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Human autologous mesenchymal stem cells with 
extracorporeal shock wave therapy for nonunion of 
long bones

Lei Zhai, Xin‑Long Ma1, Chuan Jiang2, Bo Zhang3, Shui‑Tao Liu4, Geng‑Yan Xing2

ABstrAct
Background: Currently, the available treatments for long bone nonunion (LBN) are removing of focus of infection, bone marrow 
transplantation as well as Ilizarov methods etc. Due to a high percentage of failures, the treatments are complex and debated.
To develop an effective method for the treatment of LBN, we explored the use of human autologous bone mesenchymal stems 
cells (hBMSCs) along with extracorporeal shock wave therapy (ESWT).
Materials and Methods: Sixty three patients of LBN were subjected to ESWT treatment and were divided into hBMSCs 
transplantation group (Group A, 32 cases) and simple ESWT treatment group (Group B, 31 cases).
Results: The patients were evaluated for 12 months after treatment. In Group A, 14 patients were healed and 13 showed an 
improvement, with fracture healing rate 84.4%. In Group B, eight patients were healed and 13 showed an improvement, with 
fracture healing rate 67.7%. The healing rates of the two groups exhibited a significant difference (P < 0.05). There was no 
significant difference for the callus formation after 3 months treatment (P > 0.05). However, the callus formation in Group A was 
significantly higher than that in the Group B after treatment for 6, 9, and 12 months (P < 0.05).
Conclusion: Autologous bone mesenchymal stems cell transplantation with ESWT can effectively promote the healing of long 
bone nonunions.
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introduction

According to statistics, there are around 500 million 
cases of various types of fractures each year in the 
United States, and about 5–10% of their patients 

have delayed or nonunions.1 Nonunions can be divided 

into hypertrophic and atrophic nonunion based on 
biological factors.2 In traditional treatment methods (such 
as bone grafting and internal fixation surgery), with longer 
time and higher medical costs, surgical trauma can result in 
insufficiently derived autologous bone and allogeneic bone 
exclusion of the body after surgery. Therefore, clinicians 
have continuously searched for minimally invasive, more 
economically reliable, and effective methods of treatment. 
Various bone growth inducing factors and the physical 
means to promote bone healing have been introduced 
with molecular biology. Surgical treatment is no longer the 
only feasible method with the development of biophysical 
techniques.
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Extracorporeal shock wave therapy (ESWT) is a noninvasive 
method with a significant effect on tissue injuries. Recently, 
ESWT has been applied for the treatment of nonunions 
with a success rate of 60–90%.3 Moreover, ESWT is a 
choice of treatment for nonunions and delays bone healing 
because of its minimally invasiveness and simplicity.3 In 
the United States and Europe, the law permits clinical 
orthopedic surgeons to use ESWT for the treatment of 
calcific supraspinatus tendinitis, lateral epicondylitis, 
plantar fasciitis, bone nonunion, and other stubborn muscle 
diseases.4-6

Bone mesenchymal stems cells (BMSCs) can be 
transdifferentiated in the differentiation potential of cells 
present in a pair of stages. Nuttall et al.7,8 found that the 
expression of osteocalcin (OCN) can completely induce 
bone cells into fat cells with BMSCs as the source. Fully 
differentiated mature hypertrophic chondrocytes can 
differentiate into bone cells. Meanwhile, the reticular fiber 
cells in the body can be transformed into fat cells. Fat cells 
can be cultured in vitro to differentiate into bone cells 
and reverse the formation of real bone tissue, indicating 
that BMSCs have strong plasticity. The use of BMSCs 
combined with ESWT for the treatment of nonunion 
remains to be elucidated. Studies have demonstrated that 
the grafting of human mesenchymal stem cells (MSCs) is 
an effective and safe method for the treatment of tibial 
diaphyseal nonunion,9-12 and ESWT is especially effective 
for hypertrophic nonunions of long bone.13-18 This study 
was aimed to combine the advantages of different therapies, 
further improve the healing rate and shorten the treatment 
time of nonunion.

