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Abstract

Context: This article wants to give a current concept for the challenging decision for conservative or operative treatment strategiesef non-
unions according to the principles of ‘diamond concept’ and aspects that have to be attended.

Evidence Acquisition: Between February 2010 and March 2014, 424 patients with non-unions were treated at Heidelberg university
hospital. This database has been analyzed at least one year after the treatment. The analysis and the experience in surgery and treatment
of non-unions as well as present literature were prepared for this review as a current concept.

Results: If an atrophic non-union is suggested, reosteosynthesis and biological stimulation is required-A revision surgery of autologous
transplantation of cancellous bone from the iliac crest is often enough. Alternatively, rf€amer-irrigator-aspirator (RIA) can be taken out
of the femur with lower complications and pain in the extraction area and be combined'with growth factors like bone morphogenetic
proteins (BMPs), if consolidation after cancellous bone is still absent. In complex cases, consequential and radical removal of the infection
often improved circulation through interventional angiography and use of the two-stép procedure (the Masquelet technique) as well as
a tissue covering are required.

Conclusions: By using the ‘diamond concept’ as a complex concept, non-unions.can be treated indifferent stages in a targeted manner.
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1. Context

The percentage of delayed or non-union after fractures of
long bones is approximately 10%, but depends on patient’s
risk profile. The current definition states that a non-union
is a fracture that will not consolidate withoug@ny further
intervention, independent of the treatment time. With
adequate stability, conservative treatmment ‘infthe early
stages of a non-union is possible. The @perative tréatment
depends on the type of non-union. Thereare one-step or
two-step procedures according to the principles of the ‘di-
amond concept’. This involves the improvement of the me-
chanical situation (in most cases with‘a eosteosynthesis)
and vascularization, local application of osteoconductive
carriers e.g. tricalciumphosphate,vital cells from autolo-
gous bone, and gsteoinductive’substances like bone mor-
phogenetic proteins (BMP-2.or BMP-7).

Hypertrophic and, atrophic non-unions without large
defect gaps or signsof infection can be treated with a
one-step procedure. For treating infected non-unions or
non-unions with large defect gaps, the Masquelet tech-
niquejis recommended.

2. Evidence Acquisition

University of Heidelberg hospital is the major center
for orthopaedic treatments in Germany. This database
has been analyzed at least one year after treatment. Our

resultssWere on one hand based on a collective of 424
patients with non-unions who were treated in our cen-
ter between February 2010 and March 2014, and on the
other hand they were based on the current literature on
e.g. PubMed. The analysis and the experience in surgery
and treatment of non-unions as well as present literature
were prepared for this review as a current concept.

3. Results

3.1. Epidemiology

In general, non-union as a complication of fracture
healing occurs in 5% -10% of cases (1) and can be as high as
30% in high-risk groups (2-5).

The high incidence on the tibia can be explained by poor
tissue covering and therefore poor blood circulation. In ad-
dition, there is more often 2° - 3° of open injuries with com-
plexdamage of the bone and the surrounding soft tissue (5).

The incidence of non-unions in bones of the extremi-
ties is as follows: the tibia has on average an occurrence
of 8.7% (6, 7), the femur only slightly less at 6.1% (8-10), the
humerus 3% - 5%, and the lower arm 5% (11-18).

According to the data in our non-union register, there
is a greater presence of non-unions in male patients be-
tween the ages of 30 and 50 years.
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3.2. Risk Factors

Besides the type of fracture and the soft tissue damage,
there are other risk factors for the development of non-
unions (19). Smoking increases the risk of delayed heal-
ing or non-unions (5, 20). In addition, advanced age has a
negative effect on physiological fracture healing (21, 22).
Other factors such as diabetes mellitus, the use of non-
steroidal anti-inflammatory drugs (NSAIDs) and previous
fractures of the same extremity also have negative effects
(23, 24). In the risk score according to Moghaddam et al.
all of these risk factors have their relative importance for
measuring the individual risk of a patient for developing
anon-union (5) (Table 1).

3.3. Diagnosis

The diagnosis begins with extensive history taking and
includes the individual risk profile of the patient, taking
into account previous illnesses and medications as well
as all previous conservative and operative treatments.
History of previous infections should be taken into ac-
count as well as the analysis of previous clinical and ra-
diological findings. Blood circulation and soft tissue at
the site of injury should also be evaluated.

