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EXECUTIVE SUMMARY

The Centers for Medicare and Medicaid Services (CMS) requested that AHRQ
commission an evidence report to assist CMS and the Medicare Coverage Advisory
Committee in considering treatments for nonunion fractures. On June 16th 2005,
AHRQ issued a Statement of Work (SOW) contracting ECRI to prepare a report on
the role of bone growth stimulating devices and orthobiologics in healing nonunion
fractures. The SOW specified that ECRI perform a narrative review of background
information and surgical therapy and a systematic review of bone growth stimulating
devices and orthobiologics. For the systematic review, the tasks to be performed were

the following:

1. Systematically search, review, and analyze the relevant scientific evidence for each
question. Search MEDLINE and other suitable databases containing primary studies
and review literature relevant to the questions to be addressed. Identify other
sources of relevant literature, such as meeting abstracts and clinical trials currently

in progress.

2. Retrieve and review full articles on eligible studies, assessing quality and extracting

key data from each eligible study.

3. Prepare abbreviated evidence tables and summary of important findings.

In commissioning this report, AHRQ, in consultation with CMS and ECRI, developed

six Key Questions to be addressed. Key Questions 1 through 5 were addressed by
examining reviews, clinical practice guidelines, orthopedic textbooks and selected
clinical studies published between 1990 and 2005. Key Question 6 was addressed by
examining all eligible original clinical studies published between 1990 and 2005. The
inclusion criteria for these studies are provided in the Methods section of this report.

A draft report was submitted for review to a variety of interested parties, including
representatives from orthopedic surgery, manufacturers of bone growth stimulating
devices, AHRQ and CMS. This process resulted in a supplemental search for the period

1975 to 1990 to expand the information pertinent to electrical bone growth stimulating
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devices. Additional articles were identified by reviewers, and in one case, a translation
of a study of ultrasound therapy published in German was provided to us.(1) Abstracts
presented for the past 2 years at the American Academy of Orthopedic Surgeons
(AAOS), the Orthopedic Trauma Association (OTA) and the American Orthopedic Foot
and Ankle Society (AOFAS) meetings were reviewed to identify studies relevant to
Key Question 6. Studies identified from the supplemental search and the meeting
abstracts are discussed in the body of this report, but are not included in the full

evidence tables in the Appendices.

The findings of our assessment as they pertain to the six Key Questions are presented

below.

Key Question 1: How is a nonunion fracture diagnosed?

There is no uniformly accepted method of nonunion diagnosis applicable to all fractures,
given variations in the bone tissue and fracture characteristics. Even for fractures in a
given bone, there is a range of opinions regarding the time by which a fracture is
expected to heal. The term “delayed union” describes a fracture which has not healed
within the expected time frame. Epidemiologic studies of time to healing of acute
fractures with specific characteristics (e.g., open vs. closed) for specific bones could
provide benchmarks. A full search and review of such studies was beyond the scope of
the current report, but would probably be helpful to clinicians in defining delayed union.
Once an assessment is made that healing is delayed, most authors define nonunion as
the absence of signs of healing for an additional 3 months. One survey of orthopedic
surgeons published in 2002 found that the mean and standard deviation (SD) time from
initial fracture of the tibia to diagnosis of nonunion was 6 months (SD: 2 months), with a

range of 2 to 12 months.(2)

There are variations in the specific radiographic and clinical criteria used to diagnose
nonunion. Bhandari et al.(2) found that 79% of surgeons use radiographic evidence of
cortical continuity as their primary means of defining nonunion fracture healing, but that

42% also used weight-bearing and 37% also use pain on palpation of the fracture site.
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Multiple projections or computerized tomography (CT) may be necessary to identify
evidence for healing. Magnetic resonance imaging (MRI) is useful for diagnosing
infection complicating nonunion if the presence of hardware does not contravene its

use.

Clinical characteristics favoring a diagnosis of nonunion include inability to bear weight,
pain on palpation of the fracture site or motion at the site. These clinical findings in the

absence of radiographic evidence for healing may influence the timing of diagnosis.

Despite these imaging and clinical methods, determination of the presence of nonunion
can be very difficult and is often dependent on clinical judgment. Court-Brown’s
discussion of the diagnosis of tibial nonunion is illustrative of the difficulty in diagnosis of

nonunion.(3)

Key Question 2: What are the risk factors for developing a honunion fracture?

The principal reasons for fractures failing to unite are believed to be inadequate
stabilization and failure of the biologic processes necessary for new bone formation.
Both local and systemic factors may contribute to this breakdown in normal healing.

Of the systemic risk factors, heavy smoking was mentioned in a number of reviews and
studies as an important risk factor. Obesity, alcoholism, diabetes, peripheral vascular
disease, and increasing age were also mentioned, although there is not agreement on
the effect of age. Certain medications (e.g., corticosteroids) are also thought to increase

risk for nonunion or infection, which in turn increases the risk for nonunion.

Certain characteristics of the fracture and the injury may predispose to nonunion.

These include high-energy trauma, higher grade and open fractures, comminution of the
fracture, vertical or oblique fracture pattern, and fracture displacement. Interposition of
soft tissue between fragments impedes healing, and severe soft tissue trauma may
interrupt vascular supply and may predispose to infection. Specific bones may have
higher rates of nonunion than others because of limited normal blood supply or
propensity to more severe fractures. Some techniques and hardware for fixation of

acute fractures have been abandoned because of higher rates of nonunion, while new
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developments in acute fracture management have reduced the likelihood of nonunion

with certain fractures.

Key Question 3: What are the current standards of care for nonunion fractures?

a. What supportive measures are recommended?

Reviews of surgical management of nonunion mentioned supportive measures in the
care of patients infrequently. Recommendations included control of infection,
improvement in nutrition and smoking cessation. Good clinical practice dictates

stabilizing any comorbid conditions such as diabetes prior to elective procedures.

b. What surgical therapies are currently recommended for treatment of

nonunion?

Nonunions are classified as either septic (infected) or aseptic (noninfected), by clinical
examination as either stiff or mobile, and by radiographic appearance as hypertrophic,
oligotrophic or atrophic. Once nonunion has been diagnosed, the presence or absence
of infection is a key determinant of treatment. In general, implantation of new hardware
for stabilization may need to be delayed until antibiotic therapy and surgical
debridement bring the infection under control. In some cases, previously implanted
hardware must be removed. An external fixation device is sometimes used for
stabilization of the fracture site in this setting. The fracture site is reassessed when the

infection is under control.

Hypertrophic nonunions have viable bone ends and an adequate blood supply, but
excessive motion at the fracture site has disrupted the healing process. Therapy of this
type of nonunion emphasizes improving stabilization of the fracture site. Atrophic
nonunions are those with a “biological” problem, i.e., a failure of the normal stimuli or
cellular responses necessary for bone formation. Oligotrophic nonunions are
intermediate in character between the hypertrophic and atrophic types. Both inadequate
stability of the fracture site and impairment of the biological response to fracture play a

role in many nonunions. Inadequate stability is most frequently addressed by use of
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fixation devices, either external or internal; biologic deficits are currently treated
primarily by autogenous bone grafts. Autogenous bone grafts provide growth factors
and cellular mechanisms for osteoinduction, but depend on adequate vascular supply at
the nonunion site. In some instances, bone grafts are harvested with an intact vascular
supply to overcome inadequate blood supply at the nonunion site, which is more likely
with large defects. The iliac crest is the most commonly used donor site, although “local
bone” may be obtained from a site close to the nonunion. Excessive morbidity, primarily
related to the harvesting procedure, has led to a demand for alternative means of
treatment. Patient preferences and values, as well as the assessment of higher levels of
risk of complications from surgery, may also lead the orthopedic surgeon to consider

less invasive methods of treatment.

c. What orthobiologics and external devices for stimulation of bone healing in

nonunion fractures have been approved by the FDA and which have not been
approved by the FDA?

The FDA considers most orthobiologicals to be Class Il medical devices. Orthobiologics
include resorbable calcium salt bone void fillers, some of which contain demineralized
bone matrix (DBM). DBM is processed from human bone tissue and contains a variety
of bone growth stimulators (osteoinductive agents such as bone morphogenetic
proteins) and is used in a number of bone graft substitutes. Therefore, these products
may be used in treating nonunion fractures as an FDA off-label use. One orthobiologic
that is not classified as a Class Il device is OP-1 Implant (Stryker Biotech). Stryker
Biotech was granted a humanitarian device exemption (HDE) by the FDA for its use in
treatment of recalcitrant long bone nonunions. Palacos E-Flow (Osteopal) Bone Cement
(Biomet Merck) has FDA approval for femoral nonunions. Of note, autogenous bone
graft and bone marrow aspirate, used to stimulate bone growth, are not regulated by the
FDA.

Currently, a number of electrical stimulation devices and ultrasound devices have been

approved by the FDA for treating nonunion fractures. Shock wave treatment has not
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been approved by the FDA. Several studies performed in Europe have examined the

efficacy of this treatment for nonunion fractures.

Key Question 4: What are the intermediate and patient-reported outcomes of

treatment for nonunions, and how are they defined?

Three radiographic variables are most often used to determine nonunion fracture
healing: callus size, cortical continuity, and progressive loss of fracture line. The ability
of the patient to bear weight on the fractured limb and pain at the fracture site on
palpation are additional nonradiographic methods often used to judge nonunion fracture
healing. There is, however, a lack of consensus among surgeons as to which methods
should be used to judge healing of fractures and to monitor response to treatment of
nonunion. Cortical continuity is believed to be most directly related to return of original
bone strength while callus size is the least related. However, cortical continuity may not
be directly correlated with functional outcomes. Studies that use a combination of
radiographic and clinical evidence of healing provide a more complete picture of the
healing process than studies that use only radiographic evidence or only clinical
evidence. A list of outcomes and measures used to assess them in the included studies

is provided in Appendix C.

Key Question 5: What is the evidence for variations in outcomes attributable to

surgeon, procedure and institution characteristics?

We identified no publications that directly addressed this question.

Key Question 6: What is the evidence for benefits and harms of bone growth

stimulating devices and orthobiologics for treatment of nonunion fractures?

Fracture healing relies on a coordinated series of phases in which damaged
nonfunctional tissue is replaced by tissue that restores the original structure and
function of the bone. Each phase in the healing sequence relies on specific growth

factors to ensure complete healing and bone restoration. Application of these growth
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factors directly into the fracture has been proposed as a means of enhancing bone
repair. In bone tissue, these growth factors stimulate the production of cells needed in

the healing process.

Another element in the repair process is the type of stress applied to the bone during
healing. Biophysical stimulation has been proposed as a key element in repairing,
maintaining, and remodeling of bone to meet its functional demands. However, the
direct link between biophysical stimulation and the cellular responses controlled by the
various growth factors has not been fully elucidated. The biophysical stimulation needed
to enhance fracture healing may be supplied through external energy sources such as
ultrasound, pulsed electromagnetic field stimulation (PEMF), low power direct current,
and extracorporeal shock wave stimulation. Although these are all forms of biophysical
stimulation, whether these modalities produce different cellular responses or follow a

similar osteogenic pathway is still controversial.(4)

We identified 24 studies published from 1990 to 2005 that examined the effectiveness
of bone growth stimulating devices or orthobiologics that met our inclusion criteria.
These studies consisted of three studies of ultrasound, seven studies of PEMF, four
studies of direct current and capacitive coupling, six studies of shock wave, and four
studies of orthobiologics. We identified only four randomized controlled trials (RCT),
two for PEMF, one for capacitative coupling and one for orthobiologics. We included
case series in this report based on the prevalent belief that nonunion fractures are not
likely to heal without intervention (see discussion in the Background section). Some of
the reviewers of the draft of this report preferred to describe these as “self-paired patient
controlled” studies — with each patient serving as his or her own control.(5-8) For the
purpose of this report, however, we have considered these studies with no separate

comparison group to be case series rather than controlled trials.

Three cases series published since 1990 (two prospective(1,9) and one
retrospective(10)) using the Exogen system to treat nonunion in 1446 patients
consistently reported that a high percentage of nonunions healed during ultrasound

therapy. While the results of these studies suggest that ultrasound promotes the healing
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of nonunion fractures, they do not rule out a role for other concurrent treatment
procedures, such as stabilization of the nonunion, contributing to the observed effects.
The two studies reporting data for patients over 65 are not in agreement as to the effect

of age on response to ultrasound treatment.

Seven studies published since 1990 with a total of 403 patients reported data
concerning PEMF treatment of nonunions. Two of the included studies were double-
blind RCTs using dummy devices and blinded assessment. One RCT examined
longstanding tibial nonunions, comparing an active vs. dummy PEMF device in addition
to treatment with a fibular osteotomy and unilateral external fixation. The healing rate
was higher in the group receiving PEMF in addition to the other treatment, but was not
statistically significantly different after adjustment for confounding by the greater
proportion of smokers in the control group.(11) The second RCT compared an active vs.
dummy PEMF device and full-leg plaster cast immobilization in patients with “delayed
tibial union” (failure to heal within 16 — 32 weeks of initial injury while treated with cast
immobilization).(12) While radiographic assessments demonstrated significantly greater
progression toward healing in the active device group at the end of the 12 week study,
analysis of the long-term follow-up data was confounded by early surgical and electrical
device intervention in the control group; longer followup prior to further intervention may
have altered the difference between the groups. Nonetheless, 17 of 20 patients treated
with the active device from the beginning of the 12-week study had healed at long-term
followup without the need for further surgical intervention.(13) One nonrandomized
study with a concurrent control group demonstrated higher rates of healing in the PEMF
group with infected nonunions, but no adjustments were made for differences in patient
and fracture characteristics in the two groups.(14) One prospective case series which
included patients with nonunions of long duration also reported healing in 57%. The
remaining case series showed healing when PEMF therapy was combined with cast
immobilization. Studies conducted prior to 1990 were consistent with the more recent
studies in terms of healing rates. Overall, these results consistently indicate that
nonunions heal in patients treated with PEMF, but the effect of PEMF cannot be

separated from the effect of concomitant fracture site stabilization.
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We identified four studies published since 1990 with a total of 351 patients treated with
direct current or capacitive coupling treatment of nonunions. An RCT examined patients
with established nonunions treated with an active capacitive coupling device (n = 10) or
an inactive device (n = 11).(15) While 6 of 10 in the active treatment group healed in an
average of 21 weeks compared to none of the control group, there were 5 tibial
nonunions of 10 total nonunions in the active treatment group, vs. 10 tibial nonunions
out of 11 total nonunions in the control group.(15) This may have negatively affected the
healing rates in the control group. One retrospective comparative study examined tibial
nonunions in separate groups of patients treated with direct current, capacitive coupling,
and bone graft.(16) This study used logistic regression analysis to estimate better than
95% healing with all three treatments when the nonunions were of 10-month duration
prior to treatment and no other risk factors for failure to respond to the treatments were
present. Risk factors predicting slower healing rates included longer duration of
nonunion prior to treatment, open fracture, comminuted fracture, prior failed bone graft
or prior failed electrical therapy. Patient age was used as a continuous variable in the
logistic regression analysis, but any influence of age on healing was not reported in the
study. In the remaining two studies, one specifically examined patients with large
nonunion gaps (>1 cm, which is wider than is typical for nonunions treated with
electrical stimulation).(17) The other study reported on the 10-year followup of patients
treated with an implanted bone growth stimulator, but forty-four percent of the original
patients were not located, reducing the validity of the reported results.(18) An additional
6 case series published between 1975 and 1989 had reported healing rates between
40% and 90%. Overall, these studies consistently demonstrate healing during treatment
with direct current and capacitative coupling but the effect of these therapies cannot be

separated from the effect of concomitant immobilization of the fracture site.

Six case series published since 1990 with a total of 430 patients reported results of
shock wave treatment of nonunions of multiple bone types.(19-22) Five of the studies
were conducted in Europe and one was conducted in Taiwan; shock wave devices have
not been approved by the FDA for use in treating nonunion fractures. These case series
reported healing rates between 50% and 80%, but the effect of shock wave therapy

cannot be separated from the effect of immobilization in these uncontrolled studies.
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Four separate studies published since 1990 with a total of 214 patients reported data
concerning the use of orthobiologics to treat nonunions. One study was an RCT
comparing BMP-7, OP-1 Implant (Stryker Biotech) to fresh bone autograft in the
treatment of tibial nonunions. Stryker Biotech was granted a humanitarian device
exemption (HDE) by the FDA for the use of OP-1 Implant as an alternative to autograft
in recalcitrant long bone nonunions where use of autograft is not feasible and alternative
treatments have failed. Patients in both groups underwent intramedullary rod fixation in
addition to the autograft or OP-1 grafting procedure.(23) The internal validity of this
study was rated as “fair” only because autogenous bone grafting requires removal of
bone from the patient’s pelvis; consequently, patients could not be blinded to treatment.
However, radiographic assessment of bone bridging was blinded. The study found
similar healing rates in the two groups. A noninferiority statistical analysis should be
performed to determine whether OP-1 Implant in conjunction with internal fixation was
not inferior to autogenous bone graft in the treatment of tibial nonunions. Assuming the
analysis demonstrates noninferiority, this single study would need to be replicated by
other investigators before OP-1 is considered an effective substitute for autogenous
bone grafting. The absence of the morbidity associated with harvesting of autogenous
bone for grafting is a distinct advantage; hence, additional studies would only need to

demonstrate noninferiority as well.

The other three studies of orthobiologics were retrospective case series. One examined
the use of AlloMatrix Injectable Putty (Wright Medical Technology) in nonunions in
multiple bone types.(24) AlloMatrix Putty, which contains demineralized bone matrix
(Allogro from AlloSource), carboxymethylcellulose, and OsteoSet (calcium sulfate), is
cleared by the FDA only for “bony voids or gaps that are not intrinsic to the stability of
bony structure” and is therefore not directly cleared for use in nonunion fractures. The
publication did not report prior treatment or the duration of the nonunions prior to the
AlloMatrix Putty treatment. Without this information, interpretation of the results is
difficult. The remaining two studies were retrospective case series from a single
laboratory that examined the use of a composite allograft with partially purified human
bone morphogenetic protein (hBMP) to treat nonunions of the femur in one study, and

multiple bone types in the other. As with other case series, the precise role of the
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composite allograft in the healing process cannot be distinguished from the other
procedures used to stabilize the limbs. Two recent meeting abstracts describing studies
utilizing DBM indicated healing rates of 54% and 75%, respectively, but one found high
rates of wound drainage and subsequent deep infection.(25,26) Additional studies are

needed to understand the role of DBM in treating nonunions at this time.

Concluding Remarks

What is the evidence for benefits and harms of bone growth stimulating devices and

orthobiologics for treatment of nonunion fractures?

After searching the literature published since 1990, retrieving references, and applying
our inclusion/exclusion criteria, we identified 24 published studies of bone growth
stimulators and orthobiologics. Four of the studies were RCTs, two were retrospective
comparison studies, seven were prospective case series, and the remaining 11 were
retrospective case series. Thus, the overall quality of the evidence for each type of
intervention is for the most part low, and few of the studies can actually be used to
distinguish the effect of the device or orthobiologics agent from the additional treatments
these patients received. While some view case series of patients treated for nonunion
as “self-paired, patient controlled” studies, the occurrence of healing at late timepoints in
some patients receiving other therapies (e.g., cast immobilization) made us hesitant to
view the studies in this way. Two RCTs of PEMF therapy indicate that patients treated
with PEMF had healing of nonunions, but the results from one study did not reach
statistical significance after adjusting for confounding, and the other was only
randomized for the initial 12 weeks of treatment and observation.(11,12) One
prospective case series,(27) a retrospective series with a comparison group(14) and
three retrospective case series also demonstrated healing with PEMF treatment, but the
effect of PEMF could not be separated from the contribution of the immobilization
procedures or casting.(11) The RCT of treatment with a capacitative coupling device
demonstrated higher rate of healing in the active treatment group, although the number
of tibial nonunions in the comparison group may have negatively affected the results in

that group.(15) The remaining RCT, Friedlaender et al.,(23) indicates that OP-1 Implant
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may substitute for autogenous bone graft in the treatment of tibial nonunions in patients
also being treated with reamed intramedullary nail fixation, but a noninferiority statistical
analysis is needed to show that OP-1 (along with internal fixation) is not inferior to
autogenous bone graft and additional studies are needed to replicate the results.

Case series studies of ultrasound and shock wave therapy report healing of nonunions
with these therapies but individual study quality limits the strength of the evidence and
the effects cannot be separated from those of concomitant treatments. There is some
indication from case series that DBM preparations are also useful, but additional studies

are needed to understand the role of DBM in treating nonunion.

The studies’ generalizability to the Medicare population was poor with few studies either
reporting results separately for individuals 65 years of age or older or analyzing results
by age groups. It is commonly argued that there is no change in healing response with
increasing age,(5-7) but whether this holds true across the lifespan (even in the
absence of comorbid conditions that predispose to impaired healing) is not evident from
the literature we examined. The higher prevalence of osteoporosis in older adults
complicates the management of nonunion by reducing the likelihood of successful
stabilization with internal fixation.(28,29) Whether the results of treatments in younger
adults can be generalized to persons of advanced age is not entirely clear, but reporting
of outcomes separately for older patients in studies of nonunion treatments would

provide useful information.
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SCOPE OF REPORT

The Centers for Medicare and Medicaid Services (CMS) requested that AHRQ
commission an evidence report to assist CMS and the Medicare Coverage Advisory
Committee in considering treatments for nonunion fractures. On June 16th 2005,
AHRQ issued a Statement of Work (SOW) contracting ECRI to prepare a report on
the role of bone growth stimulating devices and orthobiologics in healing nonunion
fractures. The SOW specified that ECRI perform a narrative review of background
information and surgical therapy and a systematic review of bone growth stimulating
devices and orthobiologics. In commissioning this report, AHRQ, in consultation with
CMS and ECRI, developed six Key Questions to be addressed. These questions are

as follows:
1. How is a nonunion fracture diagnosed?
2. What are the risk factors for developing a nonunion fracture?

3. What are the current standards of care for nonunion fractures?
a. What supportive measures are recommended?
b. What surgical therapies are currently recommended for treatment of
nonunion?
c. What orthobiologics and external devices for stimulation of bone healing
in nonunion fractures have been approved by the FDA and which have not

been approved by the FDA?

4. What are the intermediate and patient-reported outcomes of treatment for

nonunions, and how are they defined?

5. What is the evidence for variations in outcomes attributable to surgeon,

procedure and institution characteristics?

6. What is the evidence for benefits and harms of bone growth stimulating devices

and orthobiologics for treatment of nonunion fractures?
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Nonunion fractures are defined by their failure to unite across the fracture gap in a
prescribed time period.(30) The treatment options for nonunions are designed to restart
the course of healing by enhancing the cellular processes that lead to fracture repair.
Various surgical approaches, bone growth stimulating devices, and orthobiologics have
been used separately or together in an effort to correct nonunion fractures and restore
normal physical functioning. For Key Questions 1 through 5, this technology
assessment addresses the diagnosis, risk factors, standard of care, important outcomes
of treatment, and treatment outcomes for nonunion fractures by examining current
reviews, clinical practice guidelines, orthopedic textbooks and selected clinical studies.
For Key Question 6, this report systematically reviews clinical studies of bone growth
stimulating devices and orthobiologics to assess their role in enhancing the healing
process of nonunion fractures. We identified clinical studies relevant to Key Question 6
through electronic and manual searches of literature published between 1990 and 2005.
In addition, we performed a supplemental search for the period 1975 to 1990 to expand
the information pertinent to electrical bone growth stimulating devices. We also
searched the most recent 2 years’ worth of meeting abstracts from the American
Academy of Orthopedic Surgeons (AAOS), the Orthopedic Trauma Association (OTA)
and the American Orthopedic Foot and Ankle Society (AOFAS) for new clinical studies

of bone growth stimulating devices and orthobiologics.

This report is intended to highlight, where possible, the relevance of nonunion fracture
treatments and outcomes to the Medicare population. Where available, outcome data
reported for patients 65 years and older were separately abstracted from included

clinical studies and entered into the evidence tables.

The findings of our assessment as they pertain to the six Key Questions are presented

below.
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BACKGROUND

Fracture Healing and the Development of a Nonunion

Bone tissue is composed of a matrix of 25% water, 25% protein (mostly collagen), and
50% mineral salt (calcium and phosphorus salts and calcium hydroxyapatite) and a
small number of bone cells spread throughout the matrix. The components of mature
bone marrow, bone tissue and periosteum have distinct composition and function but
are interdependent. Bone has three mature cell types that are responsible for the
production and maintenance of bone matrix: osteoblasts, osteocytes, and osteoclasts.
Osteoblasts are derived from stem cells and progenitors, some of which are capable of
forming other mesenchymal tissues such as cartilage, fat, fibrous tissue and muscle
under appropriate conditions.(31) Osteoblasts form new bone matrix by secreting
collagen fibers and initiating the calcification process. This matrix contains the mineral
which provides the tensile strength of bone, as well as type | collagen and other organic
components which give bone flexibility.(32) As they mature, some of the osteoblasts
survive within the new matrix and develop into osteocytes. Osteocytes maintain the
cellular activity of the bone. Osteoclasts, which are derived from a stem cell population
derived from hematopoietic stem cells, are responsible for removing old worn-out bone
matrix.(31) Compact or dense bone (also called cortical bone) provides support and
resists stress. Cancellous bone (also called trabecular or spongy bone) is found
adjacent to the joint surfaces of bone and lining the cavity of long bones. Bone is a

dynamic tissue that constantly replaces old bone matrix with new bone matrix.(33)

When a bone is fractured, the blood vessels across the break are ruptured. Blood clots
around the site of the fracture and forms a fracture hematoma. Because of the disrupted
blood supply, many of the bone cells in the fracture site die. The fracture hematoma
becomes the center of an inflammatory response that removes cellular debris and
prepares the tissue for healing. The inflammatory phase of healing, which constitutes
approximately 10% of total healing time, is characterized by a proliferation of various

cell types and the infiltration of new blood capillaries into the fracture site.(32)
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Transforming growth factor-beta (TGF-) seems to play a key role in initiating and
stimulating the phases of fracture healing that occur after the formation of the fracture
hematoma. TGF-f is abundant in the bone matrix and in platelets. It controls the
proliferation of osteoblasts that lay down collagen fibers in the fracture gap and of
osteoclasts that remove the fractured bone particles. The rate at which repair proceeds
and the composition of the tissue formed varies depending on the type of bone fractured
(i.e., cancellous bone vs. cortical bone), the severity of injury to soft tissue and vascular
supply, the stability of the fracture site, the degree of separation of the fracture surfaces,

and a variety of host factors (both local and systemic).

Five to ten percent of all fractures do not heal (nonunion) or heal very slowly (delayed
union).(34) Bones heal at different rates, leading to different standards for the time by
which healing is expected. In addition, for a given anatomic location, the type of fracture
is another factor in setting the expectation for time to healing. Court-Brown et al.
evaluated several grades of closed and of open tibial fractures, finding a mean healing
time of 12 weeks in the simplest closed fractures (n = 38) but a mean of 56 weeks in the

most severe open fractures (n = 12).(3)

Initial trauma to the blood supply of the bone medulla and periosteum, a source of
osteogenic cells, may be the cause of nonunion in the majority of cases.(30)

Several potential surgical and non-surgical causes for impaired healing may also

be involved.(30,34,35) The surgical causes include inadequate stability of the fracture,
an excessive residual fracture gap, infection introduced at the time of surgery , and
excessive stripping and damage to the periosteum. Non-surgical causes include
persistent contamination of the fracture site from the time of an open (compound) injury,
an injury with bone loss leading to a lack of apposition of the fracture fragments,
insufficient blood flow to the soft tissue at the fracture site, malnutrition, chronic iliness,
smoking, or use of medications (e.g., non-steroidal anti-inflammatory drugs and

corticosteroids) that interfere with healing.

Many orthopedists consider nonunion to be a cessation of the healing process, which,

if left untreated, will never heal. Our search did not identify long-term studies supporting

Page 16



this assumption, but it appears to be based on extensive clinical experience. For
example, Mayr et al. stated that “The orthopedic literature is quite clear in stating that all
processes have stopped in a nonunion, and healing can only be initiated by another
procedure since no spontaneous healing will take place.”(10) This study and another by
Nolte et al. on ultrasound treatment of nonunion relied on the assumption that without
intervention, a nonunion will not heal. Both studies used patients as their own

controls.(9)

Overview of Treatment Decisions for Nonunion

The treatment options for nonunions are designed to enhance the cellular processes
that lead to fracture repair. The exact approach depends on the condition of the
fracture, surrounding soft-tissue damage, the patient’s preferences and comorbid

conditions and the physician’s preference and experience.(36)

The algorithm (Figure 1) illustrates an overall approach to choice of therapy for
nonunion. The science of bone healing is still evolving, and the algorithm presented
represents an oversimplification of the underlying biological processes.(4,32,37,38)
Nonetheless, several reviews and texts organize the decision-making process around

these basic principles.

Once nonunion has been diagnosed, the presence or absence of infection is a key
determinant of treatment. In general, implantation of new hardware for stabilization may
need to be delayed until antibiotic therapy and surgical debridement bring the infection
under control (step 1). In some cases, previously implanted hardware must be removed.
An external fixation device is sometimes used for stabilization of the fracture site in this
setting. Once infection is quiescent, the fracture site is reassessed for nonunion and the

subsequent steps followed.

The stability of the fracture site (step 4) may range from none (as in the case of freely
movable bone fragments) to fairly rigid (in the case of fragments with good
interdigitation and stiff fibrous or cartilaginous tissue across the site).(31) For simplicity,

the algorithm is divided into those noninfected nonunions in which lack of stability
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appears to be the major problem (step 5) and those in which the biological processes
necessary for bone formation have failed (step 13). In practice, both instability and
biologic deficits frequently coexist, but one may be the dominant issue for initial

nonunion treatment decisions.

