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Case Studies in Fracture Healing

and Nonunions

Joseph Borrelli Jr. and Brent L. Norris

Introduction

The process of fracture healing in general consists
of three interdependent phases: inflammation,
repair, and remodeling. Normal fracture healing is
initiated by the local hematoma that forms when a
fracture occurs followed by an inflammatory
response that occurs in response to the fracture
and associated soft tissue injury. These initial
events, hematoma formation and inflammation,
have been shown to direct the downstream pro-
cesses of the fracture repair and remodeling
phases. The signaling cascades initiated during
this initial inflammatory phase play a critical role
in triggering bone regeneration and ultimately
fracture healing. This local inflammation is influ-
enced by both the acute systemic inflammatory
response to injury and any chronic inflammatory
states, commonly seen in certain acute and chronic
conditions (i.e., polytrauma, sepsis, diabetes,
rheumatoid arthritis, obesity, etc.). The inflamma-
tory phase has been recognized as a prerequisite
for successful bone healing [1, 2]. Factors that
affect local inflammation include the surrounding
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soft tissue injury, the fracture hematoma, and the
biomechanical stability of the fracture following
initial treatment. Additionally, medical interven-
tions, including the use of anti-inflammatory
drugs, the administration of corticosteroids,
smoking, and the use of alcohol by the patient,
have also been shown to affect the local and sys-
temic inflammation and ultimately fracture heal-
ing. The inflammatory stage serves primarily to
prepare the site for the upcoming bone healing
process by attracting large number of cells to the
area. This enhanced chemotaxis is accomplished
by the liberation of numerous inflammatory medi-
ators. Polymorphonuclear leukocytes (PMNs),
lymphocytes, blood monocytes, and macrophages
are readily attracted to the site and attract
additional inflammatory cells as well as mesen-
chymal cells, which ultimately leads to enhanced
angiogenesis and the production of extracellular
matrix [3].

Historically, fracture healing has been
described as occurring either via so-called pri-
mary or direct fracture healing and/or by second-
ary or indirect fracture healing. Primary bone
healing involves a direct attempt by the compo-
nents of cortical bone to unite directly with the
opposing cortical bone to reestablish the mechan-
ical integrity of the bone. This process is thought
to occur only when absolute stability of the
reduced fracture fragments has been established
by rigid internal fixation. Primary bone healing is
allowed to proceed as the accurate reduction and
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stable fixation results in a substantial decrease in
the strain at the fracture site. In general, absolute
stability between the fracture fragments is
obtained either with the placement of inter-
fragmentary lag screws (with a neutralization
plate) or with the use of dynamic compression
plates used to create inter-fragmentary compres-
sion directly. Bone production by osteoblasts fills
the microscopic gaps between the fracture frag-
ments in the same manner that the Howship lacu-
nae are filled after the action of “cutting cones.”
This type of bone healing occurs less frequently
than secondary or indirect bone healing [3].
Secondary or indirect fracture healing
involves an indirect method of fracture healing
that employs the surrounding external soft tissues
as well as the local periosteum to unite opposing
fracture fragments. This type of fracture healing
occurs in the absence of absolute stability
between the major fracture fragments. Secondary
bone healing includes the development of a frac-
ture callus (an intermediate step), which is pri-
marily made up of cartilage. During the healing
process, this cartilage is replaced by woven and
then lamellar bone. This intermediate step, which
involves the formation of callus, is absent, for the
most part, in primary fracture healing. Secondary
bone healing generally proceeds in four stages:
the hematoma phase, which serves to activate the
coagulation cascade, change the local environ-
ment, and attract inflammatory cells; the granula-
tion stage where the healing fracture is supported
by active osteoprogenitor cell proliferation,
angiogenesis, and abundant extracellular matrix
production; the stage of callus formation, soft
and hard, which contains—depending upon the
mechanical environment—different types of dif-
ferentiating mesenchymal stem cells (MSCs);
and the remodeling phase (a rather long process
that may take years to complete) where there is
resorption of the remaining callus and restoration
of the normal internal boney architecture without
scar formation. During secondary bone healing
the most important response to the fracture takes
place within the periosteum. Here, both commit-
ted osteoprogenitor cells and uncommitted undif-

ferentiated mesenchymal cells contribute to
fracture healing by recapitulation of embryonic
intramembranous ossification and endochondral
bone formation. The response from the perios-
teum is a fundamental reaction to a fracture; this
response is enhanced by micromotion between
the fracture fragments and is inhibited by rigid
fixation. Secondary bone healing is considered to
be rapid and capable of bridging gaps between
the fracture fragments as large as half the diame-
ter of the local bone. In general, relative fracture
stability occurs when fractures are treated nonop-
eratively with splints, casts, or fracture braces or
when treated operatively with indirect reduction
techniques utilizing bridge plate constructs,
intramedullary nails, and external fixators.

