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Abstract Background: While the gold standard of treatment of nonunion is open autologous bone grafting, studies
have shown that injecting bone marrow aspirate concentrates (BMAC) is effective in treating tibial nonunions with
fracture gaps less than 5 mm. Questions/Purposes: We aim
to demonstrate that combining BMAC with osteoinductive
agents can effectively treat delayed or nonunion regardless
of fracture gap size, nonunion site, or osteoinductive agent
used. Methods: In this non-randomized retrospective-prospective cohort study, 49 patients with tibial nonunion met
the inclusion criteria and underwent BMAC injection with
demineralized bone matrix (DBM) and/or recombinant human bone morphogenic protein-2 (rhBMP-2). Radiologic
healing of the fracture was the primary outcome. Patients
were followed until radiographic union was achieved or
another procedure was performed. Radiographic healing
was defined as bridging of three out of four cortices on
anteroposterior and lateral films. Results: There was no
difference in the healing rate (p=0.81) between patients with
fracture gaps less than and greater than 5 mm. On multivariate analysis, the use of rhBMP-2 was associated with a
lower healing rate compared to DBM (p=0.036). Patients
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who underwent early intervention (within 6 months of fixation)
had higher union rates (p=0.04). Conclusion: This study shows
that percutaneous BMAC injection combined with either DBM
and/or rhBMP-2 is a safe and effective treatment for delayed or
nonunion regardless of the fracture gap size or fracture site.
DBM may be superior to rhBMP-2 in this procedure.
Keywords modified Hernigou technique . nonunion .
delayed union .
BMAC (concentrated autogenous iliac crest bone marrow
aspirate) . demineralized bone matrix .
bone morphogenic protein
Introduction
The treatment of nonunion continues to be a major challenge
in orthopedic surgery. An estimated 5% to 10% of fractures
result in delayed or nonunion causing patients to endure
impaired function as well as repeated hospitalizations and
surgeries [15, 19]. The total estimated cost of these complications is between US$23,246 and US$58,525 per patient
[6]. The current gold standard of treatment for atrophic
nonunion includes surgical stabilization and open autologous bone grafting with success rates as high as 97%–99%
[24]. This method provides a limited source of material for
grafting and is associated with a number of complications,
including persistent donor site pain in up to 49% of patients
[6]. Increasingly, alternative methods such as injections of
bone marrow aspirate concentrate (BMAC) are being investigated to facilitate bone healing [5].
Goujon et al. first demonstrated in rabbits that bone
marrow has osteogenic properties [14]. This led to the further interest in studies regarding the osteogenic potential of
the bone marrow [8]. A number of studies after that have
shown mixing of autograft with allograft, xenograft, and
composite grafts can be useful [3, 18, 21]. At the end of
the growth, the adult human skeleton consists of red and
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hematopoietic active bone marrow and yellow bone marrow
containing fat which is hematopoietically inactive. Study has
shown that primitive osteogenic cells or hematopoietic cells
present in the red bone marrow are responsible for the
physiologic effect of the bone graft [3]. A number of studies
in both animals and human beings have shown that these
osteogenic precursor cells can contribute to the healing of
the bone [1, 3, 5, 11, 17, 18, 21, 22].
BMAC injection is a minimally invasive procedure
shown to successfully treat nonunion and is not associated
with any local or systemic complications [13]. Although this
approach has demonstrated success for nonunions with
small fracture gaps, there is currently a lack of evidence to
support the use of this technique in nonunions with fracture
gaps greater than 5 mm or long bones other than tibia.
Commercial osteoinductive biomaterials such as
demineralized bone matrix (DBM) and recombinant human