The assessment of stability of the fracture site is partially based on the radiographic
appearance of the fracture. If a nonunion is accompanied by exuberant callus formation,
it is generally assumed that the biologic processes are intact, but that excessive motion
or strain at the fracture site has disrupted the healing process. Breakage or loosening of
hardware from the stress of motion at the fracture site may be seen on x-ray. Motion at

the fracture site on clinical examination may be present.

If the acute fracture has been treated with closed reduction and external support (step)
(e.g., cast, brace or external fixator), internal fixation may be necessary to achieve
alignment and stability of the nonunion site (step 9). If internal fixation was used in prior
fracture management but stability was not achieved (step 11), the hardware may be
replaced or stabilization may be supplemented with either additional internal or external
fixation (step 12). For example, an intramedullary nail used in the management of a
tibial or femoral shaft fracture may be removed and replaced with a nail of greater
diameter. A variety of devices and techniques are utilized to stabilize ununited fracture
sites, with the choice of hardware and technique determined in large part by the

characteristics of the fracture site, the patient, and the surgeon’s experience.
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Figure 1. Overview of Treatment Decisions for Nonunion
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At the other end of the spectrum is the nonunion with good alignment and stability, but
no visible callus and a persistent gap between fracture fragments on x-ray. In this
situation, a defect in the biological processes is presumed (step 13). Bone resorption
occurs at the bone ends and fibrous or fibrocartilaginous tissue may fill the gap, or a
synovial capsule may form around the bone ends, creating a pseudoarthrosis.(32)

It is often stated that such nonunions, referred to as atrophic nonunions, are relatively
avascular, but a study by Reed et al. disputes this assertion. The authors used an
antibody labeling technique to quantify vascularity in biopsies of hypertrophic and
atrophic nonunions. The study was adequately powered to detect a 10% difference in
vascularity at the p <0.05 level and it did not demonstrate a significant difference in
median vessel counts.(39) Nonetheless, it is generally observed that disruption of the
blood supply, either by the initial injury or by subsequent surgery, impairs fracture
healing and increases the risk of nonunion. Although much has been learned in recent
years about the biological processes involved in fracture healing, there are still gaps in
understanding the reasons for failure of healing.(40) Clinical experience has shown that
fresh bone autograft, which contains viable cells and growth factors, will stimulate
fracture healing in the nonunion site (step 17). In current practice, bone graft obtained
from the patient’s iliac crest or from a bone site near the fracture (e.g., use of tibial bone
in distal femur nonunion) is the most common treatment for failure of the healing
process.(32) Unfortunately, retrieval of the autograft may cause significant morbidity in
terms of blood loss, pain and risk of infection. In some cases, these risks may outweigh
the potential benefits (steps 15 and 18). Bone marrow harvested by aspiration also
contains osteogenic cells and has been used in the treatment of nonunion. It can be
delivered by percutaneous or open routes to the nonunion site, with time to union and
volume of callus formed related to the number and concentration of progenitor cells
(measured as fibroblast colony-forming units) in the aspirate.(41) Comparisons of bone
marrow grafting to standard surgical bone autografting and to the FDA-approved bone

morphogenetic protein (BMP-7), OP-1, were beyond the scope of this report.

Untreated allografts are highly likely to provoke an immune response that leads to graft

rejection (i.e., excessive local inflammation and subsequent resorption); therefore,
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allografts are treated by freezing, freeze-drying or irradiation. Allografts of cancellous,
cortical or corticocancellous bone are employed in specific situations, but the efficacy

may vary depending on the processing, handling and preservation (step 18).

Given the morbidity associated with autogenous bone harvesting, an alternative
treatment for atrophic nonunions with comparable rates of healing and comparable time
to healing as bone grafting would provide patients with a valuable option, assuming the
new treatment does not also have significant adverse effects. Proposed and current
alternatives to bone autografts will be discussed thoroughly under Key Question 6 in the

body of this report.

In practice, achieving stability of the fracture site is equally important when bone grafting
is performed. Cancellous bone grafts, while rich in growth factors and inflammatory
mediators, do not provide mechanical stability; additional measures are generally
employed to stabilize the site. Corticocancellous grafts provide some additional support,
but unless a graft with retained vasculature is used, the graft will be resorbed and
remodeled, decreasing its strength for some time. Some authors refer to the process of
reaming the marrow of a long bone (such as the femur or tibia) for placement of an
intramedullary nail as an “internal cancellous bone graft.”(42,43) Rodriguez-Merchan
notes that while reaming and nailing disrupt the vascular supply to the endosteum,

a periosteal vascular reaction develops which stimulates bone formation.(38) Finally,
amputation may be an acceptable alternative in some situations, particularly when
associated injury to soft tissue and peripheral nerves would leave the limb nonfunctional

or persistently painful even with bony union.

Anatomic Location of Nonunion Fractures

The National Center for Health Statistics’ National Health Interview Survey for 1992(]
1994 provides information on the frequency of fractures in the United States.(44)

Of a total of 5,946,000 fractures per year, the average annual number of lower leg
fractures (tibia, fibula, and ankle) in the United States was 581,000. Approximately 10%

of tibial fractures result in nonunions.(30) The majority of nonunion fractures (62%)
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occur in the tibia, while 23% occur in the femur, 7% in the humerus and 7% in the
forearm.(36) Motor vehicle accidents are the most common cause of tibial shaft
fractures, and are more likely to produce open high energy fractures.(3) Advances in
fracture treatment in other bones have led to fewer healing problems while advances in
emergency medicine have reduced the number of lower limbs that would have been
amputated. However, the salvaged lower limbs are more likely to be severely injured

and have a higher rate of nonunion than fractures at other sites.(36)

Relevance of Nonunion Fractures to the Medicare Population

Data from the 2002 Health Care Utilization Project (HCUP) Nationwide Inpatient Sample
(NIS) estimate that more than 13,000 individuals 65 years of age and older were
hospitalized for the treatment of nonunion fractures.(45) This age group was 36% of the
total patient population treated as inpatients for nonunion fractures. Medicare was the
payer for 14,658 individuals, 38% of the total. Publicly-available HCUP data (HCUPnet)
for nonunions are not subdivided by bone type, but data are available on the frequency
of fractures in various bone types. Fractures of the humerus accounted for 32,623
discharges for individuals 65 years and older and this age group accounted for 49% of
discharges with this diagnosis.(46) Likewise, the principal diagnosis of fracture of the
shaft and distal portions of the femur was given in 23,061 discharges and fractures of
the tibia/fibula in 13,953, with the older patients comprising 40% of discharges with the
former and 20% of discharges in the latter instance. Fractures of the proximal femur (hip
fractures) led to hospitalization of 273,161 individuals 65 years and older and this age

group accounted for 89% of hip fractures.

Buckwalter et al. state that the rate of healing declines with increasing age only up to
the point of skeletal maturity, then remains relatively constant.(32) As stated previously,
epidemiologic studies of fracture healing rates would be useful for determining when an
ununited fracture is evidence of delayed healing; such studies would also be useful for
examining rates of healing with advanced age. While it is generally believed that
fractures in older adults normally heal at the same rate as those in younger individuals,

age-related changes in the bone tissue could theoretically affect fracture healing in the
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elderly and increase the likelihood that nonunions will occur. Several mechanisms have
been hypothesized. Osteoblasts and chondrocytes may not be able to fully synthesize
matrix proteins because of a decline in protein synthesis capacity or the proteins
produced may not be fully functional. The osteogenic stem cells may decline in number
and reduce the capacity to produce new osteoblasts. The osteoblasts may have a
shorter life span and produce less new bone matrix. The overall decline in cortical and
cancellous bone mass and an increase in microarchitectural damage with age may
contribute to fracture incidence and delay healing. The bone mass loss with age may be
related to a diminished response of bone tissue to mechanical loading stress which
would ordinarily stimulate the removal of old bone and the production of new bone.
Diminished bone turnover may also be due to a disruption in the communication and

coordination between osteoblasts and osteoclasts.(47-51)

It has also been postulated that trophic hormones, growth factors, and cytokine
concentrations may decline in the circulation or these substances may not be produced
in sufficient quantities during the inflammatory phase of fracture healing. Street et al.
examined the effect of age on angiogenesis following fracture.(52) They measured
concentrations of vascular endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF) in fracture hematoma and systemic circulation in 16 patients under 40,
and in 16 patients over 75 years of age who were undergoing open reduction internal
fixation (ORIF) of isolated closed fractures. Serum levels of these cytokines were
similarly elevated in both groups, although concentrations of PDGF were lower in the
fracture hematoma of the older subjects. However, plasma from patients in both groups
induced endothelial cell proliferation in vitro to a similar extent. These authors conclude
that impairment of angiogenesis is unlikely to play a role in delayed healing with

advanced age.(52)

The higher prevalence of osteoporosis in older adults complicates the management

of nonunion by reducing the likelihood of successful stabilization with internal
fixation.(28,29) Whether the results of treatments in younger adults can be generalized
to persons of advanced age is not entirely clear, but reporting of outcomes separately

for older patients in studies of nonunion treatments would provide useful information.
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METHODS

Key Questions Addressed

In order to meet the objectives of this report, we address the following Key Questions:
1. How is a nonunion fracture diagnosed?
2. What are the risk factors for developing a nonunion fracture?

3. What are the current standards of care for nonunion fractures?
a. What supportive measures are recommended?
b. What surgical therapies are currently recommended for treatment of
nonunion?
c. What orthobiologics and external devices for stimulation of bone healing in
nonunion fractures have been approved by the FDA and which have not

been approved by the FDA?

4. What are the intermediate and patient-reported outcomes of treatment for

nonunions, and how are they defined?

5. What is the evidence for variations in outcomes attributable to surgeon,

procedure and institution characteristics?

6. What is the evidence for benefits and harms of bone growth stimulating devices

and orthobiologics for treatment of nonunion fractures?

Literature Searches

Details of our search strategies used in searching 10 electronic databases,
hand searches of the bibliographies of all retrieved articles, and searches of the gray

literature are presented in Appendix A.
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Inclusion/Exclusion Criteria

For Key Questions 1, 2, 3a, 3b and 4, we included reviews, clinical practice guidelines,
and orthopedic textbooks published between 1990 and 2005. Based on
recommendations from our orthopedic consultant,(53) we relied heavily on chapters in
the text, Rockwood and Green’s Fractures in Adults.(54) A limited number of illustrative
clinical studies are included as supplements to information in these sources. In addition,
studies included for Key Question 6 were used as sources for the list of most frequently

used outcome measures addressed in Key Question 4.

For Key Question 3c, we examined the U.S. Food and Drug Administration’s pre-market
approval (PMA) and 510(k) databases for approvals and marketing clearance for
orthobiologics and external bone growth stimulating devices specifically indicated for the
treatment of nonunion fractures. For non-FDA approved orthobiologics and external
bone growth stimulating devices being used to treat nonunion fractures, we examined
all of the included and excluded studies examined for Key Question 6, FDA News,
Current Healthcare News, Medscape, the Web sites of AAOS, OTA and AOFAS, and

Clinicaltrials.gov.

For Key Question 5, we included only publications from 1990 to 2005 that explicitly
linked variations in practice with respect to surgeon, procedure, and institution

characteristics to outcomes of treatment.

For Key Question 6, this report systematically reviews clinical studies of bone growth
stimulating devices and orthobiologics to assess their role in enhancing the healing
process of nonunion fractures. We identified clinical studies relevant to Key Question 6
through electronic and manual searches of literature published between 1990 and 2005.
A draft report was submitted for external review to a variety of interested parties,
including representatives from orthopedic surgery, manufacturers of bone growth
stimulating devices, AHRQ and CMS. This process resulted in a supplemental search
for the period 1975 to 1990 to expand the information pertinent to electrical bone growth
stimulating devices. Additional articles were identified by reviewers, and in one case, a

translation of a study of ultrasound therapy published in German was provided to us.(1)

Page 25



Abstracts presented for the past 2 years at the American Academy of Orthopedic
Surgeons (AAOS), the Orthopedic Trauma Association (OTA) and the American
Orthopedic Foot and Ankle Society (AOFAS) meetings were reviewed to identify studies
relevant to Key Question 6. Studies identified from the supplemental search and the
meeting abstracts are discussed in the body of this report, but are not included in the full

evidence tables in the Appendices.

We used the following criteria to determine which studies would be included in our

analysis for Key Question 6:

1. Studies published in English. (A translated study provided to us is discussed to

provide additional information on ultrasound technology.)

2. Atrticles published from 1990 to the present. (Studies of bone growth stimulating
devices conducted prior to 1990 which otherwise meet our inclusion criteria are
discussed to provide historical context for more recent publications included in

the systematic review.)

3. Studies of adult humans. The developmental processes involved in bone growth
prior to adulthood lead to additional complexities in the treatment of nonunions
which are not relevant in the general Medicare population. We did not exclude
studies which included a small number of individuals younger than 18 years of

age.

4. Studies using controlled, cohort, and case series designs. Controlled studies are
the preferred study design for sorting out the influence of the treatment under
study from other potential influences. While we did not identify long-term studies
to substantiate the belief that nonunions will not heal without further intervention,
there appears to be consensus in the orthopedic community that this is the case.
Therefore, carefully designed case series that reduce the potential that other
aspects of treatment are responsible for healing may provide valid evidence of
device or orthobiologic effectiveness. ECRI proposes a careful evaluation of
uncontrolled studies in this systematic review to judge the quality and validity of

their results.
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5. Studies including 20 or more patients. The primary outcome of interest in the
studies examined for this report is the percentage of treatment successes
(healed nonunions) and failures (continued nonunions). We chose 20 patients
as the minimum for inclusion given the predominance of case series. In order to
be reasonably confident that reported success rates with treatment were not due
to chance, we calculated 95% confidence intervals (using the Wilson Score
Method(55,56)) for groups of varying sizes. The 95% confidence interval
calculated for a success rate of 70% in a group of 10 patients is 40% to 90%.
The confidence interval for the 30% failure rate in this group would be 11% to
60%. With 10 patients, there is considerable overlap in these estimates of
success and failure, which are in the range of success and failure rates
commonly reported. With 20 patients the confidence intervals narrow. For
fifteen successes (75%) and five failures (25%) the 95% confidence intervals
are 53% to 89% for the success rate and 11% to 47% for the failure rate.

The confidence intervals will decrease further as patient numbers increase, but

we considered 20 patients a reasonable minimum number for comparing these

series to published success rates for other treatments of nonunion. We followed
the commonly accepted practice of requiring at least 10 patients per group for

controlled studies.

6. Studies published as full papers. We also reviewed recent abstracts to

supplement our review, but did not assign them the same status as full papers.

7. Only the most recent publication of any study reported in multiple publications to

avoid duplication of data.

Additional criteria specific to individual questions are presented in the Results section

under each Key Question.

Data Extraction

Information extracted from the included studies for Key Question 6 is presented in

Evidence Tables in Appendix C. These tables describe study results, design details,
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information on enrolled patients, information on the treatment procedures used in each

study, and study results.

We have only extracted outcome data relevant to the Key Questions in this report.
If relevant data were reported in figures but not in text, we estimated them from the
figures. When study authors did not report dichotomous data as percentages,

we computed percentages.
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Evaluation of the Quality of the Evidence Base

For Key Question 6, we rated evidence strength and internal validity using standard
criteria as proposed by the U.S. Preventive Services Task Force (USPSTF). The first
step in this process involves identifying the study design and labeling it according to the

hierarchy shown in Table 1.(57)

Table 1. Hierarchy of Research Design (USPSTF)

Level Definition

| Evidence obtained from at least one properly randomized controlled trial.
11-1 Evidence obtained from well-designed controlled trials without randomization.

-2 Evidence obtained from well-designed cohort or case-control analytic studies, preferably from
more than one center or research group.

11-3 Evidence obtained from multiple time series with or without the intervention. Dramatic results in
uncontrolled experiments (e.g., penicillin) also qualify.

[ Opinions of respected authorities, based on clinical experience, descriptive studies and case reports,
or reports of expert committees.

In recent years USPSTF has recognized that this hierarchy by itself gives inadequate
consideration of internal validity (how well a study was conducted). For example, a well-
designed cohort study may be of higher quality than a poorly-conducted randomized
controlled trial. Therefore, they adopted an additional system for ranking internal validity
(“good”, “fair”, or “poor”). A “good” rating means that a study meets all criteria for that
particular study design, a “fair” study does not meet all criteria but is judged to have

no fatal flaw that invalidates its results, and a “poor” study contains a fatal flaw.(57)
Table 2 presents the criteria used by the USPSTF to judge internal validity. We gave
each criteria a ‘yes’ if the study met that criteria and a ‘no’ if the study did not. A “good”
study had all yeses, a “fair” study had one or two no’s. We have added an additional
category called “low” if the study had three or more no’s, which describes a study that is
borderline acceptable (not quite “fair”, but not necessarily fatally flawed). Any fatally
flawed studies were excluded. We listed both the USPSTF hierarchy level and the
validity results in each of the evidence tables in Appendix D for included studies

addressing Key Question 6.
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Table 2. Criteria for Grading the Internal Validity of Individual Studies (USPSTF)

Criteria for Randomized controlled trials and cohort studies

1. Initial assembly of comparable groups:

For RCTs: adequate randomization, including concealment and whether potential
confounders were distributed equally among groups.

For cohort studies: consideration of potential confounders with either restriction or
measurement for adjustment in the analysis; consideration of inception cohorts (We
considered prospective case series reporting consecutive patients to be ‘yes’ and
retrospective case series to be ‘no” )

2. Maintenance of comparable groups, includes attrition, crossovers, adherence, and
contamination. (We considered this to be ‘no’ if attrition or dropouts were not reported)

3. Important differential loss to followup or overall high loss to followup.
(We considered this to be ‘no’ if attrition was over 20%)

4. Measurements: equal, reliable, and valid, includes masking of outcome assessment.
(We considered this to be ‘no’ if outcome assessment was not blinded/masked)

5. Clear definition of interventions

6. All important outcomes considered. (Studies should report radiographic evidence of healing,
pain, and weight-bearing to be considered a ‘yes’)

7. Analysis: adjustments for potential confounders for cohort studies, or intention-to-treat
analysis for RCTs. (We considered this to be a ‘no’ if the study did not report statistical
analysis.)

We estimated the generalizability of each study to the U.S. Medicare population using
study enrollment criteria and the reported characteristics of the patients who were
actually enrolled in the study. This information is presented in the Evidence Tables in

Appendix D.

Page 30



EVIDENCE SYNTHESIS

Because each Key Question had a different evidence base, we describe each evidence

base separately under the relevant Key Question.

Key Question 1: How is a honunion fracture diagnosed?

This question was addressed using reviews, clinical practice guidelines, orthopedic
textbooks and selected clinical studies published between 1990 and 2005. Based on
recommendations from our orthopedic consultant,(53) we also used chapters in the text,
Rockwood and Green’s Fractures in Adults.(54) Selected clinical studies are included

as supplements to information in these sources.

Nonunion is the failure of a fracture to unite over an expected period of time. In a recent
review, Smith et al.(58) stated that “clearly, a fracture that fails to show progressive
evidence of healing over a 4- to 6-month period can be considered a nonunion.”
However, in a cross-sectional survey of 444 orthopedists, Bhandari et al.(2) found that
there was a range in time to declaration of nonunion in the tibial shaft of 2 — 12 months
(mean of 6 months, SD 2 months), as well as variations in the use and weight given to

radiographic and clinical characteristics.

Some variation in expected time to fracture union reflects different healing rates for
different bones.(53) Bones and regions of bones with relatively more cancellous bone
and greater vascularity heal more quickly than those with predominantly cortical bone.
For a given anatomic location, characteristics of the fracture also determine expected
healing rates. For example, Court-Brown et al. evaluated 438 patients with closed tibial
fractures and 109 patients with open tibial fractures, finding a mean healing time of

12 weeks in the simplest closed fractures (n = 38) but a mean of 56 weeks in the most
severe open fractures (n = 12).(3) A systematic review of epidemiologic studies of time
to healing of acute fractures with specific characteristics (e.g., open vs. closed) for

specific bones (and regions of those bones) was beyond the scope of this report, but
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could be useful for clarifying criteria for delayed union. Once an assessment is made
that healing is delayed, most authors define nonunion as the absence of signs of

healing for an additional 3 months, although there is not unanimity on this definition.

The radiographic features used for diagnosis of nonunion include the size and shape of
callus formation, the continuity of the cortex, the visibility of the fracture line, and the
position and integrity of hardware used in the initial treatment.(2) In the survey
conducted by Bhandari et al., roughly 40% of surgeons responding stated that they
“always” used these features to diagnose nonunion.(2) Plain films of fracture sites are
typically taken in orthogonal projections. Additional views to further assess the progress
of healing may include oblique projections and stress views. Radiographic evidence of
fracture healing lags behind actual healing, as mineralization of the new bone formed
occurs late in the process. For example, Ring noted that fractures in the hand can heal
uneventfully despite persistence of a fracture line for as long as a year following
injury.(59) Other imaging studies may be used to supplement plain films. Standard
tomography provides greater detail than plain films and may show persistent fracture
lines more clearly.(60) Computerized tomography is a particularly useful imaging
modality for more accurately assessing nonunion.(53) The shape of callus formed is
described as “elephant’s foot type” (with abundant callus) or “horse-shoe” type in
hypertrophic nonunions. Atrophic nonunions demonstrate minimal to no callus and
resorption of the ends of the bone fragments. Oligotrophic nonunions are intermediate

in character between hypertrophic and atrophic nonunions.(32,58)

MRI may be particularly helpful for determining whether infection is present with
nonunion when the presence of hardware does not preclude its use. Radionuclide
scans of various types may be used to determine whether there is osteonecrosis or
infection, but tissue biopsy may be necessary in some instances. One case series we
identified examined the use of ultrasound in addition to standard x-rays to follow fracture
healing over a one-year follow-up period, and noted that ultrasound demonstrated
multiple bone fragments or poor alignment, loss of a linear echogenic cortical border

and absence of a bony bridge in nonunions.(61)
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Clinical criteria for diagnosis of nonunion include pain on palpation of the fracture site,
and for the lower extremity, pain on weight-bearing. In the survey by Bhandari et al.,
roughly 40% of orthopedists stated that they “always” used these criteria.(2) Motion at
the fracture site may be detectable on physical examination when an unstable nonunion
is present.(3) These clinical findings in the absence of radiographic evidence for healing

may influence the timing of diagnosis.

Court-Brown’s discussion of the diagnosis of tibial nonunion is illustrative of the difficulty
in diagnosis of nonunion.(3) He notes that confirmation of a clinical suspicion of
nonunion may be “surprisingly difficult” and that “even after extensive investigations,
neither the radiologist nor the surgeon may be completely sure about the diagnosis, and
under these circumstances, the surgeon must rely on experience, and the decision as to

whether treatment is required is based on clinical grounds.”

Key Question 2: What are the risk factors for developing a nonunion fracture?

In the chapter, “Bone and Joint Healing” in Rockwood and Green’s Fractures in Adults,
Buckwalter et al. point out that while nonunion may occur in the absence of identifiable
risk factors, certain injury, patient and treatment characteristics appear to predispose to
nonunion.(32) Injury variables include the severity of injury both to bone and
surrounding soft tissue. Open fractures are more likely to be associated with disruption
of blood supply, producing necrotic bone and soft tissue which may interfere with
formation of the fracture hematoma and predispose to infection. Severely comminuted
fractures, whether open or closed, are also associated with severe soft tissue damage,
vascular disruption and an impaired bone healing response. Soft tissue may also
become interposed between fracture fragments, interfering with reduction and
alignment. In contrast, less severe injuries have an “internal splint” in the form of the
intact soft tissue envelope and a fracture hematoma, which serves as a source of cells
and mediators which promote healing. Intraarticular fractures may be difficult to properly
align and stabilize. Segmental fractures may result in a section of bone without
adequate periosteal and intramedullary blood supply. Vascular disruption may be a

particularly important risk factor for nonunion in bones such as the femoral neck,
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scaphoid and talus, which have a limited blood supply under normal circumstances.
Areas with minimal surrounding soft tissue, such as the distal tibial region, also have a
more limited blood supply and are at greater risk of nonunion following extensive trauma

or after surgical procedures.(32)

Of the systemic risk factors, heavy smoking was mentioned in a number of reviews and
case series as an important risk factor.(62-67) Obesity, alcoholism, diabetes and
peripheral vascular disease were also mentioned.(68) Certain medications, including
nonsteroidal anti-inflammatory drugs,(69) corticosteroids and anticoagulants are also
thought to increase risk for nonunion or infection.(58) Buckwalter et al. noted that one
experimental study found impaired fracture callus strength in the setting of protein
deficiency.(32) Some case series describe higher rates of nonunion with increasing
age,(70) but based on the study by Street et al.(52) and the discussion in the chapter by
Buckwalter et al.(32) presented in the Background section on page 20 of this report, this
may not be a generalizable finding. Osteoporosis does not directly interfere with fracture
healing, but the decreased bone mass leaves less surface area for contact between
fracture ends and the ultimate mechanical strength of the new bone formed will be less

than that of nonosteoporotic bone.(32,53)

Certain aspects of fracture treatment interfere with healing, but may or may not be
clinically significant. Open reduction or other surgical exposure of a fracture site disrupts
the fracture hematoma and may damage the blood supply and surrounding soft tissue.
Inadequate stabilization or excessive distraction of fracture fragments by internal or
external fixation devices may interfere with healing. In the ideal situation, fracture
fragments are in direct contact, in proper alignment and under compressive loads.
However, if the periosteum and the soft tissue envelope are well-preserved, minimal
separation of the fragments may not significantly deter healing. Buckwalter et al.
referenced experimental studies indicating that early weight-bearing and micromotion at
long bone fracture sites promotes fracture healing and that decreased loading across
the fracture retards healing. Unfortunately, the optimal timing, pattern and intensity of
loading is not known for individual fracture types, and could vary based on individual
patient factors if it were known. Certainly, continuous and excessive motion at a fracture

site is likely to cause nonunion, but the effect of instability is not consistent across
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various bones. For instance, closed fractures of ribs, the clavicle, humeral shaft,
metacarpals and metatarsals may heal despite persistent mobility on clinical
examination. In contrast, fractures of the femoral neck and scaphoid are particularly

sensitive to excessive motion, and require immobilization to heal.(32)

While internal fixation devices such as compression plates provide rigid stabilization
(commonly referred to as “absolute stability”), they may cause regional bone loss due to
transfer of load from the fractured bone to the implant. If an implant is utilized but
stability is not achieved, motion at the fracture site may cause additional stress on the
bone leading to resorption, as well as stress on the implant, causing device breakage.
Inadequate stabilization or immobilization of fractures was cited by several authors as a
significant risk factor for nonunion, but was not necessarily attributable to surgical
technique, given the nature of the fractures and the need for patients to adhere to
difficult treatment plans and intensive followup. When successful, however,

rigid stabilization by internal fixation is particularly helpful for treatment of fractures of

the radial and ulnar shafts and intraarticular fractures.(32)

As orthopedic techniques and equipment have evolved, certain hardware and
techniques have been abandoned because of excessive rates of nonunion associated
with their use. For example, transverse osteotomy of the olecranon (used to expose and
repair the distal humerus) was associated with a 30% nonunion rate.(71)

Power reaming of the tibia and use of skeletal traction were thought to be risk factors for
tibial nonunion by O’'Dwyer et al.(72) Among 45 patients with tibial fractures randomized
to intramedullary nailing with or without reaming, higher rates of tibial nonunions were
found without reaming (3 patients) than with reaming (no patients).(73) Early
intramedullary nails that did not provide adequate stability were prone to rotational and
axial motion, as well as nail migration, making nonunion more likely.(74) Certain plating

systems have caused vascular damage.(75)

Variations in surgical practice addressed in the articles we retrieved included the issue
of time to initial surgical repair of an acute fracture. In a retrospective review of open
fractures treated at the University of Alberta Hospital in Edmonton, Canada, Harley et

al. found no increase in nonunion rates for 100 fractures treated more than 8 hours
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following injury with the majority treated within 13 hours compared to 115 treated within
8 hours. In a multivariate logistic regression model, the strongest determinants of
nonunion were infection and grade of injury.(76) Roolker stated that diagnosis and
appropriate immobilization of scaphoid fractures within a week of injury reduced the risk
of nonunion, noting that plain films are often insufficient for diagnosis. Use of a hanging
cast was an important risk factor for proximal humeral nonunion in the study by Pugh et
al.(74)

Key Question 3: What are the current standards of care for nonunion fractures?

Treatment of nonunion fractures must be individualized as no single method of
treatment is applicable in all situations.(30,38) Therefore, a variety of treatment
approaches have been developed to treat nonunion fractures. These include surgical
placement of internal and external fixation, bone grafting, bone growth stimulators
(electrical stimulation, ultrasound stimulation, high-energy extracorporeal shock waves),
and orthobiologics (products created to enhance fracture healing). “Osteoinduction” is
the process of recruiting mesenchymal type cells (osteogenic stem cells) which
differentiate into cartilage and bone-forming cells. Recruitment of these cells is believed
to occur with mechanical, electrical and chemical forces.(58) Mechanical force may be
applied nonsurgically, as with functional bracing and weight-bearing, or surgically,

as with compression plates or intramedullary rods to stabilize the fracture and permit

weight-bearing.

To address this question, we have used recent reviews and texts, particularly
Rockwood and Green’s Fractures in Adults(54), as well as input from our orthopedic
consultant.(53,77) Figure 1 (page 19) illustrates a framework for choosing among the
options. The discussion of the overarching principles presented in the Background
section will not be repeated here, but the same framework will be used for presentation

of specific treatments.
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a. What supportive measures are recommended?

Supportive measures in the care of patients with fracture nonunion were mentioned
infrequently in the reviews and series examined. Pugh noted that “nutritional status

and smoking habits should be improved before initiating surgical treatment.”(74)

As described in the section on risk factors for nonunion, a number of authors have
described a higher incidence of nonunion in patients who smoke and they recommend
strongly encouraging patients to avoid smoking during treatment of nonunion. Control of
infection at the fracture site was also frequently cited as important. Otherwise, articles
focused on the presence of comorbid conditions as factors in the choice of procedure to
be performed or avoided, but good clinical practice would include stabilizing such

conditions as much as possible prior to elective surgical procedures.

b. What surqgical therapies are currently recommended for treatment of

nonunion?