Clinical indications of non-union include pain on weight
bearing, limitations to the mobility of an extremity, or in-
stability. In addition, there are clinical signs of infection te
be aware of, such as redness, swelling and warmth or de-
velopment of a fistula. One should especially look outsfer
local, systemic or anamnestic signs of osteitis.

Conventional radiological imaging of the affected ex-
tremity in two levels with inclusion of jointssis,standard
for diagnosing faulty positioning or /instability. One
should note that defects cannot be completély observed
with native X-rays due to summation and covering. An
additional computed tomography (CT) can“be used to
evaluate whether there is partial or entire bridging of the
defect gap. In addition, a contrast magnetic resonance
imaging (MRI) can be usedito evaluate vascularization of
the bone and separate vital and non-vital areas (25) (A CT
scan is considered the gold standard for evaluating non-
unions and providing information for treatment).

3.4. Classification

According,to theleutrent definition from European society
ofstissue regeneration in orthopedics and traumatology (ES-
TROT)pa non-union is a fracture that does not heal without
furtherintervention, independent of the length of treatment.

Non-unions are classically divided into four types: hy-
pertrophic due to mechanical causes, atrophic due to
biological causes, defect, and infection non-unions.

Hypertrophic non-unions develop due to insufficient
mechanical stability and can lead to formation of a callus
in the area of fracture. Bone consolidation does not occur.
If therapy is delayed, atrophic non-unions can develop
(26). Atrophic non-unions often involve reduced vascu-
larity of the defect gap and surrounding bone, which can

lead to atrophy of the fracture ends. Defect non-unions
usually occur due to high-speed trauma and higher grade
open fractures, which can cause loss of bone through nu-
merous fragments. Furthermore, infected non-unions
develop primarily in open fractures after traumas in
which germs can get into the wound.

Besides the purely morphological classification, thereis
a new classification system according to the non-union
scoring system (NUSS) which incorporates bong quality,
soft tissue damage, and the individual patient risk (e.g.
smoking) into a score (27). From this NUSS=score, there
are therapy considerations that can be adaptedto,the pa-
tient (28-30). The higher the score, the more specialized
and custom the therapy concept must be to.offerthe pos-
sibility of consolidation(Table 2).

3.5. Therapy

The goal of non-union thetapy is the consolidation of bone
defects with correction of‘the axis and leg length as well as
reaching weight bearing stability. A sufficient tissue covering
as well as removalof the infection are the basic prerequisites.

Independent of ‘the type of non-union and localiza-
tion, therapy can differ in conservative and operative ap-
proaches.

3.5.14Conservative

Consegvative approaches are especially useful in the early
phase of non-union treatment and require sufficient me-
chanical stability as well as bone regeneration potential.
The newest methods in conservative treatment in delayed
fracture healing of the lower extremity are consequential
weight bearing until full weight bearing can be mustered.

The most common methods of conservative treatment in
delayed fracture healing in the area of the lower extremity
are consequential weight bearing to full weight bearing.

Additionally, fractures are treated with daily lower ener-
gy ultrasound (a possibility of conservative therapy is the
application of low energy ultrasound to the defect gap),
over a defined interval of three to six months.

The deciding criteria for successful treatment with low
energy ultrasound are sufficient stability as well as a de-
fect gap of under 10 mm, free of infection in the previous
history, start of therapy in less than five months after the
fracture, and a NUSS-score less than 35 (31).

3.5.2. Operative Treatment Diamond Concept

The multi-factorial causes of delayed fracture healing
make an individual patient’s specific therapy noteworthy.
In this way, the so-called diamond concept (Figure 1) has
become evermore established (3, 32). Therapy consists of
an optimized combination of biological and biomechani-
cal factors (29, 33-38) (The diamond concept has five differ-
ent factors that must be analyzed for therapy) (39).

Non-unions are analyzed according to the following criteria:

- Biomechanical stability; example: through angle sta-
ble implants, dynamized medulla nailing.
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- Osteogenic cells: in form of mesenchymal stem cells
(MSCs), autologous cancellous bone (iliac crest or reamer
irrigator aspirator (RIA)).

- Osteoconductive structures; example: autologous can-
cellous bone, synthetic bone replacement material (ex-
ample: tricalcium phosphate).