MAtEriAls And MEthods

63 patients of nonunion long bones treated by autologous 
BMSCs transplantation ESWT were included in the study.

The protocols in this study were approved by the Medical 
Ethic Committee of the General Hospital as well as Medical 
University committee for stem cell research.

The diagnostic criteria for the nonunions were as follows: 
At least 6 months after the fracture but has not been healed 
yet and no further tendency of healing for 3 months is 
apparent.19 The subjects selected for this study were at 
least 8 months after the fracture. The age ranged between 
20 and 50 years.

The exclusion criteria were as follows: (1) Patients have 
coagulation disorder or are taking anticoagulant drugs, 
(2) local tumor patients, (3) local thrombosis, (4) infected 
nonunion, (5) a large section of nonunion defects, with 
defects >1.5 cm, (6) 18 years of age or immature bone 

development, (7) patients with severe cardiovascular 
and cerebrovascular disease, (8) patients with severe 
malnutrition, (9) pregnancy, (10) local inflammation, 
(11) heart disease, and (12) the fracture ends are active. To 
this end, 63 out of 80 subjects were selected for this study 
between 2004 and 2010. The 63 patients were randomly 
divided into the combined transplantation of autologous 
BMSC–ESWT treatment group (A Group, 32 cases) and 
simple ESWT treatment group (B Group, 31 cases).

Group A consisted of 18 male and 14 female patients with 
a mean age of 39.6 years (range 23-50 years). The bones 
included were as follows: Femoral shaft fractures (n = 10), 
tibial shaft fractures (n = 15), humeral shaft fractures (n = 5) 
and ulnar shaft fractures (n = 2). The average duration to 
diagnose nonunions was 13.4 months (range 9–20 months).

Group B consisted of 18 male and 13 female patients with 
an average age of 38.1 years (range 20-49 years). The 
bones included were as follows: Femoral shaft fractures 
(n = 11), tibial shaft fractures (n = 13), humeral shaft 
fractures (n = 5), ulnar shaft fracture (n = 1) and radial 
shaft fracture (n = 1). The average duration to diagnose 
nonunions was 12.9 months (range 9-19 months).

In Group A, three cases of atrophic nonunion, two cases 
of distal tibial 1/3 (one case with plate and screw fixation, 
one case of fixed external fixation after the operation), one 
case of the humerus (plate screw internal fixation), and the 
rest were hypertrophic nonunion. In Group B, there were 
also three cases of atrophic nonunion, two cases of distal 
tibial 1/3 (both external fixation after the operation), one 
case of middle (plate screw internal fixation), and the rest 
was hypertrophic nonunion.

The differences in gender, age, nonunion type, healing time, 
location, and specific information between the two groups 
were not statistically significant (P > 0.05).

Extracorporeal shock wave therapy treatment
The power at the focus point was defined as the energy flux 
density (EFD) per impulse and measured in millijoules per 
square millimeter. EFD was not defined for some devices, 
and the energy level of shock waves was specified in 
kilovolts. High-energy shock wave therapy was performed 
in the present study with an electrohydraulic MFL 5000 
Lithotriptor (Dornier Medizintechnik GmbH, Wessling, 
Germany). The number of shock waves varied with the 
location and length of the nonunion (approximately 
1000/cm). A mean of 2900 shock waves with an average 
voltage of 23 kV was applied.

The exact EFD has not been evaluated for the MFL 
5000. However, compared with the newer Epos Fluoro 
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Lithotriptor, the approximations that were impacted by 
the Dornier Company confirmed that high-energy level of 
the shock waves was applied with more than 0.7 mJ/mm2 
EFD. During the treatment, the upper operating and leg 
voltage were 10–14 kV and 11–13 kV, respectively, with 
2000 frequencies of each impact. To the patients with 
internal fixations (22 cases in Group A and 19 patients in 
Group B), we used shockwave from the side of no internal 
fixations. Each treatment had an interval of 3 days, and the 
treatment frequency was 4 times for the upper limbs and 
5 times for the lower limbs [Figure 1].