As noted previously, once nonunion is diagnosed, evaluation for infection is important
early in the decision-making process (step 1 of Figure 1). If the nonunion is infected,
the infection must be brought under control prior to further surgical management.

If this is not possible, amputation may be the surgical therapy of choice.(53,77)

In nonunions not thought to be infected, the next decision point pertains to the
distinction between “atrophic” and “hypertrophic” nonunion. Hypertrophic nonunions are
viewed as a mechanical or stability problem (steps 3 - 8 of Figure 1), whereas atrophic
nonunions require attention to the impairment of bone formation (steps 9 -13 of

Figure 1).(53) The means of achieving stability in the former and of stimulating bone
formation in the latter depends on the location and other conditions of the fracture,

in addition to the characteristics and preferences of the patient and the surgeon.

The surgical management of nonunions will be discussed in the context of the anatomic

regions involved, with emphasis on issues pertinent to the older population.

Bone grafting, in addition to stabilization, is an extremely important component of the

treatment of nonunions in which normal growth factors and cellular mechanisms for
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osteoinduction are either absent or dysfunctional. Autogenous bone and bone marrow
grafts contain both of these, but depend on adequate vascular supply at the nonunion
site for healing to occur. In some instances, bone grafts are harvested with an intact
vascular supply to overcome large bony defects. The iliac crest is the most commonly
used donor site, although “local bone,” i.e., from a site close to the nonunion, is also
used. Examples include use of bone from the distal tibia for repair of nonunion in the
foot.(77)

ECRI has previously summarized complications and morbidities associated with
harvesting bone for autografting.(78) This report cited an earlier review of harvest-site
complications from the iliac crest published in 2000.(79) The latter review was based on
eight studies retrieved from an online search of the National Library of Medicine
database for the period 1966 - 1997 using the keywords “bone graft” and
“‘complications.” ECRI pooled the complications across the studies included in that
review and found that major complications (those requiring a major change in treatment
or return to the operating room and prolonged hospital length of stay) such as deep
infections, nerve injuries, and deep hematomas were reported for 1% to 2% of patients.
Other major complications such as vascular damage, hernias, and fractures occurred in
fewer than 1% of patients. Minor complications (those responding to non-operative
intervention) were reported in 1% to 6% of patients and unsightly or hypertrophic scars

in about 5% of patients. Chronic pain was reported in 20.5%.(78)

One of the studies included in the review above was a retrospective review of

239 patients (mean age 33 years) who had undergone autogenous bone grafting for a
variety of indications at the University of California, Davis, Medical Center from 1982 —
1983. In this study, Younger and Chapman reported a number of complications
associated with harvesting of bone. They defined major complications as those
requiring increased length of stay, additional surgery or significant disability. Minor
complications were defined as those responding to minor treatment or resolving without
treatment. Harvest sites included the posterior iliac crest in 48%, the anterior iliac crest
in 31.5% and other sites in the remainder. There were 10 patients with early major

complications, including wound infections, hematomas requiring treatment and 1 broken
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drain requiring removal. There were 11 patients with late major complications —

6 with severe chronic pain, 3 with sensory loss, 1 with osteomyelitis and 1 with wound
breakdown. In this series, 84 patients with significant comorbid conditions had a major
complication rate of 14.3% in contrast to the rate of 5.8% in 155 previously healthy
patients (p = 0.02).(80)

In a more recent series, Ahimann et al. reviewed the medical records of 88 patients
undergoing bone graft harvesting for limb salvage in treatment of chronic osteomyelitis
between 1991 and 1998.(81) Mean age in this series was 46 years; all patients received
intravenous antibiotics for five days while awaiting culture results from the site affected
by the osteomyelitis. The overall major complication rate (using Younger and
Chapman’s definitions) was 6% (5/66 with an anterior iliac crest harvest site and 1/42
with a posterior iliac crest harvest site).The minor complication rate was 15% (10/66 in
the patients with an anterior iliac crest harvest site and 0/42 in those with a posterior
harvest site). Blood loss (intraoperative and drain output) was less in the posterior site
patients than in the anterior site patients (169 vs. 232 ml, p = 0.02). Fifty-eight (66%)
patients completed a survey at least 2 years following the procedure. Those who had
an anterior harvest site described more post-operative pain for a longer period of time
(3 with pain resolving within 6 months and 1 with pain persistent after 6 months) than
those with the posterior harvest site (none with pain as a complication — presumably
after the early post-operative period). The authors attribute the lower incidence of
complications in their series to use of antibiotics, good exposure of the donor graft site,
excellent intraoperative hemostasis and use of a drain for 3 days post-operatively.
They conclude by recommending posterior harvesting of iliac crest for grafting

whenever possible.(81)

An unpublished study conducted by Covance Health Economics and Outcomes
Services Inc. was provided to us by EBI, one of the manufacturers of non-invasive
electrical bone growth stimulating devices, and is provided in Appendix E. Using the
Medicare Standard Analytic Files (SAF) of claims filed for inpatient and outpatient
services for a 5% random sample of Medicare beneficiaries, Covance examined claims

for patients with a primary or secondary diagnosis of nonunion and a procedure code for
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bone grafting during the period 1995 — 1997. They also sought data on additional
hospitalizations which included orthopedic procedures following the bone grafting
procedure. From these claims data, they used secondary diagnoses for the initial bone
grafting hospitalization to calculate complication rates of the procedure. The rates
reported in their sample included 20.6% with “acute posthemorrhagic anemia,”

3.1% with urinary tract infection, 2.6% “other specified complications, not elsewhere
classified,” 2.2% pulmonary collapse, 1.7% hyposmolality and 1.4% “surgical
complications, urinary tract.” Other complications listed in their report are more
suggestive of pre-existing comorbid conditions or indications for the procedure.

We reviewed the list and incidence of complications with our consulting orthopedist,
who suggested that while blood loss is an expected complication of bone grafting
procedures, the bleeding is not always of clinical significance. He also noted that the
diagnosis of “acute posthemorrhagic anemia” affects the diagnosis-related group (DRG)
coding for surgical hospitalizations.(28) While claims data may help to identify potential
complications of surgical procedures, additional studies with more complete data on
patient and treatment characteristics necessary to adjust for possible confounders

would be helpful for evaluating the experience of older patients.

In a recent study, 23 nonconsecutive patients with nonunion of the lower extremity were
asked to complete the Short-Form Health Survey (SF-36) questionnaire prior to surgical
treatment of nonunion.(82) Within the group, 5 had an infected nonunion, and all had
undergone previous surgery; one had received electrical stimulation in addition to
surgery. Retreatment surgery (bone grafting in 19, additional allograft in 2, reaming and
exchange nailing in 6, plating and other fixation procedures) was performed at a mean
of 482 days after the original treatment, and the questionnaire was administered a
second time at a mean of 449 days later. By that point, 21 of the 23 nonunions had
healed. There were significant improvements in the physical functioning score (baseline
23 (SEM 5.6) to 43 (SEM 6.3), p = 0.002)) and physical role score (baseline 3 (SEM
1.6) to 36 (SEM 8.0), p = 0.001)). Unfortunately, bodily pain scores did not improve
(baseline 23 (SEM 4.2) to 28 (SEM 3.7), p = 0.308)). Even the post-treatment values for

all of the scales remained significantly less than population norms (p <0.01 for each of
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the scales). The authors note that recovery may take longer than the followup in this

study.

The following descriptions of surgical treatments by anatomic site are intended to
highlight some of the methods of internal fixation described in reviews of the surgical
management of nonunion, and is by no means a comprehensive or systematic review of
the indications and complications of the associated procedures. In addition, we briefly
describe use of the circular external fixator system for tibial nonunion. For each
anatomic site, hardware including nails, plates, and screws are designed for use at the
specific location. Long bones are treated differently depending on the location of the
fracture within the bone — e.g., a fracture near a joint is often treated differently from a
fracture in the midshaft of the bone. Hardware is designed to provide stability, but may
stimulate bone growth in other ways as well. Bone growth is enhanced when a patient is
able to bear weight after stabilization of a nonunion, as the cyclical axial load created by
ambulation or active use of the extremity is an important stimulus. Reaming of long
bones in conjunction with use of reamed intramedullary nails is generally believed to
promote bone and vascular growth despite a temporary disruption of the endosteal
blood supply. If a nonunion is well-aligned or if it can be manipulated into good
alignment, nailing is performed percutaneously to reduce soft tissue trauma and
propensity for infection. The force of compression across fracture fragments created by
compression plates is also a stimulus to bone growth. Hardware materials, design, and
surgical techniques for placement continue to evolve as better rates of nonunion are
sought. Chandler presents a thorough discussion of the major types of hardware,
including screws, cerclage wires, plates and nails in his chapter, “Principles of Internal
Fixation” in Rockwood and Green'’s Fractures in Adults in addition to appropriate usage

based on fracture location and geometry.(83)

Sternum

Sternal nonunion may occur following cardiothoracic surgery or trauma. When the
nonunion is not infected, plating with or without bone grafting may be used. Wu et al.

reported successful treatment of 6 sternal nonunions treated with the Sternalock system
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(Sternalock, W. Lorenz Surgical, Inc.). This system uses titanium plates specifically
designed for the sternum which have a locking mechanism between the plate and the

screw.(84)

Clavicle

Nonunion of the clavicle is discussed by Lazarus in Rockwood and Green’s Fractures in
Adults and specific surgical techniques are described in the text.(85) Elderly patients
are most likely to fracture the outer fifth of the clavicle, and such fractures are prone to
nonunion if they are displaced.(86) Some distal clavicular fracture nonunions do not
impair function; in other instances, resection of the short fragment may be sufficient.(87)
Plate and screw systems, with or without iliac crest grafts, have been used when

surgical repair of clavicular nonunions are necessary.(88,89)

Humerus

Humeral fractures, while not as common as fractures of the distal radius or hip,

can cause significant disability in the elderly, particularly when nonunion occurs.

The humerus may be the most common site of fracture nonunion in the over 65-year old
population.(74,77) Patients with unhealed humeral fractures may experience a great
deal of difficulty performing basic activities of daily living. As noted previously, the
review by Pugh et al. of humeral nonunions stated that the use of the hanging cast,
formerly a commonly used method for management of humeral fractures in older

patients, may predispose to nonunion.(74)

Proximal humeral nonunion is associated with shoulder joint contracture, rotator cuff
dysfunction, and severe bone loss. Open reduction with internal fixation (ORIF) and
bone grafting is typically performed in younger patients, but a shoulder hemiarthroplasty
may be recommended for older patients because osteoporosis may compromise the
stability of the fixation. With the emergence of “locking plates” this difficult fracture has
been addressed in a much improved fashion.(90) While this procedure relieves pain,

it does not typically improve function significantly.
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Gregory, in his description of treatment of diaphyseal humeral fracture in Rockwood and
Green’s Fractures in Adults, states that compression plating for stability, in combination
with bone grafting when the nonunion is atrophic, is the current treatment of choice for
nonunion of the humeral shaft.(91) The review by Pugh, et al. states that distal humeral
nonunion is associated with elbow joint contracture, ulnar neuropathy and synovial
pseudoarthrosis.(74) Surgical repair is complex, but if not done, severe pain and
disability often result. EIbow arthrodesis may be performed to reduce pain with distal
humeral nonunion, but is considered a “salvage” procedure as it results in significant
disability.(74)

For each of these locations in the humerus, specific hardware and techniques have
been developed for management of nonunion, following the general principles outlined
above. The specific descriptions of these are beyond the scope of this report. The
technical skill required for these procedures may be altered by the design of the
hardware. For example, the “wave plate” used with bone grafting for diaphyseal
nonunion in the study by Ring et al.(92) is said to be less technically demanding than
other methods of fixation. Further, the wave plate, which is contoured to avoid contact
with the cortex immediately beneath it, has the advantage of decreased resorption of

bone beneath the plate compared to standard plates.(83)

Circular external fixators, described below for treatment of tibial nonunion, have also

been used successfully in management of humeral nonunion.(93)

Forearm

Fractures of the distal radius are quite common in the elderly and are discussed by
Strauss et al. in the text, Brocklehurst's Textbook of Geriatric Medicine and
Gerontology.(94) Standard treatment of an acute distal radius fracture in an older
individual has traditionally been closed reduction and casting. Unfortunately, the degree
of impaction that occurs with these fractures leads to bone compression, resulting in
malunion and nonunion in many patients treated only by casting. More aggressive

treatment of the initial fracture is now recommended.(94) The advent of “locking” distal
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radius plates has provided a popular and generally successful treatment alternative for
nonunion of the radius.(90) In their review of distal radius fractures, Prommersberger et
al. state that wrist arthrodesis may be necessary as a last resort for management of
instability and pain.(68) Dynamic compression plating and screws designed for the
small fragments of bone involved, coupled with autogenous bone grafting, are described

in the review by Ring for management of nonunion of the radius and ulna.(95)

Scaphoid

Nonunion of scaphoid fractures is an important problem in younger patients,

but appears to be less common in older patients.(77) A systematic review of

147 publications examining vascularized and nonvascularized bone grafting with and
without internal fixation (IF) for scaphoid nonunions found that vascularized bone
grafting with or without IF yielded the highest rates of union (91%), followed by
vascularized bone graft with IF (84%) and nonvascularized bone graft without IF
(80%).(96)

Hand

Ring has recently published a review of malunion and nonunion of the metacarpals and
phalanges.(59) He points out that the hand cannot be immobilized for prolonged periods
without permanent stiffness, and advises against immobilization for more than

six weeks. In some cases, amputation may result in a superior functional outcome,
particularly if there is permanent sensory loss, chronic infection, severe stiffness or
insufficient skin coverage. Arthrodesis is used in conjunction with internal fixation across
a stiff joint when a nonunion is periatricular. If a digit is likely to be functional once the
bone heals, internal fixation using varying types of plates and screws is used to provide
alignment and stability, although tenolysis and arthrolysis are usually required at the
same time. Nonunions in the hand are usually atrophic, and many have bone defects,
both of which necessitate bone grafting. Nonstructural, or cancellous, bone is typically
sufficient for stimulation of osteogenesis, but a corticocancellous graft can be used to

add some structural support and share the mechanical load with the implanted
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hardware. Ring cautions that even with advances in technique, however, function of

digits following repair of nonunion is likely to be limited.(59)

Pelvis

One series of 70 late post-traumatic pelvic nonunions described patients with this
condition as typically having severe pain and difficulty maintaining sitting balance.
The author describes surgical treatment with debridement of the nonunion site,
reapproximation of the bone fragments, bone grafting and internal fixation.(97)

After surgery, 96% of the patients achieved a primary union.

Femur

Strauss et al., in the chapter on “Orthopedic Geriatrics” in Brocklehurst’'s Textbook of
Geriatric Medicine and Gerontology, state that fractures of the femoral neck may result
in nonunion in 5% of patients if the fracture is not displaced, but that the rate may be as
high as 35% when there is displacement. Nondisplaced fractures may be treated with
internal fixation, whereas hemiarthroplasty or total hip arthroplasty is recommended for
displaced fractures.(60,88,94) Intertrochanteric fractures involve cancellous bone, and
consequently, they tend to heal well. Ununited femoral shaft fractures often require
removal of hardware used in initial fracture management and subsequent fixation with

either nailing or plates and screws.(98)

Tibia

Tibial fractures are the most common open fractures in the elderly.(94) As in younger
patients, such fractures are at risk for infection as well as compromise of vascular
supply and skin coverage. Severe soft tissue disruption may result in interposition of
tissue at the fracture site that prevents bone healing. Infection may also result in
sequestra which interfere similarly. Atrophic skin predisposes to wound breakdown and
infection. One author commented that amputation may be preferable to the “18 months

of intensive orthopedic care” and uncertain functional outcome with surgical repair of
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tibial nonunion.(99) Reamed intramedullary nailing was used in the maijority of recent
series of tibial shaft nonunions. With tibial deformity, however, compression plating was
used to correct this when possible. Wiss noted, however, that the compression plate
may not provide stability in patients with severe osteopenia.(30) Bone grafts and
percutaneously injected marrow aspirates were used in some series.(30,88,100)

To enhance the effect of axial load on bone formation, hypertrophic tibial fractures are
sometimes treated by excision of a section of the fibula, causing the full force of weight-

bearing to be transmitted through the tibia.(30)

ECRI previously reviewed surgical treatment for nonunion of the tibia.(78) Surgical
approaches to treatment of tibial nonunions vary, but typically involve the use of a
fixation device with or without a bone graft or bone-graft substitute. Hypertrophic
nonunions may be treated using fixation alone. Bone grafts may not be necessary in
all hypertrophic nonunions, but atrophic nonunions are likely to require osteogenic

stimulation such as that provided by a bone graft.(30)

The following list briefly summarizes the commonly used surgical options for tibial

nonunion:(30)

« Fibular Osteotomy. In some cases, an intact fibula may prevent close apposition of the
tibial fragments and prevent compressive forces that enhance healing. Removing a
small segment of the fibula can correct these problems and when combined with
surgical stabilization of the tibia may also be necessary to aid in deformity correction.

This procedure should not be performed to treat unstable atrophic nonunions.

* Plates. A titanium plate that spans the fracture site can be fixed with screws to either
the lateral or medial aspect of the tibia. The plate helps to correct deformities,
increases nonunion stability, and decreases rotational shear at the nonunion.

Plating removes the need for a cast or brace. Atrophic nonunions of the tibia are

typically treated with bone grafting in addition to the plate.

* Intramedullary Nailing. In this procedure, a metal rod (intramedullary nail) is placed

inside the shaft of the bone. A hole is drilled at either the proximal or distal end of the
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bone, and the rod is passed through the length of the bone, providing mechanical
strength. The medullary cavity, which occupies most of the shaft of the bone, is
usually reamed before rod insertion. This procedure is used only in closed fractures
and in open fractures with little deformity. Intramedullary nailing may be impossible in

patients with substantial deformity.(78)

External fixation may be used alone or in conjunction with internal fixation for
hypertrophic nonunion in the tibia.(101,102) An external fixator stabilizes the nonunion
sufficiently to permit partial to full weight-bearing, but the need for prolonged use and
frequent pin-tract infections make the device less attractive. The circular fixator, known
by the name of its inventor, Ilizarov, may be used in the setting of significant bone loss,
deformity or infection. A “corticotomy,” or osteotomy with preserved endosteal and
periosteal blood supply, followed by bone transport, is used to provide healthy bone at
the site of the defect. An external fixation apparatus attached to the limb by wires under
tension creates a controlled degree of distraction of the bone ends for limited periods
several times a day. Stem cells fill the distraction gap and differentiate into osteoblasts.
Blood flow to the area increases by up to 40%. The device also permits full weight-
bearing regardless of the size of the bony defect, adding further stimulus to bone
formation.(58) The drawbacks to this approach include pin-tract infections, the need for
the patient to wear the device for a prolonged period of time, the extensive inventory of
equipment necessary for customizing the apparatus to the individual patient, and the
difficulty of mastering the techniques of application and maintenance by the

surgeon.(30)

Ankle and foot

When small bone fragments remain ununited in the foot following a fracture, they are
sometimes simply excised to relieve pain. Otherwise, internal fixation and bone grafting
techniques are used as in other locations. The distal tibia or the calcaneus may be used
as harvest sites. Cortiocancellous bone is used to bridge larger defects, with special
surgical techniques adapted for the location. In one procedure, the medullary canal is

drilled and a “plug” of corticocancellous bone inserted. In another technique, a dorsal
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groove is created in the cortex of the ununited bone fragments and a bridging graft is
compressed and placed across the fracture line into both segments.(103) The “Jones
fracture” is a transverse or short oblique fracture at the junction of the metaphysis and
diaphysis of the fifth metatarsal, entering the fourth-fifth intermetatarsal joint. The rate of
nonunion for Jones fractures is 7 — 28%. Intramedullary screw fixation with bone
grafting using corticocancellous bone from the tibia is typically used for management of

Jones fracture nonunion.(104)

c. What orthobiologics and external devices for stimulation of bone healing in

nonunion fractures have been approved by the FDA and which have not been
approved by the FDA?

To address this question, we examined the U.S. Food and Drug Administration’s (FDA)
pre-market approval (PMA) and 510(k) databases for approvals and marketing
clearance for orthobiologics and external bone growth stimulating devices specifically
indicated for the treatment of nonunion fractures. For non-FDA approved orthobiologics
and external bone growth stimulating devices being used to treat nonunion fractures,
we examined all of the included and excluded studies examined for Key Question 6,
FDA News, Current Healthcare News, Medscape, the American Academy of
Orthopaedic Surgeons Web site, the American Orthopedic Foot and Ankle Society
Web site, and Clinicaltrials.gov. The list of orthobiologics and bone growth stimulating
devices with potential use in the treatment of nonunion fractures are presented in
Appendix B. We acknowledge that this list does not include all orthobiologics products
being used for treatment of nonunion, as some of products have either not been studied
specifically in the setting of nonunion but are used at the discretion of the treating

surgeon.

The FDA considers most orthobiologicals to be Class Il medical devices and we have
listed these in Table B-1. A 510(k) is a pre-marketing submission made to FDA to
demonstrate that the Class Il device to be marketed is as safe and effective, that is,
substantially equivalent (SE), to a legally marketed device that is not subject to

premarket approval (PMA). Applicants must compare their 510(k) device to one or more

Page 48



similar devices currently on the U.S. market and make and support their substantial
equivalency claims. The legally marketed device(s) to which equivalence is drawn is
known as the “predicate” device(s). Unlike PMA, which requires demonstration of
reasonable safety and effectiveness, 510(k) requires demonstration of substantial
equivalence. Substantial equivalence means that the new device is as safe and

effective as the predicate device(s).

FDA section 888.3045 — Resorbable calcium salt bone void filler device (Common
name: bone void filler) lists these products as Class Il devices. The FDA identifies the
888.3045 category as follows: “A resorbable calcium salt bone void filler device is a
resorbable implant intended to fill bony voids or gaps of the extremities, spine, and
pelvis that are caused by trauma or surgery and are not intrinsic to the stability of the
bone structure.” In addition, “Bone void filler devices composed of alternate materials
may be demonstrated to be substantially equivalent under section 510(k) of the Act to
the resorbable calcium salt bone void filler device identified in this guidance
document.”(105) The bone void filler category of the FDA contains 40 products with
demineralized bone matrix (DBM). DBM is processed from human bone tissue using a
demineralizing agent such as hydrochloric acid. The mineral content of the bone is
typically reduced to less than 5% of the native levels and the remaining substance is
DBM containing a variety of bone growth stimulators (osteoinductive agents such as
bone morphogenetic proteins).(106,107) DBM is used in a number of bone graft
substitutes. Therefore, these products may see future use in treating nonunion fractures
(an FDA off label use) and some of these products are included in Table B-1.

In addressing Key Question 6 of this report, we looked for clinical evidence that such
off-label use of DBM products (as a substitute for autogenous bone graft material) in
treating nonunion fractures improved outcomes. However, we identified only one study
using a DBM product as a bone graft substitute. This study is examined in detail under

Key Question 6.

The FDA has granted a “Humanitarian Device Exemption”(HDE) for use of OP-1 (BMP[
7) in settings where an autograft has been ineffective or not feasible and alternative
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treatments have failed. The single included study of this agent is discussed under Key

Question 6 and summarized in Table D-6.

Table B-2 lists the external bone growth stimulating devices used to treat nonunion
fractures. The medical devices listed in this table are considered to be Class Il by the
FDA.(108) FDA has three regulatory classes for medical devices based on the degree
of control necessary to assure that the devices are safe and effective. Class lli
devices—those that support or sustain human life, are of substantial importance in
preventing impairment of human health, or present a potential, unreasonable risk of
illness or injury—are the most regulated devices. Premarket approval by the FDA is the
required process of scientific review to ensure the safety and effectiveness of Class Il
devices. Data from clinical studies are usually required for a Class |l medical device to

receive a PMA.

Currently, a number of electrical stimulation devices and ultrasound devices have been
approved by the FDA for treating nonunion fractures (see Table B-2). Shock wave
treatment has not been approved by the FDA for use in the United States. Several
studies performed in Europe have examined the efficacy of this treatment for nonunion

fractures. These studies are examined in detail under Key Question 6.

Key Question 4: What are the intermediate and patient-reported outcomes of

treatment for nonunions, and how are they defined?

Bhandari et al. addressed the question of how fracture healing is assessed by surveying
577 orthopaedic surgeons.(2) Responses were received from 444 surgeons for a
response rate of 77%. Three radiographic variables were most often used by the
respondents: callus size, cortical continuity, and progressive loss of fracture line. The
ability of the patient to bear weight on the affected limb and pain at the fracture site on
palpation were the two nonradiographic methods most often used. The authors noted,
however, that a lack of consensus existed among the surgeons as to which method they
most often use and which methods they would not use. Cortical continuity is believed to

be most directly related to return of original bone strength while callus size is the least
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related. Therefore, according to Bhandari et al.’s survey of orthopedic surgeons, cortical
continuity would seem to be the preferred indicator of nonunion healing. However, this
outcome may not be directly related to a patient’s ability to bear weight on or have full
function of an appendage without pain. The survey results also indicate that surgeons
often combine the radiographic evidence with evidence from clinical examination related
to weight-bearing, pain on weight-bearing, pain on palpation, and movement of the
nonunion. Sharrard points out that the radiographic evidence of cortical bone bridging in
his study of tibial nonunions treated with PEMF stimulation or a dummy device did not
match the clinical evidence of healing.(12) After 12 weeks of treatment, radiographic
evidence of bridging was seen in less than half of all patients while lack of movement in
the nonunion was seen in more than half of all patients. While movement of the
nonunion always indicates lack of healing, lack of movement does not always indicate
healing. Sharrard states that “absence of movement on clinical examination combined
with radiological evidence of union seems, therefore, to be a reliable indicator of bone
union.” For this report, we considered studies that used a combination of radiographic
and clinical evidence of healing as superior to studies that used only radiographic

evidence or only clinical evidence.

From the included studies of Key Question 6, we compiled a list of the methods used in
the included studies for measuring treatment outcomes for nonunion fractures(see
Appendix C). Radiographic evidence of bone bridging was used in all of the studies but
various methods were used to define successful bridging, and not all studies specifically
defined how this outcome was measured. Fewer studies used clinical assessments

such as pain and pain on weight-bearing as outcomes related to nonunion healing.

Key Question 5: What is the evidence for variations in outcomes attributable to

surgeon, procedure and institution characteristics?

We identified no publications that directly addressed this question.
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Key Question 6: What is the evidence for benefits and harms of bone growth

stimulating devices and orthobiologics for treatment of nonunion fractures?

Proposed mechanisms of action

Fracture healing relies on a coordinated series of phases in which damaged
nonfunctional tissue is replaced by functional tissue that restores the original structure
and function. Each phase in the healing sequence relies on specific growth factors to
ensure complete healing and bone restoration. Application of these growth factors
directly into the fracture has been proposed as a means of enhancing bone repair.(109)
The key growth factors are members of the transforming growth factor-beta (TGF-)
family. The TGF-3 proteins have a broad range of cellular activities related to wound
healing and to cell proliferation and differentiation in all organs of the body, especially in
skeletal bone. The extracellular matrix of the bone is the largest source of TGF-3
proteins in the body. In bone tissue, these proteins stimulate the production of

chondrocytes, osteoblasts, and osteoclasts from precursor cells (osteogenic cells).

Another element in the repair process is the type of stress applied to the bone during
healing. Chao and colleagues have proposed that biophysical stimulation plays a key
role in repairing, maintaining, and remodeling of bone to meet its functional
demands.(4,29) Mechanical intervention might be the only means to assure bone
remodeling after callus formation and maturation in order to restore the bone to its
original structure and strength. However, the direct link between biophysical stimulation
and the cellular responses controlled by the various growth factors have not yet been
determined. The connection may be found in the phenomenon called Wolf's Law that
relates bone stress with bone remodeling.(110) Bones under stress have increased
remodeling and produce more bone matrix while bones that are not stressed undergo
increased reabsorption and lose bone matrix. Osteocytes have been hypothesized as
the cellular bone component that senses the changes in stress and signals osteoblasts

to speed up or slow down the remodeling process. The same may be true for
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osteocytes in the area of a fracture. The exact mechanism by which osteocytes sense

mechanical stresses and signal other bone cells is not known.