- Growth hormones; examples: bone morphogenetic
protein (BMP)-2 and BMP-7.

- Vascularization: through improving the macro-circu-
lation and local induction of a Masquelet membrane re-
newal of the fracture ends.

Inlooking at individual clinical and radiological param-
eters, there are a number of factors lacking in a combi-
nation treatment and therefore, systemic optimization
of the biological and biomechanical treatment of non-
unions should be looked at (29, 34, 40, 41).

3.5.3.Isolation of Bone Replacement Material

The iliac crest often serves as the source of autologous
cancellous bone. The method involved is widely used and
is considered the gold standard in the surgical treatment
of non-unions. It has the optimal consistency and can es-
tablish good primary stability as a tricortical graft. Prob-
lematic is the limited availability and differing quality and
quantity as well as a high extraction morbidity (25, 42-46).

An alternative to autologous cancellous bone extraction
is the use of RIA (Depuy-Synthes, USA) (Figure 2). In this
procedure, the percutaneous opening of the medullary:
cavity is performed with a combination of drilling, cléan-
ing and vacuum extraction of MSCs out of long bones. This
method is primarily performed on the femur, but.can alse
be done on the tibia. In this way; it is possibleto extract 80
cm of the autologous bone material for transplantation
(25, 35, 43-48) (an alternative to extraction of cancellous
bone from the iliac crest is the RIA method, whichiinvolves
winning cancellous bone out of the femur):

There is a larger amount of growth factors (e.g. BMP-
2) in the RIA material as inqautologous cancellous bone
from the iliac crest. RIAdmaterialisshows a higher osteo-
conductive potential in comparison to autologous can-
cellous bone (25, 46549, 50):

3.5.4. Complications

The main complications of removal of cancellous bone
fromthe iliac crestare infections, development of hema-
tomas, fractures, hypertrophic scars, and chronic pain
from the extraction area (51).

The complications associated with RIA to win autolo-
gous bone material are substantially less. In our patient
collective, we observed a perforation of the femoral shaft
(1/200), which could have been avoided by correctly posi-
tioning the guide wire in both levels.

3.5.5. Growth Factors

Growth factors play a deciding roll in physiological frac-
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ture healing and bone regeneration. Currently, there are
two growth hormones permitted for use in orthopedics
and trauma surgery. These include BMP 2 for open lower
leg fractures and BMP-7 for non-unions of the tibia.

Studies over the past years have shown that the use of
BMP-7 is at least equal to a single cancellous bone graft (52).
Furthermore, there are adequate indications in everyday
clinical routine to suggest increases in the healing ratesof
non-unions (18). The combination of autologous cancellous
bone with BMPs is clearly superior to a single cancellous
bone graft (53).

BMP-7is not currently commercially availablé; so, increased
BMP-2 (Medtronic) can be used in non-union therapy.

The authors recommend the additional use'of, BMPs in a
failed therapy with autologeusiecancellous bone. In addi-
tion, when the effect is cleatly proven by clinical studies, we
recommend receiving approval of€osts fromthe insurance
company and approval ofits,usefrom a panel of experts.

3.6. Bone Matrow Drilling<in, Hypertrophic Non-
Unions

According to the diamond concept, optimizing mechani-
cal stability is indicated in‘hypertrophic non-unions. In the
case of an'instable osteosynthesis, a reosteosynthesis is nec-
essary. In_simple cases, the dynamization of an adjoining
nail with full weight bearing is possible. In complex cases, a
reosteosynthésis with medullary cavity drilling and medul-
larynail osteosynthesis with a thick nail is necessary (54) (in
hypertrophic non-unions in the tibia shaft area, medullary
cavity drilling and nail osteosynthesis has been indicated).

3.6.1. Positioning

Apatientis positioned on the back and the x-ray beam is po-
sitioned on the contralateral side. The placement of a blood
tourniquet is not necessary for intramedullary osteosynthe-
sis, but can be necessary for other intervention techniques.

3.6.2. Execution: Tibia Non-Union

The knee was bent maximally with the help of orienta-
tion points, the tuberositas tibiae and middle of the pa-
tella, and the skin was cut. The patellar ligament was cut
lengthwise. After the opening of the medullary cavity with
an awl, a guide wire was inserted. The correct positioning
was tested with the aid of an x-ray intensifier in two levels.