Purification and identification of bone mesenchymal 
stem cells
The patients in Group A were characterized through 
laboratory tests to exclude blood and other organ diseases. 
The patients also signed informed consents. Under sterile 
conditions, the bone marrow puncture was done and 
bone marrow aspiration was taken from the posterior 
superior iliac spine, following 4.5 mL heparin saline 
(200 U/mL) anticoagulant injection. The clean bench 
within the Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10% fetal bovine serum culture medium was 
diluted after slowly adding the cell suspension along the wall 
with a centrifuge. The Ficoll-Paque reagent (1.077 g/mL, 
GE Healthcare Grade) was utilized for the concentration 
of bone marrow cells. The medium in the centrifuge 
tubes was separated into a centrifugal radius of 12 cm 
at 2000 r/min. After gradient centrifugation for 20 min, 
the middle of the interface cell suspension was drawn to 
obtain the monocyte hBMSC. The monocyte hBMSC was 
further purified by washing through DMEM medium and 
centrifugation (centrifugal radius of 12 cm, 1500 r/min). The 
count of concentrated cells was adjusted to 1 × 106 cells/mL 
with a flow cytometry. The mononuclear cells and BMSCs 
uniformly expressed CD44, CD90, and CD105 but did not 
express CD34, CD45, and CD14. The cell purity was more 
than 95%, indicating that the isolated surface exhibited 

Figure 1: Schematic diagram showing the liquid-electric shock wave 
source: F1 is the first focus (source occurred); F2 is the second 
focus (the impact point of nonunion)

highly uniform characteristics of hBMSCs. The hBMSC 
were continuously passaged until P3 (the 3rd generation) 
before autologous transplantation. The direct inoculation, 
Tachypleus amebocyte lysate, as well as membrane filtration 
methods were processed to test the sterility of the transplant 
material. The procedure was performed in a surgical setting.

Autologous transplantation of human autologous 
bone mesenchymal stems cells
The affected drape area was strictly sterilized, and the 
three-dimensional fluoroscopic monitoring was performed 
under the guidance of fluoroscopy nonunion ends, which 
were gently peeled with a needle to create accommodation 
space. The needle stylet was pulled out, and the catheter 
body was purified with 2–3 mL of mononuclear cell 
suspension (density >1 × 107 cells/mL) before slowly 
injecting it into the nonunion site (one injection to complete). 
The cell suspension was evenly distributed in the fracture 
and the pressure bandage in the puncture was applied with 
a sterile dressing [Figure 2].

The criteria for the clinical healing of the fracture were as 
follows: (1) No local tenderness and vertical percussion 
pain; (2) no local abnormal mobility (automatic or 
passive); (3) X-ray showed a blurred fracture line, in which 

Figure 2: Puncture in the X-ray orientation (pictures taken by c-arm) 
showing (a) Anterior view; (b) lateral view

b

a
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a continuity of the bone crust was observed through the 
fracture line; and (4). After removing, the external fixation 
of the injured limb, the upper limb, forward flexion and 
holding with 1 kg weight for 1 min, and the lower limbs 
can walk without crutches continuously for 3 min and <30 
steps.

The efficacy assessment was as follows: Healing if the 
fracture was healed within 12 months according to criteria 
1–4 and the fracture line disappeared; improved fracture 
healing if the results were in line with criteria 1 and 2 within 
12 months, the callus formation was clearly visible, and 
the fracture line was still present; invalid if the fracture line 
is still present, no callus formation and the results did not 
meet the criteria within 12 months.

Healing rate =  (number of cases of clinical basic healing/
treatment of patients with a total number) 
× 100%.

Callus formation
Callus formation was obtained with Perkins’ formula, given 
by 2πr 1 (r2 − r1) 1, where r1 is the radius of bone, r2 is the 
radius of bone after the callus, and 1 the length of the 
callus. PowerNet Viewer software, Finland,19 was used to 
obtain the values of r1, r2, and 1, and then the values were 
calculated with the formula.