Chao and colleagues have also proposed that the biophysical stimulation needed to
enhance fracture healing can be supplied through external energy such as ultrasound,
pulsed electromagnetic field stimulation, low power direct current, and extracorporeal
shock wave stimulation.(4) Whether these modalities produce different cellular
responses or follow a similar osteogenic pathway is still controversial. The proposed
mechanisms of action for each of the various external bone growth stimulators and

orthobiologics are based on extensive animal and cell culture experiments.(4,109)

Ultrasound stimulation

Ultrasound is a form of mechanical energy that can be transmitted through tissue

as acoustical pressure (sound) waves. Low intensity ultrasound used to treat nonunions
does not involve heat generation or destruction of bone tissue. As the low intensity
pressure wave generated by the ultrasound device passes over the surface of fracture,
the tissues in the callus may be mechanically stimulated and generate a biochemical
response. Ultrasound therapy may increase the expression of genes involved in bone
healing, increase the secretion of growth factors, increase ossification of bone matrix,
and enhance blood flow into the fracture site, all of which could contribute to the healing
of nonunion fractures. Ultrasound therapy is applied for 20 minutes each
day.(9,10,33,111)

Electrical and magnetic stimulation

Mechanical stress within bone generates electrical potentials (the potential energy
measured in volts between two areas with different charges). This is known as the
piezoelectric effect and may be due to shifts in the interstitial fluid and its ions as bones
undergo normal compression and tension. Areas of compression become
electronegative and areas of tension become electropositive. The electronegative areas

produce new bone while the electropositive areas increase bone resorption. Electrical
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fields applied to the fracture site are thought to aid bone healing by enhancing the
normal electrical potentials and upregulating the cellular processes involved in bone
formation. Callus vascularization, cell proliferation, matrix protein synthesis, and
secretion of growth factors may be enhanced by electrical stimulation. Electrical bone
growth stimulators are of three types: direct current, capacitive coupling, and pulsed
electromagnetic fields (PEMF). The proper use of externally applied electrical bone
growth stimulators, capacitative coupling or PEMF usually requires patient compliance
and long-term immobilization of the limb using internal fixation, external fixation, casting
or bracing. Patient adherence to the treatment plan is of particular importance with
PEMF given the duration of daily treatment sessions. Studies of these devices should
measure patient adherence or ensure patient adherence through mechanisms built into
the device.(33)

Treatment with electrical and magnetic stimulation devices may be compromised by the
presence of fixation devices made from magnetic material.(112) Most of the internal and
external fixation devices in current use are made from titanium alloys or cobalt-
chromium alloys that are non-magnetic and are compatible with electrical and magnetic
stimulation devices.(30,34,59,113-115)

Direct current — Direct current devices are considered invasive because they require
that the cathode electrode (negatively charged) be implanted directly in the nonunion
defect and the anode electrode (positively charged) be placed under the skin. The
generator provides a constant current power source. The optimum current is between 5
and 20 microamperes. A nonweight-bearing cast must be used to prevent motion that
might break or dislodge the cathode electrode. This system requires the least patient
compliance because the device is always active. When the treatment period has ended,
the electrodes may be surgically removed. The cathode, however, may be left in place
within the bone. Compared to the other electrical stimulation systems, direct current
devices produce a high local voltage gradient while the other devices produce small
voltage gradients.(16,113,114)
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Capacitive coupling — Capacitive stimulators consist of a power source and

two electrode disks. The disks are attached directly to the skin on either side of the
nonunion. A weight-bearing cast can be worn, but it must allow access to the
electrodes. The stimulator produces an internal electric field with a frequency of

60 kilohertz, which does not require a high-voltage power source. The device can run
on a 9-volt battery and produces a current between 5 and 10 milliamperes for optimum
effect. The voltage gradients in the field are relatively small but cover a larger local area
compared to direct current stimulation or PEMF. This system is noninvasive and alarms
indicate when the electrodes lose contact or the battery is low. These devices are also

on continuously during the treatment period.(15-17,33,34,113,114)

Pulsed electromagnetic fields (PEMF) — PEMF stimulators are manufactured in various
designs to accommodate the bones being treated. One design consists of two external
coils placed parallel to each other and over the nonunion. Other designs have only a
single coil. Electromagnetic fields are generated when current flows through the coil.
The fields extend at right angles to the coil and penetrate the bone. PEMF stimulators
may be used with a cast. Power is delivered to the unit with a rechargeable battery.
The electrical fields have a small voltage gradient but over a small tissue area.
Stimulation is applied for 8 to 14 hours daily, often at night. These devices are also
noninvasive but might not work effectively with internal plate fixation, which could shield
the nonunion from the magnetic fields.(11,12,14,27,33,113,115-117)

High-energy extracorporeal shock waves (ESW)

Shock waves are large-amplitude compression waves that pass through a fluid. A shock
wave is caused by a sudden, violent disturbance of the fluid. For the purpose of medical
therapy, the shock wave is directed at a specific site to be treated. The shock waves are
not hindered by water or soft tissue but become destructive when they hit high density
tissue such as bone. New microfractures and small bone fragments are believed to be
formed at the site of a fracture or nonunion. For treatment of nonunions, the shock wave
generator and focusing device are enclosed in a water-filled balloon that is placed next

to the nonunion. A typical therapy session involves delivery of thousands of shock
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waves but the patient usually requires only one session,(although some patients may
require a second session if the nonunion has not healed after 3 months). Treatments
are performed under local or general anesthesia, with each session lasting between
30 minutes and 1 hour. The actual mechanisms of action responsible for shock wave’s
effect on fractures and nonunions is unknown, but the short-term destruction of bone

tissue may enhance cell proliferation and the production of new bone.(19,118-121)

Orthobiologics

Orthobiologics require an invasive surgical procedure for placement in the nonunion
site. Included in this group are materials that provide structural support for bone growth

stimulated by other means and materials that directly stimulate bone growth.

Osteoconductive matrix materials — Osteoconductive materials provide a three
dimensional substance into which capillaries, osteogenic cells, and other tissue can
migrate and produce new bone. This material acts only as a scaffold into which the new
cells grow. The material is porous and has chemical structures similar to cancellous
bone. Calcium sulphate (plaster of Paris) and tricalcium phosphate are biocompatible
and resorbable. Hydroxyapatite, a form of calcium phosphate and the principal bone
salt, has a structure similar to cancellous bone and provides more support than calcium

sulphate or tricalcium phosphate but is not as resorbable.(106,107,122)

Osteoinductive bone graft substitutes — Osteoinduction refers to the induction of
osteoblast formation from osteogenic stem cells. The osteoinductive properties of bone
tissue are attributed to bone morphogenetic proteins (BMPs), of which there are

14 known types (BMP-2 through BMP-15). These proteins are members of the TGF-3
supergene family. Several recombinant human BMPs have been shown to have
particularly strong osteoinductive activity in a variety of animal species. These include
BMP-2, BMP-4, BMP-5, BMP-6, and BMP-7. When placed in a carrier that provides a
framework for bone formation, BMPs are believed to be able to provide the

osteoinductive properties lacking in other bone substitutes.(31,34,122-125)
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Demineralized bone matrix (DBM) is processed from human bone tissue using a
demineralizing agent such as hydrochloric acid. The mineral content of the bone is
reduced to below 5% of native levels. The remaining substance is 90% type | collagen
and 10% non-collagenous proteins containing a variety of bone growth stimulators
(osteoinductive agents such as bone morphogenetic proteins). DBM is used in a
number of bone graft substitutes and is both osteoconductive and
osteoinductive.(106,107,122)

Osteoprogenitor cells — Bone marrow obtained by aspiration from the iliac crest is a
source of osteogenic stem cells that can be placed into a nonunion either by
percutaneous injection or by an open surgical procedure. Centrifugation of the bone
marrow allows concentration of osteogenic cells and their progenitors in the sample.
The FDA has approved a system for collection and processing of bone marrow aspirate
for use as a bone graft substitute (Cellect™, DePuy), but its use for treatment of
nonunion has not been published in the peer-reviewed literature.(31) In the future,
growth factors may be used to stimulate proliferation and differentiation of stem
cells.(107,122)

Evidence Base

We identified 42 articles that potentially met our a priori inclusion criteria and were
therefore retrieved. On retrieval, 18 of the 42 articles were found not to meet our
inclusion criteria. These articles and the reason for their exclusion are listed in

Table D-1 of Appendix D. Fourteen of the 18 studies were excluded because they had
less than 20 patients in the study. The remaining four studies were excluded for reasons
not related to patient numbers. One study was excluded because it did not examine
nonunion fractures, two studies were excluded because they were technical papers and
did not report patient data, and one study was excluded because the patient data were

reported in another included study.

Having excluded the 18 articles above, 24 studies remained. These studies, which are
listed in Table 3, consist of three studies of ultrasound, seven studies of PEMF,

four studies of direct current and capacitive coupling, six studies of shock wave, and
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four studies of orthobiologics. Details of these studies are presented in the tables in

Appendix D.
Table 3. Evidence Base for Key Question 6
References Study Design N
Ultrasound (see Table D-2)
Mayr et al. 2002(1) Prospective case series 100
Nolte et al. 2001(9) Prospective case series 29
Mayr et al. 2000(10) Retrospective case series — registry data 1317
Pulsed electromagnetic fields (see Table D-3)
Simonis et al. 2003(11) RCT 34
Sharrard 1990(12) RCT 45
Traina et al. 1991(14) Retrospective comparison study 67
Ito and Shirai 2001(116) Retrospective case series 30
Adams et al. 1992(126) Retrospective case series 54
Garland et al. 1991(27) Prospective case series 139
Meskens et al. 1990(117) Retrospective case series 34
Direct Current and Capacitive Coupling (see Table D-4)
Scott and King 1994(15) RCT 21
Brighton et al. 1995(16) Retrospective comparison study 271
Zamora-Navas et al. 1995(17) Retrospective case series 22
Cundy and Paterson 1990(18) Retrospective case series 37
Shock wave (see Table D-5)
Biedermann et al. 2003(19) Prospective case series 73
Rompe et al. 2001(20) Prospective case series 43
Schaden et al. 2001(21) Retrospective case series 115
Wang et al. 2001(119) Prospective case series 72
Vogel et al. 1997(120) Prospective case series 48
Valchanou and Michailov 1991(22) Retrospective case series 79
Orthobiologics (see Table D-6)

Friedlaender et al. 2001(23) RCT 124
Wilkins and Kelly 2003(24) Retrospective case series 35
Johnson and Urist 2000(127) Retrospective case series 30
Johnson et al. 1992(128) Retrospective case series 25
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Quality of Included Studies

Each study was examined for quality according to the USPSTF rating system of
research design and internal validity, interpreted for this clinical topic, as described in
the Methods section of this report. The rating is included in the evidence tables in
Appendix D and will be discussed below for each study. None of the included studies

were rated “poor” quality, i.e., “fatally flawed.”

Study Design

We identified only four randomized controlled trials (RCT): two for PEMF, one for
capacitive coupling, and one for orthobiologics. We included case series in this report
based on the prevalent belief that nonunion fractures are not likely to heal without
intervention (see discussion in the Background section). Some of the reviewers of the
draft of this report preferred to describe these as “self-paired patient controlled” studies
— with each patient serving as his or her own control.(5-8) For the purpose of this report,
however, we have considered these studies with no separate comparison group to be

case series rather than controlled trials.

While declared nonunions are unlikely to heal spontaneously, concomitant treatments
(e.g., changes in immobilization of the fracture site or improvements in comorbid
conditions) provided in addition to the primary treatment under investigation may
contribute to nonunion fracture healing.(129) Of the six studies with a comparison
group, five reported nonunion healing in some patients not receiving the treatment

under study.
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Table 4. Included Studies with Control Groups Treated for Nonunion Fractures Addressing Key Question 6

Duration of Time to
Nonunion Healing Healing
Reference N (weeks) Prior Treatments Control Treatment (weeks) Rate (%)
Simonis et al. 16 Mean: 123 Patients had undergone an | Oblique fibular osteotomy followed by a unilateral external Not reported | 50% (8 of
2003(11) nonunions | SD: 74 average of 4.2 prior surgical | fixator with compression 16)
procedures
Friedlaender et | 61 Median: 68 Prior autograft: 31% Bone graft At 36 weeks 85% (52
al. 2001(23) nonunions Prior IM rod: 44% of 61)
Brighton et al. 43 Mean: 89.6 Prior bone graft: 48% Bone graft Not reported | 58% (28
1995(16) nonunions | Range: 36 - Prior electrical treatment: of 48)
256 50%
Metal fixation present; 44%
Scottand King | 11 Mean: 104 Patients had undergone an | Managed conventionally with a plaster cast or brace as was Study None
1994(15) nonunions | Range: 48 - average of 1.8 prior surgical | appropriate for the specific fracture. stopped after
172 procedures. 26 weeks
Traina et al. 26 Mean: 104 Patients had undergone an | These patients were treated for unsatisfactory biomechanical Mean: 31.2 69% (18
1991(14) nonunions | Range: 36 - average of 1.4 prior surgical | conditions (bone loss over 1 cm, inadequate immobilization, of 26)
720 procedures non-alignment of bone stumps) which could account for the lack
of healing by the most appropriate orthopedic technique.
Sharrard 25 delayed | Mean: 24.2 No prior treatments other A full-leg plaster cast was applied. Healing 12% (3 of
1990(12) unions SD: 4.6 than initial fracture evaluatedat | 25)
treatment (no internal or 12 weeks

external fixation)
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For a case series to be judged a “good” quality study (in terms of internal validity) in this
review, it would have to be prospective, to account for all patients treated, to follow at
least 80% of patients for the entire study period, to assess radiographic evidence of
healing (as well as pain and weight-bearing), to use a blinded or masked assessment
method, to report a statistical analysis of results, and to clearly define the interventions
employed. There were no case series meeting all of these criteria; four failed to meet
one or two of the criteria, and were considered “fair.”(9,20,27,119) The remaining case

series were judged to have low internal validity.

Comparability of Outcomes

Most of the studies in the evidence base rely on radiographic evidence as the only
indicator of nonunion healing. As previously mentioned, Bhandari et al. 2002(2) found
that 79% of surgeons use radiographic evidence of cortical continuity as their primary
means of defining nonunion fracture healing, but that 42% also used weight-bearing and
37% also used pain on palpation of the fracture site. A combination of radiographic
evidence and clinical evidence has been proposed as the best means of judging
healing.(12) However, only nine of the 24 included studies combined radiographic
evidence with clinical evidence to define nonunion fracture healing. Comparability of
outcomes across studies examining the same intervention will be discussed below

under each intervention.

Findings of Included Studies

Studies using ultrasound

Three separate studies with a total of 1446 patients reported data concerning
ultrasound treatment of nonunions. Specific information on each study is presented in
Table D-2. All studies were case series using the Exogen system and examined the
responses of multiple bone types. The Exogen system has been approved by the FDA

for the treatment of nonunion fractures (see Table B-1).
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Nolte et al.(9) examined 29 patients and included both radiographic evidence and
clinical assessment in determining healing. Healing rates were compared using
Fischer’'s exact test for patients grouped by types of fixation in place before and during
ultrasound therapy. No differences in healing rates were found for the eight patients
treated by casting, 12 patients treated by osteosynthesis, six with intramedullary rods,
and three with external fixators. However, even if this analysis were adequately
powered to detect a difference, it would not rule out a role for fixation and stabilization in
the healing process, only that each method of fixation worked equally well with
ultrasound. Not including the 12 patients excluded from their analysis, all 10 tibias
healed and four out of five of the femurs, radii, and scaphoids healed. Response to
treatment was monitored with clinical and radiographic examinations at 6- to 8-week
intervals, and treatment was continued until the treating surgeon declared the nonunion
healed. This study was considered fair rather than good quality because it did not mask

patient assessment.(9)

Results for 12 patients enrolled but excluded from the analysis are also presented in

the article. These patients were excluded for the following reasons: one for lack of
compliance, three for early withdrawal, and eight who had undergone surgery

within 90 days of receiving ultrasound (an exclusion criteria). Some of the patients who
had undergone surgery within the 90-day period prior to use of ultrasound were still
considered to be ultrasound “successes.” This could inflate the effect of ultrasound if the
prior treatment effect was still ongoing. The healing rate as reported in the study was
86% (25 of 29 nonunions) healed excluding the 12 patients described above. However,
if only the eight cases that did not meet the authors’ inclusion criteria are excluded, the
analysis yields a 76% rate of healing (25 of 33). The article is not clear about whether
the stratified analyses presented were planned before the study began or were post hoc
analyses. Among the patients that completed the study, 18 had no treatment other than
the initial procedures used to treat the fracture. Fourteen of these patients (78%) healed
during the study. All 11 of the patients who received a secondary procedure prior to

ultrasound therapy healed.(9)
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Mayr et al. examined data on 1317 patients from a registry maintained by the
manufacturer of the ultrasound device.(10) Patients were described as having “delayed
union” (951 cases) if a fracture remained unhealed for 3 to 9 months following fracture,
and “nonunion” (366 cases) if the time since initial fracture was greater than 9 months.
Percentage of patients healed and time to healing for delayed union and nonunion in
this prescription-based registry were compared to results obtained for 42 patients in the
authors’ clinic, but no other validation of the registry is mentioned in the article. The
authors found very similar rates of healing and time to healing in their clinic population
as in the registry population, based on lack of a statistically significant difference.(10)
However, one cannot conclude that two groups are the same based on non-significant

results.

Among the nonunions in this study, 314 of 366 (86%) fractures healed, including 105 of
120 (88%) tibias and 57 of 66 (86%) femurs. Among the 951 “delayed unions,” 862
(91%) healed, including 350 of 380 (92%) tibias and 85 of 98 (87%) femurs.(10) Given
the requirement that nonunions be diagnosed at 9 or more months following injury
(mean 24.9 months), these results suggest that the ultrasound therapy contributed to
healing. Of note, the mean time to healing in the nonunion patients was 152 (S.E.: 5.3)

days versus 129 (S.E.: 2.7) days in the delayed union group.(10)

The size of the registry population does improve the generalizability of the results;
however, retrospective data collection and post-hoc analyses of registry data generally
raise concern about potential for bias in patient selection and analysis. Outcome
assessments in the Mayr et al. study were not blinded and may not have been
consistently applied across all patients. Compliance was not reported, and clinical
examination (pain and weight-bearing) was not used as part of the assessment of
healing. The study was therefore considered to have low internal validity. The study also
failed to consider the effect of concurrent immobilization or other treatments in the
assessment of healing rates. While the study provides an interesting overview of
healing in a large number of bone types, detailed data (mean ages, numbers of patients

in each age, and co-morbidity group, etc.) are not reported.
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A translation of Mayr’s other study, published in German after the report on the registry
data, was provided to us by one of the reviewers of the draft report.(8) This publication
describes 100 patients treated by Mayr with ultrasound.(1) Healing rates were 55 of 64
(86%) for delayed unions, which healed in an average of 142 days, and 31 of 36 (86%)
for nonunions, which healed in an average of 171 days. Inclusion of the 21 patients who
discontinued treatment reduces the overall healing rate to 86 of 121 (71%). The internal
validity of the study was considered low because the outcome assessment was not
blinded, pain and weight-bearing outcomes were not reported, and statistical analysis

was not reported.

Although the size of the patient populations and the methods of data collection and
analysis were very different, Nolte et al.(9) and Mayr et al.(10) reported 86% healing in
nonunions of all bone types at an average of 152 days and Mayr et al.(1) reported 86%
healing of nonunions in 171 days. Nolte et al.(9) reported that all six patients 65 or older
had healed nonunions after treatment, but Mayr et al.(10) analyzed the registry data for
an effect of age and reported that the healing rate for nonunions consistently declined

from 97% at 20 years to 71% at 70 years.
Pre-1990 studies of ultrasound:

We identified no pre-1990 clinical studies published in English that describe the use of

ultrasound to treat nonunions.
Conclusions for ultrasound:

Three case series published since 1990 (two prospective and one retrospective) using
the Exogen system to treat nonunion in 1446 patients are in general agreement with
each other that a high percentage of nonunions healed during ultrasound therapy.(10)
While the results of these studies suggest that ultrasound promotes the healing of
nonunion fractures, they do not rule out a role for other concurrent treatment
procedures—such as stabilization of the nonunion—contributing to the observed effects.
The two studies reporting data for patients over 65 are not in agreement as to the effect

of age on response to ultrasound treatment.
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Studies using PEMF

Seven studies published since 1990 with a total of 403 patients reported data
concerning PEMF treatment of nonunions. Two of the studies were double-blind RCTs
examining only tibial nonunions. They evaluated the use of PEMF for treatment of tibial
nonunion in two distinct clinical situations: after extensive surgical intervention in one
study(11) and prior to any surgical intervention in the other.(12) One retrospective study
with a concurrent comparison group included patients with fractures at multiple sites.
One of the case series examined only tibial nonunions, one examined only scaphoid
nonunions, and the remaining two examined multiple bone types. Specific information
on each study is presented in Table D-3. No device names were reported in these
studies. However, personal communications from the manufacturers of PEMF devices
have revealed that Sharrard(12) used the EBI Bone Healing System and that Garland et
al.(27) used the Orthofix Physio-Stim Bone Growth Stimulator. The FDA has approved

these devices and several other PEMF devices for the treatment of nonunion fractures.

Simonis et al.(11) treated 34 patients with established nonunions (>1 year from the
initial fracture) and an average of four surgical procedures prior to entering their study.
Patients were treated with fibular osteotomy followed by unilateral external fixation and
either an active PEMF device or a dummy device for 6 months. Compliance was
measured with a hidden timer. Radiological assessment of bone bridging was blinded,
but no clinical assessment for pain and function was reported. Simonis et al. reported
that 16 of 18 (89%) healed in the active group compared to 8 of 16 (50%) healed in the
dummy device group after an average of 15 weeks (unadjusted odds ratio 8.0, 95% CI
of 1.5-41, p = 0.02, Fisher's exact test). However, the lower healing effect seen in the
control group may have been due to the larger proportion of smokers randomized to
that group (13 of 16) compared to the number in the active group (8 of 18). When the
overall results were adjusted for smoking, the association was less strong and not
statistically significant (odds ratio 5.4, 95% CI of 0.85 to 34, p = 0.07).(11) Therefore,
this study does not provide unequivocal evidence that PEMF promoted nonunion

healing above that provided by the surgical intervention.
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Sharrard(12) used a full-leg plaster cast on 45 patients with delayed unions. He treated
only patients with fractures unhealed after 16 to 32 weeks of treatment with a long-leg
plaster cast and no prior surgical interventions other than those required for
management of the initial wound and open reduction of the fracture, if necessary.
Patients were excluded if they had undergone internal or external fixation, with the
exception of two patients with stabilizing pins incorporated into their casts. Patients
were also excluded if the fracture gap was >0.5 cm, if the bone was severely atrophic,
and if the fracture site showed significant hypertrophy.(12) He randomized patients to
active and dummy devices and treated them for 3 months. Clinical assessment as well
as blinded radiographic evidence of progression toward union, probable union or

full union was reported. Radiographic assessments were made independently by

Dr. Sharrard (an orthopedist) and a radiologist. “Progress toward healing” was defined
by the radiologist as “a definite change from the earlier films, either with new
subperiosteal bone, fuzziness across the fracture site or new bone peripherally across

the fracture site.” “Probable union” was defined as “a marked change with thicker
denser bone across at least two cortices and fuzziness across the fracture site.”

“Full union” was diagnosed when the radiographs showed “dense and extensive new
bone formation” across the “fracture site and at least three of the four cortices visible on
the two films.”(12) Dr. Sharrard, on the other hand, stated that “I, as an orthopaedic
surgeon considered union to be sufficient to cease treatment when continuity was
present over at least half the width of the bone, a category regarded by [the radiologist]
as “progress to union.”(13) When clinical assessment suggested healing (as judged by
absence of motion at the fracture site) but radiographic assessment did not, the
radiographic assessment was considered the more reliable indicator. In all cases in
which radiographic union was present, movement was absent on clinical exam. Three of
20 in the active group showed full union, two probable union, five progression toward
union, and 10 showed no change using the radiographic criteria described above. In
contrast, none of the 25 in the dummy device group showed full union, one showed
probable union, one showed progression toward union, and 23 showed no change.
Clinical assessment indicated that more than half of both groups had no movement of

the nonunion fracture and both groups reported reduced pain. There were statistically
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significant differences in union or progress toward union in favor of the active group as
judged by the radiologist (p = 0.002) and by the orthopedist, Dr. Sharrard (p = 0.02).(12)
In view of the time to full healing reported in the majority of studies, the 3-month
observation period in this study may not be adequate for concluding that PEMF
promoted healing beyond that provided by the concurrent surgical intervention.
However, Dr. Sharrard did follow these patients for an average of 2 years and his

unpublished findings have been provided for inclusion in this report.(13)

Dr. Sharrard regarded the 3-month findings as intermediate outcomes indicating
progression towards healing and defined the final positive outcome as healing with no
further surgery.(13) During the follow-up period, 17 of 20 (85%) of the original active
group healed without surgery, indicating that a number of patients who had not shown
progression toward healing in the initial 12-week period went on to heal after the study
(and presumably, the treatment) ended. Of the 25 patients who originally received
dummy devices, three were lost to followup after the 12-week study and 8 of the
remaining 22 patients (36%) healed during the long-term follow-up period without
surgery or other intervention, again suggesting that longer periods of observation are
necessary for assessing full healing of nonunion. Another 8 patients in the original
dummy device group, all of whom were assessed as showing no improvement by 12
weeks, requested an active unit at the end of the 12-week study; 6 of the 8 went on to

heal without surgical intervention.(13)

Based on the 12-week data and categorical modeling, Sharrard(12) concluded that
patient age was not a factor in treatment outcome. However, this conclusion is based on
intermediate outcomes and not on the follow-up data. A similar analysis of age was

not reported in Dr. Sharrard’s followup.(13) Dr. Bruce Simon, Director of Research at
EBI, the manufacturer of the PEMF device used by Dr. Sharrard, has indicated in a
personal communication that their categorical analysis, included in a PMA application to
the U.S. Food and Drug Administration, also showed no effect of age, consistent with
Sharrard’s findings.(6) EBI did not report a p value but indicated that their findings were
in agreement with the p value of 0.23 reported by Sharrard in his published study.

These studies may have insufficient sample sizes to find a statistically significant
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relationship. Sharrard(12) originally planned to recruit 100 patients but had only 45 and

EBI did not report their sample size. P values <0.05 are typically accepted as sufficient

for rejecting the null hypothesis (i.e., that age has no effect on healing rate), but a

p value >0.05 does not prove the null hypothesis. Insufficient evidence to reject the null

hypothesis does not imply sufficient evidence to accept it. Therefore, no conclusions as
to the effect of age on PEMF treatment of nonunions can be based on these data at this

time.

Traina et al.(14) treated 41 patients with PEMF and compared the results to patients
treated simultaneously by other means. The average number of prior surgeries was

1.6 per patient in the treated group and 1.4 in the control group, and the average
nonunion duration was 1.8 years in the treated group and 2.2 in the control group. The
control group (average age of 46) was older than the treated group (average age of 38).
Overall, 36 of 41 (88%) in the PEMF group healed as did 18 of 26 (69%) in the control
group. However, greater differences in healing rate were seen in the presence of
infected nonunions. Non-infected nonunions showed equal healing rates: 20 of 23
(87%) in the treated group and 14 of 16 (87%) in the control group. Infected nonunions
healed better in the treated group: 16 of 18 (88%) in the treated group and four of 10
(40%) in the control group (p <0.05). The authors report that the effects of stimulation
were apparent within the first 3 months, and they recommend a change in therapy if
progression is not observed within that time frame.(14) This study suggests that PEMF
may benefit the healing of infected nonunions. However, the groups may not be directly
comparable because of differences in age, the types of bone treated in each group, and
differences in other patient characteristics. This study was rated low on the internal
validity scale for these reasons, as well as for the retrospective data collection and

absence of blinded assessment.

Garland et al. 1991(27) reported on a prospective case series that used blinded
assessment and therefore had fair internal validity. Internal validity was not considered
“good” because of a high dropout rate. One hundred eighty-one patients with various
types of nonunions were treated, but only 139 completed the treatments (28% dropout

rate). Patients had established nonunions of more than 9 months duration (average of
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2.6 years) and averaged two previous surgeries including 131 internal fixations and
bone grafting. Immobilization, bracing, and weight-bearing decisions were left to the
judgment of the treating physician. Thirty-seven of 50 (74%) tibias, 13 of 15 (87%)
femurs, and 10 of 13 (77%) scaphoids healed, but the authors did not report an average
time to healing. Other bone types were treated in 10 or fewer patients. The overall
reported healing rate was 80% (108 healed out of 135 fractures in the 126 patients with
more than 3 hours of PEMF treatment per day). Only 126 patients were included in the
healing rate analysis after excluding 42 patients who dropped out before completing the
study, and 13 patients who averaged less than 3 hours per day of treatment. With all
patients accounted for, the overall healing rate was 57% (108 of 190). When results
were stratified by duration of nonunion prior to PEMF treatment (9 — 12 months in

78 nonunions vs. >12 months in 115 nonunions), the authors report that there was

no statistically significant difference in healing rates, but data are not provided.

In contrast, Brighton’s study,(16) discussed in the next section of this report, describes
a predictive model for nonunion healing that indicates a decline in healing rate with

increasing duration of nonunion.

In a subgroup analysis of 97 patients at 4 years, 89 (92%) had healed. This study still
suggests that PEMF may promote fracture healing in established nonunions given the
long duration of the nonunions in the population prior to PEMF therapy. Brighton’s
study,(16) discussed in the next section of this report, describes a predictive model for
nonunion healing that indicates a decline in healing rate with increasing duration of

nonunion.

The remaining three studies of PEMF were case series with various deficiencies in
design that resulted in low internal validity. None of these studies reported a statistical
analysis that would indicate if their reported rates of healing were statistically significant.
Ito and Shirai 2001(116) treated 30 tibial nonunions immobilized in plaster casts.
Patients had established nonunions and averaged 1.8 previous surgeries and 1.5 years
nonunion duration before PEMF treatment. Twenty-five of 30 cases (83%) achieved
bony union in an average of 8.6 months. Adams et al. 1992(126) treated 54 scaphoid

nonunions immobilized in a cast. All patients had at least one previous surgery and the
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average nonunion duration was 2.9 years. Thirty-seven of the 54 (69%) cases healed in
an average of 4 months. Since these two studies examined one bone type and used
similar treatments for all patients, these studies provide some limited evidence that the
treatment, PEMF therapy and cast immobilization, enhances the healing of established
nonunion fractures. Meskens et al. 1990(117) treated 34 patients with various types of
nonunions but all were immobilized in plaster casts. Patients averaged three prior
surgeries and a nonunion duration of just over 3 years. Eleven of 15 (73%) tibias healed
in this study, but the average time to healing for this bone type was not reported.

Other bone types were treated in 10 or fewer patients. This study provides some limited
evidence that PEMF plus cast immobilization may enhance healing in established

nonunion fractures of the tibia.

