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Abstract

Background During lower limb lengthening, poor bone
regeneration is a devastating complication. Several local or
systemic applications have been used to promote osteo-
genesis, and biologic stimulations are gaining attention, but
their utility has not been proven in this setting.
Questions/purposes In patients undergoing bilateral tibial
lengthening, we compared those receiving an osteotomy
site injection of autologous bone marrow aspirate concen-
trate (BMAC) plus platelet-rich plasma (PRP) with those
not receiving such an injection in terms of external fixator
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index (time in external fixation divided by amount of
lengthening), full weightbearing index (time until a patient
was permitted to do full weightbearing divided by amount
of lengthening), four cortical healing indexes (time until
each cortical union divided by amount of lengthening), and
callus shape and type.

Methods Twenty-two patients (44 tibias) undergoing
bilateral tibial lengthening enrolled in this randomized trial.
Two patients were excluded, one due to insufficient radio-
graphic evaluation and one who was lost to followup, leaving
20 patients (40 segments) for inclusion. Ten patients
(20 segments) received BMAC combined with PRP injection
(treatment group) and 10 patients (20 segments) received no
injection (control group). All patients underwent stature
lengthening for familial short stature with the lengthening
over nail technique. Autologous BMAC combined with PRP
was injected at the tibial osteotomy site at the end of the index
surgery. Mean distraction rates were similar between groups
(0.75 mm/day in the treatment group versus 0.72 mm/day in
the control group; p = 0.24). Full weightbearing was per-
mitted when we observed radiographic evidence of healing
at two cortices; this assessment was made by the surgeon
who was blinded to the treatment each patient received.
Minimum followup was 24 months (mean, 28 months;
range, 24-34 months).

Results There was no difference in mean external fixator
index between groups. However, mean cortical healing
indexes (anterior/posterior/medial/lateral) were 1.14/0.81/
0.96/0.88 months/cm in the treatment group and 1.47/1.26/
1.42/1.22 months/cm in the control group (all p < 0.001),
showing faster healing in the treatment group at each cortex.
Full weightbearing was permitted earlier in the treatment
group than in the control group (index: 0.99 months/cm and
1.38 months/cm, respectively, p < 0.001). Callus shape and
type were not different between groups.
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Conclusions Autologous BMAC combined with PRP
injection at the osteotomy site helped improve bone healing
in distraction osteogenesis of the tibia, although the effect
size was small.

Level of Evidence Level I, therapeutic study. See
Instructions for Authors for a complete description of
levels of evidence.

Introduction

Distraction osteogenesis has been an important technique
in limb lengthening and reconstructive surgery. The
investigation of experimental and clinical research on the
influence of the tension-stress effect by Ilizarov [21-24]
has led to the recognition of the importance of stability,
preservation of soft tissue and marrow, and the distraction
rate/frequency during limb lengthening. Although he
established biomechanical principles for successful bone
formation, poor bone regeneration has been one of the most
devastating complications in distraction osteogenesis
[16, 29, 54, 58]. The enhancement of bone regeneration
enables avoidance of critical complications such as non-
union or malunion and removal of the bulky external
fixator earlier. It also allows a patient to bear weight and
return to normal daily activities earlier.

Several factors that may influence bone formation have
been described: (1) host factors, including age, limb seg-
ment, and systemic illness; (2) local factors, including poor
soft tissue conditions and concomitant infection; and (3)
surgeon factors, including poor soft tissue handling, poor
selection of osteotomy, poor osteotomy technique,
mechanically unstable frame, and improper rate and rhythm
of distraction [46]. In addition, several methods for
enhancement of bone formation in distraction osteogenesis
have been reported, including physical stimulations and
local or systemic applications [9, 16, 17, 28, 30, 33, 42].
Several physical stimulations have been considered effective
in enhancing bone formation in distraction osteogenesis,
such as the axial compression (weightbearing) method, the
accordion maneuver (repeated overlengthening and then
compression), and low-intensity pulsed ultrasound [20, 22,
40, 41, 50], which has been reported to be especially effec-
tive in acute fracture, nonunion, and distraction osteogenesis
but still lacks controlled studies in distraction osteogenesis
[16, 32, 50].

Recently, there has been a growing interest in biologic
stimulations to enhance bone regenerate [6, 9, 28, 30, 33,
36, 43, 44, 60]. Local application of bone marrow cells,
platelet-rich plasma (PRP), demineralized bone matrix, and
BMP have been tried in experimental distraction osteo-
genesis models [9, 30, 33, 60]. Furthermore, systemic
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applications of parathyroid hormone, growth hormone, and
bisphosphonate have been investigated [6, 36, 45, 46].
Among the locally applied substances, bone marrow cells
are rich in mononucleated cells, which are reported to have
high potentiality in bone healing [26, 45, 53]. Also, PRP
has many osteoinductive growth factors that are released
from platelets [7, 11, 39], although some controversy exists
as to whether it really helps bone healing. However, there
have been only very limited clinical reports on their local
injection in distraction osteogenesis [30, 55].