Primary or Direct Fracture Healing
Case 1 (Fig. 3.1)

Primary or direct fracture healing does not occur
commonly in nature. In fact, primary or direct
bone healing was originally identified over a cen-
tury ago with the introduction of rigid internal
fixation of fractures [4]. Primary bone healing
requires a near anatomical reduction of the frac-
ture fragments that is without any significant gap
between the fragments and stable or rigid fixa-
tion. This type of fracture healing is the goal of
treatment when open reduction and internal fixa-
tion (ORIF) of intra-articular, peri-articular, and
some diaphyseal fractures are treated with plates
and screws. When near anatomical reduction and
stable, if not rigid, fixation is achieved, direct
bone healing can occur by direct remodeling of
the lamellar bone, the Haversian canals, and
osseous blood vessels. This type of healing gen-
erally takes a few months to a few years before
complete healing (including the slow remodeling
process) is achieved. Therefore, this healing pro-
cess occurs considerably more slowly than sec-
ondary bone healing.

Both contact healing, where the fracture frag-
ments are brought into direct contact with each
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Fig. 3.1 Attempted posteroanterior (PA) (a) and lateral
(b) forearm radiographs demonstrating displaced, commi-
nuted fractures of the ulna and radius diaphysis.
Intraoperative radiograph (c) of both bone forearm frac-
tures after open reduction and internal fixation of the ulna
has been performed. PA (d) and lateral (e) forearm radio-

other, and gap healing, where the fracture frag-
ments are brought into very close proximity to
each other, occur during primary fracture healing.
In both cases the healing process involves an
attempt to directly reestablish a biomechanically
competent lamellar bone structure across the

graphs, 14 months following ORIF with anatomic reduc-
tion, inter-fragmentary compression with the use of lag
screws and dynamic compression plates. Each fracture
has healed via primary bone healing without evidence of
callus formation or implant failure

fracture site. Cortical bone on one side of
the fracture must unite with cortical bone on the
other side of the fracture to reestablish mechani-
cal continuity. If the gap between bone ends is
less than 0.01 mm and inter-fragmentary strain is
less than 2%, the fracture generally unites by so-
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called contact healing [5]. Under these condi-
tions, cutting cones are formed at the ends of the
osteons closest to the fracture site. The tips of the
cutting cones consist of osteoclasts, which cross
the fracture line, generating longitudinal cavities
at a rate of 50-100 pm/day [6, 7]. These cavities
are later filled by the bone produced by osteoblasts
residing behind the osteoclasts and lining the
sides of the cutting cone (Fig. 3.2a) [8]. This
results in the simultaneous generation of a bony
union and the restoration of Haversian systems
formed in an axial direction. The reestablished
Haversian systems allow for penetration of blood
vessels carrying additional osteoblastic precur-
sors. The bridging osteons later mature by direct
remodeling into lamellar bone, resulting in frac-

ture healing without the formation of periosteal
callus or scar.

Gap healing, often a component of primary
bone healing, differs from contact healing in that
bony union and Haversian system remodeling
occurs simultaneously. Gap healing occurs in the
setting of stable, if not rigid, conditions with a
near anatomical reduction of the fracture frag-
ments. The gaps, however, must be less than
800 pm to 1 mm for gap healing to occur [5]. In
gap healing, gaps between the fracture fragments
are first filled with lamellar bone oriented
perpendicular to the long axis of the bone and
subsequently require secondary osteonal recon-
struction, unlike during the process of contact
healing (Fig. 3.2b) [8]. This preliminary bone

Fig. 3.2 Historic photomicrographs of contact healing
and gap healing from a classic experimental study in rab-
bits. (a) Photomicrograph of contact healing demonstrates
cutting cones lead by osteoclasts and trailed by osteo-
blasts proceeding across bone fragments brought directly

into contact with each other following an osteotomy. (b)
Photomicrograph of gap healing demonstrating the woven
bone initially developed between the bone fragments and
then subsequently remodeled into lamellar bone as heal-
ing progresses. (From Rahn et al. [8], with permission)
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structure is then gradually replaced by longitudi-
nal revascularized osteons carrying osteoprogen-
itor cells, which differentiate into osteoblasts and
produce lamellar bone. The lamellar bone pro-
duced within these tiny gaps is mechanically
weak. This initial process of filling in the gaps
takes approximately 3-8 weeks, after which sec-
ondary remodeling, resembling contact healing,
takes place [6]. This phase is necessary in order
to fully restore the anatomical and biomechanical
properties of the bone.