bone morphogenic protein-2 (rhBMP-2) have become popular adjuncts to stimulate bone formation in a variety of
settings [1, 17, 22]. The combination of BMAC and DBM
has been shown to be comparable to standard cancellous
bone grafting in the treatment of nonunion in both animals
and humans [17, 22]. The study of human subjects included
nonunions of the tibia with fracture gap less than 5 mm.
Animal studies have also shown that a composite graft of
rhBMP-2 and bone marrow results in higher rates of union
than autologous bone grafting alone [16]. Although both
rhBMP-2 and DBM are widely used, no prior studies have
directly compared their efficacy. There is also a report of
safety issue regarding use of rhBMP-2 [4].
The purpose of this study was to prospectively evaluate
our results using either DBM or rhBMP-2 in combination
with percutaneous BMAC injection for a variety of long
bone nonunions. We refer to this surgical procedure as the
modified Hernigou technique. Our specific aims were to (1)
document and compare the radiographic rate of healing of
nonunions of the tibia and those of other long bones treated
with BMAC, (2) to compare the radiographic healing rate
between nonunions with fracture gaps greater than 5 mm
and those less than 5 mm, and (3) to compare the radiographic healing of nonunions treated with BMAC combined
with rhBMP-2 to BMAC combined with DBM. Finally, we
assessed whether any clinical characteristics of the patients
could be identified which impacted the rate of healing.
Patients and Methods
Following approval from the institutional review board, we
retrospectively enrolled patients for modified Hernigou procedure by a single surgeon at two institutions for nonunion
or delayed union between October 2006 and December
2012. The patients were followed prospectively. All the
patients were followed until union was achieved, for a
minimum of 2 years without evidence of union, or until
any additional procedure was performed to treat the fracture.
Eighty-two patients were enrolled for the study. All the
patients treated with modified Hernigou technique for atrophic nonunion without modification of hardware were
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included in the study. Patients with any surgical fixation
with our procedure, open bone grafting, stress fractures
where fracture gap could not be measured, and patients with
genetic bone disorders were excluded from the study. Fortynine patients met the inclusion criteria while 33 patients
were excluded for not meeting the inclusion criteria. Of
those excluded, ten had open bone grafting, seven had stress
fractures, four had genetic bone disorders, four had
osteotomy nonunion, four had concurrent operative intervention, and four had some modification of implant along
with our procedure. One of the patients with concurrent
operative intervention was diagnosed with infection based
on positive cultures from the fracture site.
Patient demographics and laboratory values are shown in
Table 1. The age range of patients was between 19 and
93 years and all were in good health with stable internal
fixation of long bone involved. Out of 49 patients, 20 were
on bisphosphonate treatment for at least 1 year prior to the
fracture.
Modified Hernigou Procedure
Spinal anesthesia was preferred for lower extremity
nonunion/delayed union and general anesthesia for upper
extremity nonunion/delayed union. The patient under anesthesia was placed in a supine position on the operating table.
The affected long bone and the iliac crest of the same side
were usually chosen for ease of execution of the procedure.
After prepping and draping, the anterior iliac crest was
identified. A horizontal incision of about 0.5 cm is made
about 2-cm posterior to the anterior superior iliac spine. A
16-gauge Jamshidi needle for bone marrow aspiration is
then placed at the incision site between the inner and outer
tables of the iliac bone and hammered approximately 6 cm
into the cancellous bone. Incision helped in the exact positioning of the needle as well as prevention of multiple entry
sites within 1 cm of the bone if the needle was accidentally
pulled out during the procedure and to prevent any