Two of the PEMF studies provided data on older individuals. Garland et al.(27) reported
that 18 of 28 (64%) patients over 60 years had healed nonunions compared to 90 of
107 (84%) patients younger than 60 years. Average time to healing for these age
groups was not reported. Ito and Shirai(116) reported nonunion healing in two of

three patients 65 and over.
Pre-1990 studies of PEMF:

While we chose to limit included studies to those published since 1990, several
reviewiers of our report noted that several studies of PEMF had been published prior to
that date, and asked that we provide some additional information on those studies.(5(]
7,130) A technology assessment of electrical bone growth stimulation written by ECRI in
1993 (literature search up to 1992) reported an 80% healing rate for long bone
nonunions treated by PEMF, including the tibia.(131) We identified 11 clinical studies
published between 1975 and 1989 of PEMF treatment of nonunion fractures that
evaluated 20 or more patients (see Table 5). All were uncontrolled studies and report
healing rates of between 60% and 90%. Orthofix has provided patient registry data
collected between March 1986 and December 1989 describing the treatment of
nonunions with the Physio-Stim Bone Growth Stimulator (see Appendix E).(132) The
data covered 729 patients and 859 fractures. A healing rate of 85% was reported based
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on radiographic assessment. The registry includes data on 128 patients over the age of
60, but Orthofix was unable to supply us with the healing rates in this subgroup in time

for inclusion in this report.(133)
Conclusions for PEMF:

Seven studies published since 1990 with a total of 403 patients reported data
concerning PEMF treatment of nonunions. Two of the included studies were double-
blind RCTs using dummy devices and blinded assessment. One RCT examined
longstanding tibial nonunions, comparing PEMF with fibular osteotomy and unilateral
external fixation to a dummy device, fibular osteotomy, and external fixation. The
healing rate was higher in the group receiving PEMF in addition to the other treatment,
but was not statistically significantly different after adjustment for confounding by the
greater proportion of smokers in the control group.(11) The second RCT compared
PEMF and full-leg plaster cast immobilization vs. a dummy device and cast
immobilizaton in patients with “delayed tibial union” (failure to heal within 16 — 32 weeks
of initial injury while treated with cast immobilization).(12) While radiographic
assessments demonstrated significantly greater progression toward healing in the
active device group at the end of the 12-week study, longer follow-up prior to further
intervention may have altered the difference between the groups. Nonetheless, 17 of
20 patients treated with the active device from the beginning of the study had healed

at long-term followup.(13) One nonrandomized study with a concurrent control group
demonstrated higher rates of healing in the PEMF group with infected nonunions, but
no adjustments were made for differences in patient and fracture characteristics in the
two groups.(14) One prospective case series which included patients with nonunions of
long duration also reported healing in 57%. The remaining case series showed healing
when PEMF therapy was combined with cast immobilization. Studies conducted prior to
1990 were consistent with the more recent studies in terms of healing rates. Overall,
these results consistently indicate that nonunions heal in patients treated with PEMF,
but the effect of PEMF cannot be separated from the effect of concomitant fracture site

stabilization.
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Table 5.

Pre-1990 Studies of PEMF Treatment of Nonunion Fractures

Reference N Bones Treated Percentage Healed Average Time
to Healing
Krempen et al. 20 fractures Multiple bone 90% 7 months
1981(134) types, 17 (85%)
tibia
Heckman et al. 149 patients Multiple bone 64.4% 11.1 months
1981(135) with 153 types, 94 (63%)
fractures tibias
Bassett et al. 1007 fractures Multiple bone 77% overall, 82% for tibia Nonunions
1982(136) in a multi-center types, 658 healed within 6
study (65%) tibia to 8 months
Sharrard et al. 52 patients with Multiple bone 72% overall, 87% for tibia 6 months
1982(137) 53 fractures types, 30 (57%) median
tibia
Marcer et al. 147 patients Multiple bone 73% overall, 75% for tibia Not reported
1984(138) types, 102
(69%) tibia
Dunn and Rush 37 nonunions Multiple bone 81% overall, 80% for tibia Not reported
1984(139) types, 20 (54%)
tibia
Cheng et al. 50 nonunions Multiple bone 62% overall, 78% for tibia 7 months
1985(140) types, 28 (56%)
tibia
Hinsenkamp et 235 nonunions Multiple bone 73% overall, 79% for tibia Not reported
al. 1985(141) types, 148
(63%) tibia
Frykman et al. 44 patients Scaphoid 80% 4.3 months
1986(142) nonunions
Colson et al. 32 patients with Multiple bone 19 fractures treated with PEMF and 6 months for
1988(143) 33 fractures types, 22 (67%) surgery healed (100%) and 12 of 14 both
tibia treated with PEMF alone (86%).

Healing in tibia not reported

Studies using direct current or capacitive coupling

Three separate case studies and a single RCT with a total of 353 patients reported data

concerning direct current or capacitive coupling treatment of nonunions. Specific

information on each study is presented in Table D-4. One retrospective study examined

tibial nonunions in separate groups of patients treated with direct current, capacitive

coupling, and bone graft. The remaining two case series and the RCT examined
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multiple bone types. The FDA has approved direct current and capacitive coupling

devices for the treatment of nonunion fractures.

The RCT by Scott and King(15) examined only 21 patients with established nonunions
treated with an active Orthopak bone-growth stimulator capacitive coupling device

(n =10) or an inactive device (n = 11). In the treated group, 6 of 10 healed in an
average of 21 weeks. None of the control group healed after 26 weeks. There were five
tibial nonunions of 10 total nonunions in the active treatment group, vs. 10 tibial
nonunions out of 11 total nonunions in the control group, which may have negatively

affected the healing rates in the control group.

The retrospective comparative study by Brighton et al. 1995(16) used logistic regression
analysis to compare tibia healing rates among 167 patients treated with direct current,
56 patients treated with capacitive coupling, and 48 patients treated with bone grafts.
The patients treated with electrical stimulation were all placed in casts while the bone
graft patients had internal fixation, external fixation, or internal fixation plus cast. The
actual healing rates and time to healing were not reported. The different methods of
fixation used in the three treatment groups complicates any comparison of results for
these three forms of treatment. The logistic regression analysis was described in detail
and seems to have been properly constructed using logarithmic transformation of the
data. The analysis calculated better than 95% healing with all three treatments when the
nonunions were of 10-month duration prior to treatment and no other risk factors for
failure to respond to the treatments were present. The risk factors associated with a
decline in healing rates included longer duration of nonunion prior to treatment, open
fracture, comminuted fracture, prior failed bone graft or prior failed electrical therapy.
Patient age was used as a continuous variable in the logistic regression analysis, but
any influence age may or may not have on healing was not reported by the authors.
Actual healing rates and time to healing that would be useful in comparison with other
studies were not reported, except for the patients treated with bone graft. Twenty-eight
of 48 (58%) tibial nonunions treated with bone graft healed, but no time to healing was

reported.
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The remaining two studies, Zamora-Navas et al. 1995(17) and Cundy and Paterson
1990,(18) are also retrospective case series with low internal validity. Zamora-Navas et
al. reported that their patients were immobilized with either plaster cast, external
fixation, or other procedures, which limits our ability to distinguish the effect of electrical
stimulation from these other therapies. This study specifically examined patients with
large nonunion gaps (>1 cm, which is wider than is typical for nonunions treated with
electrical stimulation). The study did report that 8 of 10 (80%) tibias and 4 of 6 (67%)
humeri healed in a average of 26 weeks. Zamora-Navas et al. reported that one

65 year-old patient healed after 42 weeks of treatment and that one 70 year-old patient

did not heal after 24 weeks of treatment.(17)

Cundy and Paterson report on their 10-year followup of patients treated with an
implanted bone growth stimulator. Forty-four percent of the original patients could not
be located, which reduces the validity of the study. All of the 37 contacted patients
reported that their nonunions were healed, but six of these patients healed following

bone grafting and internal fixation.(18)

In our search of recent meeting abstracts, we identified a single study of at least 20
patients that examined direct current stimulation. This meeting abstract, which was
presented at the 2003 OTA meeting, reported that direct current stimulation can be
combined with morselized allograft, demineralized bone matrix, and platelet-derived
growth factors to treat nonunion fractures.(144) Multiple bone types were treated.
Overall, 105 of 109 (96%) nonunions healed.

Pre-1990 studies of direct current or capacitive coupling:

As with PEMF studies, we were asked by reviewers of our report to provide some
additional information on earlier studies of direct current treatment.(5-7,130) A
technology assessment of electrical bone growth stimulation written by ECRI in 1993
(literature search up to 1992) reported an 80% to 90% healing rate for tibial nonunions
treated by direct stimulation.(131) We identified six clinical studies published between
1975 and 1989 of direct electrical stimulation treatment of nonunion fractures that

evaluated 20 or more patients (see Table 6). All were uncontrolled studies and report
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healing rates of between 40% and 90%. We identified no additional studies of capacitive

coupling.
Conclusions for Direct and Capacitive Coupling Treatment:

We identified four studies published since 1990 with a total of 351 patients treated with
direct current or capacitive coupling treatment of nonunions. An RCT examined patients
with established nonunions treated with an active capacitive coupling device (n = 10) or
an inactive device (n = 11).(15) While 6 of 10 in the active treatment group healed in an
average of 21 weeks compared to none of the control group, the inclusion of twice as
many tibial nonunions in the latter group may have negatively affected the healing rates.
One retrospective comparative study examined tibial nonunions in separate groups of
patients treated with direct current, capacitive coupling, and bone graft.(16) This study
used logistic regression analysis to estimate better than 95% healing with all three
treatments when the nonunions were of 10-month duration prior to treatment and no
other risk factors for failure to respond to the treatments were present. Risk factors
predicting slower healing rates included longer duration of nonunion prior to treatment,
open fracture, comminuted fracture, prior failed bone graft or prior failed electrical
therapy. Patient age was used as a continuous variable in the logistic regression
analysis, but any influence of age on healing was not reported in the study. In the
remaining two studies, one specifically examined patients with large nonunion gaps

(>1 cm), which is thought to be a contraindication for electrical stimulation.(17)
Therefore, the results of this study are not generalizable to other types of nonunions.
The other study reported on the 10-year followup of patients treated with an implanted
bone growth stimulator, but 44% of the original patients were not located, reducing the
validity of the reported results.(18) An additional six case series published between
1975 and 1989 had reported healing rates between 40% and 90%. Overall, these
studies consistently demonstrate healing during treatment with direct current and
capacitative coupling, but the effect of these therapies cannot be separated from the

effect of concomitant immobilization of the fracture site.
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Table 6. Pre-1990 Studies of Direct and Capacitive Treatment of Nonunion Fractures

Reference Device N Bones Treated Percentage Healed | Average Time to
Healing

Forsted et al. Direct | 20 fractures | Multiple bone types, 17 90% 7 months

1978(145) (85%) tibia

Paterson et al. Direct | 84 patients | Multiple bone types, 72 86% overall, 88% 4 months

1980(146) (86%) tibia for tibia

Zichner 1981(147) Direct | 57 fractures | Multiple bone types, 16 | 93% overall, 100% 5.3 months
(28%) tibia for tibia

Connolly 1981(148) Direct | 49 fractures | Multiple bone types, 34 69% overall, 76% Not reported
(69%) tibia for tibia

Ahl et al. 1984(149) Direct | 23 fractures | Multiple bone types, 14 43% overall, 50% 6.4 months
(61%) tibia for tibia

Zhong-xing et al. Direct 42 Multiple bone types, 20 88% overall, 85% Not reported

1986(150) nonunions (48%) tibia for tibia

Studies using shock waves

Six separate studies with a total of 430 patients reported data concerning shock wave
treatment of nonunions. All were case series and examined multiple bone types.

The Osteostar (Siemens, Germany) was used in two studies, the MFL 5000 Lithotriptor
(Dornier Medizintechnik GmbH, Germany) in one study, the OssaTron (High Medical
Technology, Switzerland) in one study, and the remaining two studies did not report a
device name. Five of the studies were conducted in Europe and one was conducted in
Taiwan. Specific information on each study is presented in Table D-5. Shock wave
devices have not been approved by the FDA for use in treating nonunion fractures.
Unlike the continuous or intermittent pattern of biophysical stimulation used in electrical
stimulation, PEMF therapy, and ultrasound therapy, shock wave therapy only requires

one or two short treatments.

Biedermann et al. 2003(19) in a prospective case series classified nonunions as long
bone or other, hypertrophic or atrophic, and delayed union or nonunion. Results were
reported according to these categories, limiting comparison to other studies. All patients
were immobilized with cast or brace. The authors reported that hypertrophic nonunion
healed better than atrophic nonunions—21 of 34 (62%)—hypertrophic nonunions and

11 of 22 (50%) atrophic nonunions) but did not report whether this was a statistically
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significant difference. Rompe et al.(20) prospectively examined tibial and femoral
nonunions. Treatment with casting and limited weight-bearing was continued following
shock wave therapy. Unlike most case series, this study used blinded assessment of
radiographic evidence and clinical examination. The study reported 31 of 43 (72%)
patients with bony bridging and full weight-bearing by an average of 4 months: 13 of 19
(68%) of tibias healed; 18 of 24 (75%) femurs healed; 19 of 24 (79%) nonsmokers
healed; and 12 of 19 (63%) smokers healed, but the authors did not report any
statistical analysis of these results. Schaden et al. 2001(21) reported a retrospective
case series in which the nonunion sites were immobilized in casts or splints if implanted
devices showed signs of loosening. The study reported that 26 of 34 (76%) tibias,

14 of 21 (67%) scaphoids, and 11 of 12 (92%) femurs healed during the study period
but does not report the time to healing. The follow-up period lasted from 3 months to

4 years (average of 18 months), which does not allow for an accurate accounting of the
time needed to judge whether the shock wave therapy was successful or not. Schaden
has updated his findings in an abstract presented at the February 2005 annual meeting
of the AAOS. After a maximum followup of 5 years, 175 of 204 patients (86%) achieved
bony union.(151) Wang et al. 2001(119) prospectively examined patients treated with
shock wave therapy who were treated with crutches and partial weight-bearing for lower
extremities and slings for upper extremities. The study reported results separately for 3,
6, and 12 months but not on an intent-to-treat basis. Within the groups of patients
remaining in the study at each time period, the rates of healing for both hypertrophic
and atrophic nonunions increased with each follow-up period. This could be an actual
effect of treatment or it may indicate that the dropouts were unhealed patients. The
authors do not provide an explanation. The study does indicate that atrophic nonunions
may have a diminished response to shock wave therapy compared to hypertrophic
nonunions, but no statistical analysis was performed to test this association. Vogel et al.
1997(120) prospectively examined patients treated with shock wave therapy followed
predominantly by immobilization in a cast. Healing rates for individual bone types were
not reported, which prevents comparison with other studies or determining if one bone
type healed better than another. At a mean of 3.4 months (range of 2 to 9 months),

29 of 48 (60%) patients showed complete healing. Valchanou and Michailov 1991(22)
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retrospectively examined patients treated by shock wave followed mostly by cast
immobilization. The study did not report if consecutively treated patients were included,
which leaves open the possibility that patients were selectively chosen for this study or
that dropouts were not reported. Seventy of 79 (85%) patients showed radiographic
evidence of bone bridging, but the average time until healed was not reported. The
value of this study is diminished by the lack of reporting, specifically whether the

patients were consecutive and the time needed to heal.

One of the studies provided data on older individuals. Rompe et al.(20) reported that
three of four patients older than 65 years showed healing in an average of 4 months.

One patient of 73 years did not heal.
Pre-1990 studies of shock wave:

We identified no pre-1990 clinical studies that describe the use of shock wave to treat

nonunions.
Conclusions for shock wave:

Six separate case series published since 1990 with a total of 430 patients reported data
concerning shock wave treatment of nonunions of multiple bone types.(19-22) Five of
the studies were conducted in Europe and one was conducted in Taiwan; shock wave
devices have not been approved by the FDA for use in treating nonunion fractures.
These case series reported healing rates between 50% and 80%, but the effect of
shock wave therapy cannot be separated from the effect of immobilization in these

uncontrolled studies.

Studies using orthobiologics

Four separate studies, all published since 1990, with a total of 214 patients reported
data concerning the use of orthobiologics to treat nonunions. One study was an RCT
comparing OP-1 Implant (Stryker Biotech) to fresh bone autograft in the treatment of
tibial nonunions.(23) Stryker Biotech was granted a humanitarian device exemption

(HDE) by the FDA for the use of OP-1 Implant as an alternative to autograft in
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recalcitrant long bone nonunions in situations where the use of autograft is not feasible
and alternative treatments have failed (see Table B-1). The other three studies were
case series. One examined the use of AlloMatrix Injectable Putty (Wright Medical
Technology) in nonunions in multiple bone types.(24) AlloMatrix Putty contains
demineralized bone matrix (Allogro from AlloSource), carboxymethylcellulose, and
OsteoSet, which is calcium sulfate. AlloMatrix Putty is cleared by the FDA only for “bony
voids or gaps that are not intrinsic to the stability of bony structure” (see Table B-1) and
is therefore not directly cleared for use in nonunion fractures. Its use in treating
nonunion fractures could therefore be considered “off label.” The remaining two studies
involve the use of composite allograft material prepared by the study authors. Specific

information on each study is presented in Table D-6.

Friedlaender et al. 2001(23) presented their findings from a randomized controlled trial
comparing a bone graft substitute, OP-1 Implant, with standard bone grafting in the
treatment of tibial nonunions. Bone autografting is the standard of care for treating tibial
nonunion fractures. This procedure requires bone to be harvested from the iliac crest
(hip), and morbidity at the harvest site is common. Implantation of OP-1, which contains
recombinant human OP-1 (rhOP-1), is an alternative to bone autografting that
eliminates the need for harvesting bone. Recombinant human OP-1 is a bone
morphogenetic protein (BMP-7) embedded in a collagen matrix. It is surgically

implanted at the site of nonunion to encourage bone to form across the fracture site.

In this study, patients underwent intramedullary rod fixation in addition to the grafting
procedure. The internal validity of this study was rated as “fair” only because the patient
could not be blinded to treatment. Autogenous bone grafting requires removal of bone
from the patient’s hip; therefore, this procedure cannot be blinded. However,
radiographic assessment of bone bridging was blinded. Key outcomes reported in this
study included the ability to bear weight on the treated leg, pain at the fracture site,
radiographic evidence of healing, retreatment surgery, surgical complications, and
treatment-site complications. In general, new technologies are accepted only if they are
superior to the standard of care. However, when OP-1 Implant is used, morbidities that

normally occur at the bone autograft harvest site are avoided. Therefore, to be clinically
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superior to autografting, OP-1 Implant does not need to have superior healing ability;

it only needs to have equivalent healing ability. A statistical comparison, commonly
referred to as a test for “noninferiority,” can be performed to detect equivalence of two
interventions. However, the authors of this report only performed the standard statistical

testing to determine whether one treatment is superior to the other.

Friedlaender et al. reported that the healing rates after 9 months were 39 of 63 (62%)
for OP-1 and 45 of 61 (74%) for bone graft based on three radiographic views.(23)
This difference was not statistically significant. Combined clinical success, defined as
full weight-bearing, less than severe pain at the fracture site on weight-bearing, and

no retreatment, was 51 of 63 (81%) for OP-1 and 52 of 61 (85%) for bone graft; this
difference was not statistically significant. The need for surgical retreatment was low in
both groups, 3 of 60 (5%) for OP-1 and 6 of 61 (10%) for bone graft, again not a
statistically significant difference. The bone graft group did have significantly more
postoperative osteomyelitis (p = 0.002), 2 of 60 (3%) for OP-1 and 13 of 61 (21%) for
bone graft.(23) However, pin tract infection associated with the use of an external fixator
prior to placing a reamed tibial nail (as was done in both groups) is a risk factor for
subsequent infection. Without controlling for this possible confounder it is difficult to
interpret the unusually high incidence of osteomyelitis in the autograft group.(152)
Atrophic nonunions were significantly more prevalent in the OP-1 group (41% vs. 25%,
p = 0.048), and there was a greater proportion of smokers in the OP-1 group as well
(74% in the OP-1 group vs. 57% in the autograft group, p = 0.06).(23) These conditions
would be expected to hinder the healing process and may have reduced the likelihood

of success with the OP-1 Implant.

A meeting abstract provides additional information on OP-1 treatment of long bone
nonunions.(153) Forty nonunions in patients with an average of three prior surgeries
were treated. Thirty-one of the nonunions (78%) showed radiographic evidence of
healing in a mean of 5.9 months of treatment. Further assessment of this study must

await full publication.
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Wilkins and Kelly(24) reported a retrospective case series of the use of AlloMatrix
Injectable Putty in treating nonunions in multiple bone types. The nonunions were also
treated using standard internal/external fixation techniques. The article does not report if
patients are being treated for the first time or the duration of the nonunions prior to the
AlloMatrix Putty treatment. Without this information, comparisons to other studies are
difficult. The study also does not report whether all consecutively treated patients were
included or if dropouts occurred during the treatment period. The reported healing rate
was 30 of 35 (85%) in an average of 3.5 months, but healing rates per bone type were
not reported. A meeting abstract reporting on the use of demineralized bone matrix
(DBM) in treating nonunions found significant problems.(25) In this study of

41 nonunions, 54% healed but high rates of wound drainage and subsequent deep
infection reduced the effectiveness of DBM in treating nonunions. A second meeting
abstract reported on the use of a DBM and bone marrow aspirate composite graft to
treat nonunions.(26) Fourteen nonunions were treated and radiographic union was

achieved in 75% of patients in an average of 9.3 months.

The remaining two studies were retrospective case series from the same laboratory
that examined the use of a composite allograft with partially purified human bone
morphogenetic protein (hBMP) to treat nonunions of the femur in one study, Johnson
and Urist 2000(127), and multiple bone types in the other, Johnson et al. 1992.(128)
The earlier study was intended to show that the composite allograft with active human
BMP could enhance healing in nonunion fractures that had failed to heal after other
procedures such as electrical stimulation and surgical procedures. In addition to the
allograft, 22 of 25 patients underwent internal fixation and 7 of 25 received adjunctive
bone grafting. Twenty of 25 (80%) nonunions healed after the first implantation of the
composite graft in an average of 6 months (range of 3 to 14 months). Four of the five
failures healed after revision of the failed fixation, indicating that fixation may also have

contributed to the observed healing effect of treatment.(128)

Johnson and Urist 2000(127) looked at healing in 30 femoral nonunions after treatment
with the composite allograft and various other treatments. Thirteen patients received

additional autogenic cancellous bone graft to the intercalary segmental defect.
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Twenty-six patients were implanted with a fixed angle blade plate to stabilize and
lengthen the femur. The remaining patients had intramedullary nails. As with the earlier
study from this laboratory, the precise role of the allograft in the healing process cannot
be distinguished from the other procedures. The study reported that 24 of 30 (80%)
femoral nonunions healed with an average time of 6 months and a range of 3 to 9

months.

Only the two studies of composite allograft with hBMP reported data for individuals
65 and over. In the study examining only nonunion of the femur, seven of eight older
patients healed within 4 to 6 months.(127) In the other study, all five patients over 65
(three tibias and two humeri) healed.(128)

Pre-1990 studies of orthobiologics:

We identified no clinical studies of orthobiologics for treatment of nonunion published
prior to 1990.

Conclusions for orthobiologics:

Four separate studies published since 1990 with a total of 214 patients reported data
concerning the use of orthobiologics to treat nonunions. One study was an RCT
comparing BMP-7, OP-1 Implant (Stryker Biotech) to fresh bone autograft in the
treatment of tibial nonunions. Stryker Biotech was granted a humanitarian device
exemption (HDE) by the FDA for the use of OP-1 Implant as an alternative to autograft
in recalcitrant long bone nonunions where use of autograft is not feasible and alternative
treatments have failed. Patients in both groups underwent intramedullary rod fixation in
addition to the autograft or OP-1 grafting procedure.(23) The internal validity of this
study was rated as “fair” only because autogenous bone grafting requires removal of
bone from the patient’s pelvis; consequently, patients could not be blinded to treatment.
However, radiographic assessment of bone bridging was blinded. The study found
similar healing rates in the two groups. A noninferiority statistical analysis should be
performed to determine whether OP-1 Implant in conjunction with internal fixation was

not inferior to autogenous bone graft in the treatment of tibial nonunions. Assuming the
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analysis demonstrates noninferiority, this single study would need to be replicated by
other investigators before OP-1 is considered an effective substitute for autogenous
bone grafting. The absence of the morbidity associated with harvesting of autogenous
bone for grafting is a distinct advantage; therefore, additional studies would only need to

demonstrate noninferiority as well.

The other three studies of orthobiologics were retrospective case series. One examined
the use of AlloMatrix Injectable Putty (Wright Medical Technology) in nonunions in
multiple bone types.(24) AlloMatrix Putty, which contains demineralized bone matrix
(Allogro from AlloSource), carboxymethylcellulose, and OsteoSet (calcium sulfate), is
cleared by the FDA only for “bony voids or gaps that are not intrinsic to the stability of
bony structure” and is therefore not directly cleared for use in nonunion fractures.

The publication did not report prior treatment or the duration of the nonunions prior to
the AlloMatrix Putty treatment. Without this information, interpretation of the results is
difficult. The remaining two studies were retrospective case series from a single
laboratory that examined the use of a composite allograft with partially purified human
bone morphogenetic protein (hBMP) to treat nonunions of the femur in one study, and
multiple bone types in the other. As with other case series, the precise role of the
composite allograft in the healing process cannot be distinguished from the other
procedures used to stabilize the limbs. Two recent meeting abstracts describing studies
utilizing DBM indicated healing rates of 54% and 75% respectively, but one found high
rates of wound drainage and subsequent deep infection.(25,26) Additional studies are

needed to understand the role of DBM in treating nonunions at this time.

Concluding Remarks

What is the evidence for benefits and harms of bone growth stimulating devices and

orthobiologics for treatment of nonunion fractures?

After searching the literature published since 1990, retrieving references, and applying
our inclusion/exclusion criteria, we identified 24 published studies of bone growth
stimulators and orthobiologics. Four of the studies were RCTs, two were retrospective

comparison studies, seven were prospective case series, and the remaining 11 were
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retrospective case series. Thus, the overall quality of the evidence for each type of
intervention is for the most part low, and few of the studies can actually be used to
distinguish the effect of the device or orthobiologics agent from the additional treatments
these patients received. While some view case series of patients treated for nonunion
as “self-paired, patient controlled” studies, the occurrence of healing at late timepoints in
some patients receiving other therapies (e.g., cast immobilization) made us hesitant to
view the studies in this way. Two RCTs of PEMF therapy indicate that patients treated
with PEMF had healing of nonunions, but the results from one study did not reach
statistical significance after adjusting for confounding, and the other was only
randomized for the initial 12 weeks of treatment and observation.(11,12) One
prospective case series,(27) a retrospective series with a comparison group,(14) and
three retrospective case series also demonstrated healing with PEMF treatment, but
the effect of PEMF could not be separated from the contribution of the immobilization
procedures or casting.(11) The RCT of treatment with a capacitative coupling device
demonstrated higher rate of healing in the active treatment group, although the number
of tibial nonunions in the comparison group may have negatively affected the results in
that group.(15) The remaining RCT, Friedlaender et al.,(23) indicates that OP-1 Implant
may substitute for autogenous bone graft in the treatment of tibial nonunions in patients
also being treated with reamed intramedullary nail fixation, but a noninferiority statistical
analysis is needed to show that OP-1 (along with internal fixation) is not inferior to
autogenous bone graft, and additional studies are needed to replicate the results. Case
series studies of ultrasound and shock wave therapy report healing of nonunions with
these therapies, but individual study quality limits the strength of the evidence and the
effects cannot be separated from those of concomitant treatments. There is some
indication from case series that DBM preparations are also useful, but additional studies

are needed to understand the role of DBM in treating nonunion.

The studies’ generalizability to the Medicare population was poor with few studies either
reporting results separately for individuals 65 years of age or older or analyzing results
by age groups. It is commonly argued that there is no change in healing response with
increasing age,(5-7) but whether this holds true across the lifespan (even in the

absence of comorbid conditions that predispose to impaired healing) is not evident from
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the literature we examined. The higher prevalence of osteoporosis in older adults
complicates the management of nonunion by reducing the likelihood of successful
stabilization with internal fixation.(28,29) Whether the results of treatments in younger
adults can be generalized to persons of advanced age is not entirely clear, but reporting
of outcomes separately for older patients in studies of nonunion treatments would

provide useful information.

The authors gratefully acknowledge the guidance of our orthopedic consultant,
Mitchel B. Harris, M.D., F.A.C.S. Dr. Harris is the Chief of the Orthopaedic Trauma

Service at Brigham and Women’s Hospital in Boston, Massachusetts.
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Appendix A. Literature Searches

The clinical studies included in this report were identified using the algorithm
shown in Figure A-1. The first stage of this multi-staged study selection process
consisted of a comprehensive literature search. The second stage of the process
consisted of the retrieval of all articles that met a set of a priori retrieval criteria.
The final stage of the study selection algorithm consisted of the selection of the
actual studies that form the evidence base for this report using a set of a priori

inclusion criteria.

Figure A-1.  Study Selection Algorithm
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Electronic
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Electronic Database Searches

The following databases have been searched for relevant information:

Cochrane Database of Systematic Reviews (through 2005, Issue 3)
Cochrane Registry of Clinical Trials (CENTRAL) (through 2005, Issue 3)
Cochrane Review Methodology Database (through 2005, Issue 3)

Database of Reviews of Effectiveness (Cochrane Library) (through 2005,
Issue 3)

ECRI Health Devices Alerts (1977 through August 2005)
ECRI Health Devices Sourcebase (through August 2005)
ECRI Health Technology Forecast Database (through August 2005)
ECRI Healthcare Standards (1975 through August 2005)

ECRI International Health Technology Assessment Database (IHTA)
(through August 2005)

ECRI Library Catalog (through August 2005)

ECRI TARGET (through August 2005)

Embase (1985 through August 15, 2005)
Lexis-Nexis, Healthcare News, Current (2003 — 2005)

PubMed (includes MEDLINE, HealthSTAR and CancerLit) (1975 through
August 15, 2005)

U.S. Centers for Medicare & Medicaid Services (CMS) Web site (through
August 2005)

U.S. Food and Drug Administration (FDA) Web site (through August 2005)
U.S. National Guideline Clearinghouse™ (NGC™) (through August 2005)
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The search strategies employed a number of freetext keywords as well as
controlled vocabulary terms including (but not limited to) the following

concepts.
Medical Subject Headings (MeSH) and Keywords

Conventions:

[mh] = MeSH heading

[majr] = MeSH heading designated as major topic

[pt] = Publication Type (PubMed)

[sb] = Subset of PubMed database (PreMedline, Systematic, OldMedline)
[sh] = MeSH subheading (qualifiers used in conjunction with MeSH headings)
[tiab] = keyword in title or abstract

[tw] = Text word

.de. = controlled vocabulary heading in OVID syntax (Emtree)

Topic-Specific

Non union
Bone void Non-united
Fracture® Non united
Fracture healing[mh] Nonunion
Fracture fixation.de. Nonunited
Fracture nonunion.de. Ununited
Fractures[mh] ' .
Fractures, ununited[mh] M
Malaligned Diagnos™
Malalignment Di[sh]
Mal-union Etiology/Risk
Malunion Causality[mh]
Malunited Causation
Non-union Enabling factor*
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Epidemiol*
Epidemiology[sh]
Etiology[sh]
Predisposing factor*
Risk factor*

Etiolog*®

Other
Adult

Therapy
Biocompatible materials[mh]

Biological response modifier.de.
Biologic response modifiersimh]
Bmp-7

Bone graft*

Bone matrix.de.