In both bone forearm fracture case presented
above (section “Case 17), each of the fracture
fragments was anatomically reduced, and abso-
lute stability was achieved with inter-fragmentary
lag screws and dynamic compression plates.
Fracture healing, which started shortly after the
fracture occurred, proceeded via primary fracture
healing after ORIF. Although not visible on plain
radiographs, this primary bone healing proceeded
with both contact and gap healing. To reiterate,
contact healing requires that the strain between
the fracture fragments not exceed 2% and gap
healing will only proceed if the fracture “gap” is
<1 mm. Achieving an anatomical reduction of
each fracture and obtaining fixation with
appropriate-sized lag screws and a limited
contact-dynamic compression plate (LC-DCP)
met the biomechanical conditions necessary for
primary bone healing of this complex fracture.

Failure of Fracture Healing
Case 2 (Fig. 3.3)

Fracture healing is a complicated sequence of
events involving many factors and therefore is
influenced by both patient and fracture environ-
mental factors. Patient factors include the age of
the patient, presence of comorbidities, certain
medications/drugs, smoking and alcohol, and, of
course, the patient’s genetics. Experimental ani-
mal studies have shown that bone healing poten-
tial declines with age, and this has been
confirmed by several clinical studies that have

shown that age is a negative predictor for frac-
ture healing in certain fractures [9-11].
Comorbidities including malnutrition and meta-
bolic deficiencies have also been identified as
major risk factors for fracture nonunion.
Deficiencies in calcium, phosphorus, vitamins C
and D, albumin, and protein have all been found
to negatively affect bone healing [12, 13].

Certain medications have been shown to have
a direct negative effect on fracture healing. These
necessary medications include antineoplastic
drugs as well as widely used corticosteroids,
which are known to encourage osteoblast apopto-
sis and osteocyte apoptosis and inhibit osteoblast
genesis [14]. Additionally, bisphosphonates,
which are widely used for the treatment of osteo-
porosis, most commonly in the older population,
have also been shown to alter fracture healing.
These drugs generally work by inhibiting bone
resorption by mitigating the effects of osteo-
clasts. Some investigators have suggested that
bisphosphonates might be candidates to actually
upmodulate bone healing [15, 16]. Still other
investigators as well as many clinicians have
raised concerns regarding the effects bisphospho-
nates on the role of osteoclasts in the process of
bone homeostasis and bone remodeling. Atypical
femur fractures have been associated with the
prolonged use of bisphosphonates. Their recog-
nition and treatment have been well outlined
since they were first recognized approximately
10-15 years ago, not long after the use of bisphos-
phonates was introduced to the population as a
means to treat osteoporosis [16-20]. Atypical
femur fractures have been found to have a rather
consistent radiographic and fracture pattern and
have been associated with an elevated risk of
delayed union and nonunions. The causes of
these complications are felt to be multifactorial
and include alteration in bone healing as either a
direct result of the bisphosphonates on the heal-
ing process, the presence of osteoporosis in a
generally older population, and the difficulty of
obtaining and maintaining a stable anatomic
reduction of the fracture during ORIF and during
the healing process.
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The patient presented in section “Case 27
developed an impending atypical femur fracture
likely as a result of prolonged use of bisphospho-
nates. Apparently, this impending fracture went
unrecognized until the displaced fracture
occurred. Unfortunately, the intramedullary nail
was performed with the proximal fragment in
residual varus and with displacement at the frac-
ture site. The varus alignment of the proximal
fracture fragment and perhaps the residual effects
of the bisphosphonates contributed to the devel-
opment of this atrophic nonunion. The second
operative procedure included removal of the
intramedullary nail, anatomical reduction of the

Fig. 3.3 (a) T2-weighted magnetic resonance image (MRI)
of the left femur in a woman complaining of left thigh pain
and who has been on anti-resorptive therapy for her osteopo-
rosis for several years. The MRI indicates the presence of
intramedullary edema in the subtrochanteric area. (b)
Whole-body technetium-99 (99Tc) scan demonstrating
marked increased uptake of the 99Tc tracer along the lateral
cortex of the subtrochanteric area of the left femur.
Anteroposterior (AP) (c¢) and lateral (d) radiographs of an
atypical femur fracture that occurred in the area of increased
99Tc radioisotope on the bone scan and edema on the
MRI. The fracture is transverse laterally and proceeds

fracture and proximal femur, and plating with
inter-fragmentary compression. Her fracture then
went on to heal uneventfully, presumably by pri-
mary fracture healing means, and she returned to
her usual activities of daily living.

There are also fracture-dependent factors that
influence fracture healing. These factors include
fracture personality, location, surrounding soft
tissue damage, and of course the biomechanical
features of the fixation methods, techniques, and
final construct.