The drilling began with the smallest drill and was in-
creased incrementally thereafter. The largest drill was
used under intensified image control and was complete
only when the drill head had entirely filled the smallest
shaft area of the medullary cavity. As a result, the medul-
lary nail can be inserted. This should be 1 mm less in di-
ameter than maximal drilling.

Because an aseptic non-union can potentially be caused
by a low-grade fever, the possibility of using an antibiotic
covered nail (e.g. expert tibial nail (ETN) PROtect) can be
considered (55).
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3.6.3. Follow-Up

After wound healing is over, full weight bearing is pos-
sible. Up until this point, the patient needs low-dose
heparin. For improving the functional outcome, physio-
therapy of the bordering joints plays an important role.

3.7. Atrophic Non-Unions

Atrophic non-unions are described as insufficient and
stagnated bone regeneration. According to the diamond
concept, an additional biological activation of bone re-
generation is often necessary (In atrophic non-unions,
biological activation of bone regeneration is necessary).

3.7.1. Surgery According to the Diamond Concept

In the first step, previously implanted osteosynthesis
material is completely removed and the proximal and
distal ends of the non-union gaps are debrided down to
healthy bone. In long bones, debridement should always
be expanded to the entire medullary cavity (29, 33, 35, 46).
Often a complete implant removal and reosteosynthesis
are needed to ensure optimal biomechanical stability
and correction of faulty positioning.

After radical debridement of the non-union and reosteo-
synthesis, defect gaps are filled with autologous cancel-
lous bone in combination with synthetic resorbable ma-
terial (e.g. tricalciumphosphate) as an osteoconductive
scaffold. This can occur in the form of autologous cancel-
lous bone from the iliac crest or through the RIA System
from the contralateral femur or tibia. An optimal(scaffold
should not only be osteoconductive, but also have'good
cell adhesion capabilities and adequate stability as wellas
flexibility. The criteria for a good scaffold cande summa-
rized under the 4 F's: form, function] fixation and/forma-
tion. The currently available material only fuifills these
criteria partially (56).

In bone defects under 2 cm (or 5 cm) with no signs of
infection, defect gap filling is thelonly treatment concept
used. In larger defects'and in the preésence of an infection,
bone formation involves a two-step method, the Masque-
let technique (Figure 3).

The one-step method is‘contraindicated when there were
signs of infection. Furthermore, the age of the patients
plays azele asa possible contraindication. The morbidity as-
sociated with the procedure should be considered. In some
cases, cancellous bone from a donor can be used. Patients
with'atoo narrow medullary cavity of the femur of less than
10mm in the isthmus are not right for RIA removal (46).

3.72. Further Bone Replacement Materials

In addition to allogeneic bone grafts, bone replacement
material tricalciumphosphate or growth factors such as
BMP-2 or BMP-7 are used (57). This material has osteoin-
ductive and osteconductive effects, which are only pres-
ent when the surroundings of the non-union are vital
and well vascularized.

3.7.3. Alternative Methods

In very large bone defects, it must be tested whether
bone formation is possible with the Masquelet tech-
nique, or if alternatives need to be considered such as cal-
lus distraction with an Ilizarov fixator or a vascularized
bone transplant or other alternatives.

3.7.4. Follow-Up

Follow-up is dependent on the type of executed reosteo-
synthesis. In the lower extremity, partiaLweight bearing
of 20 kg for six weeks followed by incregmental increases
to full weight bearing is recommended.

3.8. Defect and Infection Nen-Unions

3.8.1. Bone Formation'Withdhe Masquelet Technique

This technique is used when there is suspicion of infection
or a non-ufion with a defectgap of >2 cm (5 cm). In the first
operation, the defect gap is filled with polymethylmethac-
rylat (PMMA) cement and removal of avital tissue is con-
ducted. In the presence of a known infection, an antibiotic
can_be mixed with/the cement. The PMMA cement should
bé applied overthe bordering vital bone. (Figures 3 and 4)

Through @ reaction with the cement, the induction of a
highly vital membrane similar to natural periost occurs,
which'is'tesponsible for the circulation of the later trans-
planted graft material. This first step can be repeated as of-
ten as necessary until sanitation of the infection occurs (46).