We therefore performed a randomized controlled trial to
evaluate the clinical efficacy of local injections of autolo-
gous bone marrow aspirate concentrate (BMAC) combined
with autologous PRP at the osteotomy site during the
lengthening surgery. Our hypothesis was that this treatment
would enhance callus regeneration.

Patients and Methods
Patients

Twenty-two patients with bilateral tibial lengthening
(44 segments) using the lengthening over nail technique
from April 2010 to January 2011 under the same surgeon
(DHL) enrolled in this study. Inclusion criteria were as fol-
lows: (1) skeletally mature patient, (2) no history of medical
illness, fracture, soft tissue compromise, bony deformities,
or infections of the lower extremity, (3) bilateral tibias with
similar amount of lengthening, and (4) use of the lengthening
over nail technique for both tibias. Two patients were
excluded because one had insufficient radiographic evalua-
tion and the other one was lost to followup, leaving
20 patients (40 segments) for evaluation. All patients were
divided into two groups preoperatively by computer-gener-
ated randomization: the BMAC combined with PRP
injection group (treatment, 10 patients with 20 segments) and
the noninjection group (control, 10 patients with 20 seg-
ments) (Fig. 1). The randomization was performed by
patient (each patient got the same treatment in both limbs).
The random numbers were placed in sealed, opaque enve-
lopes and opened one at a time and the group assignment took
place in the clinic at the time of consent. There were no
differences in demographics between the two groups
(Table 1). Each patient agreed to participate in the study and
had sufficient preoperative, postoperative, and followup
clinical and radiographic evaluations. There was no cross-
over between the groups, so all patients were analyzed in the
groups to which they were randomized. Minimum followup
was 24 months (mean, 28 months; range, 24-34 months).
This study was approved by the institutional review board of
the author’s institution (BD2011-025D).
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* Twenty patients

* Bilateral tibial lengthening with the
lengthening over nail technique

* Apr2010— Jan 2011

Randomized allocation

Control'group
No injection
(10/patients with 20 segments)

Treatment group
Injection of bone marrow

aspirate concentrate combined
with platelet-rich plasma
(10 patients with 20 segments)

Fig. 1 Twenty patients who underwent bilateral tibial lengthening
were preoperatively divided into two groups by computer-generated
randomization: the BMAC plus PRP injection group (treatment
group) and the noninjection group (control group).

Table 1. Demographic data of patients undergoing bilateral limb
tibial lengthening

Variable Treatment Control group p value
group (noninjection)
(injection)

Number of patients 10 10

Number of tibial segments 20 20

Male:female (number 16:4 14:6 0.10

of tibia)
Age (years)* 20 (16-28) 23 (18-30) 0.12

Preoperative height (cm)* 158 (145-169) 159 (149-168) 0.72

BMI (kg/cm?)* 22 (18-26) 20 (19-22) 0.06

Smoking history (yes:no) 8:12 13:7 0.20
(number of tibia)

Followup (months)* 27 (24-33) 29 (25-34) 045

* Values are expressed as mean, with range in parentheses.

Preparation of BMAC and PRP

At the end of the index surgery, the autologous BMAC and
PRP were prepared for those patients who were random-
ized to receive it. Fifty millimeters of autologous bone
marrow was aspirated from the right anterior superior iliac
spine. The aspiration was performed at 10 different spots
on and around the anterior superior iliac spine, punctured
by a 11-gauge vertebroplasty needle to get pure bone
marrow (5 mL aspirated at each spot), because the aspi-
ration of more than 10 mL at a single spot may raise the
risk of collecting surrounding peripheral blood. A 60-mL
syringe already containing 10 mL anticoagulant citrate
dextrose A was used. It is stable in the anticoagulated state
for 8 hours. After completion of the aspirations, it was
inserted into a GPS® tube (Biomet, Inc, Warsaw, IN, USA)

for centrifugation. The centrifugation started with no time
delay after the aspiration and continued for 15 minutes at
3200 rpm on a Clinispin Horizon 755VES centrifuge
(Woodley Laboratory Diagnostics, Lancashire, UK). In a
similar way, 55 mL peripheral blood was sampled from a
patient’s arm with a similar syringe containing 5 mL
anticoagulant citrate dextrose A and then centrifuged under
the same conditions.