To successfully stimulate fracture healing
following the development of a nonunion often
depends upon the type of nonunion and the rea-
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obliquely as it extends proximally through the medial cor-
tex. Thickening of the lateral cortex can also be seen, consis-
tent with an atypical femur fracture associated with long
term anti-resorptive therapy. AP (e) and lateral (f) radio-
graphs after intramedullary nailing of the fracture seen in (c)
and (d). The fracture is poorly reduced in both the coronal
and sagittal planes, and the proximal fragment remains in
varus resulting in increased strain at the fracture site. AP (g)
and lateral (h) radiographs after removal of the intramedul-
lary nail and open reduction and internal fixation with inter-
fragmentary compression plating. The fracture has healed
by primary bone healing, with ongoing remodeling
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Fig. 3.3 (continued)

son why the fracture failed to heal initially. In
general, there are several potential applications
that can be used to improve fracture and
nonunion healing. In addition to improving the
biomechanical environment of the nonunion
site, additional treatments include the applica-
tion of osteogenic materials to the fracture/non-
union site, such as autologous bone, bone
morphogenetic proteins (BMPs), allograft bone,
fibroblast growth factors (FGF), vascular endo-
thelial growth factor (VEGF), platelet-derived
growth factors (PDGF), and others. Systemic
enhancement of the host has also been shown to

improve fracture/nonunion healing in certain
circumstances. These enhancements can include
the use of parathyroid hormone, bisphospho-
nates, anti-sclerostin antibodies, anti-Dickkopf-
related protein 1 (DKK1) antibodies, as well as
others still under investigation. Biophysical
stimulation has also been tried for many years to
stimulate nonunion healing and to speed routine
fracture healing, with mixed results [19, 20].
These modalities include electromagnetic field
stimulation, low-intensity pulsed ultrasound
stimulation, and extracorporeal stock wave ther-
apy [21].
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Secondary Fracture Healing
Case 3 (Fig. 3.4)
An 18-year-old male unrestrained back seat pas-

senger in a motor vehicle collision (MVC). In
this MVC the patient sustained an isolated,

Fig. 3.4 Lateral (a) and oblique (b) radiographs of a
closed, displaced spiral fracture of the left humerus in a
young healthy male involved in a motor vehicle accident.
Oblique (c) and lateral (d) radiographs of the spiral
humerus fracture depicted in a and b, 10 days post-injury,
the patient has now been placed in a prefabricated fracture
brace, with an elbow hinge (e). Anteroposterior (AP) (f)
and lateral (g) radiographs, 2 months post-injury. The

closed, spiral fracture of his left humerus. This
fracture occurred at the junction of the middle
and distal third of the humeral shaft (Fig. 3.4a, b).
Following this MVC the patient was seen in the
emergency department where he underwent
closed reduction of the fracture and application
of a coaptation splint of his left arm and humerus.

fracture is beginning to heal via secondary bone healing
with callus formation. AP (h) and lateral (i) radiographs,
3 months post-injury. The fracture is beginning to heal via
secondary bone healing with callus formation. AP (j) and
lateral (k) radiographs, 7 months post-injury. The fracture
has healed and the patient has returned to his usual activi-
ties of daily living without restrictions as a college
freshman
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Fig. 3.4 (continued)

Several days after his injury, the patient came,
along with his mother, for an office visit at which
time his treatment options were discussed. The
patient and his mother elected to try and treat this
fracture nonoperatively. Approximately, 10 days
after his injury, the patient was placed in a long
arm Sarmiento-type fracture brace with a hinge
at the level of his left elbow. At that time he was
started on early active range motion of his left
shoulder, elbow, wrist, and hand.

Secondary Fracture Healing
Case 4 (Fig. 3.5)
Case 5 (Fig. 3.6)

Indirect (secondary) fracture healing is the most
common form of fracture healing and proceeds
with both endochondral and intramembranous
bone healing [22]. It does not require anatomical
reduction of the fracture fragments nor rigid fixa-
tion and stabilization. Instead, indirect fracture
healing is actually enhanced by micromotion at
the fracture site. Of course, too much motion and/
or load is known to result in delayed healing or
even nonunion [23]. Indirect bone healing typi-

cally occurs in nonoperative fracture treatment,
which generally requires the use of casts and
braces, as well as certain fixation constructs that
permit some motion at the fracture site. In most
cases secondary fracture healing follows the use
of intramedullary nails, external fixators, or
bridge plating, each of which provides relative
stability at the fracture site [24, 25].