The adjoining osteosynthesis material should be com-
pletely removed if there is suspicion of a previous infec-
tion and the extremity should be secured up until the
second operation with an external fixator. Adherent
bacteria on the implant surface could be observed with
a sonication. In this way, the exact microbiological spec-
trum can be defined and treated with antibiotics. The
debrided bone tissue can be evaluated microbiological-
ly and pathologically. If cultures are positive, additional
debridement and adaption of local antibiotics is neces-
sary until the infection is cleared (46).

After sanitation of the infection and a four-to-six-week
interval, the defect is reconstructed with bone regenera-
tion and in certain cases re-osteosynthesis happens. The
constructed Masquelet membrane is opened lengthwise,
PMMA cement is removed carefully, and the defect is
filled with a combination of MSC-rich autologous cancel-
lous bone (e.g. cancellous bone from the iliac crest or RIA
material), tricalcium phosphate (TCP) and an osteoinduc-
tive growth factor (e.g. BMP-7 or BMP-2) (58).

3.8.2. Follow-Up

As far as follow-up is concerned, the lower extremity is
weighted with 20 kg for six weeks with the recommend-
ed successive increase in weight. Carrying weight on the
upper extremity should be avoided for the same period.
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Table 1. Score for Measuring an Individual’s Risk of Developing a Non-Union (5)

Sub-Item Scores
Localization
Humerus Prox. 4 points Diaph. 6 points Distal 2 points
Forearm Prox. 4 points Diaph. 6 points Distal 2 points
Femur Prox. 4 points Diaph. 6 points Distal 8 points
Tibia Prox. 6 points Diaph. 8 points Distal 4 points
Soft Tissue
General 1° open 4 points 2° open 6 points 3°op
General Fasciotomy 4 points ¢ Previous fracture 8 points ¢ ic order ints P
Smoking

General Smoker 15 points Previous smoker 5 points n- smoker 0 points

Comorbiditiy/Medication
General NSAID 4 points Bisphosphonate 6 po iabetes 4 points
Type1 <10 points Low risk NA
Type 2 10 - 20 points Middlexisk NA
Type3 >20 points NA

Abbreviations: diaph, diaphyseal; prox, proximal; NA, not available.
3Affected bone.
bAffected limb.

Growth Factors

Mechanical Environment
(ETN PROtect™)

Osteogenic Cells

Figure 1. Factors of the Diamond Concept
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Table 2. Non-Union Scoring System (27)

Criteria Score? Max.Score
The Bone
Quality of the bone
Good 0 NA
Moderate (e.g. mildly osteoporotic) 1 NA
Poor (e.g. severe porosis or bone loss) 2
Very poor (necrotic, appears avascular or septic) 3

Primary injury - open or closed fracture

Closed

Open1° grade A
Open 2-3°Agrade A
Open3°B-Cgrade 5 5

Number of previous interventions on this bone to procure healing

None NA
<2 2 NA
<4 3 NA
>4 4 4

Invasiveness of previous interventions

Minimally-invasive: Closed surgery (screws, k wires) (0] NA
Internal intra-medullary (nailing) 1 NA
Internal extra-medullary 2 NA
Any osteosynthesis which includes bone grafting 3 3
Adequacy of primary surgery
Adequate stability 0] NA
Inadequate stability 1 1
Weber and cech group
Hypertrophic 1 NA
Oligotrophic 3 NA
Atrophic 5 5
Bone alignment
Anatomic alignment (0] NA
Non-anatomic alignment 1 1
Bone defect - Gap
0.5-1cm 2 NA
1-3cm 3 NA
>3cm 5 5
Soft Tissues
Status
Int 0 NA
ntful surgery, minor scarring 2 NA
t of soft tissue defect (e.g. skin loss, local flap cover, multiple incisions, compartment syndrome, 3 NA
viouseomplex treatment of soft tissue defect (e.g. free flap) 4 NA
r vascularity: absence of distal pulses, poor capillary refill, venous insufficiency 5 NA
sence of actual skin lesion/defect (e.g. ulcer, sinus, exposed bone or plate) 6 6
The Patient
ASA Grade
10r2 0 NA
3or4 1 1
Diabetes

6 Shafa Ortho J. In Press( InPress):e4546
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No 0 NA
Yes - well controlled (HbA1lc <10) 1 NA
Yes - poorly controlled (HbA1c >10) 2 2
Blood tests: FBC, ESR, CRP
FBC: WCC>12 1 NA
ESR>20 1 NA
CRP>20 1 3
Clinical infection status
Clean 0 N
Previously infected or suspicion of infection
Septic 4
Drugs
Steroids 1
NSAIDs 2
Smoking status
No 0 NA
Yes 5 5

Abbreviation: NA, not available.
3Higher score implies a more-difficult-to-procure union.