Statistical analysis
Measurement data were expressed as a mean ± standard 
deviation, and an independent sample t-test was used to 
compare the two groups. The test was used to compare 
rates Chi-square with a test level of α = 0.05.

rEsults

The two groups of patients underwent followup tests for 
12 months to 18 months, with an average of 17.1 months. 
After 3 months treatment, there was no significant callus 
formation in both groups. After 6 months treatment, the 
X-ray films showed that twenty patients in Group A and 
17 patients in Group B had varying degrees of callus 
formation. After 9 months treatment, 23 patients in 
Group A and 19 patients in Group B had varying degrees 
of callus formation. After 12 months treatment, 14 patients 
were healed, 13 patients showed an improvement and a 
fracture heating rate of 84.4% were observed in Group A. 
Moreover, eight patients were healed, 13 patients showed 
an improvement and a fracture healing rate of 67.7% were 
observed in Group B. Both groups had significant differences 
in healing rate (P < 0.05) [Table 1 and Figures 3-6].

There were five patients in Group A and 10 in Group B 
with treatment failures, and they were particularly involved 

in the atrophic type of pseudarthrosis and congenital 
bone disorders such as fibrous dysplasia and osteogenesis 
imperfecta excluding pathological fractures. This skewed 
distribution may due to the better treatment of Group A.

discussion

In 1976, Friedenstein et al. first reported a small portion of 
bone marrow samples of adherent cells in culture that were 
able to be differentiated into bone cells, cartilage cells, fat 
cells, and muscle cells. These cells were called as MSCs, 
which maintained their multidirectional differentiation 
potential. MSCs with an injury in the ischemic tissue 
exhibited homing characteristics. Studies have shown that 
autologous red bone marrow injections can promote the 
healing of fractures.20-22

Haupt et al.23 performed extracorporeal shock wave (ESW) 
treatment on ureteral stones, and found an increase in 
partial hip bone cell activity that confirmed the potential 
of ESW to promote bone formation. Wang et al.24 
investigated the function of ESWT in the bone progenitor 
cell colony-forming units (CFU-O), bone marrow stromal 
cell CFU (CFU-S), and whole blood cell CFU (CFU-M) of rat 
femur proliferation and differentiation. The results showed 
that 0.16 mJ/mm2 and 500 frequency ESW partial fracture 
fragments could yield CFU-O and CFU-S concentration, 
accelerated proliferation, and differentiation of BMSCs. 
CFU-M did not have this effect.

Some scholars have found that ESWT applications depend 
on time and energy and have cumulative effects.25,26 
Wang et al.27 found that by using ESW intervention, 
BMSCs can induce the production of transforming growth 
factor-β1 5 min after the occurrence of membrane potential 
hyperpolarization, 30 min after the cells were activated by 
the Ras system and 6 h after BMSCs promote differentiation 
to osteoblasts. The following are the observation 2 days after 
the cells began to proliferate. ALP increased 6 days after the 
cells were proliferated into the bone within the specificity of 
the nuclear transcription factor, and the expression of Col-I 
increased. The formation of the bone section was ultimately 
induced 12 days after increasing of OCN synthesis, 
indicating that ESW can promote BMSCs for osteoblast 
growth and differentiation of precursor cells. Haake et al.28 