As with all fractures, immediately following
the fracture, a hematoma forms that consists of
cells from both the peripheral and intramedullary
blood, as well as from the liberated bone marrow.
The resultant hematoma clots between and
around the fracture ends, and within the medul-
lary canal, ultimately forming a template for cal-
lus formation [26]. Pro-inflammatory molecules
flood into fracture site and surrounding damaged
soft tissues and are important for subsequent tis-
sue regeneration and fracture healing. This acute
inflammatory response peaks within the first
24 hours and lasts for approximately 7 days [27].
This initial proinflammatory response helps
recruit inflammatory cells and promotes angio-
genesis. Tumor necrosis factor alpha (TNF-o)
and several interleukins, such as IL-1 and IL-6,
are believed to be important in fracture healing
by promoting the production of the primary carti-
laginous callus and angiogenesis [28-31].
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Fig.3.5 Radiographs of a 23-year-old male involved in a
motor vehicle crash in which he sustained a closed, com-
minuted left femoral shaft fracture (a, b). Anteroposterior
(AP) (e, d) and lateral (e) radiographs, 6 weeks after
closed intramedullary nailing of this closed, left femoral
shaft fracture. AP (f) and lateral (g, h) radiographs
6 months after closed intramedullary nailing of this closed

left femoral shaft fracture. The comminuted fracture is
healing via secondary bone healing. AP (i) and lateral
(j, k) radiographs 9 months after closed intramedullary
nailing of this closed left femoral shaft fracture. Fracture
has healed completely and the patient has returned to his
usual activities of daily living
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Fig.3.6 Anteroposterior (AP) (a, b) radiographs of a closed,
displaced comminuted fracture of the left femoral diaphysis
sustained in an motor vehicle crash by a young, healthy
female. AP (c, d) and lateral (e, f) intraoperative fluoroscopic
images of a bridge plate construct used to treat this commi-
nuted left femoral shaft fracture. AP (g, h) and lateral (i, j)
radiographs of this comminuted left femur fracture, 3 months
postoperatively with evidence of early healing of the major

fracture fragments by secondary fracture healing. AP (k, I)
and lateral (m, n) radiographs of this comminuted left femur
fracture, 6 months postoperatively after a medial plate has
been added to further stabilize the fracture and support fur-
ther healing. (AP) (o, p) and lateral (q, r) radiographs of this
comminuted femur fracture, 2 years post-operatively, dem-
ostrate complete fracture healing and restoration of length,
alignment and rotation
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Fig. 3.6 (continued)

In order for fractures to heal, specific MSCs
have to be recruited, proliferate, and differenti-
ate into osteogenic cells. Exactly where these
cells come from is not fully understood,
although most data now indicate that these
MSCs are derived from surrounding soft tissues
and bone marrow, as well as the systemic
circulation from which they are likely recruited
to the fracture site by BMPs [32]. In order for
fracture healing to proceed, these MSCs must
differentiate into chondrocytes, osteoblasts, or
osteoclasts.

Although indirect fracture healing consists of
both intramembranous and endochondral ossifi-
cation, the formation of a cartilaginous callus that
later undergoes mineralization, resorption, and
then replacement with bone is the key feature of
this process. Following the formation of the pri-
mary hematoma, a fibrin-rich granulation tissue

forms. Within this tissue, endochondral forma-
tion occurs in between the fracture ends and
external to periosteal sites. Although, initially the
fracture is mechanically unstable, this cartilagi-
nous tissue that forms the soft callus improves
fracture stability, allowing additional healing to
proceed [23].

At the same time, an intramembranous ossifi-
cation response occurs subperiosteally at each
end of the fracture, ultimately generating a hard
callus. It is the final bridging of this central hard
callus that ultimately provides the fracture with a
semirigid structure [22].

In order for bone regeneration to progress, the
primary soft cartilaginous callus needs to be
resorbed and replaced by a hard bony callus. This
step of fracture healing, to some extent, recapitu-
lates embryological bone development with a
combination of cellular proliferation and differ-
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Fig. 3.7 Historic photomicrographs of secondary bone
healing from classic texts. (Left) Photomicrograph of sec-
ondary bone healing taking place with a microangiogram
demonstrating the abundant vascular supply needed for

entiation, increasing cellular volume and matrix
deposition [33].

Although the hard callus is a rigid structure
providing biomechanical stability, it does not
fully restore the biomechanical properties of nor-
mal bone. In order to achieve this, the fracture-
healing cascade initiates a second resorptive
phase, this time to remodel the hard callus into a
lamellar bone structure with a central medullary
cavity [26]. A balance of hard callus resorption
carries out the remodeling process by osteoclasts
and lamellar bone deposition by osteoblasts. This
remodeling may take years to be completed to
achieve a fully regenerated bone structure [34].
For bone remodeling to be successful, an ade-
quate blood supply and a gradual increase in
mechanical stability is crucial [35]. This is clearly
demonstrated in cases where neither is achieved,
resulting in the development of an atrophic
fibrous nonunion. However, in cases in which
there is good vascularity but unstable fixation, the
healing process progresses to form a large carti-
laginous callus and results in the development of
a hypertrophic nonunion or a pseudoarthrosis
(Fig. 3.7) [36-38].