Handling and Application of BMAC and PRP

After the 15 minutes’ centrifugation, 6 mL was aspirated from
the middle layer of each GPS™ tube and inserted at the tibial
osteotomy site (3 mL BMAC and 3 mL PRP for each tibial
segment). The combined injection of BMAC and PRP was
conducted using a 22-gauge spinal needle after confirmation
of the exact needle placement by C-arm. The injection was
performed after closure of both periosteum and skin of the
osteotomy site and slowly as possible to prevent possible
washout by injection pressure (Fig. 2). The osteotomy gap
made using a multiple drill hole technique was wide enough to
allow the insertion of a 22-gauge needle for injection.

Followup and Radiographic Evaluations

After surgery, every patient had a 7- to 9-day latent period
and then entered the distraction period at a target distrac-
tion rate of 1 mm/day. However, the actual distraction rate
was determined by case-dependent adjustment (going
slower or faster than the target rate, as ascertained by the
surgeon based on clinical and radiographic followup
evaluations) and the mean actual distraction rate was not
different between groups (0.75 mm/day [range, 0.55-—
1.13 mm/day] in the treatment group versus 0.72 mm/day
[range, 0.52—1.20 mm/day] in the control group; p = 0.24)
(Table 2). The mean desired total length gain was not
different between groups, nor was the mean achieved total
length gain (58 mm in the treatment group versus 66 mm
in the control group; p = 0.08). Insertion of distal inter-
locking screws and removal of the external fixator followed
after the desired length and acceptable limb alignment were
achieved. Every patient performed physical exercises as
tolerated under the supervision of a physical therapist
(JHP). The patients were allowed full weightbearing any
time while the external fixator was applied or after the
external fixator was removed when radiographic evidence
of two cortical healings was observed; this assessment was
made by the surgeon who was blinded to the treatment each
patient received. Patients were followed up every 2 weeks
during the distraction phase and every 1 month thereafter
until the end of the consolidation phase.
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Fig. 2A-D Combined injection of BMAC and PRP at the osteotomy
site enhanced bone regeneration in distraction osteogenesis. (A) BMAC
is shown in the GPS™ tube after centrifugation. (B) PRP is shown in the
GPS™ tube after centrifugation. (C) Three milliliters of the aspirate

Table 2. Radiographic comparison between the two groups

sampled from the middle layer in each tube was injected at the
osteotomy site using a 22-gauge spinal needle. (D) The exact placement
of the spinal needles was confirmed by the C-arm.

Variable Treatment group Control group p value
(injection) (noninjection)
Latent period (days)* 7.4 (7-8) 7.6 (7-9) 0.45
Distraction rate (mm/day)* 0.75 (0.55-1.13) 0.72 (0.52-1.20) 0.24
Final length gain (mm)* 58 (43-70) 66 (46-73) 0.08
External fixator index (months/cm)* 0.53 (0.37-0.63) 0.49 (0.43-0.53) 0.12
Intramedullary nail diameter (cm)* 9.2 (8-10) 8.9 (8-10) 0.30
Intramedullary nail length (cm)* 290 (270-300) 290 (285-300) 0.14
Mean cortical healing index (months/cm)
Anterior cortex 1.14 1.47 < 0.01
Posterior cortex 0.81 1.26 < 0.01
Medial cortex 0.96 1.42 < 0.01
Lateral cortex 0.88 1.22 < 0.01
Mean full weightbearing index (months/cm) 0.89 1.38 < 0.01

* Values are expressed as mean, with range in parentheses.

Radiographic evaluations included final length achieved,
the external fixator index (the time in external fixation
divided by the amount of lengthening), cortical healing
index per each cortex (the time until cortical union divided
by the amount of lengthening), and full weightbearing
index (the time until a patient was permitted to do full
weightbearing divided by the amount of lengthening).
Radiographic callus shape and type were also classified
according to the system of Li et al. [34], where callus shape
is classified as fusiform, cylindrical, concave, lateral, or
central and callus type as normal, intermediate, or low
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density. These radiographic parameters were assessed and
compared by evaluators who were blinded to the treatment
each patient received.

Statistics and Sample Size Calculation

All radiographic parameters were tested for normality
using the Shapiro-Wilk test and none violated normal
distribution assumption. At the beginning of the study, we
performed an a prior power analysis for the external fixator
index and found that a minimum sample size of 20 limbs
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was required to achieve a statistical significance of 0.05
with 80% power and an effect size of 0.8, meaning it could
detect a 80% of difference between treatment and control
groups. We had 20 legs in each group, which is equal to the
minimum sample size. Student’s t-test was performed
to find any significant differences between groups. For
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Fig. 3A-J Serial AP plain radiographs show a tibia undergoing

comparison of discrete variables, such as callus shape and
type and number of complications, a chi-square test was
used. A p value of less than 0.05 was considered statisti-
cally significant. The statistical software R (Version 2.12;
The R Project for Statistical Computing, Vienna, Austria)
was used for all statistical analyses.