Table 1 Clinical characteristics of patient population
Variables

All (N=49)

Age (years)
Sex (% female)
Race (% Caucasian)
Charlson comorbidity index
Months between fracture fixation
and modified Hernigou procedure
Early intervention (% treated
within 6 months after fixation)
Previous surgical fixation (%)
Fracture gap (mm)
Gap≥5 mm
Open fracture
Comminuted fracture
Fracture site
Femur
Tibia-fibula
Humerus

53.9 (19–93)
33 (67.3%)
38 (77.6%)
0.67 (0–6)
6.9 (4–30)
29 (60.4%)
49 (100%)
5.2 (1.0–20)
23 (46.9%)
11 (22.4%)
13 (26.5%)
p=0.4
19 (38.8%)
23 (46.9%)
7 (14.3%)
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iatrogenic injury to iliac bone. The marrow was aspirated
using a 30-cm3 syringe (Fig. 1). If no marrow can be
aspirated after entry, the needle was reoriented. The trocar
was turned 45 after every 10 cm3 aspirated to permit
aspiration from the largest possible space. The marrow
aspirated was not more than 10 cm3 every time to reduce
dilution by peripheral blood. After aspirating 30 cm3 of bone
marrow, the trocar was withdrawn 1 cm, and the process
was repeated. Multiple perforations of the iliac crest can
be made but should be spaced at least 2 cm apart to
avoid aspirating in the same area. The aspirates were
then pooled and transferred to the Harvest system to
concentrate the bone marrow (Fig. 2). The 60 cm3 of
bone marrow is typically concentrated to 10 cm3 for
injection. In our first 20 patients, we sent 1 cm3 of
aspirate and 1 cm3 of concentrate to the laboratory for
the analysis of nucleated cells and colony forming unit
(CFU) count. The count of nucleated cells in aspirate
was 18.62±12.16 and in concentrate was 101.48±64.13
while CFU count per milliliter in aspirate was 205±152
and in concentrate was 1014±958. The CFU count per
milliliter and concentration of nucleated cells in concentrate was consistently higher in our first 20 patients,
which was required for union as described by Hernigou
for healing of nonunion [13]. So, the count was not
repeated for further patients in our study.
While the marrow was being concentrated, percutaneous incision was made over the fracture site. Biopsies
and cultures were taken from the fracture site to rule out
infection or any other bone pathology that may affect
healing. Using curettage and rongeur, space was created
over the fracture site and around the bone.
The BMAC was mixed with adjuvants such as DBM
and/or rhBMP-2 (Fig. 3). The total volume of the marrow
was then slowly injected into the space created previously
(Fig. 4). Prior to injection, iohexol was also added to allow
fluoroscopic visualization (Fig. 5). After injection, the trocar
is slowly withdrawn and the skin is then sutured closed to

Fig. 1. A Jamshidi needle is inserted at the incision site between the
inner and outer tables of the iliac bone and hammered approximately
6 cm into the cancellous bone. The bone marrow is aspirated using a
30-cm3 syringe.
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avoid the leakage of marrow. The skin over donor site was
also sutured.
In this study, patients had similar demographic characteristics in terms of age and sex for BMAC with DBM and
BMAC with rhBMP-2 and all other relevant clinical information was collected. In all patients, calcium and vitamin D
levels were checked after initial procedure and treatment
was started if those levels were low. All patients had vitamin
D level 30 μg/dl or more prior and during follow-up. At the
initial consultation, both anteroposterior (AP) and lateral
radiographs were obtained for patients referred to our clinic
with diagnosis of nonunion or delayed union. As described
in prior literature, nonunion was defined as BA fracture that
has no potential to heal without further intervention.^ And
delayed union was defined as BA fracture that takes more
than usual time to heal^ [25].
Radiographs were reviewed by three independent orthopedic surgeons. The first one (JML) was a Professor of
orthopedics at both institutions, and the other two were
fellowship-trained orthopedic trauma surgeons. The fracture
gap was measured as the largest distance between two cortical fragments at the fracture site. Inter-observer variability
was resolved by re-reviewing the radiographs until all three
orthopedic surgeons reached a consensus (Fig. 6).
Patients remained non-weight bearing on the operated
extremity for the first 3 weeks. Radiographs were taken after
3 weeks and weight bearing was permitted if callus formation was present. Radiographs were then repeated every
4 weeks until the fracture healed or nonunion was confirmed. Our primary outcome was radiographic healing of
the fracture. Bridging of three out of four cortices on AP and
lateral radiographs was considered as radiographic healing.
Descriptive statistics were calculated using means and
standard deviations for continuous variables and frequencies
and percentages for categorical variables. Following the
descriptive analysis, differences in clinical characteristics
between patients that healed and those that did not heal were
evaluated using independent samples t tests for continuous
variables and chi square or Fisher’s exact test for categorical
variables. Crude odds ratios (cOR) and their respective 95%
confidence intervals (95% CI) were calculated to assess the
magnitude and precision of their associations. A multivariable binary logistic regression model was then created to
evaluate the adjusted associations of each potential explanatory variable to predict the likelihood of healing. Variables
with a univariate significance level of 0.25 or less or those
deemed to be clinically relevant were eligible for inclusion
in the analysis. Using a forward stepwise procedure, variables that failed to achieve a p value of 0.15 or below were
removed from the final model. Because of the explanatory
nature of the analyses, 0.15 was chosen as the threshold for
retention in the final model; however, statistical significance
was still set at p≤0.05.
Results
In our study, the concentration of nucleated cells was 18.62
±12.16 in the aspirate from bone marrow and it increased to
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Fig. 2. The bone marrow aspirates are pooled and transferred to the Harvest system for concentration.