Hypertrophic Nonunion
Case 6: Failed Bone Healing (Fig. 3.8)

Hypertrophic nonunions are thought to develop
due to insufficient (relatively unstable) mechani-

fracture healing. (Right) Photomicrograph of an osteot-
omy healing by secondary healing with abundant early
callus formation on either side of the osteotomy as healing
progresses. (From Rhinelander [37, 38] with permission)

cal environment. This relative instability prevents
MSCs from differentiating into osteoblasts and
generally leads to the formation of considerable
soft callus in and around the fracture. Fracture
healing has been recognized as a complex physi-
ological process, and the successful treatment of
many nonunion is just as complex. Recent
advances have been made in the understanding of
the molecular biology and genetics that directly
influence fracture healing, including an improved
understanding of the spatial and temporal actions
of several of the key cell types, proteins, and the
hundreds of gene expressions. Standardized
treatment approaches to provide solutions for
impaired fracture healing in the past included the
utilization of growth factors, scaffolds, and
MSC:s. This approach was commonly referred to
as the triangular concept. More recently,
Giannoudis et al. have added an additional facet
to this approach to fracture healing, emphasizing
the importance of the mechanical environment
[39]. This modified “triangular concept” is now
referred to as the “diamond concept” and recog-
nizes the importance of osteogenic cells, scaf-
folds, and growth factors for successful fracture
healing and the mechanical environment of the
fracture or nonunion.

Although initially the diamond concept was
proposed for the treatment of acute fractures,
surgeons have now extended its use to the treat-
ment of fracture nonunions. According to the
diamond concept, optimizing mechanical stabil-
ity is particularly important in the treatment of
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Fig. 3.8 Anteroposterior (AP) (a) and oblique (b) radio-
graphs of a hypertrophic humeral shaft nonunion with
failed plate. (c—e) Intraoperative fluoroscopic images dur-
ing the repair of this nonunion. Inter-fragmentary com-
pression between the fracture fragments is obtained with
pointed reduction forceps and then lag screws. Large frag-
ment neutralization plates are applied to provide addi-
tional stability and to protect the lag screws. Immediate

postoperative AP (f) and lateral (g) radiographs of the
humeral nonunion. AP, internal, and external rotation
(h—j) radiographs taken 3 months postoperatively demon-
strating primary bone healing progressing across the
previous nonunion site. (k) CT scan at 8§ months postop-
eratively confirming healing of the nonunion site. At this
time the patient is pain free and has returned to his usual
activities of daily living
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hypertrophic nonunions. In these cases with an
unstable mechanical environment following
failed osteosynthesis, repeat osteosynthesis to
improve the mechanical environment of the frac-
ture/nonunion site is indicated. In “simple”
hypertrophic nonunion cases, dynamization of
the intramedullary nail with full weight-bearing
is generally successful if performed within a rea-
sonable time frame [40]. The dynamization pro-
cess generally involves removing a locking bolt
or two to allow the major fragments to come into
contact with each other, which restores some of
the stability and supports the healing process. In
more complex hypertrophic nonunion cases
(including those with failed osteosynthesis fol-
lowing ORIF with a plate and screws), repeat
osteosynthesis is necessary, in addition to the
opening and reaming of the medullary canals of
each major fragment and placement of a larger
intramedullary nail or replating to obtain abso-
lute stability across the nonunion site(s). In the
hypertrophic case presented above, the nonunion
was “taken down,” the medullary canals opened
up, and the nonunion reduced,; rigid internal fixa-
tion was applied according to the diamond con-
cept. This systematic approach has been recently
shown to be very successful in a large series of
humeral nonunions [41].

Conclusion

It is estimated that 7.9 million fractures occur
each year in the United States. Impaired healing
of these fractures is thought to occur in approxi-
mately 10% and is often felt to be the result of
unfavorable healing environments—Iocal, sys-
temic, and biomechanical factors at the fracture
site. Because fracture healing and bone regenera-
tion is a complex process that involves multiple
interacting biologic and biomechanical factors, it
is critical that we continue to seek a better under-
standing of how each factor and factors that are
still unknown affect fracture healing so that we
may better treat our patient in an effort to speed
fracture healing and restore limb function.
Having a better understanding, the variety of dif-
ferent mechanisms by which fractures can be
treated, combined with a better understanding of

how different biomechanical environments affect
fracture healing, will go a long way in decreasing
these nonunion rates and improving fracture
patient care.