-

postoperatively with 1-month increments between each radiograph.
More callus regeneration is seen in the treatment group.

lengthening in (A-E) the treatment group and (F-J) the control
group. Radiographs are from (A, F) 1 month to (E, J) 5 months

"

Fig. 4A-J Serial lateral plain radiographs show a tibia undergoing
lengthening in (A-E) the treatment group and (F-J) the control
group. Radiographs are from (A, F) 1 month to (E, J) 5 months

postoperatively with 1-month increments between each radiograph.
More callus regeneration is seen in the treatment group.
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Results

The mean external fixator index was not different between
groups (0.53 months/cm [range, 0.37-0.63 months/cm] in
the treatment group and 0.49 months/cm [range,
0.43-0.53 months/cm] in the control group; p = 0.12).

However, there was faster cortical consolidation in the
treatment group than in the control group. The mean cortical
healing indexes (anterior/posterior/medial/lateral) were
1.14/0.81/0.96/0.88 months/cm in the treatment group and
1.47/1.26/1.42/1.22 months/cm in the control group (all
p < 0.001) (Table 2). There was more callus regeneration in
the treatment group than in the control group, as seen on
serial AP (Fig. 3) and lateral (Fig. 4) plain radiographs. The
mean full weightbearing index was 0.99 months/cm in the
treatment group and 1.38 months/cm in the control group,
suggesting earlier full weightbearing was achieved in the
treatment group (p < 0.001) (Table 2).

Table 3. Comparison of callus shape and type according to Li et al.
[34] between the two groups

Classification Number of tibias p value
Treatment group Control group
(injection) (noninjection)
Callus shape 0.66
Fusiform 2 4
Cylindrical 18 16
Concave 0 0
Lateral 0 0
Central 0 0
Callus type 0.66
Normal density 16 18
Intermediate density 4
Low density 0
Table 4. Comparison of complications between groups
Complication Number of tibias p value
Treatment group Control group
(injection) (noninjection)
Impending compartment 1 1
syndrome
Deep infection 0 0
Superficial infection 9 6 0.51
Peroneal nerve irritation 0 0
Fibula related 0 0
Fracture of regenerate 0 0
Hardware problem 0 0
Nonunion 0 0
Injection related 0
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The callus shape according to the classification of Li et al.
[34] was either fusiform or cylindrical. The other shapes,
such as concave, lateral, or central, were not found. The
callus type was either normal or intermediate density. There
was no low-density callus type. There were no differences in
callus shape and type between groups (Table 3).

Complications included one impending compartment
syndrome in each group, which recovered completely with
emergent fasciotomy. Superficial infections occurred in
nine patients (45%) in the treatment group and six patients
(30%) in the control group (p = 0.51), which were treated
with intravenous or oral antibiotics. There were no deep
infections, regenerate fractures, or nonunions in either
group. No injection-related adverse events were found,
such as injection site pain or bone marrow aspiration site
infection (Table 4).

Discussion

Among a number of investigations to enhance bone for-
mation in distraction osteogenesis, biologic stimulations
have been gaining attention recently. Among these trials,
the applications of autologous bone marrow cells and PRP
have several potential advantages in stimulating bone
regenerate in distraction osteogenesis. First, bone marrow
cells have enriched mononuclear cells. The differentiation
of osteoblasts from bone marrow cells is well described
and standardized [26]. The PRP is rich in various growth
factors released from platelets, which have been reported to
increase vascular ingrowth and mitogenic effects on bone-
forming cells [4, 11, 28, 57]. Second, because of the
autogenous properties, their application can avoid possible
complications, such as immunogenic reactions and disease
transmissions, which can come from allogenic or synthetic
materials. Various experimental researches have shown
considerable evidence of the efficacy of the use of autolo-
gous mononuclear cells from bone marrow in combination
with various scaffolds in promoting bone formation in the
area of bone defects [8, 10, 11, 20, 26, 37]; however, there
have been no studies evaluating these treatments in humans
undergoing distraction osteogenesis. We found no difference
in the external fixation index, but some benefits in terms of
cortical consolidation that permitted earlier weightbearing in
patients treated with BMAC plus PRP compared to patients
who were not thus treated.

