the first de-
scription of the clinical use of distraction
osteogenesis with a circular external
skeletal fixation system [4], a range of
external systems have been developed,
including unilateral frames and Taylor
spatial frames. However, the basic

technique of distraction osteogenesis has
hardly changed; it relies on an osteotomy
to avoid soft-tissue disruption, a latency
period allowing vasculature to
recuperate, a distraction period with a
standard lengthening of 1 mm per day,
and a consolidation period that allows
the regenerated bone to regain physio-
logic strength. Although the latency pe-
riod and distraction phases are fairly
predictable in duration, the consolidation
phase can often vary widely, sometimes
resulting in protracted treatment dura-
tions in these patients. In addition,
lengthy periods of external skeletal fix-
ation are uncomfortable for patients and
are associated with frequent complica-
tions. To shorten the consolidation
phase, strategies have been developed
including adaption of distraction with
internalized fixators, use of a combina-
tion of external frames for distraction and
internal stabilization during the consoli-
dation phase, and stimulation of osteo-
genesis during the distraction and
consolidation phases.

Dynamic intramedullary implants
are ideally suited to overcome the
disadvantages of external lengthening
systems. Initially, intramedullary
devices relied on ratchet mechanisms
with rotation of bone fragments to

achieve distraction [9]. The most
modern system uses magnets in an
intramedullary nail combined with
external magnets for rotation, allow-
ing for accurate distraction [1]. In a
study of femoral lengthening that
compared an intramedullary length-
ening nail system with an external
fixator monorail system, patients who
had the intramedullary nail system
had a better healing index (31 days per
cm versus 47 days per cm), could bear
weight earlier, and experienced fewer
complications [6]. Treatment with
intramedullary lengthening systems
will not be effective in all patients, and
dynamic external skeletal fixators will
remain important in treating many
deformities. Nevertheless, patient
discomfort and the frequency of
complications can be improved by
using external skeletal fixation for
dynamic lengthening combined with
internal fixation, including plate
osteosynthesis, during the consolida-
tion phase [3].

Stimulation of osteogenesis during
distraction and consolidation has
attracted research interest. Most stud-
ies have been conducted using animal
models [2, 8, 10, 11]. Nevertheless,
some clinical data on this strategy are
available. In patients with tibial
lengthening with an intramedullary
nail, low-intensity pulsed ultrasound
has been shown to enhance bone for-
mation during the distraction and con-
solidation phases, but results are still
conflicting [7].
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Numerous experimental studies have
reported on the stimulation of bone
healing using either fracture or distrac-
tion osteogenesis in animalmodels [2, 8,
10, 11]. Many of these studies were in
craniofacial surgery, although some
have been in orthopaedic surgery. Most
studies focused on the use of growth
factors, stem cells, mechanical stimula-
tion, laser therapy, and hyperbaric oxy-
gen [2, 8, 10, 11]. Although most of
these studies found that these treatments
improved bone healing, questions on the
most favorable amount, timing, and de-
livery methods that allow for bone re-
generation and clinical application are
still unanswered.

Kumabe et al. [5] reported on the
use of percutaneous CO2 to accelerate
bone regeneration and consolidation.
This concept is completely new and
opens unexplored possibilities as an
adjuvant therapy during distraction
osteogenesis and bone healing. The
authors believe that enhanced osteo-
genesis is induced by increased an-
giogenesis and blood flow, but this
supposition clearly needs further
clarification. However, the present
study using CO2 therapy 5 days per
week for 20 minutes during distrac-
tion and consolidation in a rabbit
tibia model had remarkable results.
Clinically, the enhanced bio-
mechanical properties of the regen-
erated bone after CO2 therapy are
relevant. If these results could be
translated to patients, the treatment
period could be shortened and patients
could return to function earlier.

Where Do We Need To Go?

However, the study raises new questions.
Although the study [5] was designed to
locally stimulate osteogenesis in the dis-
traction gap, the complete caudal half of
the rabbit was exposed to 100% CO2.

Penetration of the skin relies on passive
diffusion of CO2, and using a CO2

absorption-enhancing hydrogel could
result in a higher CO2 gradient in the
distraction gap. At present, it is unclear
whether true local application of CO2

incorporating only the external skeletal
fixation and distraction zone would be as
effective in this model. Penetration of
CO2 into the distraction gap would ide-
ally have the most effect. In rabbits, the
soft-tissue envelope of the tibial di-
aphysis is very small and facilitates dif-
fusion. It would be interesting to see
whether similarly increased angiogene-
sis, blood flow, and osteogenesis in the
tibia are likewise observed in larger ani-
mals such as sheep. Distraction osteo-
genesis of the femur and humerus is
equally important, but it typically differs
from distraction osteogenesis of the tibia
regarding the amount of soft tissue and
muscle mass surrounding the distraction
zone. CO2 penetration and its effects on
bone consolidation might be more prob-
lematic in these locations. Even if the
effect is limited to the surrounding soft
tissues, osteogenesis and bone consoli-
dation might be improved. For clinical
application in healthy people and patients
with underlying angiogenic and osteo-
genic problems, a fuller understanding of
the intrinsic mechanisms of CO2 adju-
vant therapy is critical. A multimodal
approach to enhance angiogenesis,
osteogenesis, and consolidation would
be effective and opens up enormous re-
search potential.

How Do We Get There?

Questions on the mechanisms and best
amount, timing, and delivery of adju-
vant CO2 therapy should be addressed
first; an important endpoint would be
the enhancement of angiogenesis,
osteogenesis, and consolidation. Small-
animal models such as the described

tibial distraction model in rabbits are
ideal to tackle these basic questions.
Before possible clinical application,
larger animal models, including sheep
and goats, which have a bone architec-
ture and loading profile much closer to
that of humans, should be used. Because
adjuvant monotherapy with any single
agent (such as CO2 and bone morpho-
genetic protein) might not be the most
effective treatment in enhancing the
highly complex processes of osteo-
genesis, consolidation, and remodelling,
combinations of therapies (such as bone
morphogenetic protein, vascular endo-
thelial growth factor, CO2, and stem
cells) and their correct timing should be
pursued. The dangers of manipulating
local angiogenesis, chondrogenesis, and
osteogenesis and their possible systemic
effects should be thoroughly scruti-
nized. Because the treatment of bone
disorders with distraction osteogenesis
heavily relies on fixation systems,
improvements in this field should be
closely monitored and ideally synchro-
nized with adjuvant therapies. In ortho-
paedic surgery, three-dimensional printing
techniques with custom-designed internal
distractors might revolutionize treat-
ment options. Our multimodal approach
should delicately balance availability,
short-term patient benefits, long-term
function, and costs.
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