101.48±64.3 after concentration which is higher than other
commercially available concentrate systems. BAbsolute
CFU^ count in our study was 205±152/ml in aspirate and
1014±958/ml in concentrate. The level of concentration of
nucleated cells and absolute CFU was steadily elevated in
our first 20 patients higher than other commercially available concentrate systems, and so, we did not repeat them for
other patients in our study.
The overall healing rate following the modified
Hernigou procedure was 79.6% with an average healing
time of 4.7 months. Univariate analysis showed that
healing rate was not affected by nonunion location (tibia, femur, or humerus) (p=0.481), fracture gap size (> or
<5 mm) (p=0.828), (Table 2) or presence of an atypical
bisphosphonate fracture (p=0.2).
The DBM and rhBMP-2 groups did not differ in any
clinical characteristics (Table 3). The rate of healing was
86.4% with DBM vs 70.8% with rhBMP-2 and on multivariate logistic regression model showed decreased likelihood
of healing in patients with rhBMP-2 treatment vs DBM
(p=0.036) and late intervention (≥6 months after the initial
fixation) (p=0.04). All three patients who received both
rhBMP-2 and DBM with BMAC healed. There was no
significant association of poor healing with age, sex, fracture
gap size (≥ or <5 mm), fracture location, or the presence of

Fig. 3. The concentrated bone marrow aspirate (BMAC) is mixed
with osteoinductive biomaterials (DBM and/or rhBMP-2) and iohexol
for visualization under fluoroscopy.

atypical bisphosphonate fracture. The multivariate linear
regression model (Table 4) showed slower healing in patients with increased fracture gap size. Healing time was
prolonged by 2 days (p=0.026) for each year of age and by
11.25 days (p=0.011) for each 1 mm of fracture gap. The
remaining factors evaluated showed no association with
healing time.
The healing rate of fracture was same in bisphosphonate
user vs nonuser group (Table 5). However, time to healing of
fracture in bisphosphonate user was 6.1 month vs nonuser
group which was 4 months (p=0.03).
Of the ten patients who failed to achieve radiographic
healing, all were offered surgical intervention in form of
open autologous bone grafting combined with
osteoinductive materials. Six underwent further surgical
treatment. One patient achieved clinical healing with a residual fracture site defect and refused for surgery. Three
other patients opted for pain control during our last followup. There were no local or systemic complications associated with this procedure.

Discussion
In this study, the rate of healing was the same in femur, tibia,
and humerus. There was no difference in healing rate in

Fig. 4. The BMAC and bioadjuvant mixture is injected into the
fracture site.
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Fig. 5. Intraoperative fluoroscopy illustrating injection site with
iohexol dye.