Bone morphogenetic protein®
Bone morphogenic protein*
Bone morphogenic proteins[mh]
Bone regeneration.de.

Bone stimulat*

Bone substitut*

Bone transplant®

Bone transplantation[mh]

Drug therapy[sh]

Effectiveness

Efficacy

Electric stimulat®

Electric stimulation therapy[mh]
Electrotherap*

ELF

External fixation

External fixators[mh]

Fracture fixation

“Intention to treat”
Manipulation, orthopedic[mh]
OP-1

Orthopedic fixation devices[mh]
Orthopedic procedures[mh]
Osteogenic protein*

Outcome assessment
Proteins/therapeutic use[mh]
Recombinant protein.de.

Recombinant proteins/therapeutic
use[mh]

rhBMP-7

rhOP-1

Surgery
Surgery[sh]
Surgical
Therapeutic*
Therapeutics[mh]
Therapy
Therapy[sh]
Treat*
Treatment*®
Ultrasonic
Ultrasonic therapy[mh]
Ultrasound

Devices (UMDNS)
Bolts, bone [16-077]

Bone matrix implants, artificial [17(]
751]

Bone matrix implants, biological [17[]
756]

Cement, orthopedic [12-830]
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Grafts, bone [11-910]
Grafts, bone, synthetic [16-966]

Jaw fracture fixation devices [15[]
801]

Nails, bone [16-078]
Pins, bone [16-085]
Plates, bone [13-050]

Orthopedic external fixation systems
[16-044]

Orthopedic external fixation systems,
fracture [15-767]

Orthopedic internal fixation systems,
fracture [12-833]

Orthopedic internal fixation systems,
other [16-031]

Screws, bone [16-101]

Staples, bone, compression, heat
reshaping [20-327]

Staples, bone, compression,
separate-leg [20-326]

Tissue reconstructive materials, solid
[16-153]

Wires, bone [16-104]

Publication types

Guidelines:
“Clinical pathway”
Consensus[pt]
Guideline[pt]
Guideline*[ti]

“Policy statement”
“Position paper”
“Position statement”
Practice guidelines[mh]
“Practice parameter”
Standard*[ti]

Standards[sh]
“White paper”

Meta-analyses/Systematic
Reviews:

Meta-analysis
Meta-analysis[mh]
Meta-analysis[pt]
“Systematic Review”

(evidence base* OR methodol* OR
systematic* OR quantitative* OR
studies OR overview*) AND
review|[pt]

Randomized Controlled Trials:
Crossover*

Cross-over*

Double-blind method[mh]

“Latin square”

Placebo*

Placebos[mh]

Random*[ti]

Random allocation[mh]
Randomized controlled trial[pt]
Randomized controlled trials[mh]
Single-blind method[mh]

((singl*[tw] OR doubl*[tw] OR
trebl*[tw] OR tripl*[tw]) AND (mask*
OR blind* OR sham* OR dummy)
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The detailed strategy below is presented in PubMed syntax. Parallel strategies were used
to search the Cochrane Library and Embase. Keyword searches were conducted in the
other listed resources.

PubMed Search Strategy

(1975 — 2005)

Limited to English language, human population

Set
Number | Concept Search Statement
1 Nonunion ((Fractures[mh] OR fracture healing[mh] OR fracture*[tw])
fracture AND (ununited OR un-united OR “un united” OR non'}
union OR “non union OR nonunion OR nonunited)) OR
fractures, ununited[mh])
2 Diagnosis and | #1 AND (diagnos*[tw] OR diagnosis[sh] OR etiolog*[tw]
risk factors OR causation[tw] OR enabling factor*[tw] OR risk factor*
OR predisposing factor*[tw] OR epidemiology[sh] OR
epidemiol*[tw] OR etiology[sh] OR causality[mh])
3 Treatment — #1 AND (th[sh] OR su[sh] OR dt[sh] OR effectiveness OR
general efficacy OR “intention to treat” OR treat OR treatment* OR
therapy OR therapeutic* OR outcome assessment OR
therapeuticsimh] OR surgery[tw] OR surgical[tw])
4 Treatment — #1 AND (fracture fixation[mh] OR surgery[sh] OR
surgical surgery[tw] OR surgical[tw] OR orthopedic
procedures[mh] OR bone graft* OR bone transplant* OR
bone transplantation[mh] OR orthopedic fixation
devices[mh] OR )
5 Treatment — #1 AND (biological response modifiersimh] OR bmp-7 OR
biologicals bone morphogeneic protein® OR bone morphogenetic
proteins[mh] OR bone regeneration[mh] OR OP-1 OR
osteogenic protein* OR proteins/tumh] OR recombinant
proteins/tumh] OR rhBMP-7 OR rhOP-1 OR
6 Treatment - #1 AND (electric stimulation therapy[mh] OR bone
stimulation stimulat* OR electric stimulat* OR electrotherap® OR
ultrasonic therapy[mh] OR ultrason* OR ultrasound®)
7 Treatment — #1 AND (biocompatible materialsimh] OR bone matrix OR
other bone substitut®* OR external fixatorsimh] OR external

fixation OR manipulation, orthopedic[mh]

Page 101




Set

Number | Concept Search Statement
8 Reviews, (st[sh] OR guideline[pt] OR consensus[pt] OR "practice
standards & parameter" OR "position statement" OR "position paper"
guidelines OR "policy statement" OR standard*[ti] OR guideline*[ti]

OR "white paper" OR "clinical pathway" OR practice
guidelines[mh] OR meta-analysis OR meta-analysis[pt]
OR ((evidence base* OR methodol* OR systematic* OR
quantitativ® OR studies OR overview*) AND review|[pt])))

9 Background #1 AND #8

10 Combine sets | #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #9

11 Limit NOT (letter[pt] OR editorial[pt] OR news[pt] OR
publication comment[pt] OR case reports[pt] OR review[pt])
types

12 Limit to human | AND (humans[mh] OR premedline[sb] OR publisher[sb])

Hand Searches of Journal and Nonjournal Literature

Journals and supplements maintained in ECRI’s collections were routinely reviewed.
Nonjournal publications and conference proceedings from professional organizations,
private agencies, and government agencies were also screened. Other mechanisms
used to retrieve additional relevant information included review of
bibliographies/reference lists from peer-reviewed and gray literature. (Gray literature
consists of reports, studies, articles, and monographs produced by federal and local
government agencies, private organizations, educational facilities, consulting firms, and

corporations. These documents do not appear in the peer-reviewed journal literature.)
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Appendix B. Orthobiologics and Bone Growth Stimulating Devices Used to Treat Nonunion Fractures

Table B-1. List of Orthobiologics Used to Treat Nonunion Fractures

Specific Product Name Company Name US Food and Drug Administration Status References
OP-1 Implant — recombinant osteogenic protein | Stryker Biotech In October 2001, the FDA granted Stryker Biotech a humanitarian device (154)
1 (or BMP-7) and bovine bone collagen exemption (HDE) for the use of OP-1 Implant for use as an alternative to (23)
In Europe this product is called Osigraft autograft in recalcitrant long bone nonunions where use of autograft is

unfeasible and alternative treatments have failed.
Infuse Bone Graft — contains recombinant Wyeth Has premarket approval (PMA in 2004) for use in the treatment of acute, (155)
human Bone Morphogenetic Protein-2 in an Pharmaceuticals open tibial shaft fractures in adults. To be used with internal fixation
Absorbable Collagen Sponge (thBMP-2/ACS) (intramedullary nail)
InductOS in Europe
Palacos E-Flow (Osteopal) Bone Cement Biomet Merck Has premarket approval (PMA in 1998) for changes in the bone cement

composition. The device, as modified, will be marketed under the trade name

Osteopal (E-Flow) and is indicated for use as a bone cement in arthroplastic

procedures of the hip, knee, and other joints to fix plastic and metal prosthetic

parts to living bone when reconstruction is necessary because of

osteoarthritis, nonunion of fractures of the neck of the femur, sickle cell

anemia, osteoporosis, secondary severe joint destruction following trauma or

other conditions (also for fixation of unstable fractures in metastatic

malignancies), and revision of previous arthroplasty procedures.

Also has 510k clearance as a polymethylmethacrylate bone cement.
AastromReplicell System — proprietary culture | Aastrom No approvals. Currently in phase I/l clinical trials in the U.S. (156)
process for the ex vivo production of bone Biosciences, Inc (157)
marrow cells, combined with a beta tri-calcium | (Ann Arbor,
phosphate (Calcibon Granules, Biomet Merck) | Michigan)
OsteoSet — calcium sulfate (Plaster of Paris) Wright Medical Received 510k clearance in 1996 as a resorbable calcium salt bone void filler | (158)
OsteoSet -T, osteoset with tobramycin Technology (159)

antibiotic
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Table B-1. List of Orthobiologics Used to Treat Nonunion Fractures (continued)

Specific Product Name Company Name US Food and Drug Administration Status References
OsteoSet BVK kit — contains a sterile pre- Wright Medical Received 510k clearance in 2001. Resultant paste is to be injected, digitally
measured surgical grade calcium sulfate, Technology packed into open bone void/gap that are not intrinsic to the stability of bone
mixing solution, tools to mix structure of the skeletal system (extremities, spine, and pelvis). The open
bone voids may be surgically created osseous defects or osseous defects
created from traumatic injury to the bone.
OsteoSet DBM pellets — surgical grade calcium | Wright Medical Received 510k clearance in 2004. OsteoSet DBM pellets are indicated only for | Company Web sites
sulfate incorporating human demineralized Technology bony voids or gaps that are not intrinsic to the stability of bony structure. mentions its use for
bone matrix (DBM) OsteoSet DBM pellets are intended to be gently packed into bony void or gaps | nonunions
of the skeletal system (extremities, spine, and pelvis). These defects may be
surgically created osseous defects or osseous defects created from traumatic
injury to the bone.
AlloMatrix Putty — contains demineralized bone | Wright Medical Received 510k clearance in 2004. AlloMatrix is indicated only for bony voids (159)
matrix (Allogro from AlloSource), Technology or gaps that are not intrinsic to the stability of bony structure. AlloMatrix is (106)
carboxymethylcellulose, and OsteoSet intended to be gently packed into bony void or gaps of the skeletal system Company Web site
(extremities, spine, and pelvis). These defects may be surgically created mentions its use for
osseous defects or osseous defects created from traumatic injury to the bone. | nonunions
A variety of other AlloMatrix products were also given 510k clearance in 2004
with the same indications.
Allogran-R - beta tri-calcium phosphate Biocomposites Allogran-R has not been cleared by the FDA for any purpose. Company Web site
synthetic bone substitute (England) mentions its use for
nonunions
Norian SRS Bone Void Filler — Synthes (USA) Received 510k clearance in 2001. Norian SRS is indicated only for bony voids | (160)

carbonated hydroxyapatite

or gaps that are not intrinsic to the stability of bony structure. Norian SRS is
intended to be gently packed into bony void or gaps of the skeletal system
(extremities, spine, and pelvis). These defects may be surgically created
osseous defects or osseous defects created from traumatic injury to the bone.
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Table B-1. List of Orthobiologics Used to Treat Nonunion Fractures (continued)

Specific Product Name

Company Name

US Food and Drug Administration Status

References

JAX CS bone graft substitute

Smith and Nephew

JAX is indicated only for bony voids or gaps that are not intrinsic to the stability
of the bony structure. JAX™ is indicated to be gently packed into bony voids
or gaps of the skeletal system, (i.e., the extremities, spine, and pelvis). These
defects may be surgically created osseous defects or osseous defects created
from traumatic injury to the bone. JAX™ provides a filler that is resorbed and
is replaced with bone during the healing process. Because JAX™ is
biodegradable and biocompatible, it may be used at an infected site.

Company Web site
mentions its use as a
bone graft substitute and
that bone grafts are
used for nonunions

8)
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures

Specific Device Name Company Name US Food and Drug Administration Status References
Ultrasound Systems
Sonic Accelerated Fracture Healing Smith & Nephew, Inc. Received PMA in 1994 as a bone growth stimulator
System Model 2A Memphis, TN 38116
Original PMA number P900009
Sonic Accelerated Fracture Healing Exogen, Inc. Received PMA in 2000 for the non-invasive treatment of established nonunions excluding (161)
System Model 2000 Piscataway, NJ 08855 skull and vertebrae, and for accelerating the time to a healed fracture for fresh, closed, (162)
Supplement to PMA number P900009 posteriorly displaced distal radius fractures, and fresh, closed or Grade | open tibial diaphysis | (163)
fractures in skeletally mature individuals when these fractures are orthopedically managed by
closed reduction and cast immobilization. A nonunion is considered to be established when
the fracture site shows no visibly progressive signs of healing
Exogen 3000® Sonic Accelerated Exogen, Inc., Received PMA in 2000 for various design and manufacturing changes which do not affect the
Fracture Healing System Piscataway, NJ 08855 output of the device. The device, as modified, will be marketed under the trade name
Supplement to PMA number P900009 Exogen 3000
Exogen 2000 Sonic Accelerated Smith & Nephew, Inc. Received PMA in 2001 for the low intensity ultrasound fracture treatment system, 9)
Fracture Healing System (SAFHS®) Memphis, TN 38116 Sonic Accelerated Fracture Healing System (SAFHS®). The device , as modified, will be (10
Supplement to PMA number P900009 marketed under the trade name Exogen 2000 Sonic Accelerated Fracture Healing System (164)
(SAFHS®) and is indicated for the non-invasive treatment of established nonunions* excluding | (165)

skull and vertebrae. In addition, the Exogen 2000+™ or Sonic Accelerated Fracture Healing
System (SAFHS®) is indicated for accelerating the time to a healed fracture for fresh, closed,
posteriorly displaced distal radius fractures and fresh, closed or Grade 1 open tibial diaphysis
in skeletally mature individuals when these fractures are orthopedically managed by closed
reduction and cast immobilization.

*A nonunion is considered to be established when the fracture site shows no visibly
progressive signs of healing.

Exogen 3000® Sonic Accelerated
Fracture Healing System

Supplement to PMA number P900009

Exogen, Inc.,
Piscataway, NJ 08855

Received PMA in 2001 for a change in labeling for the Exogen 3000®, to incorporate both the
fresh fracture and nonunion information into one set of Physician’s Instructions for Use,
Patient’s Instructions for Use, and Product Insert Bulletin; to make manual size and formatting
changes, and to add nonunion background information.
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures (continued)

Specific Device Name Company Name US Food and Drug Administration Status References

Pulsed electromagnetic field systems

Bio Osteogen System 204 Electro-Biology, Inc. Received PMA in 1979
Original PMA number P790002
EBI Bone Healing System® FLX® Electro-Biology, Inc. Received PMA in 1997 for the FLX® Coilette which will be used to deliver the approved
Coilette repetitive pulse burst signal produced by the EBI Bone Healing System Model 1200.
Supplement to PMA number P790002 To be used with the EBI Bone Healing System Model 1200 which is indicated for nonunions,
failed fusions, and congenital pseudarthroses
EBI Bone Healing System Model 2001 | Electro-Biology, Inc. Received PMA in 1999 for “the treatment of fracture nonunions, failed fusions, and congenital
Supplement to PMA number P790002 pseudoarthroses in the appendicular system.”
EBI Bi-Osteogen™/Bone Healing Electro-Biology, Inc. Received PMA in 1998 for the FLX®-S Coils (model numbers FLX 2-S, FLX 3-S, and
System® FLX®-S Caoils (FLX 2-S, A Subsidiary of FLX 4-S) which will be used to deliver the single repetitive pulse (SRP) signal produced by
FLX 3-S, and FLX 4-S) Biomet, Inc. the EBI Bone Healing System® Model 1020-S control unit. The device, as modified, will be
Supplement to PMA number P790002 | Parsippany, NJ 07054- marketed under the trade name EBI FLX®-S Coils and used with the EBI Bone Healing
1079 System® Model 1020-S control unit which is indicated for the treatment of nonunions,
failed fusions, and congenital pseudarthroses.
EBI Bone Healing System Electro-Biology, Inc. Received PMA in 1998 for revision of the indications and usage section of the labeling for
Supplement to PMA number P790002 | Parsippany, NJ, 07054- Models 1200, 1020-S, 1026, and 101, to include the definition of nonunion recommended by
1079 the Orthopedic and Rehabilitation Devices Panel on April 28, 1998 and required per FDA's

letter dated June 3, 1998 (i.e., “nonunion is considered to be established when the fracture
site shows no visibly progressive signs of healing”).

Orthologic 1000 bone Growth DJ Orthopedics, Received PMA in 1994 as a bone growth stimulator
Stimulator LLC/Regentek

Original PMA number P910066
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures (continued)

Specific Device Name

Company Name

US Food and Drug Administration Status

References

OrthoLogic® 1000-CC Bone Growth
Stimulator and OrthoLogic® 1000
(Medium) Bone Growth Stimulator

Supplement to PMA number P910066

OrthoLogic, Corp.
Phoenix, AZ 85034

Received PMA in 1997 for the OrthoLogic 1000 single closed coil soft pack bone growth
stimulator in sizes XS, S, M, L, and XL and for the OrthoLogic 1000 Bone Growth Stimulator in
the medium size. The devices, as modified, will be marketed under the trade names OL 1000-
CC and OL 1000 (medium) and are indicated for the noninvasive treatment of an established
nonunion acquired secondary to trauma, excluding vertebrae and all flat bones, where the
width of the nonunion defect is less than one-half the width of the bone to be treated.

OrthoLogic 1000-SC Bone Growth
Stimulator

Supplement to PMA number P910066

OrthoLogic Corporation
Tempe, AZ 85281

Received PMA in 1998 for modifications to the sizes of the device. The device, as modified,
will be marketed under the trade name OrthoLogic 1000-SC and is indicated for the
noninvasive treatment of an established nonunion acquired secondary to trauma, excluding
vertebrae and all flat bones. A nonunion is considered to be established when the fracture site
shows no visibly progressive signs of healing.

OrthoLogic™ 1000 and CC Bone
Growth Stimulator

Supplement to PMA number P910066

OrthoLogic Corporation
Tempe, AZ 85281

Received PMA in 1998 for a change in the indications-for-use language to state

“The OrthoLogic 1000 Bone Growth Stimulator is indicated for the noninvasive treatment of
an established nonunion acquired secondary to trauma, excluding vertebrae and all flat
bones. A nonunion is considered to be established when the fracture site shows no visibly
progressive signs of healing”; and “The OrthoLogic CC Bone Growth Stimulator is indicated
for the noninvasive treatment of an established nonunion acquired secondary to trauma,
excluding vertebrae and all flat bones. A nonunion is considered to be established when the
fracture site shows no visibly progressive signs of healing.”

Physio-Stim | & Il Model 6000 & 7000 | Orthofix, Inc. Received PMA in 1986 as a non-invasive bone growth stimulator
Original PMA number P850007
Physio-Stim® Lite Models 202L, 303L, | Orthofix, Inc. Received PMA in 1997 for modifications to the design and labeling of the Physio-Stim® Bone

404L, 313L, and 314L
Supplement to PMA number P850007

Richardson, TX 75081

Growth Stimulator. The device, as modified, is to be marketed under the trade name
Physio-Stim® Lite and is indicated for the treatment of an established nonunion acquired
secondary to trauma, excluding vertebrae and all flat bones, where the width of the nonunion
defect is less than one-half the width of the bone to be treated.
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures (continued)

Specific Device Name Company Name US Food and Drug Administration Status References
Physio-Stim Models 3202, 3302, 3313, | Orthofix, Inc. Received PMA in 2005 to modify the Physio-Stim Lite, Models 202L, 303L, 215L, 313L,

3314, 3315 McKinney, TX 75069 as follows:

Supplement to PMA number P850007 1) change the power source from a 9-volt disposable battery to an 11.1-volt rechargeable

2) change the user interface from a three color LED to a backlit LCD display

3) change the circuit assembly from separate boards for the drive circuit and microcontroller
to a single board

4) add an optional personal data assistant (PDA) that may be used to set daily shutdown time
for Orthofix personnel use only; and

5) change the serial port cable on the compliance printer to an infrared port.

The devices, as modified, will be marketed under the trade names Physio-Stim Models 3202,
3302, 3313, 3314, and 3315. The Physio-Stim Models are indicated for the treatment of an
established nonunion acquired secondary to trauma, excluding vertebrae and all flat bones,
where the width of the nonunion defect is less than one-half the width of the bone to be
treated. A nonunion is considered to be established when the fracture site shows no visibly
progressive signs of healing.
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures (continued)

Specific Device Name Company Name US Food and Drug Administration Status References
Capacitive coupling systems

OrthoPak Bone Growth Stimulator BioElectron Received PMA in 1986

Original PMA number P850022

OrthoPak Bone Growth Stimulator BioElectron (New Jersey), | Received PMA in 1998 for the following modifications: (15)

System
Supplement to PMA number P850022

now part of EBI

1) The “tombstone” - No Part Number
a) Change of indication b)Minor grammatical corrections of labeling

2) The Physician Manual - Part Number 380-0001-0001-844

a) Change of indication
b) Removed all references to “Snap-on Electrodes” (obsolete)
¢) Reduced the number of sizes of foam spacers provided from 2 to 1
d) Increased the number of leads provided from 2 to 3 (20" lead added)
) Minor grammatical corrections of labeling

3) The Patient Manual - Part Number 380-0002-0001-844

a) Change of indication
b) Removed all references to “Snap-on Electrodes” (obsolete)
¢) Reduced the number of sizes of foam spacers provided from 2 to 1
d) Increased the number of leads provided from 2 to 3 (20" lead added)
€)

Added the section “Electrode Retainers” (copied | from Physician Manual)

f) Minor grammatical corrections

The indication change listed above in each section is as follows: removal of the reference to a
9 month clinical study time in the approved labels (“A non-union is considered to be
established when a minimum of 9 months has elapsed since injury and the fracture site shows
no visible progressive signs of healing for a minimum of 3 months - no change in fracture
callus”) and to insert language as suggested in the FDA letter of June 3, 1998. (“A nonunion is
considered to be established when the fracture site shows no visible progressive signs of

healing.”)
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Table B-2. List of External Bone Growth Stimulating Devices Used to Treat Nonunion Fractures (continued)

Specific Device Name

Company Name

US Food and Drug Administration Status

References

Direct current systems

OsteoStim (R)
Original PMA number P790005

Electro-Biology, Inc.,

Received PMA in 1980 as an invasive osteogenesis stimulator

OrthoGen®/OsteoGen™ Implantable
Bone Growth Stimulator

Supplement to PMA number P790005

Electro-Biology, Inc.,
Parsippany, NJ 07054-
1079

Received PMA in 1998 for revision of the indications and usage section of the labeling to
include the definition of nonunion recommended by the Orthopedic and Rehabilitation Devices
Panel on April 28, 1998 and required per FDA's letter dated June 3, 1998 (i.e., “a nonunion is
considered to be established when the fracture site shows no visibly progressive signs of
healing”).

Shock wave systems: No shock wave systems have received FDA approval for the treatment of nonunion fractures. The following are the shock wave devices that are approved by

the FDA for other orthopedic indications.

HealthTronics OssaTron®
Original PMA number P990086

HealthTronics, Inc.
Marietta, GA 30062

Received PMA in 2000 for the OssaTron. The device is indicated for use for performing
extracorporeal shock wave (ESW) treatment in patients with chronic proximal plantar fasciitis
that has failed to respond to conservative treatment. Chronic proximal plantar fasciitis is
defined as pain in the area of the insertion of the plantar fascia on the medial calcaneal
tuberosity that has persisted for 6 months or more.

Siemens SONOCUR® Basic
Original PMA number P010039

Siemens Medical
Solutions USA, Inc.
Iselin, NJ 08830

Received PMA in 2002 for the Siemens SONOCUR Basic. The Siemens SONOCUR Basic is
a non-surgical alternative for the treatment of chronic lateral epicondylitis (commonly referred
to as tennis elbow) for patients with symptoms of chronic lateral epicondylitis for 6 months or
more and a history of unsuccessful conservative treatments.

Orthospec™ Extracorporeal Shock
Wave Therapy Device

Original PMA number P040026

Medispec, Ltd.
Germantown, MD 20874

Received PMA in 2005 for the Orthospec Extracorporeal Shock Wave Therapy Device. The
device is indicated for the treatment of Proximal Plantar Fasciitis with or without heel spur in
patients 18 years of age or older. The Orthospec™ Extracorporeal Shock Wave Therapy is a
non-invasive alternative method for patient with symptoms of proximal plantar fasciitis for

6 months or more and a history of unsuccessful conservative therapies to relieve heel pain.
proximal plantar fasciitis is defined as heel pain in the area of the insertion of the plantar
fascia on the plantar calcaneal tuberosity.
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Appendix C. Evidence Tables for Key Question 4

Table C-1. Intermediate and Patient-Reported Outcomes of Treatment for Nonunion Fractures

Outcome Definition of successful treatment References
Radiographic evidence of Three of four cortices had to be bridged in long bones (9-11,23)
bone bridging All four radiographic views showed bony trabeculae spanning the full width of the nonunion gap (16,20,119)
Two planes showing bony trabecular crossing at least half of the width of the defect (116)
The fracture line was bridged with callus bone in non-long bones; loss of fracture line (9,11,119)
Trabecular bridging of at least 80% of the fracture in the case of cancellous fractures such as scaphoid fractures (10,12)
Pain at site of nonunion Absence of pain 9
No more than slight tenderness (116)
Pain on weight-bearing No pain on weight-bearing 9
Less than severe pain at the fracture site on weight-bearing (23)
Bone healing index Patients were judged as healed when the numerical total of the radiographic score (1: no bone bridging to 5: cortical bridging) and (24)
clinical score (1: pain with rest to 5: normal function) was 8 or more
Limb function Return of normal limb function (9,119)
Full weight-bearing (23)
Retreatment No retreatment (23)
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Appendix D. Evidence Tables for Key Question 6

Table D-1. Excluded Studies for Key Question 6

Reference Type of device or orthobiologic Reason for exclusion
Jones et al. Orthobiologics — hBMP was prepared by the Study examined a single patient with a chronic nonunion of a proximal pole fracture of the scaphoid
2005(166) authors treated by curettage of the nonunion, single K-wire fixation, and implantation of 50 mg of human BMP
followed by 12 weeks of cast immobilization.
Excluded for having less than 20 patients.
Delloye et al. Orthobiologics Study examined 5 patients treated with bone resection, rhBMPs, and allograft for malignant bone
2004(167) thBMP-2 (Genetics Institute) and rhBMP-7 tumor.
(Osigraft, Stryker) Excluded for having less than 20 patients.
Lerner et al. Ultrasound Study examined 17 patients treated with surgical skeletal stabilization and low-intensity pulsed
2004(165) Exogen ultrasound for delayed unions of the long bones associated with high-energy fractures.
Excluded for having less than 20 patients.
Luchetti 2004(160) | Orthobiologics Study examined 6 patients treated with corrective osteotomy and carbonated hydroxyapatite for

Carbonated hydroxyapatite (Norian SRS)

malunited distal radius fracture.
Excluded for not being nonunion fractures.

Pigozzi et al.
2004(164)

Ultrasound
Exogen

Study examined 15 patients treated with low-intensity pulsed ultrasound for fracture nonunions at
various sites.

Excluded for having less than 20 patients.

Saltzman et al.
2004(168)

Pulsed electromagnetic fields
EBI Bone Healing System

Study examined 19 patients treated with PEMF for delayed unions after foot and ankle arthrodeses.
Excluded for having less than 20 patients.

Nishikawa et al.
2003(169)

Orthobiologics

No name provided, the bone paste has been
available in Japan since 2000

Study reported on use of calcium phosphate paste and endoscopic surgery to treat delayed unions and
nonunions.

Technical paper, no patient data.
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Table D-1. Excluded Studies for Key Question 6 (continued)

Reference Type of device or orthobiologic Reason for exclusion
Kloen et al. Orthobiologics Study examined 21 patients with a delayed union or nonunion to determine the presence of BMPs
2002(170) during the development of a fracture nonunion.

Technical paper, no treatment data.
McLee et al. Orthobiologics Study examined 16 patients treated with debridement, surgical stabilization, and medical grade alpha-
2002(158) Bone substitute (OsteoSet-T, Wright Medical hemihydrate calcium sulfate impregnated with tobramycin antibiotic for infected nonunions of long

Technology) bones.

Excluded for having less than 20 patients.
Ikeda et al. Shock wave - custom made Study examined 6 patients treated with a custom-made extracorporeal shock wave generator for
1999(171) delayed or nonunion fractures.

Excluded for having less than 20 patients.

Rosenthal et al. Orthobiologics Study examined 8 patients treated with debridement, surgical fixation, and demineralized bone

authors Excluded for having less than 20 patients.
SattarSyed et al. Pulsed electromagnetic fields — custom made Study examined 19 patients treated with pulsed electromagnetic fields for delayed or nonunion of long
1999(173) bones.