References

1. Mountziaris PM, Mikos AG. Modulation of the inflam-
matory response for enhanced bone tissue regenera-
tion. Tissue Eng Part B Rev. 2008;14(2):179-86.

2. Xing Z, Ku C, Hu D, Miclau T 3rd, Marcucio
RS. Rejuvenation of the inflammatory system stim-
ulates fracture repair in aged mice. J Orthop Res.
2010;28(8):1000-6.

3. Pountos I, Giannoudis PV. Fracture healing: back to
basics and latest advances. In: Giannoudis PV, editor.
Fracture reduction and fixation techniques. Cham:
Springer International; 2018.

4. Lane WAL. The operative treatment of fracture. 2nd
ed. London: The Medical Publishing Co., Ltd; 1914.

5. Shapiro F. Cortical bone repair. The relationship of
the lacunar-canalicular system and intercellular gap
junctions to the repair process. J Bone Joint Surg Am.
1988;70(7):1067-81.

6. Kaderly RE. Primary bone healing. Semin Vet Med
Surg (Small Anim). 1991;6(1):21-5.

7. Kitaori T, Ito H, Schwarz EM, Tsutsumi R, Yoshitomi
H, Oishi S, et al. Stromal cell-derived factor 1/
CXCR4 signaling is critical for the recruitment of
mesenchymal stem cells to the fracture site during
skeletal repair in a mouse model. Arthritis Rheum.
2009;60(3):813-23.

8. Rahn BA, Gallinaro P, Baltensperger A, Perren
SM. Primary bone healing. An experimental study in
the rabbit. J Bone Joint Surg Am. 1971;53(4):783-6.

9. Aho AJ. Electron microscopic and histologic studies
on fracture repair in old and young rats. Acta Chir
Scand Suppl. 1966;357:162-5.

10. Parker MJ. Prediction of fracture union after inter-
nal fixation of intracapsular femoral neck fractures.
Injury. 1994;25(Suppl 2):B3-6.

11. Robinson CM, Court-Brown CM, McQueen MM,
Wakefield AE. Estimating the risk of nonunion fol-
lowing nonoperative treatment of a clavicular frac-
ture. J Bone Joint Surg Am. 2004;86(7):1359-65.

12. Einhorn TA, Gerstenfeld LC. Fracture healing:
mechanisms and intervention. Nat Rev Rheumatol.
2015;11(1):45-54.

13. Einhorn TA, Bonnarens F, Burstein AH. The contri-
butions of dietary protein and mineral to the healing
of experimental fractures. A biomechanical study. J
Bone Joint Surg Am. 1986;68(9):1389-95.

14. Pountos I, Georgouli T, Blokhuis TJ, Pape HC,
Giannoudis PV. Pharmacological agents and impair-
ment of fracture healing: what is the evidence? Injury.
2008;39(4):384-94.

15. Burke D, Dishowitz M, Sweetwyne M, Miedel E,
Handkenson KD, Kelly DJ. The role of oxygen



42

J. Borrelli Jr.and B. L. Norris

16.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. Schilcher  J,

as a regulator of stem cell fate during frac-
ture repair in TSP2-null mice. J Orthop Res.
2013;31(10):1585-96.

Jeffcoach DR, Sams VG, Lawson CM, Enderson
BL, Smith ST, Kline H, et al. Nonsteroidal anti-
inflammatory drugs impact on nonunion and infec-
tion rates in long bone fractures. J Trauma Acute Care
Surg. 2014;76(3):779-83.

. Goh SK, Yang KY, Koh JS, et al. Subtrochanteric insuf-

ficiency fractures in patients on alendronate therapy: a
caution. J Bone Joint Surg Br. 2007;89(3):349-53.
Michaelsson K,  Aspenberg
P. Bisphosphonate use and atypical fractures of the
femoral shaft. N Engl J Med. 2011;364(18):1728-37.
Tyler W, Bukata S, O’Keefe R. Atypical femur frac-
tures. Clin Geriatr Med. 2014;30(2):349-59.

Einhorn TA, O’Keefe RJ, Buchwalter JA, American
Academy of Orthopaedic Surgeons. Orthopaedic
basic science: foundations of clinical practice. 3rd ed.
Rosemont: AAOS; 2007. p. 331-46.

Kwong FN, Harris MB. Recent developments in the
biology of fracture repair. J Am Acad Orthop Surg.
2008;16(11):619-25.