open vs closed fractures and simple vs comminuted
fractures [23]. The rate of healing of the fracture was
not affected by fracture gap. The other characteristics
that increased time to healing were increase in age of
patient and increase in fracture gap. There was increase
in time to healing of fracture in patients with history of
bisphosphonate use.
This study has several limitations. Firstly, our sample
size is small. The group treated with BMAC and DBM
as well as the group treated with BMAC and rhBMP-2
were similar in most clinical characteristics. However,
there was no randomization of the groups like in prospective cohort study. Furthermore, there was no control
group receiving BMAC without osteoinductive biomaterials. However, superior results of combination of
BMAC with DBM over BMAC with rhBMP-2 make
us conclude better result of BMAC with DBM over
BMAC alone.
Hernigou demonstrated that growth factors are released from the bone marrow and they are useful in
healing of the bone [12]. In a separate study, he looked
at the concentration and number of Bprogenitor cells^
needed for the healing of atrophic nonunion in tibia
[13]. He measured the concentration of progenitor cells
aspirated from bone marrow in the form of Bfibroblast
colony forming units^ (CFU-F). The amount of healing
was directly related to the concentration of CFU-F and
time to healing was indirectly related to CFU-F. The
number of progenitor cells was less than normal in the
aspirate obtained from the bone marrow and required
concentration for the healing of the bone. In the same
study, he showed that absolute CFU less than 634±187/
ml led to the failure of the procedure. In our study,
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absolute CFU count was 1270±1009/ml, which is much
higher. The bone marrow aspirate contains only 0.1% of
progenitor or nucleated cells and requires concentration.
Spinning of the concentrate for 5 min at 400-g force
leads to collection of cells which are heavier due to the
presence of nucleus to the periphery. These cells are
collected and separated from the remainder and one
can get concentrated progenitor cells [5]. In our study,
the concentration of nucleated cells was 18.62±12.16 in
the aspirate from the bone marrow and it increased to
66.52±19.47 after concentration which is higher than
other commercially available concentrate systems.
In this study, 79.6% of patients attained radiographic
healing at an average of 4.7 months. The only other
large study of the treatment of nonunion with BMAC
injection showed a higher healing rate (88%) and a
faster healing time (12 weeks) [13]. In that study, all
patients underwent external fixation or conservative therapy for the initial fracture for tibia, whereas all of our
patients had nonunion after some form of internal fixation and possibility of nonunion without any further
intervention was confirmed. Thus, our data may reflect
the treatment of more refractory nonunions. The longer
healing times in our study may be due to the inclusion
of patients with larger fracture gaps, patients with bisphosphonate use, and older age (54 vs 40 years), all of
which are associated with prolonged healing time in our
analysis (Tables 4 and 5). We have successfully demonstrated
that our technique could be used for the treatment of nonunion
in other long bones in addition to tibia.
There are no studies which include method of percutaneous BMAC injection for fracture gap greater than
5 mm. By adding osteoinductive biomaterials, we have
augmented the previously described technique of BMAC
injection to treat patients with nonunions of various long
bones and with fracture gaps ≥5 mm [13]. Time to
union increases by 11.25 days for every 1-mm increase
in fracture gap.
There is a lack of studies comparing the efficacy of
bone morphogenic proteins (BMPs) and DBM in bone
healing. While BMP is proven to effectively treat nonunion, DBM is not currently recommended as monotherapy due to a broad range of healing rates (52% to
85.1%) and a lack of randomized controlled trials comparing DBM to autologous bone grafting [9, 24, 26].
However, our study demonstrates the efficacy of DBM
combined with BMAC for nonunion therapy, with a
healing rate of 86.4%. These results are consistent with
the Bdiamond concept^ of fracture healing—the regeneration of skeletal defects requires osteogenic cells,
osteoinductive stimulants, an osteoconductive matrix,
and mechanical stability [10]. Unlike rhBMP-2, DBM
consists of an osteoconductive matrix that recruits
osteoprogenitor cells. Furthermore, it contains a number
of osteoinductive growth factors, including BMPs,
growth differentiation factors, and TGF-β [1]s. In contrast, rhBMP-2 is a solitary growth factor without a
physiologic scaffold, which may explain its inferiority
to DBM in our study. Notably, all three patients that we
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b

c

d

Fig. 6. Anteroposterior (AP) and lateral radiographs of a 59-year-old man with a comminuted tibial fracture with a gap of 7.7 mm taken a preoperatively; then post-operatively at b 3 weeks, c 6 weeks, and d 12 weeks. Note that the patient had removal of distal screws over tibia due to
pain over site of screw insertion 1 week prior to our follow-up at 12 weeks. Fracture had healed and so both static and dynamic locking screws
over distal tibia were removed.

Table 2 Healed vs nonhealed groups

Fracture location
Femur
Tibia
Humerus
Open vs closed fracture
Open fracture
Closed fracture
Communited fracture
Early vs late intervention
Early intervention
(≤6 months)
Late intervention
Gap
<5 mm
≥5 mm

Healed

% or SD

Non Healed

% or SD

14
20
5

73.7%
87.0%
71.4%

5
3
2

26.3%
13.0%
28.6%

8
31
10

72.7%
81.6%
76.9%

3
7
3

27.3%
18.4%
23.1%

27

93.1%

2

6.9%

11

57.9%

8

42.1%

21
18

80.8
78.3%

5
5

19.2%
21.7%

p value
0.481

0.673

0.004

0.711
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Table 3 BMP vs DBM cohorts
Variables

Total patients
N=49

BMP group
N=24

DBM group
N=22

p value

Age in years
Sex (% females)
Early treatment (less than 6 months)
Late treatment (after 6 months)
Fracture characteristics
Femur/tibia/humerus
Fracture gap (mm)
Fracture gap ≥5 mm
Fracture healing
Rate
Time (months)