Excluded for having less than 20 patients.

Wilkins et al. Orthobiologics Study examined 11 patients treated with a combination product of bioassayed, demineralized bone
1999(159) Combination of AlloGro (AlloSource) and OsteoSet matrix (AlloGro) and calcium sulfate pellets (OsteoSet) for long bone nonunions.

now marketed as AlloMatrix (Wright Medical Excluded for having less than 20 patients.

Technology)
Abeed et al. Capacitively coupled electrical stimulation — device | Study examined 16 patients treated with capacitively coupled electrical stimulation for long bone
1998(174) not named nonunions.

Excluded for having less than 20 patients.

Frankel 1998(175)

Ultrasound
Exogen

The data for patients with nonunion fractures is more completely reported in a later publication.(10)
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Table D-1. Excluded Studies for Key Question 6 (continued)

Reference Type of device or orthobiologic Reason for exclusion
Meng-Hai et al. Orthobiologics — hBMP were prepared by the Study examined 16 patients treated with debridement, internal fixation, and a mixture of bovine bone
1996(176) authors morphogenetic protein and plaster of Paris for femoral shaft nonunions.
Excluded for having less than 20 patients.
Holmes 1994(177) Pulsed electromagnetic fields — no device name Study examined 9 patients treated with pulsed electromagnetic fields for delayed unions and
nonunions of the fifth metatarsal.
Excluded for having less than 20 patients.
Schleberger and Shock wave Study examined only 4 patients.
Senge 1992(178)

Page 115




Table D-2. Included Studies of Ultrasound Treatment of Nonunion Fractures Addressing Key Question 6

Study Design /

Purpose /

USPSTF Study
Reference Quality Rating Intervention / Outcomes Demographics Results Comments
Nolte et al. Prospective Case Sonic Accelerated Fracture n =41 nonunions in 39 enrolled Healing was demonstrated in 6 of the patients were
2001(9) series Healing System (Exogen) patients, 29 patients completed the 86% of patients (25 of 29) with an 65 years of age or

Purpose: Evaluate
the effect of
low-intensity
ultrasound for the
treatment of
established
nonunions in a
consecutively
enrolled patient
population from
various trauma
departments.

Level II-3

Internal validity
criteria; fair

1.yes
2.yes
3.yes

4. no (outcome
assessment not
blinded)

5. yes
6. yes
7.yes

Patients applied the device for
a daily 20-minute treatment in
their homes. Compliance was
defined as the device being
used 75% of the time.
Immobilization (cast, wiring,
internal or external fixation)
was continued according to
previous treatment. Treatment
was continued until the treating
surgeon declared the nonunion
healed.

Bones treated:

5 femurs, 10 tibias/ fibulas
1 humerus, 5 ulnae/ radii
5 scaphoids, 1 ankle

1 clavicle, 1 metatarsal

Outcomes: Nonunions were
considered clinically healed
when pain was absent and
weight-bearing did not cause
pain, or normal limb function
had returned. Radiographic
evidence of bone bridging.
Patients were examined at
regular 6 to 8 week intervals.

study; 4 patients were excluded for
lack of compliance or early withdrawal,
8 nonunions in 7 patients were
excluded because there was less than
90 days from last operative procedure
to ultrasound therapy.

Mean age of 47 years with a range of
18 to 90 years.

Sex:12F 17 M

Inclusion: nonunion fracture (minimum
of 6 months post fracture) and healing
had not progressed for a minimum of
3 months before ultrasound treatment,
and surgery was not currently an
option.

Exclusion: less than 90 days from

last operative procedure.

16 patients were smoking or
had stopped smoking, 2 infected
nonunions.

Initial treatments;

8 conservative treatment
14 osteosynthesis

5 intramedullary nail

2 external fixation

average healing time of 152 days.
Statistically significant (p <0.0001)
when compared to an assumed rate
of 5% healing for the prior failed
treatment period.

One patient was noncompliant and
not used in the analysis of results
but was included in the intent-to-
treat analysis.

Age and method of fixation were
not a factor in healing rate

(no statistically significant
differences between age groups or
type of fixation used with the
ultrasound therapy).

Hypertrophic (83% healed) and
atrophic/oligotrophic (88%) healed
at the same rate, no statistically
significant difference. Smoking did
reduce healing rate (p = 0.05).

10 of 10 (100%) tibias, 4 of 5 (80%)
femurs, 4 of 5 (80%) radii/ulnae,
and 4 of 5 (80%) scaphoids healed,
1/1 (100%) humerus healed. The
clavicle and metatarsal healed; the
ankle did not.

over. All 6 patients
showed healed
nonunions. Study
reported individual
patient data which
allowed abstraction of
data for patients

65 and over.
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Table D-2. Included Studies of Ultrasound Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study

Reference Quality Rating Intervention / Outcomes Demographics Results Comments
Secondary procedures: According to the authors, the
6 bone graphs (only one with previous | intent-to-treat analysis showed
conservative treatment) 80% healing (33 of 41 cases

4 intramedullary nail healed). No statistical significance
2 external fixation reported for intent-to-treat analysis.

However, the authors added the
eight cases of the excluded group
who had surgery within 90 days of
ultrasound treatment to the healed
cases which could inflate the
ultrasound results. These eight
cases should not have been
enrolled in the study and should not
be considered. Therefore, on an
intent-to-treat basis 25 of 33 healed
(76%).

14 of the 18 (78%) patients with

no secondary procedures prior to
ultrasound therapy healed within an
average of 156 days. All 11 of the
patients who received a secondary
procedure prior to ultrasound
therapy healed.

Page 117



Table D-2. Included Studies of Ultrasound Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study
Reference Quality Rating Intervention / Outcomes Demographics Results Comments
Mayr et al. Prospective Case Exogen n =100 (not including 21 patients who | 55 of 64 (86%) of delayed unions Healing rates were not
2002(1) series Patients applied the device for | Were excluded for discontinuing healed in an average of 142 days. analyzed by age

Purpose: determine
the effectiveness of
low-intensity
ultrasound treatment
on nonunions.

Level II-3

Internal validity

criteria: low

1.yes

2.yes

3.no (outcome
assessment
not blinded)

4.yes

5.yes

6.no (did not report
pain or weight-
bearing)

7.no (no statistical
analysis is
reported)

a daily 20-minute treatment in
their homes. Patients were
removed from the study for
inadequate compliance.

64 Delayed unions and
36 nonunions treated:

2 clavicles

5 humeri

12 radiilulnae
16 scaphoids
14 femurs

44 tibias

2 fibulas

2 other

Outcomes: Healing rate and
time to healing. Bone healing
was determined by radiology
methods. No specific follow-up
periods were used in this
study.

treatment)

Mean age of 44 years with a SEM of
2 years.

Sex: 37 F 63 M

Inclusion:

delayed union (120 days post-fracture)
and nonunion (240 days post-fracture)
fractures. Bone maturation, clinical
stability of the fracture, vitality of the
fragment ends, freedom from infection,
no change in therapy within 90 days of
ultrasound therapy.

Exclusion: infection, instability,
defect pseudarthrosis, change in
therapy within 90 days of ultrasound
therapy, fracture gap covered by
ultrasound reflective surface.

Initial and prior treatments:

29 patients with one or more
spongioplasties; 41 of 44 tibia patients
had prior surgery with instrumentation.

31 of 36 (86%) of nonunions healed
in an average of 171 days.
Statistical analysis was not
reported.

% healed:

12 of 16 (75%) scaphoid

9 of 14 (64%) femur

43 of 44 (96%) tibia

Scaphoid fractures healed better
with initial lower arm cast.

Smoking habits did not affect
healing rates.

groups, therefore the
relevance of this study
to the Medicare
population is
unknown.

Only radiographic
evidence of bone
bridging was reported.
Other outcome
measures such as
pain, weight-bearing,
and return to normal
activities were not
reported.
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Table D-2. Included Studies of Ultrasound Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study
Reference Quality Rating Intervention / Outcomes Demographics Results Comments
Mayr et al. Retrospective Case Sonic Accelerated Fracture n=1317 91% of delayed unions healed in Healing rates were
2000(10) series — registry data | Healing System (Exogen) Age and sex information were not an average of 129 days. 86% of analyzed by age

Purpose: to evaluate
registry data on the
effects of ultrasound
treatment on
nonunions.

Level II-3
Internal validity
criteria: low

1. no (retrospective
data collection and
analysis)

2.yes

3. no (outcome
assessment
not blinded)

4.yes

5. yes

6. no (did not report
pain or weight-
bearing)

7. no (no statistical
analysis is
reported)

Patients applied the device for
a daily 20-minute treatment in
their homes. Compliance was
not reported.

Delayed unions/nonunions
treated:

38/ 10 clavicles
54/ 48 humeri
52/ 22 radii

43/ 0 ulna

79/ 24 scaphoids
98/ 66 femurs
380/ 120 tibias
27/ 0 fibula

39/ 0 ankle

84/ 18 metatarsals
26/ 20 feet

31/ 38 other.

Healing rate and time to
healing. Bone healing was
defined as 3 cortices bridged in
2 x-ray planes or trabecular
bridging of at least 80% of the
fracture in the case of
cancellous fractures such as
scaphoid fractures. No specific
follow-up periods were used in
this study.

reported.

Inclusion: delayed union (3 to

9 months post-fracture) and
nonunion (9 months post-fracture)
fractures.

Exclusion: not reported.

Healing rates were assessed for
renal disease, vascular insufficiency,
diabetes, osteoporosis, and

local infection.

Initial and prior treatments:

delayed union — 442 surgery
(average of 1.3 operations),

507 conservative

nonunions — 213 surgery (average of
1.7 operations), 153 conservative.

Concurrent fixation or other treatments
not reported.

nonunions healed in an average of
152 days. Statistical analysis was

not reported.

% healed — delayed unions/
nonunions:

95% / 80% clavicle
76% / 69% humerus
94% / 95% radius
81% / ---% ulna

94% / 100% scaphoid
87% / 86% femur
92% / 88% tibia

96% / ---% fibula
92% / ---% ankle

96% / 78% metatarsal
91% / 90% foot

97% / 89% other

groups. Peak
incidence of delayed
and nonunions
occurred between
30 and 50 years with
an additional peak

at age 70 for delayed
unions. Healing rates
declined with age.
Up to age 70 the
healing rate for
delayed unions was
89% to 99%, but
after age 70 the rate
dropped to 85%.

For nonunions,

the healing rate
consistently declined
from 97% at 20 years
to 71% at 70 years.

The report provides a
great deal of analysis
especially with regard
to the effect of age
and co-morbidities on
healing rates but
without reporting
statistical significance.

However, only the
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Table D-2. Included Studies of Ultrasound Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /
Purpose /

USPSTF Study
Reference Quality Rating Intervention / Outcomes Demographics Results Comments

overview of the
analysis is provided
and detailed data
(mean ages, numbers
of patients in each age
and co-morbidity
group, etc.) are not
reported.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6
Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Simonis et al. Prospective Device name n=34 16 of 18 (89%) active treatment This study has limited relevance to
2003(11) double-blind not reported. Mean of 32 years with a range of 16 to fractures healed in an average of the Medicare population because
randomized trial Prior to 61. 15.3 weeks (10 to 20 weeks). Only | none of the patients were 65 years
with placebo randomization, all | sex: F4 M 30 8 of 16 (50%) dummy treatment or over. | o
controlled device | patients were N . fractures healed. Only radiographic evidence of bone
Purpose: given an oblique Inclusion: tbial shaft fra?tF*FeS {INFLInItEG Because of an imbalance in bridging was reported. Other
determine the fibular osteotomy at Ieagt 1 year a.fter' the initial fract.ure, no smoking habits between groups, a outcome measures sulch as pain
effect of pulsed followed by a | metal |mplapt br[dg|ng the non-union comparison was made for smok’ers weight-bearing, and return to nor’mal
electromagnetic unilateral external | 92P: MO rad_lolo_g|cal progression .Of and for non-smokers separately activities were hot reported
stimulation on the | fixator with fracture union in the 3 months prior to and then an overall significance, .
treatment of compression PEMF treatment. P?‘“em? were not level was obtained using logistic
established (active treatment). excludgd for active infection. regression. 13 of 16 patients in the
nonunions. Treatment group Exclusion: none reported. control group were smokers and 8
Level | received electrical | 21 of the patients were smokers. of 18 patients in the active group
Internal validity stimulation fom an | |njtial and prior treatments: Patients had | Were smokers.
criteria: fair active device. A undergone an average of 4 surgical The unadjusted odds ratio
1. no (method of pulsed electric procedures before presentation in the comparing the active to dummy
randomization | CurTeNt was clinic. 23 open fractures, 30 from high group was 8.0 (95% Cl of 1.5-41, p
not reported) SEI|\1ered thrtOUth velocity road traffic accidents, 6 infected, | = 0.02. Fisher's exact test). When
2 ves O large extemnal | 16 atrophic, 18 hypertrophic. the overall results were adjusted for
Y coils applied smoking, the association was
3.yes directly over the weaker and not statistically
4. yes fracture and in significant, odds ratio of 5.4 with
5. yes contact wth ihe 95% Cl of 0.850 34, p = 0.07.
6. no (did not grOLjp received an Sm;)kers.had a Iowgr healing rate
consider pain dentical device (75% active .an.d 46 A). dummy) but
and weight- but current was was not statistically different from
bearing) passed through a nonsmokers.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key
Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
7.yes small secondary Further adjustments for the number
coil not in contact of previous surgical procedures did
with the leg. Both not change the odds ratio.

groups used the
devices for a
minimum of

14 hours a day
and remained
strictly non-weight-
bearing. Treatment
lasted for

6 months.

Bones treated:
Tibia only;

16 atrophic and
18 hypertrophic.

Outcomes:
Radiological signs
of bone bridging:
loss of fracture
gap, cortical
bridging,
trabecular
bridging. Followup
of 6 months.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

provide evidence
of the true effect of
pulsed
electromagnetic
fields on delayed
union tibial
fractures by
comparing
immobilization and
active
electromagnetic
stimulation with
similar
immobilization and
dummy stimulation
in a double-blind
trial.

Level |

Internal validity
criteria: good

1. yes (the
method of
randomization
was not
reported in the

from EBI indicated
that the device
used in this trial
was the EBI Bone
Healing
System.(130)

A full-leg plaster
cast was applied.
The active device
pulsed current
through coils.
Patients were
instructed to bear
no weight on the
cast and to use the
device for

12 hours a day.
Treated for

12 weeks.

Bones treated: all
tibia.

Outcomes:
Radiological signs
of bone bridging.
Assessment was

There was a significant difference in the
age distribution.

Sex: Active group - F6 M14, Control
group - F7 M18

Inclusion: 18 years or older with a
fracture of the tibial shaft, closed or
compound, not less than 5 cm from the
ankle or knee, which had not united after
at least 16 weeks and not more than

32 weeks of treatment (immobilization in
a long-leg plaster cast required). After
reduction, the fracture ends must be
apposed over at least 50% of their
surface, to be in acceptable alignment
and to have no distraction. Two or more
of the risk factors for developing a
nonunion (moderate or severe
displacement or angulation, moderate or
severe comminution, or a moderate or
severe wound) had to have been present
for inclusion

Exclusion: Patient who had undergone

surgical procedures other than those
required for the initial management of a

Pain was reduced in both groups
with no statistically significant
differences between groups in any
of the clinical criteria.

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Sharrard Prospective Device name was | n =45; 20 active and 25 control Orthopaedic surgeon’s assessment | The authors report that an analysis
1990(12) double-blind not reported inthe | Active group: mean age of 35 years with | - Active: 9 of 20 (45%) healed. using categorical modeling indicated
randomized publication. A arange of 18 to 84. Control: 3 of 25 (12%) healed. that age was not a factor in the
controlled trial personal ) . _ o outcome of treatment.
I Control: mean age of 45 years with a p = 0.02 based on Fisher's exact o
Purpose: To communication range of 18 1o 76. test. The authors had originally hoped for

100 patients, but after 6 years the
multicenter trial could only enroll
51 patients and a decision was
made to stop the trial.

Since the fractures were evaluated
after only 12 weeks of treatment,
the healing rates may not be
comparable to other studies.
Follow-up data were provided by the
sponsoring company (EBI) and are
discussed in the text.(13,179)

Clinical assessment did not match
the radiological assessment. More
than half of both groups did not
show any movement of the fracture,
a clinical sign that the fracture had
healed. Movement indicates failure
but lack of movement does not
indicate a healed union.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /

Reference Quality Rating Outcomes Demographics Results Comments
article, a blinded to wound and open reduction (if necessary)
personal treatment group. of the initial fracture were excluded,
communication | Clinical treatment by internal or external fixation,
from EBI assessment based | gap greater than 0.5 cm, severe
indicated that on fracture generalized disease, receiving systemic
an acceptable | movement, pain, steroid treatment, bone disease
randomization | and tenderness. (Paget's), severely atrophic bone, and
procedure was | All patients were fractures with marked hypertrophy.
used) assessed at Initial and prior treatments: patients with

2. yes 12 weeks. prior surgical procedures for treatment of
3. yes the delayed union were excluded. The
4 yes trial was limited to fractures of the tibia_l

' shaft that had received only conservative
5. yes management.
6. yes
7. yes
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

Purpose: Assess
the clinical efficacy
of PEMF therapy
in treating
nonunion tibial
fractures

Level II-3

Internal validity
criteria: low

1. no (wide range
of nonunion
characteristics,
retrospective
data collection
and analysis)

2. no (patients not
listed as
consecutive)

3. no (method of
patient
selection is not
reported which
allows for the
possibility that
results from
dropouts were
not reported)

An electric current
was generated in
the bone by a pair
of externally
placed, oval, air-
cored
electromagnets.
The tibia was
immobilized with a
long plaster cast.
All patients were
instructed to use
the device for 8
hours each day
and not to bear
weight.

Bones treated:
tibia only
Outcomes:
Radiological signs
of bone bridging.
Patients were
assessed every 6
weeks.

Compliance not
reported

to 71 years
Sex: F6 M24

Inclusion: delayed union or nonunion of
the tibia according to the criteria of the
American Orthopedic Group.

Exclusion: none reported

Initial and prior treatments: almost 80%
had at least one surgical procedure, the
average number of operations was 1.8
with 2 patients being operated on 5
times. 18 patients still had surgical
hardware.

Duration of disability was 6 months to 8
years with an average of 1.5 years.

was 8.6 months with a range of 4 to
16 months. No statistical analysis
was reported.

Four of six patients with necrotic
nonunions did not heal.

Study Design /

Purpose /

USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Ito and Shirai Retrospective Device name n=30 25 of 30 cases (83%) achieved Three of the patients were 65 or
2001(116) Case Series not reported Mean age of 43 years with a range of 23 | Pony union. Mean time to healing over. 2 of the 3 patients healed.

Only radiographic evidence of bone
bridging was reported. Other
outcome measures such as pain,
weight-bearing, and return to normal
activities were not reported.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key
Question 6 (continued)

Reference

Study Design /
Purpose /

USPSTF Study
Quality Rating

Intervention /
Outcomes

Demographics

Results

Comments

4.no
(assessment
not masked)

5. yes

6. no (pain and
weight-bearing
not reported)

7.no (no

statistical
analysis)
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

data collection
and analysis)

2.no (did not
include dropouts
in analysis)

3.yes

4.no (assessment
of healing not
masked)

5.yes

6.no (did not report
pain or weight-
bearing)

7.no (no statistical
analysis

treated until the
fracture healed or
for at least a 3-
month period.

Bones treated:
Scaphoid only

Outcomes:
Radiological signs
of bone bridging

and return to work.

Followup:

1 to 33 months,
mean of

8.5 months.

Compliance not
reported.

Initial and prior treatments: 10 patients
had one previous bone-graft operation,
2 patients had previous operations.
Average time from injury to treatment
was 35 months, with a range of 6 to
241 months.

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Adams et al. Retrospective Device name n=>54 37 of the 54 (69%) patients healed This study has limited relevance to
1992(126) Case Series not reported Mean age of 26 years with a range of in a mean of 4 months with arange | the Medicare population because
Purpose; assess External PEMF 14 10 46 years of 2.5 to 9 months. No statistical none of the patients were 65 years
healing of coils were Sex: F3 M51 analysis was reportgd. or over.
scaphoid centered over the Inclusion: scaphoid nonunion fracture of 35 of the healed patients returned to
nonunions treated | scaphoid and - Scap . their pre-injury work.
with PEME attached to either at least 6 months duration and no
' a lona arm thumb operation had been performed during or
Level II-3 Spic agcast ora just before initiation of PEMF treatment.
Internal validity short arm thumb | Exclusion: displacement of significant
criteria: low spica cast. Al angulation at the nonunions, arthritis of
L.no (retrospective | patients were the periscaphoid joint, carpal instability.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

Purpose: to
prospectively
evaluate the long-
term safety and
effectiveness of
PEMF therapy for
fracture nonunions
and failed
arthrodeses and to
determine the
effective treatment
dosage ranges
(hours/day) to
achieve union,
documented both
clinically and
radiographically.
Level II-3

Internal validity
criteria: fair
1.yes
2.yes
3.no (28%
dropout)

4. yes (blinding of
assessment
was not

the publication.

A personal
communication
from Orthofix
indicated that the
device used in this
trial was the
Physio-Stim Bone
Growth
Stimulator.(7)

Patients were
asked to use the
PEMF device for
a minimum of

6 months or

until the

nonunion healed.
Immobilization,
bracing and
weight-bearing
decisions were left
to the judgment of
the treating
physician.

A minimum of

12 weeks of
treatment was
considered

Females n = 63: mean of 49 years with a
range of 14 to 83.

Males n = 118: mean of 38 years with a
range of 13 to 73.

Inclusion: nonunion fracture that failed to
demonstrate both clinical and
radiographic union at least 9 months after
the original injury. Established nonunions
that underwent a bone graft or internal
fixation were candidates for PEMF
treatment if evidence of healing was not
apparent by 3 months after the procedure
or if no progression of healing occurred
during the 3-month period.

Exclusion: none reported.

Average duration of nonunion was
2.6 years (9 months to 42 years).

Initial and prior treatments: prior surgical
intervention has been performed on 81%
of the fractures, fractures had an average
of two previous surgeries, 113 internal
fixation and bone grafting, 26 external
fixation.

of less than 12 months 83%, 1 to
10 year duration 82%, 10 years or
greater 44%.

87% femur, 74% tibia, 88% fibula,
100% humerus, 100% ulna,

83% radius, 77% scaphoid,

60% ankle, 80% metatarsal, and
73% other

The average time to healing was not
reported.

Statistical analysis was based on
confidence interval estimates.

No statistically significant
differences in success rates were
observed among the usage strata
above 3 hours per day. The success
rate in the 13 patients averaging
less than 3 hours daily use (36%)
was significantly lower than that
observed in the 126 patients
averaging more than 3 hours (80%).

In the 4-year subgroup, 92% of
nonunions were healed. Chi-square
analysis indicated no statistically
significant difference between the 4-
year healing rate and the original
rate.

Study Design /

Purpose /

USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Garland et al. Prospective Case | Device namewas | n=181 enrolled, 139 completed % healed: Long bones 83%, Union occurred in 90 of 107 (84%)
1991(27) Series not reported in treatment short bones 81%. Nonunion duration | patients less than 60 years of age

and in 18 of 28 (64%) patients

60 years of age or older. No other
information relative to age was
reported.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key
Question 6 (continued)

determined to be
clinically healed

if they had no cast,
no motion at the
nonunion fracture
site, and no or
minimal pain at the
nonunion site.
Follow-up periods
beyond the
minimum 12 weeks
of treatment were

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
reported inthe | necessary to
article but a complete
personal treatment. Patients
communication | received treatment
from Orthofix at 74 institutions.
indicated that Bones treated:
the assessment | 15 femurs,
was blinded)(7) | 50 tibias, 8 fibulas,
5.yes 7 humeri,
6. yes 10 ulnae, 6 radii,
7. no (dropouts 13 scaphoids,
were not 10 ankles,
considered in 5 metatarsals,
) 11 other
calculating
healing rate) Outcomes:
Radiological signs
of bone bridging.
Patients were
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key
Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Intervention /

Reference Quality Rating Outcomes Demographics Results Comments

not reported.
A subgroup was
evaluated 4 years
after treatment.

Device usage was
measured and a
dose response
relationship
calculated.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

nonunion fractures
Level 1I-3

Internal validity
criteria; low

1. no
(retrospective
data collection)

2. no (groups
differed in
mean age and
types of bone
treated)

yes
no (not blinded)
yes
yes
yes

N o a ks~ w

A minimum of

12 months of
treatment was
considered
necessary before
the treatment
could be
considered a
failure. The control
group was treated
simultaneously

by the same group
of surgeons.

All patients
maintained their
current
immobilization.

Bones treated:
Treated —

11 femur, 20 leg,
1 humerus,

8 forearm,

1 metatarsal,

the original injury. Had not been operated
on in the past 3 months. Immobilization
had not been changed. Showed no signs
of progression toward healing.

Exclusion: none reported.

Average duration of nonunion was
26 months (9 months to 180 months)
in the control group and 21 months
(9 months to 192 months).

Initial and prior treatments: The average
number of previous surgical interventions
was 1.4 in the control group and 1.6 in
the treated group. Three control patients
and three treated patients had never
been operated on. Control group:

9 plates, 6 medullary nails, 2 external
fixation, 13 autogenous bone grafts;
Treated group: 5 plates, 10 medullary
nails, 7 external fixation, 17 casts,
autogenous bone graft not reported for
this group.

14 of 16 (87%) non-infected
nonunions healed and 4 of 10
infected nonunions healed.

Among non-infected nonunions, the
healing rate was the same but the
time to heal was significantly shorter
in the treated group (t test, p <0.03).
Among infected nonunions, the
healing rate was significantly greater
in the treated group (Fisher's exact
test, p <0.05) and the time to heal
was significantly shorter in the
treated group (t test, p < 0.04).

Effects of PEMF stimulation are

usually evident in the first 3 months
of treatment.

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Traina et al. Retrospective IGEA stimulator Treated group: n = 41, average age of Treated group: 36 of 41 (88%) Due to the wide range of ages and
1991(14) Case Series with a | (Igea, Carpi, Italy) | 38 years, 5 F, 36 M, 18 infected. healed in an average of 5.7 months; | lack of outcome reporting by age
comparison group | patients were Control group: n = 26, average age of 20 of 23 (87%) non-infected groups, the relevance of this study
Purpose: Attempt | asked to use the | 46 years, 5 F, 21 M, 10 infected. nonunions healed and 16 of 18 to the Medicare population is
to quantify the PEMF device for | inclusion: nonunion fracture that failed to | (oo 0) infected nonunions healed. -\ unknown.
effect of PEMF on | 8 hours a day demonstrate both clinical and Control group: 18 of 26 (69%) Comparison of healing rates
healing of until they healed. | yagiographic union at least 9 months after | nealed in an average of 7.8 months; | between the treated and control

groups is hindered by the
differences in age and types of bone
treated.
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Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments

0 clavicle;

Control — 3 femur,
15 leg, 2 humerus,
3 forearm,

1 metatarsal,

2 clavicle

Outcomes:
Success was
defined as
radiological signs
of bone bridging in
at least 3 out of

4 cortices, no
further surgery,
and weight-bearing
without pain or
protection. The
minimum follow-up
was 2 years.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

effect of PEMF in
patients with a
disability time of
at least 24 months
(interval between
trauma and start of
PEMF therapy),
compare results
with patients with
shorter disability
time, and evaluate
prognostic factors.

Level II-3

Internal validity
criteria: low

1. no
(retrospective
data collection
and analysis)

2. nho (patients not
listed as
consecutive)

3. no (method of
patient
selection is not
reported which

strictly immobilized
in a plaster cast
with no weight-
bearing. For the
first 3 months,
stimulation was
14 hours per day.
For the next

3 months,
stimulation was
10 hours per day.
After 6 months,
stimulation was
only at night.

Bones treated:

15 tibias, 9 femurs,
5 humeri, 2 ulnae,
2 radii, 1 fibula.

Outcomes:
Radiological signs
of bone bridging
and disappearance
of gap, the
disappearance of
mobility on stress
and of pain on
percussion.

Sex: F11 M 23

Inclusion: Nonunion had to be at least
24-months old without any signs of
progressing consolidation on x-rays
taken at 2-month intervals. No operations
for the nonunion in the 4 months
preceding PEMF treatment.

Exclusion: none reported.

8 hypertrophic, 5 atrophic, 21 neither
type

Initial and prior treatments: all patients
had a period of unsuccessful plaster
immobilization before beginning the
PEMF therapy. On average, patients
underwent 3 operations prior to PEMF
therapy. 12 patients had prior bone graft.

The mean disability time was 39 months
with a range of 24 to 124 months.

% healed: 73% tibia, 78% femur,
20% humerus

75% hypertrophic

0% atrophic

80% neither type

Nonunions older than 9 months
healed at 69%, 9 to 24 months at
71%, and greater than 24 months at
63%.

No statistical analysis reported

Study Design /
Purpose /
USPSTF Study Intervention /
Reference Quality Rating Outcomes Demographics Results Comments
Meskens et al. Retrospective Device name n=34 68% healed in a mean of Due to the wide range of ages and
1990(117) Case Series not reported. Al Mean of 34 years with a range of 18 to 11.5 months with a range of 3 to lack of outcome reporting by age
Purpose; assess | Patients were 66 years. 43 months. groups, the relevance of this study

to the Medicare population is
unknown.
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Table D-3. Included Studies of Pulsed Electromagnetic Fields Treatment of Nonunion Fractures Addressing Key

Question 6 (continued)

Reference

Study Design /
Purpose /

USPSTF Study
Quality Rating

Intervention /
Outcomes

Demographics

Results

Comments

allows for the
possibility that
results from
dropouts were
not reported)

4. no
(assessment
not masked)

5. yes

6. yes

7. no(no
statistical
analysis)

Follow-up: mean of
5.7 years with a
range of

24 months to

9 years.

Compliance was
not reported.