Table 1: The quantity of callus formation after treatment with 
ESWT group and the group of ESWT combined with autograft 
of hMSCs (cm3, x–±s)
Group n 3 months 6 months 9 months 12 months
A 32 3.611±0.770 6.896±3.129 9.654±2.997 11.908±3.000
B 31 3.402±1.081 5.702±2.5489 6.100±2.923 8.410±1.098
P >0.05 <0.05 <0.05 <0.01
ESWT=Extracorporeal shock wave therapy, hMSCs=Human mesenchymal stem cells
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treatment, the X-ray films showed that twenty patients 
in Group A and 17 patients in Group B had varying 
degrees of callus formation. After 9 months treatment, 
23 patients in Group A and 19 patients in Group B had 
varying degrees of callus formation. After 12 months 
treatment, 14 patients were healed, 13 patients showed 
an improvement and a fracture healing rate of 84.4% 
were observed in Group A. There was a significant 
difference in healing rate between the two groups. This 
result coincided with the “time-dependent,” “cumulative 
effect,” and “energy dependence” theory. In addition to 
the mentioned effects, ESW-vibration micro-environment 
with osteoblast-like cells is also important. Wet bone has 

Figure 3: X-ray anteroposterior and lateral view of leg bones in a 32 years old female showing (a) hypertrophic nonunion tibia following closed 
reduction and internal fixation (b)  9 months after human autologous mesenchymal stem cells with extracorporal shock wave therapy

ba

investigated the function of the different energy densities 
of ESW in cultured human bone marrow cells and found 
that low-energy ESW caused changes in cell morphology 
and number. Moreover, the increase in energy density and 
frequency of bone marrow cells drastically affected the hole 
size, number, and fragmentation. ESWT could also cause 
the proliferation of cultured bone marrow cells. Martini 
et al.29 investigated the effects of different energy levels and 
a number of shocks of ESW on human osteoblast-like cells 
through the cell culture experiments.

In this study, after 3 months treatment, there was no 
significant callus formation in both groups. After 6 months 

Figure 5: X-ray left leg bones anteroposterior and lateral views in 
a 55 years old male, with open fracture, treated in external fixator 
showing (a) nonunion tibia (b) 4 months after treatment with human 
autologous mesenchymal stem cells and extracorporeal shock wave 
therapy showing union

ba

Figure 4: X-ray right elbow joint, anteroposterior view in a 44 years 
male showing (a) hypertrophic nonunion supracondylar fracture which 
was treated conservatively (b) 6 months after treatment with human 
autologous mesenchymal stem cells and extracorporeal shock wave 
therapy showing union

ba
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a galvanic potential and piezoelectric potential, and ESW 
produced by electromagnetic vibrations can promote bone 
regeneration and increase growth. Moreover, hormone 
and growth factors support extracellular matrix synthesis.30 
ESWT intervention by the end of the hardening of bone 
fractures caused by trauma responds to the new area of the 
extended inflammation. The stimulated vascular response 
to these stimuli can cause the growth of many new blood 
capillaries and can bring a large number of cytokines and 
growth factors on cell proliferation and differentiation.

ESWT and the average nonunion fracture hastened union 
and stopped local pain after conservative treatment, 
without adverse effects on the local soft tissues and bones. 
No systemic contraindication was observed, therefore it 
was considered as a feasible ESWT treatment. However, 
the local inflammatory response of patients with serious 
cardiovascular and cerebrovascular diseases must be 
carefully managed. The application of this procedure in 
cases with surgical treatment of bone, atrophy, and infected 
nonunion for atrophic nonunion was limited because ESWT 
treatment could not induce new bone formation. ESWT 
treatment may cause the spread of infection in infected 
nonunion, therefore, it was not conducive to bone healing. 
In large segments of defective nonunion, bone defects 
were >2 cm.31-33

However, experimental evidence34 has shown that ESW 
has a stimulating effect on the cells, and the shock wave 
energy stimulation inhibits the cells. Cell inhibition is 
probably the result of high-energy density after the 
shock wave treatment, which then causes a significant 
local subcutaneous bleeding and swelling that are 
detrimental to the healing of nonunion. In the treatment 
of nonunion, surgery with sophisticated fixation devices 