Figure 2. Reamer Irrigator Aspirator Method

.\

A, Position control; B, reaming of left femur shaft by RIA; C, harvesting of autologous bone craft by RIA + BMP2 (materials: Vitoss and wetted matrix with
BMP-2); D, skin incision for reamer: 4 cm.
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3.9. Soft Tissue Covering and Improvement of Vas-
cularization

Sufficient soft tissue covering and improvement of
blood circulation of the affected extremity are necessary
for successful non-union therapy and use of the above
mentioned techniques (Figure 5). An interdisciplinary
therapy concept in cooperation with plastic and vascular
surgeons is meaningful and often necessary.

Ideally, complex cases should be discussed interdisci-
plinary and a therapy concept should be agreed upon,
for example in an interdisciplinary extremity board. The
chance of healing is higher with interventional angiog-
raphy and sufficient soft tissue covering with a vascular-
ized surgical flap e.g. anterolateral thigh (ALT) flap before
definitive defect filling.

Atrophic Tibia Non-Union

Defect <1cm Defect <1cm
or or
No Clinical Signs of Clinical Signs of
Infection Infection

¥

¥

One - Step Treatment Accdording to

Two - Step Treatment

Masquelet

Figure 3. Diagram for Treatmént Decisions (39)

Figure 4. Defect and Infection Non-Unions of the Tibia in the Masquelet Technique

A, Preoperatively step [, 04/2012; B, postoperatively step II, 04/2012; C, postoperative step II, 06/2012; D - G, recall postoperative, 03/2014. Case report: patient
was treated with two-step Masquelet technique and diamond concept. Initial presentation: 11/2011. Patient: male, 72 years old. Infected non-union of the
left tibia after 3° open fracture. Status after resection and transport with Ilizarov fixateur. Risk factors: 19 previous surgeries, hypertonus, NSAID.

Shafa Ortho J. In Press( InPress):e4546
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Figure 5. Treatment of Osteitis of Chronic Tibia

A-C, Preoperatively; D and E, postoperative step [; Fand G, postoperative step II; H and I, postoperative: 1 year; ] and K, recall postoperative: 2 years.

4, Conclusions

Through'sufficient soft tissue management and stabile
primary osteosynthesis, the development of a non-union
can bejavoided. A useful prophylaxis against infections
and non-unions, especially in open lower leg fractures,
iSla’combination of BMP-2 and antibiotic covered medul-
lary nails (ETN PROtect) (55, 59, 60).

In delayed fracture healing, there are simple techniques
for improving the chances of bone consolidation such
as raising weight bearing or the dynamization of static
medullary nails.

Shafa Ortho J. In Press( InPress):e4546

In delayed fracture healing, consolidation can often
be reached with simple measures such as increasing the
load or dynamization of the statically locked medullary
nail. Additionally, a local ultrasound treatment in the
early phase of delayed fracture healing can be used.

If there are indications of an atrophic non-union, be-
sides a reosteosynthesis, biological stimulation is neces-
sary. In the first revision surgery, autologous transplanta-
tion of cancellous bone is often enough. Cancellous bone
can be removed from the iliac crest; however, there are
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often complications and pain in the area. Alternatively,
RIA can be taken out of the femur with lower extraction
morbidity. Through correct placement of the guide wire,
rare complications such as perforation or fracture of the
femur can be avoided. If consolidation after cancellous
bone is still not present, the further use of BMPs in com-
bination with cancellous bone is indicated. In complex
cases, consequential and radical removal of the infection
often requires improved circulation through interven-
tional angiography and use of the Masquelet technique
as well as a tissue covering to avoid treatment failure. In
complex cases, a close interdisciplinary team involving
an extremity board comprised of an orthopedist/trauma
surgeon, vascular surgeon, radiologist and plastic sur-
geons can be useful.

Footnote
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