Our study has several limitations. First, the study con-
sisted of a relatively small number of patients. A larger trial
is necessary, both to confirm efficacy and also importantly
to get a more representative look at safety. Second, we
performed injection of BMAC and PRP together during
surgery. This protocol does not tell us which one played a
more important role in enhancing bone healing or whether
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they had a synergistic or antagonistic effect. Third, the
number of cells in BMAC and PRP were not counted. PRP
has been known to have different potentiality according to
the quantity of platelets, leukocytes, or fibrinogen con-
centrations [14, 39]. Fourth, the group assignment took
place in the clinic at the time of consent and the surgeons
knew the treatment before the surgery started. This may
have caused them to inadvertently perform the surgery
differently. Fifth, the lack of difference in the rate of
superficial infection may be due to the small sample size of
each group. A larger-sized study may produce a different
result. Sixth, there were differences in patient demo-
graphics, age, and amount of lengthening. Although not
statistically different, these factors can influence the
results, especially if the cohort is small. Seventh, we fol-
lowed all patients every 1 month during the consolidation
period. Therefore, the indexes we evaluated are susceptible
to error compared to the precision that could have been
achieved if more frequent followup had been possible.

There have been limited reports on the effect of bone
marrow cells in distraction osteogenesis [30, 45, 55]. In
2007, Richards et al. [47] observed marrow-derived pro-
genitor cell injections enhanced new bone formation in a
femoral distraction model of rat. In 2007, Kitoh et al.
[30, 31] showed transplantation of culture-expanded bone
marrow cells combined with PRP accelerated new bone
formation during the distraction osteogenesis, especially in
the femur, but with many disadvantages [47]. As for PRP,
limited reports could be found [13, 28, 30, 33]. Latalski
et al. [33] compared a PRP injection group (nine segments)
with a control group (10 segments) retrospectively and
reported a shorter healing index in the PRP group.
Kawasumi et al. [28] observed a high platelet concentration
combined with osteoblastic cells in PRP could accelerate
new bone formation during distraction osteogenesis in a rat
model. However, the role of PRP in bone regeneration is
still a controversial issue and its mechanism is not fully
understood yet [1-3, 5, 13, 15, 18, 27, 38, 48].

We found that some parameters related to bone healing,
including the cortical healing index and the full weight-
bearing index were improved using BMAC plus PRP
injections, while others, such as the external fixator index
and the shape and type of callus, were not improved with
treatment. However, our study raises several questions that
need to be discussed and investigated. First, what is the best
time for injection? There is no clear evidence to guide us in
terms of the timing of injection to achieve better bone
regeneration. Several immunohistochemical analyses have
shown high expression of growth factors receptors during the
distraction phase [19, 25, 28, 52, 56, 59]. In addition, Siwicka
et al. [52] showed rapid decline of the expression of the
receptors for growth factors shortly after the termination of
distraction. This result suggests that the administration of

growth factors during the distraction phase could be more
effective in bone healing. Richards et al. [45] concluded that
the timing of osteoprogenitor cell injection appeared to have
no effect on experimental new bone formation. In the current
study, we transplanted just once into the osteotomy site as the
last step of the surgery and the results support that early
administration of BMAC combined with PRP can promote
osteogenesis effectively during the distraction phase. How-
ever, a comparative study that evaluated injection timing
would be important to perform. Another question that calls
for future work is: Can the enhanced bone healing promoted
by injection of both BMAC and PRP speed up the bone
distraction rate? We do not recommend increasing the rate of
distraction because lengthening is not a matter of bone alone.
Although a faster distraction can make a faster removal of the
external fixator, it results in greater burden to the surrounding
muscles, consequently leaving more fibrosis or degeneration
[12, 35, 49, 51].

Injection-related complications can occur, and deep
infection, if it occurs, can be devastating. It can result from
contamination of the transplanted cells or from the instru-
ments such as aspiration syringe, GPS™ tube, injection
needles, or during centrifugation. In our series, there were
no deep infections. To our knowledge, there has been no
case of deep infection among the reports using BMAC or
PRP [33, 45]. However, we do discuss this possibility with
our patients because it can occur and it is severe [26, 53].
Other potential drawbacks of using BMAC and PRP
include additional cost, additional incision on the iliac
crest, increased operating time, and possibility of leakage
around the osteotomy site.

In conclusion, the combined injection of BMAC and
PRP during surgery seems to enhance some parameters
related to bone regeneration in human tibial distraction
osteogenesis, although the effect size was small. However,
further investigations are needed to evaluate whether
BMAC or PRP contributes more to bone formation (or if
the effect is synergistic), the optimal timing of injections,
the effect of repeated injections, the potential for compli-
cations including infections, and the ideal concentrations
and cell counts for these kinds of injections.
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