like intramedullary nails, ilizarov external fixator, unilateral 
fixator, and autologous bone grafting still represented 
the gold standard. Basbozkurt et al.35 reported a bony 
consolidation of humerus pseudarthroses had a success 
rate of about 80% with the ilizarov external fixator. The 
treatment of femoral nonunions with intramedullary nails 
by Pihlajamäki et al.36 had a success rate of about 90%. In 
tibial nonunions, percutaneous grafting with bone marrow 
autologous alone had a success rate of about 90%, while 
with expandable intramedullary nailing and autologous 
bone grafting had a success rate of above 90%.37-41 In 
the study, a fracture healing rate of 84.4% was observed 
in Group A, and a fracture healing rate of 67.7% was 
observed in Group B. Compared with the effects, the 
healing rate of A Group with the gold standard (autograft) 
seems to be inferior to some, but in consideration of 
the therapy of minimal invasion, fewer side effects, the 
treatment we think is satisfied.

conclusions

The treatment of nonunion, with surgical therapy and 
autologous bone grafting is gold standard. At present, 
high-energy ESWT is still regarded as experimental. Adding 
hBMSCs clearly improves the efficiency of ESWT, which 
provide a new prospective for the future study.

Financial support and sponsorship
The study was supported by the National Natural Science 
Foundation of China (number: 31172169) and the Affiliated 
Hospital of Logistics College of Chinese People’s Armed 
Police Force (number: FYQ201564) as well as a grant from 
Tianjin Medical University (2014KYM12).

Conflicts of interest
There are no conflicts of interest.

rEfErEncEs

1. Borrelli J Jr., Prickett WD, Ricci WM. Treatment of nonunions 
and osseous defects with bone graft and calcium sulfate. Clin 
Orthop Relat Res 2003;411:245-54.

2. Canale ST, Beaty JH. Campbell’s Operative Orthopaedics. 
11th ed. St. Louis: Mosby, An Imprint of Elsevier; 2008. 
p. 3976.

3. Ogden JA, Alvarez RG, Levitt R, Marlow M. Shock wave 
therapy (Orthotripsy) in musculoskeletal disorders. Clin Orthop 
Relat Res 2001;387:22-40.

4. Gollwitzer H, Diehl P, von Korff A, Rahlfs VW, Gerdesmeyer L. 
Extracorporeal shock wave therapy for chronic painful heel 
syndrome: A prospective, double blind, randomized trial 
assessing the efficacy of a new electromagnetic shock wave 
device. J Foot Ankle Surg 2007;46:348-57.

5. Ludwig J, Lauber S, Lauber HJ, Dreisilker U, Raedel R, 
Hotzinger H. High-energy shock wave treatment of 

Figure 6: X-ray (R) arm anteroposterior view in a 24 years male 
showing (a) hypertrophic nonunion with plate in situ (b) 4 months 
after treatment with human autologous mesenchymal stem cells and 
extracorporeal shock wave therapy showing union

ba



Zhai, et al.: Human autologous mesenchymal stem cells with ESWT

 549 Indian Journal of Orthopaedics | September 2016 | Vol. 50 | Issue 5

femoral head necrosis in adults. Clin Orthop Relat Res 
2001;387:119-26.

6. Wang CJ, Wang FS, Huang CC, Yang KD, Weng LH, Huang HY. 
Treatment for osteonecrosis of the femoral head: Comparison 
of extracorporeal shock waves with core decompression and 
bone-grafting. J Bone Joint Surg Am 2005;87:2380-7.

7. Nuttall ME, Patton AJ, Olivera DL, Nadeau DP, Gowen M. Human 
trabecular bone cells are able to express both osteoblastic and 
adipocytic phenotype: Implications for osteopenic disorders. 
J Bone Miner Res 1998;13:371-82.

8. Kramer PR, Nares S, Kramer SF, Grogan D, Kaiser M. 
Mesenchymal stem cells acquire characteristics of cells in the 
periodontal ligament in vitro. J Dent Res 2004;83:27-34.

9. Hernigou P, Mathieu G, Poignard A, Manicom O, Beaujean F, 
Rouard H. Percutaneous autologous bone-marrow grafting 
for nonunions. Surgical technique. J Bone Joint Surg Am 
2006;88 Suppl 1:322-7.