Gerstenfeld LC, Alkhiary YM, Krall EA, Nicholls
FH, Stapleton SN, Fitch JL, et al. Three-dimensional
reconstruction of fracture callus morphogenesis. J
Histochem Cytochem. 2006;54(11):1215-28.

Green E, Lubahn JD, Evans J. Risk factors, treat-
ment, and outcomes associated with nonunion of
the midshaft humerus fracture. J Surg Orthop Adv.
2005;14(2):64-72.

Pape HC, Giannoudis PV, Grimme K, van Griensven
M, Krettek C. Effects of intramedullary femoral
fracture fixation: what is the impact of experimental
studies in regards to the clinical knowledge? Shock.
2002;18(4):291-300.

Perren SM. Evolution of the internal fixation of
long bone fractures. The scientific basis of bio-
logical internal fixation: choosing a new balance
between stability and biology. J Bone Joint Surg Br.
2002;84(8):1093-110.

Gerstenfeld LC, Cullinane DM, Barnes GL, Graves
DT, Einhorn TA. Fracture healing as a post-natal
developmental process: molecular, spatial, and
temporal aspects of its regulation. J Cell Biochem.
2003;88(5):873-84.

Cho TJ, Gerstenfeld LC, Einhorn TA. Differential
temporal expression of members of the transforming
growth factor beta superfamily during murine fracture
healing. J Bone Miner Res. 2002;17(3):513-20.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Stei C, Ho L, Doll BA, Azari K, Hollinger JO. Fracture
repair. In: Lieberman JR, Friedlaender GE, editors.
Bone regeneration and repair. Totowa: Humana Press;
2005. p. 21-44.

Kon T, Cho TJ, Aizawa T, Yamazaki M, Nooh N,
Graves D, et al. Expression of osteoprotegerin,
receptor activator of NF-kappaB ligand (osteo-
protegerin ligand) and related proinflammatory
cytokines during fracture healing. J Bone Miner Res.
2001;16(6):1004—14.

Lee SK, Lorenzo J. Cytokines regulating osteo-
clast formation and function. Curr Opin Rheumatol.
2006;18(4):411-8.

Yang X, Ricciardi BF, Hernandez-Soria A, Shi Y,
Pleshko CN, Bostrom MP. Callus mineralization and
maturation are delayed during fracture healing in inter-
leukin-6 knockout mice. Bone. 2007;41(6):928-36.
Bais MV, Wigner N, Young M, Toholka R, Graves
DT, Morgan EF, et al. BMP2 is essential for post natal
osteogenesis but not for recruitment of osteogenic
stem cells. Bone. 2009;45(2):254-66.

Dimitriou R, Tsiridis E, Giannoudis PV. Current con-
cepts of molecular aspects of bone healing. Injury.
2005;36(12):1392-404.

Breur GJ, VanEnkevort BA, Farnum CE, Wilsman
NJ. Linear relationship between the volume of
hypertrophic chondrocytes and the rate of longitu-
dinal bone growth in growth plates. J Orthop Res.
1991;9(3):348-59.

Wendeberg B. Mineral metabolism of fractures of the
tibia in man studied with external counting of Sr85.
Acta Orthop Scand Suppl. 1961;52:1-79.

Carano RA, Filvaroff EH. Angiogenesis and bone
repair. Drug Discov Today. 2003;8(21):980-9.
Rhinelander FW. Circulation in bone. In: Bourne GH,
editor. The biochemistry and physiology of bone, vol.
2. New York, London: Academic Press; 1976.
Rhinelander FW. Tibial blood supply in rela-
tion to fracture healing. Clin Orthop Relat Res.
1974;105:34-81.

Giannoudis PV, Einhorn TA, Marsh D. Fracture heal-
ing: the diamond concept. Injury. 2007;38(Suppl
4):S3-6.

Andrzejowski P, Giannoudis PV. The ‘diamond con-
cept’ for long bone non-union management. J Orthop
Traumatol. 2019;20(1):21.

Miska M, Findeisen S, Tanner M, Biglari B, Studier-
Fischer S, Grutzner PA, et al. Treatment of nonunions
in fractures of the humeral shaft according to the
Diamond Concept. Bone Joint J. 2016;98-B(1):81-7.



	3: Case Studies in Fracture Healing and Nonunions
	Introduction
	Primary or Direct Fracture Healing
	Case 1 (Fig. 3.1)

	Failure of Fracture Healing
	Case 2 (Fig. 3.3)

	Secondary Fracture Healing
	Case 3 (Fig. 3.4)

	Secondary Fracture Healing
	Case 4 (Fig. 3.5)
	Case 5 (Fig. 3.6)

	Hypertrophic Nonunion
	Case 6: Failed Bone Healing (Fig. 3.8)

	Conclusion
	References