53.9 (19–93)
67.3%
60.4%
39.6%

53.8(19–84)
70.8%
52.2%
47.8%

54.9(27–3)
68.2%
68.2%
31.8%

0.72
0.62
0.211

19/23/7
5.2(1–20)
46.9%

12/11/1
5(1–16)
41.7%

6/11/5
5.7(1–20)
54.5%

0.21
0.51
0.623

79.6%
4.7(2–12)

70.8%
4.8(2–12)

86.4%
4.5(2–12)

0.033
0.5

p=0.033 for healing rate between DBM and BMP group as per multivariate analysis
p>0.05 for all others

treated with both DBM and rhBMP-2 achieved radiographic healing. While this subgroup is too small to
include in our statistical analyses, further studies can
elucidate the efficacy of this combined therapy.
The only previously identified risk factors for poor
healing following BMAC injection are a lower number and
concentration of progenitor cells in the bone marrow aspirate
[13]. Our analysis identified several risk factors for failure to
heal, including late treatment of nonunion and treatment
with BMAC and rhBMP-2. The relationship between late
treatment for nonunion and poor prognosis is less clear. We
do accept the possibility that patients treated earlier may not
have a true nonunion and may be able to heal intrinsically;
biological changes may occur over time at the site of nonunion, thereby perpetuating the inability to heal. However,
resorption of bone on x-ray and increase in fracture gap with
good internal fixation led the authors to consider a high
possibility of nonunion as early as 4 months after initial
procedure. Increased age is associated with decreased bone
marrow cellularity and connective tissue progenitors, which
may explain our findings of increased healing time with
increase in age [7, 20]. A long-term use of bisphosphonate,
the drug, causes alterations to normal pattern of collagen
cross-linking in bone, increased mineralization, reduced heterogeneity of mineralization, reduced vascularity, and eventually reduced bone turnover. A reduction in bone turnover

causes ineffective curing of cracks in the bone. This results
in delayed fracture healing in patients with bisphosphonate
use [2].
In conclusion, this study introduces a technique involving the injection of concentrated bone marrow aspirates
combined with osteoinductive biomaterials for the treatment
of nonunion. Our data show that this treatment strategy is
effective for nonunions of the femur, tibia, and humerus;
with fracture gaps greater than 5 mm; and in the presence of
previous internal fixation. Furthermore, DBM appears to be
more effective than rhBMP-2 in this procedure when used as
adjuvant with BMAC. We also identified that late treatment
after nonunion is associated with poor prognosis. We plan to
enroll more patients to assess the efficacy of using both
DBM and rhBMP-2 with BMAC as well as BMAC without
any biological additives. Based on the findings of the current
study, we make following recommendations:
1. The modified Hernigou technique is a minimally invasive option for the treatment of nonunions of long bone.
2. This procedure is effective when performed within
6 months of the initial fracture fixation.
3. DBM is superior to the more costly rhBMP-2 in healing
nonunions when combined with BMAC.
4. Healing rate is not affected by previous bisphosphonate
use, long bone involved, or fracture characteristics.
Table 5 Bisphosphonate user vs nonuser

Table 4 Results of multivariate linear regression model for time of
healing

Age
Gap (mm)

Unstandardized
beta coefficient

p value

0.067
0.375

0.026
0.011

95% confidence
interval
0.009
0.093

0.126
0.658

The beta coefficient indicates the factor by which a one-unit increase in
the variable increases the outcome. For example, for every 1 year
increase in age, the amount of time expected for healing increases by
0.067 months. As a result, healing time was prolonged by approximately 2 days (p=0.026) for each year of increased age and by
11.25 days (p=0.011) for each 1 mm increase in fracture

Bisphosphonate Bisphosphonate p value
user
nonuser
Average age in years
Time to intervention
after original procedure
Within 6 months
After 6 months
Fracture gap
≤5 mm
>5 mm
Healing
Time to healing
(in months)

67.7

54.9

12/20 (60%)
8/20 (40%)

18/29 (62%)
11/29 (38%)

14/20 (70%)
6/20 (30%)
15/20 (75%)
6.1

12/29 (41.3%)
17/29 (59.7%)
24/29 (82.7%)
4.0

0.08
0.4

0.5
0.5
0.03
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