10. Romagnoli C, Brandi ML. Adipose mesenchymal stem cells 
in the field of bone tissue engineering. World J Stem Cells 
2014;6:144-52.

11. Seebach C, Henrich D, Tewksbury R, Wilhelm K, Marzi I. 
Number and proliferative capacity of human mesenchymal 
stem cells are modulated positively in multiple trauma 
patients and negatively in atrophic nonunions. Calcif Tissue 
Int 2007;80:294-300.

12. Hernigou P, Poignard A, Manicom O, Mathieu G, Rouard H. The 
use of percutaneous autologous bone marrow transplantation 
in nonunion and avascular necrosis of bone. J Bone Joint Surg 
Br 2005;87:896-902.

13. Vulpiani MC, Vetrano M, Conforti F, Minutolo L, Trischitta D, 
Furia JP, et al. Effects of extracorporeal shock wave therapy 
on fracture nonunions. Am J Orthop (Belle Mead NJ) 
2012;41:E122-7.

14. Silk ZM, Alhuwaila RS, Calder JD. Low-energy extracorporeal 
shock wave therapy to treat lesser metatarsal fracture 
nonunion: Case report. Foot Ankle Int 2012;33:1128-32.

15. Alvarez RG, Cincere B, Channappa C, Langerman R, Schulte R, 
Jaakkola J, et al. Extracorporeal shock wave treatment of 
non- or delayed union of proximal metatarsal fractures. Foot 
Ankle Int 2011;32:746-54.

16. Zelle BA, Gollwitzer H, Zlowodzki M, Bühren V. Extracorporeal 
shock wave therapy: Current evidence. J Orthop Trauma 
2010;24 Suppl 1:S66-70.

17. Elster EA, Stojadinovic A, Forsberg J, Shawen S, Andersen RC, 
Schaden W. Extracorporeal shock wave therapy for nonunion 
of the tibia. J Orthop Trauma 2010;24:133-41.

18. Cacchio A, De Blasis E, Rosa F, De Blasis D, de Paulis F, Santilli V, 
et al. Response of bone turnover biochemical markers to 
extracorporeal shock wave therapy in the management of 
long-bone nonunions. Clin Chem 2009;55:195-6.

19. Perkins R, Skirving AP. Callus formation and the rate of healing 
of femoral fractures in patients with head injuries. J Bone Joint 
Surg Br 1987;69:521-4.

20. Friedenstein AJ, Chailakhyan RK, Gerasimov UV. Bone marrow 
osteogenic stem cells: In vitro cultivation and transplantation 
in diffusion chambers. Cell Tissue Kinet 1987;20:263-72.

21. Henschler R, Deak E, Seifried E. Homing of mesenchymal stem 
cells. Transfus Med Hemother 2008;35:306-12.

22. Hernigou P, Mukasa MM, Fillipini P. Autologous bone-marrow 
transplantation for nonunions. Eur Musculoskelet Rev 
2009;4:70-2.

23. Haupt G, Haupt A, Ekkernkamp A, Gerety B, Chvapil M. 

Influence of shock waves on fracture healing. Urology 
1992;39:529-32.

24. Wang FS, Yang KD, Chen RF, Wang CJ, Sheen-Chen SM. 
Extracorporeal shock wave promotes growth and differentiation 
of bone-marrow stromal cells towards osteoprogenitors 
associated with induction of TGF-beta1. J Bone Joint Surg Br 
2002;84:457-61.

25. McClure SR, Van Sickle D, White MR. Effects of extracorporeal 
shock wave therapy on bone. Vet Surg 2004;33:40-8.

26. Chen HS, Chen LM, Huang TW. Treatment of painful 
heel syndrome with shock waves. Clin Orthop Relat Res 
2001;387:41-6.

27. Wang FS, Wang CJ, Chen YJ, Chang PR, Huang YT, Sun YC, 
et al. Ras induction of superoxide activates ERK-dependent 
angiogenic transcription factor HIF-1alpha and VEGF-A 
expression in shock wave-stimulated osteoblasts. J Biol Chem 
2004;279:10331-7.

28. Haake M, Wessel C, Wilke A. Effects of extracorporeal shock 
waves (ESW) on human bone marrow cell cultures. Biomed 
Tech (Berl) 1999;44:278-82.

29. Martini L, Fini M, Giavaresi G, Torricelli P, de Pretto M, 
Rimondini L, et al. Primary osteoblasts response to shock wave 
therapy using different parameters. Artif Cells Blood Substit 
Immobil Biotechnol 2003;31:449-66.

30. Ogden JA, Alvarez RG, Levitt RL, Johnson JE, Marlow ME. 
Electrohydraulic high-energy shock-wave treatment 
for chronic plantar fasciitis. J  Bone Joint Surg Am 
2004;86-A:2216-28.

31. Wang FS, Yang KD, Kuo YR, Wang CJ, Sheen-Chen SM, 
Huang HC, et al. Temporal and spatial expression of 
bone morphogenetic proteins in extracorporeal shock 
wave-promoted healing of segmental defect. Bone 
2003;32:387-96.

32. Chen YJ, Wurtz T, Wang CJ, Kuo YR, Yang KD, Huang HC, et al. 
Recruitment of mesenchymal stem cells and expression of 
TGF-beta 1 and VEGF in the early stage of shock wave-promoted 
bone regeneration of segmental defect in rats. J Orthop Res 
2004;22:526-34.

33. Takahashi K, Yamazaki M, Saisu T, Nakajima A, Shimizu S, 
Mitsuhashi S, et al. Gene expression for extracellular matrix 
proteins in shockwave-induced osteogenesis in rats. Calcif 
Tissue Int 2004;74:187-93.

34. Sharma S, Garg NK, Veliath AJ, Subramanian S, Srivastava KK. 
Percutaneous bone-marrow grafting of osteotomies and bony 
defects in rabbits. Acta Orthop Scand 1992;63:166-9.

35. Basbozkurt M, Kurklu M, Yurttas Y, Demiralp B, Koca K, Kilic C, 
et al. Ilizarov external fixation without removal of plate or 
screws: Effect on hypertrophic and oligotrophic nonunion 
of the femoral shaft with plate failure. J Orthop Trauma 
2012;26:e123-8.

36. Pihlajamäki HK, Salminen ST, Böstman OM. The treatment of 
nonunions following intramedullary nailing of femoral shaft 
fractures. J Orthop Trauma 2002;16:394-402.

37. Le Nail LR, Stanovici J, Fournier J, Splingard M, Domenech J, 
Rosset P. Percutaneous grafting with bone marrow 
autologous concentrate for open tibia fractures: Analysis 
of forty three cases and literature review. Int Orthop 
2014;38:1845-53.

38. Gao KD, Huang JH, Tao J, Li F, Gao W, Li HQ, et al. 
Management of femoral diaphyseal nonunion after nailing 
with augmentative locked plating and bone graft. Orthop 
Surg 2011;3:83-7.



Zhai, et al.: Human autologous mesenchymal stem cells with ESWT

Indian Journal of Orthopaedics | September 2016 | Vol. 50 | Issue 5 550

39. Allende C, Paz A, Altube G, Boccolini H, Malvarez A, 
Allende B. Revision with plates of humeral nonunions 
secondary to failed intramedullary nailing. Int Orthop 
2014;38:899-903.

40. Birjandinejad A, Ebrahimzadeh MH, Ahmadzadeh-Chabock H. 
Augmentation plate fixation for the treatment of femoral 

and tibial nonunion after intramedullary nailing. Orthopedics 
2009;32:409.

41. Niu Y, Bai Y, Xu S, Liu X, Wang P, Wu D, et al. Treatment of lower 
extremity long bone nonunion with expandable intramedullary 
nailing and autologous bone grafting. Arch Orthop Trauma 
Surg 2011;131:885-91.