Page 134




Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6

Study Design /
Purpose /
USPSTF Study Intervention /
Reference | Quality Rating Outcomes Demographics Results Comments
Brighton et | Retrospective Device names n = 271; direct current 167, Results of logistic regression analysis: | Due to the lack of outcome reporting by age
al. Comparative study | not reported. capacitive coupling 56, Best case’ nonunion of 10 months groups, the relevance of this study to the
1995(16) | purpose: Use Direct current bone graft 48. duration prior to treatment with no risk | Medicare population is unknown. Patient age
logistic regression | (used from 1971to | Mean age: direct current 35.9, | factors: was a continuous variable in the logistic

analysis to
compare healing
rates among 3
treatment
methods, to
identify risk factors
adversely affecting
the healing rate,
and to predict the
probability of
successful healing
of a nonunion of
any given risk
profile treated with
each of the

3 therapies.

Level II-3

Internal validity
criteria: low

1. no
(retrospective
data collection
and analysis)

1982): 4 stainless
steel cathodes
inserted
percutaneously
into the nonunion
site. Stimulation
applied for 24
hours per day for
12 weeks. All
patients wore a
non-weight-bearing
cast during the
entire 12 weeks.
Capacitive
coupling (used
from 1982 to
1994): stainless
steel capacitor
plates or
electrodes placed
on the skin through
windows cut in the
opposite sides of a
newly applied cast.

capacitive coupling 35.9, and
bone graft 33.3. No range
reported.

Sex: direct current F41 M126,
capacitive coupling F12 M44,
bone graft F16 M32.

Inclusion: well-established
nonunion of the tibia, defined
as a fractured bone in which all
radiographically demonstrable
healing had ceased but bone
continuity had been restored,
no progressive signs of healing
of the callus were seen during
a 3-month period, and each
nonunion had to be at least

9 months in duration.

Exclusion: draining
osteomyelitis of the nonunion
was a cause for exclusion from
treatment with direct current or
bone graft surgery but not
capacitive coupling.

Direct current — 99% healed
Capacitive — 96% healed

Bone graft - 99% healed

The analysis found no statistically
significant differences in healing rates
between the three treatments in this
best case situation.

As the duration of nonunion prior to
treatment and the number of risk
factors increased the probability of
healing decreased.

Worst case: nonunion of 70 months
duration prior to treatment with 4 risk
factors:

Direct current — 39% healed
Capacitive — 38% healed

Bone graft — 10% healed

The 4 risk factors are comminuted
fracture, open fracture, prior use of
electric stimulation, and prior use of
bone graft. The analysis found no
statistically significant difference in
healing rates between the two

regression analysis, but any influence age
may or may not have on healing is not
reported.

Actual healing rates and time to healing are
not reported, except for the patients treated
with bone graft. 28 of 48 tibial nonunions
treated with bone graft healed. No time to
healing was reported.

The logistic regression analysis indicates that
duration of nonunion prior to treatment has a
significant effect on the probability of healing.

Without the actual results for each therapy at
each follow-up period, we cannot verify that
the results of the logistic analysis accurately
represent the actual study results. The
findings may not be generalizable beyond the
patients in this study.
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /

Reference | Quality Rating Outcomes Demographics Results Comments
2. yes Stimulation applied | Prior treatments: electrical treatments in this worse case
3. yes continuously for Direct current group — situation, but did find a statistically
4. no (assessment 24 hours per day 44 elegt.ric and 69 bone graft; significant Qifference between bone

' not masked) for 12 to 24 weeks. Capacm\(e coupling group — graft and direct current (p = 0.01).
5 ves Bone graft (used | 30 electric and 29 bone graft, | atrophic nonunions did not respond to
- Yes throughout the and Bone graft group — capacitive coupling. Bone graft surgery
6. no (did not study period): 24 electric and 23 bone graft. | \yas less effective in nonunions with
report pain or performed previous bone graft failure.
weight-bearing) | conventionally
7. yes using autogenous
iliac bone and

accompanied by
internal fixation in
15 patients,
external fixation in
4 patients, and
cast alone in

29 patients in
whom rigid internal
fixation was
already in place.

Type of treatment
was determined by
the preference of
the individual study
author treating the
patient.

Bones treated:
Tibia only;
167 direct current,

Page 136




Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Intervention /

Reference | Quality Rating Outcomes Demographics Results Comments

56 capacitive
coupling, and
48 bone graft.
Outcomes:
Radiological signs
of bone bridging.
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /
Reference | Quality Rating Outcomes Demographics Results Comments
Zamora- Retrospective Device name n=22 % healed: Two patients were 65 years of age or older.
Navas et Case series not reported. Al Mean age of 35 years with a 80% tibia A 65 year old male showed a healed
1995(17) the healing of extremities were Sex: F6 M16 100% radius treatment. A 70 year old female did not heal
i immobilized with ex. 0 after 24 weeks of treatment
nonunion fractures | MMO Inclusion: well-established 100% femur -
with gaps wider either plaster cast, honLrinn. demonatrated 100% ulna Only radiographic evidence of bone bridging
than 1 cm when external fixation, or clinicallv by the presence of 0% clavicle was reported. Other outcome measures such
treated with OAtlrer procedures. movem)«;ntyat thg tacture sie | 0% scaphoid as pain, weight-bearing, and return to normal
el_ectr||ca_1l undpe?t/l\?enr:ts and radiologically by the Average period of treatment was activities were not reported.
stimulation. capaciiive coupling | Presence of a fracture line. 26 weeks with a range of 8 to
Level II-3 induced by an The fracture had to remain 42 weeks.
Internal validity externally placed non-united for at least No statistical analysis is reported.
criteria: low 9 months from the time of

1. no (retrospective
data collection
and analysis)

2.yes

3.yes

4. no (assessment
not masked)

5. yes

6. no (did not report
pain or weight-
bearing)

unit. The plates
were attached to
the skin overlying
the nonunion site,
placed on opposite
sides of the
patient’s limb. The
unit was used all
day.

Bones treated:

10 tibias, 6 humeri,
2 radii, 1 femur,

1 ulna, 1 clavicle,

injury, and there had to be

no radiologic changes for the
last 3 months. Gap wider than
0.5cm.

Exclusion: none reported.

Initial and prior treatments:

9 patients had prior operative
treatment. No patients had
prior electrical stimulation
therapy.

Average time between the
original injury and electrical

7.0 (no statistical | 1 Scaphoid. treatment was 63 weeks with a
analysis) Outcomes: range of 30 to 216 weeks.
Radiological signs
of bone bridging.
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /
Reference | Quality Rating Outcomes Demographics Results Comments
Various treatment
periods are

reported with a
range of 8 to
42 weeks.
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Intervention /
Reference | Quality Rating Outcomes Demographics Results Comments
Scott and Double-blinded, Orthopak bone- n =21 of 23 completed study, 6 of the 10 (60%) actively treated The two patients older than 65 were included
King Randomized, growth stimulator 2 removed for noncompliance. | patients healed in a mean of in the control group and did not heal.
1994(15) Placebo-Controlled | (Biolectron, Active (n = 10): mean age of 21 weeks. None of the control patients | Therefore this study provided no evidence

Trial

Purpose:
Determine the
proper clinical role
of electrical
stimulation in the
treatment of
established
nonunions by
conducting an
RCT.

Level |

Internal validity
criteria: good

1. yes
yes
yes
yes
yes
yes
yes

N o a bk~ whd

Hackensack, New
Jersey) capacitive
coupling device
was used.

Bones treated:
Active group —

5 tibias, 4 femurs,
1 ulna; Control —
10 tibias, 0 femur,
lulna

Outcomes:
Radiological signs
of trabecular bone
bridging on all

4 radiographs
(anteroposterior,
lateral, 2 oblique)
no movement, and
no pain.

If no healing had
taken place

after 6 months,
the patient was
removed from the
study and offered
other treatment.

40 years with a range of 27 to
55;F2,M 8

Control (n = 11): mean age of
46 years with a range of 23 to
87, F3,M8.

Inclusion: Nonunion at least

9 months old, no clinical or
radiographic signs of healing
for at least 3 months,
continuous immohilization from
the time of the original injury
with no other form of treatment,
skeletal maturity.

Exclusion: Operative or non-
operative therapy in last

3 months, established Synovial
pseudarthrosis, or a gap, or
bone defect wider than one-half
the width of the bone,
generalized disorders of bone
metabolism.

Initial and prior treatments:
Active - 3 patients had no prior
bone surgery, 8 had internal or
external fixation; Control -

1 patients had no prior bone

healed after 26 weeks of treatment.
Fisher exact test, p = 0.004, p = 0.02
if the two noncompliant patients are
included.

that older individuals will respond to
ultrasound treatment.

All 4 femur fractures were included in the
Active group, which may have affected the
results in favor of the active group. Analysis
of the tibias only still showed statistical
significance (p = 0.04)
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

surgery, 10 had internal or
external fixation
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Intervention /
Reference | Quality Rating Outcomes Demographics Results Comments
Cundy and | Retrospective Device name not n=37 In the original study, 72 of 84 (86%) Due to the lack of outcome reporting by age
Paterson Case series reported. The 29 patients were less than nonunion fractures showed groups, the relevance of this study to the
1990(18) Purpose: stimulator supplied | 3q years of age, 5 patients radiographic signs of bone bridging. Medicare population is unknown. Only three
A 10-year review | aconstantdirect | were hetween the ages of 30 | All 38 fractures in the 37 patients in patients in this study were over the age of 50.
of a prior current that and 49, and 3 patients were this followup were healed. Six of these | Some ankles and knees were stiff due to
prospective incorporated the 50 years or older patients had not healed in the prior prolonged immobilization. In some patients
nonrandomized anode and Sex: F4 M33 study but were now healed through the | the remaining cathode was incorporated into
study was carried | Supplied the o use of bone grafting and internal the bone, but the patients had no clinical or
out to evaluate the | Curfent viaassingle | Inclusion: this article reports on | g -0, radiographic signs of an adverse reaction to

safety and
effectiveness of an
implanted bone
growth stimulator.
Specifically, the
purpose was to
answer whether
there were any
untoward safety
effects, whether
there were any
refractures, or if
healed fractures
remained healed,
and the long-term
outcome of the
treatment failures.

Level II-3

Internal validity
criteria; low

1. no (retrospective

stainless steel or
titanium cathode.
Most patients
received the
titanium cathode
helix. Stainless
steel cathodes
were removed but
the titanium
cathodes were
allowed to remain
and eventually
become
incorporated into
the bone. The
titanium cathode
was left behind
after the generator
was removed.

Bones treated:
33 tibias, 4 femurs,

the long-term followup of
patients previously treated for
delayed unions or nonunions
with an implanted bone growth
stimulator. The presence of an
infection was not a
contraindication.

Exclusion: none reported.

Initial and prior treatments:

17 patients had no prior
surgery, 13 had one operation,
7 had two, and one had 3.

Time between initial injury and
implant was less than 9 months
in 25 patients, between 9 and
17 months in 5 patients, and
18 or more months in

8 patients.

the cathode.
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Table D-4. Included Studies of Direct Current and Capacitive Coupling Treatment of Nonunion Fractures
Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Intervention /

Reference | Quality Rating Outcomes Demographics Results Comments
data collection 1 other.
and analysis) Outcomes:

2. no (44% of the Radiological signs
original patients | of bone bridging.
were not This article reports
located) on 10-year

3. no (44% of the followup. The
original patients | average follow-up
were not period was
located) 10 years and

4. no (assessment
not masked)

5.yes

6. no (did not
report pain or
weight-bearing)

7. no (no statistical
analysis)

3 months with a
range of 9 years
and 6 months to
11 years and

11 months.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6

Study Design / Purpose /
USPSTF Study Quality
Reference Rating Intervention / Outcomes | Demographics Results Comments
Biedermann et al. 2003(19) | Prospective Case series MFL 5000 Lithotriptor n="73 % of patients with bony Due to limited
Purpose: To determine the shock wave device was Mean of 42 years union: reporting of
value of extracorporeal shock | used in this study. Sex: F34 M39 25 of 45 (55%) long bone | patent
waves for the treatment of All patients were treated . : nonunions; 12 of 13 (92%) | Characteristics,
nonunions, analyzing previous | ©Nce, 12 patients were Inclusion: delayed or nonunion of long bone delayed the relevance of
published studies and our own | treated twice. Bones were | (failed bone healing of unions; 7 of 11 (63%) this study to the
clinical results. immobilized with plaster or | MOre than 6 months) fracture. other nonunions; 1 of 1 Medicare
Level II-3 gracesi r:or 6 weeks to Excr:ulsms:f bone tumors, (100%) other delayed poEuIanon is
o months. pathologic fractures, recent unions. unknown.
Internal validity criteria: low Bones treated: 58 long infections, dysfunction of 21 of 34 (62%) Among pertinent
1. yes bones, 12 other: coagulation, nonunions close to hypertrophic nonunions patient
2. yes 34 hypertrophic the epiphyseal growth plate, 11 of 12 (92%) " | characteristics,
3. yes nonunions, pregnancy, nonunions of the hypertrophic delayed only the mean
4. o (radiographic 12 hypertrophic delayed thOLaC'C bonles, nonunions close | oo Voo time to heal | @g€ was reported.
unions to the central nervous system, 53 ths f Other outcome
assessment was not - - f was 9.5 months for
cked 22 atrophic nonunions, open fractures. NONUNIoNS. measures such as
sked) 2 atrophic delayed unions. | Initial and prior treatments: did not 11 of 22 (50%) atrophic pain, weight-
5. yes Outcomes: Radiographic | report prior treatments. nonunions. 0 of 2 (OF:J %) bearing, and
6. no (pain and weight-bearing | evidence of bone bridging. | Duration of nonunion before atrophic delayed unions, | [oum to normal
were not reported) activities

. no (no statistical analysis)

Followup of 6 weeks,
3 months, and later for
persistent nonunions.

shock wave therapy averaged
19 months with a range of 6 to
74 months.

Duration of delayed unions before
shock wave therapy averaged

5 months with a range of 0.2 to

5 months.

Mean time to heal was
3.4 months.

A statistical analysis
was not reported.

No major adverse events;
some transient tissue
swelling and
subcutaneous bleeding.

were not reported.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality
Reference Rating Intervention / Outcomes | Demographics Results Comments
Rompe et al. 2001(20) Prospective Case series Siemens Osteostar shock | n =43 31 of 43 (72%) patients Four of the
Purpose: Examine the effects | Wave device was usedin | Mean of 39.5 years and range of | Showed bony bridging and | patients were
of shock wave therapy on this study. All patients 1810 74 could bear full weight by | older than 65
nonunion fractures of the femur | Were treated once. The Sex: E20 M23 an average of 4 months. | years (65, 70, 73,

and tibia.

Level I1-3

Internal validity criteria: fair
1. yes

> w

o

yes
yes

yes (used blinded
assessment)

yes
no (did not consider pain)

. no (no statistical analysis)

limbs remained in casts
with limited weight-
bearing.

Bones treated: 19 tibial
nonunion, 24 femoral
nonunion.

Outcomes: Radiographic
evidence of bone bridging
and weight-bearing.
Followup period of

8 weeks and then monthly
for 9 months.

Inclusion: Skeletally mature men
and women with bony nonunion
of the long bones of the lower
extremity. Minimum of 9 months
had elapsed since the last
operation and no radiologic
bridging was observed.

Exclusion: loosening of screws
and plates, bone gap more than
0.5 cm, local infection, pathologic
fracture, pregnancy, patient
receiving steroids, anticoagulants,
nonsteroidal anti-inflammatory
medication, diphosphonate
therapy, calcium channel
blockers, or immunosuppressive
therapy, patients with a history of
thrombophlebitis or vascular
insufficiency, drug addiction,
hepatitis, and human
immunodeficiency virus infection.

18 patients were smokers.

Initial and prior treatments:
patients averaged 2 unsuccessful
operations with a range of 1 to 6.

13 of 19 (68%) tibias
healed; 18 of 24 (75%)
femurs healed.

19 of 24 (79%)
nonsmokers healed; 12 of
19 (63%) smokers healed.

No statistical analysis was
reported.

No major adverse events;
some transient
subcutaneous bleeding.

and 79). 3 of the 4
healed in an
average of

4 months. The

73 year old
patient did not
heal.

Provided
individual patient
data but did not
report
comorbidities
other than
smoking.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality

Reference Rating Intervention / Outcomes | Demographics Results Comments
Schaden et al. 2001(21) Retrospective Case series Device name not reported. | n=115 26 of 35 (74%) delayed Due to the wide
Purpose: Describe the early All patients received one Females: mean of 47 years, unions healed and 61 of range of ages and
results in the application of shock wave treatment. range of 15 to 85 80 (76%) nonunions lack of outcome
high-gnergy Sh,OCk waves using After treatment the Males: mean of 41 years, healed. N reporting by age
a device specifically designed | fractures were range of 10 to 86 26 of 34 (76%) tibias, groups, the
for orthopedic use in the immobilized with casts or . 14 of 21(67%) scaphoids, | relevance of this
treatment of delayed unions splints unless implanted | Sex: FALM 74 and 11 of 12 (92%) study to the
and nonunions. devices showed no signs | Inclusion: nonunions (more than | femurs healed. Medicare
of loosening. 60 patients 6 months) or delayed (3 to population is

Level I1-3
Internal validity criteria; low

1. no (retrospective data
collection and analysis)

2.yes
3.yes

4. no (did not mask
assessment)

5. yes

6. no (did not consider pain and
weight-bearing)

7.yes

still had internal fixation
devices.

Bones treated: Multiple
types including 34 tibias,
21 scaphoids, and

12 femurs; 35 delayed and
80 nonunions.

Outcomes: Radiographic
evidence of bone bridging.
Followup of 4, 8, and

12 weeks plus a total
followup of 3 months to

4 years.

6 months) fracture healing.

Exclusion: coagulopathy, acute
infection, pregnancy, any of the
following within the shock wave
field: epiphyseal plate, malignant
tumor, alveolar tissue, brain, or
spine.

Initial and prior treatments:

23 patients had initial
conservative treatment, 92 had
operative treatment. 28 patients
were operated on twice and

25 were operated on 3 or more
times.

There was no significant
difference among the
success rates of the
groups of patients with
delayed nonunions,
nonunions, or previously
infected nonunions
(statistical methods were
not reported).

No major adverse events;
some transient tissue
swelling and
subcutaneous bleeding.

unknown. The
authors state that
positive results
and treatment
failures were not
correlated with
the age of the
patients.

Only radiographic
evidence of bone
bridging was
reported.

Other outcome
measures such as
pain, weight-
bearing, and
return to normal
activities were
not reported.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality

Reference Rating Intervention / Outcomes | Demographics Results Comments
Wang et al. 2001(119) Prospective Case series The OssaTron Shockwave | n=72 9 patients were lost to Due to the wide
Purpose: Review the clinical | device was usedinthis | vean of 39 years and range of 15 | followup and 8 patients | range of ages and
results in the treatment of study. Patients received to 74 years chose surgical lack of outcome
patients with nonunion one shock wave treatment _ intervention. reporting by age
ith one additional Sex:F19M53 ients: roups, the
fractures of long bones treated | W! . . . 3 months, 70 patients: groups, _
with shock waves. treatment after 3months | Inclusion: established nonunions | b e iined from 2,65 to | relevance of this
if nonunion persisted. of long bone fractures defined < “weight- | study to the
Level II-3 - . : 1.11 (p <0.001); weight )
S Patients were allowed as a failure to show bone union | o ine i creased from Medicare
Internal Va||d|ty criteria; fair mobilization with Can:(:lf"esl 6 months after initial closed or 60% to 74% (p <0 001) population is
1. yes partial weight-bearing for Egesrllztarli?et\n]er?wtéalrlepanems MUSt | hony union in 50% of | unknown.
2. yes fractures of lower etaly e _ hypertrophic nonunions Report contains
3. yes extremity, anq sling for E_xc|u3|on: underlying neoplastic | (19 of 38), 47% of information on
4' upper extremity. disease or other causes of . nonunions with a defect (9 | pain, weight-
- o (?(ssdessment not Bones treated: 41 femurs, | Pathologic fracture, fracturesin | of 19), and 0% of atrophic | bearing and limb
masked) 19 tibias, 7 humeri, and the epiphyseal region of the bone, | nonunions (0 of 13). function for up to
5. yes 5 other long bones. ggacture gap _grfeatgr th?\n 6 months, 61 patients: 12 months after
6. yes Outcomes: Radiographic | . ™ acnvet_m etsct_mn,hracttjr:es Pain declined from 25to | treatment, but did
7. yes evidence of bone bridging, | " YOUN9er patiens in Whom e -4 4/, <0.001); weight- not differentiate

pain measured by 0to 10
visual analog scale,
percentage of weight-
bearing, and functional
use of affected limb.
Follow-up periods of

6 weeks, 3, 6,9, and

12 months.

epiphyseal plate has not closed,
pregnancy, cardiac pacemakers,
use of immunosuppressive drugs
or anticoagulants, and fractures
near major neurovascular
structures in the spine, chest, and
skull.

Presence of orthopedic implants
was not a contraindication.

Initial and prior treatments: 8
patients were treated initially with
a closed reduction and cast
immobilization. The remaining 64
had undergone at least one open

bearing increased from
60% to 82% (p <0.001);
functional use

improved from 50% to
74% (p <0.001);

bony union in 68% of
hypertrophic nonunions
(23 of 34), 69% of
nonunions with a defect
(11 of 16), and 27% of
atrophic nonunions (3 of
11).

12 months, 55 patients:
Pain declined from 2.6 to

between patients
in different age
groups.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality
Reference Rating Intervention / Outcomes | Demographics Results Comments

reduction and internal fixation; 0.1 (p <0.001);
41 with femur fractures, weight-bearing increased
33 initially were treated with an from 60% to 91%
intramedullary nail, 7 with plate (p <0.001); functional use
fixation, and 1 with nail and plate. | improved from 47% to
The average number of 80% (p <0.001);
operations prior to shock wave bony union in 81% of

therapy was 1.3 with a range of hypertrophic nonunions
110 6. 23 patients had received (25 of 31), 81%

bone graft on 1 to 3 occasions. of nonunions with a defect
(13 of 16), and 75% of
atrophic nonunions (6 of
8).

Statistical methods were
not reported.

No major adverse events;
some transient
subcutaneous bleeding.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality

Reference Rating Intervention / Outcomes | Demographics Results Comments
Vogel et al. 1997(120) Prospective Case series The Siemens OsteoStar n=48 At a mean of 3.4 months Due to the wide
Purpose: To evaluate the was used in this study. Mean of 38 years and range of 12 | (range of 2o 9months) | range of ages and
I d f 0 lack of
success rate of shock wave All patients were treate to 81 years 29 of 48 (60%) patients ack of outcome
therapy in treating nonunions of | ONCe. After treatment Sex: E23 M25 showed complete healing. | reporting by age
the lower extremity. predominantly involved Inclusion: nonunions of the le Healing rates for groups, the
Level I1-3 applying a cast. . n. 9 individual bone types relevance of this
o Bones treated: 17 femurs, | With & history of more than were not reported. study to the
Internal validity criteria: low 19 tibias. 9 metatarsals " | 6 months. o . Medicare
1. yes d h b ' Exclusion: acute osteomyelitis No statistical analysis was population is
2' and 3 other bones: defects clése to growth plate l reported. unknown
. yes ‘Radi i ; . . .
3 i:es Sﬁé‘é"ﬁ?iiﬁiﬂf %rﬁﬁglﬁg pathological fractures, No major acverse events: | oy ragiographic
' . Followup at 3,6, 12, 18, | C0agulation disorders, pregnancy, some transient tissue evidence of bone
4. no (did not mask 1 Or 24 20, and malignancy. swelling and bridging was
assessment) 24 and 52 weeks. . . , subcutaneous bleeding.
Initial and prior treatments: reported.
5. yes Patients average 2.4 operations Other outcome
6. no (did not consider pain prior to treatment. measures such as
and weight-bearing) The mean duration of nonunion pain, weight-
bearing, and

7. no (no statistical analysis)

prior to treatment was 12 months
with a range of 6 to 48 months.

return to normal
activities were not
reported.
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Table D-5. Included Studies of Shock wave Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design / Purpose /
USPSTF Study Quality

Reference Rating Intervention / Outcomes | Demographics Results Comments
Valchanou and Michailov Retrospective Case series The device name wasnot | n=79 70 of 79 (85%) patients Due to the wide
1991(22) Purpose: Present the results of reported. Patients were Mean age of 28 years and range showed radiographic range of ages and
the application of each treated once. Most of 9 to 76 years evidence of bone bridging. | lack of outcome
extracorporeal high-energy fractures were Sex: E8 M71 Average time until healed | reporting by age
shock wave in the treatment of | immobilized in a plaster o _ was not reported. groups, the
delayed unions and nonunions. | cast anlttjsmn. delayed or nonunion Femur: 5 of 6, 83% relevance of this
Level II-3 Bones treated: 6 femurs, | oc o> Tibia: 7 of 10, 70% study to the
intermal validity riterias low 10 tibias, 1 patella, Exclusion: none reported. Scaphoid: 13 of 17, 76% | Medicare
ty o 1 fibula, 5 humeri, Initial and prior treatments: Radius: 19 of 21, 90% population is
1. no (retrospective data 11 ulnae, 21 radii, 52 patients had had 1 to 5 Ulna: 10 of 11, 91% unknown.
collection and analysis) 17 scaphoids, previous operations. Phalanges: 7 of 7, 100% | Only radiographic
2. no (patients not reported as | 7 phalanges. The average time after injury until | Humerus:5 of 5, 100% evidence of bone
consecutive) Outcomes: Radiographic | shock wave treatment was Patella: 0 of 1, 0% bridging was

no (loss to followup not
reported)

no (did not mask
assessment)

5. yes
6. no (did not consider pain

and weight-bearing)
no (no statistical analysis)

evidence of bone bridging.

No follow-up periods were
reported.

20 months.

Fibula: 1 of 1, 100%

No statistical analysis was
reported.

No “troublesome” side
effects were reported.

reported, but no
time period for
healing was
reported. Other
outcome
measures such as
pain, weight-
bearing, and
return to normal
activities were not
reported.
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Table D-6. Included Studies of Orthobiologics Treatment of Nonunion Fractures Addressing Key Question 6

Study Design /
Purpose /
USPSTF Study Quality

Reference | Rating Intervention / Outcomes Demographics Results Comments
Friedlaender | Prospective randomized | All patients underwent n =63 implant and 61 autograft At 9 months: Due to the lack of
etal. controlled trial intramedullary rod fixation. OP-1 implant: mean of 38 years with | % Success OP-1 BG p-value | outcome reporting
2001(23) Purpose: Establish the | Osteogenic protein-1 (OP-1, a standard deviation of 16. Weight- byl age groufpsﬁ.the
safety and efficacy of also BMP-7, from Stryker Bone autograft: mean of 34 years bearing 86%  85% NS ;?u%va; ctehg this
OP-lintreating Biotech) implant: patients with a standard deviation of 11. Pain on weight- Med?/care
nonunions of the tibia received one or two units of Sex: OP-1: F20 MA1: Autoaraft: F14 | bearin 89% 90 NS e
and determine if OP-Lis | recombinant human osteogenic | /7=~ "™ » Adtogratt 9 0 0 population is
comparable to bone protein-1 (rhOP-1) implanted in - . Ny Combined 81%  85% NS | unknown.The
graft for the treatment of | the fracture site. Each unit Inclusion: tibial nonunions requiring | Byidging influence of patient
tibial nonunions. consisted of 3.5 mg of thOP-1 | 9 months duration of the non-united | (1 yiew) 75%  84% NS | @J€onnonunion
Level | and 1 gram of bovine bone- fracture with no evidence of Bridging healing was not
internal validity crteria: derived collagen. prog_ressg/e healr;ng over the (3 views) 6% 74% NS ga{t of thle reported
fair Bone autograft: the procedure previous 3 months. No ala anaysis.
is not described. Exclusion: patients who, in the 0 0 Patients and
1.yes Bones treated: tibia onl judgment of their treating orthopedic retrez.nrnent 9% 90% NS physicians could
2.yes T y. _ surgeon, were candidates for Physmla_n not be blinded to
3. yes Outcomes: Radiological signs | jnternal fixation alone, clinically satisfaction 86%  90% NS | treatment because
4. o (treatment could ?}I bone ;r'?g'f‘% Jub?‘g?jd (;))t/ " apparent infection in the fracture of the presence of
" ot be blinded. but t rete ra tlo 0gists blinded fothe | site, skeletally immature, severely % Adverse events OP-1 BG  p-value | @bone graft donor
radioaraphic reaiment. compromised soft-tissue coverage, Arthraldia 1% 8% NS site in patients who
3 eg mpe i Clinical assessment included pathological cause for the fracture, Ig i« vain in a ot 0 ¢ t° received bone
bﬁﬁ dej) ntwas the presence of pain at the receiving radiation, chemotherapy, (ngura g|c.pa|n in a joint or joints) graft.
fracture site upon weight- immunosuppression, or chronic Pain, multiple The proper
5.yes bearing, the ability to bear steroids, are or could become sites 8% 15% NS | gaistical
6. yes weight, and the need for further | pregnant, breastfeeding, congenital | Osteomyelitis 3% 21%  0.002 | comparison for this
7.yes surgical intervention for the or synovial pseudarthrosis of the Fever 51% 46% NS study is a non-
purpose of enhancing fracture | tibia, neuropathy that would interfere Vomitin 30% 3% NS inferiority analysis.
repair (re-treatment). with walking or appreciating pain, g 0 0 See the text for a

nonunions of multiple bones other
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Table D-6. Included Studies of Orthobiologics Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Quality
Reference | Rating Intervention / Outcomes Demographics Results Comments
Combined clinical criteria for than the tibia, autoimmune disease, | Leg edema 8%  11% NS discussion of this
success was full weight- sensitivity to collagen. Postoperative approach to
bearing, less than severe pain | smoking: 74% of OP-1, 57% of infection 23% 20% NS demonstrating that

at the fracture site on weight-
bearing, and no re-treatment.

Patients were examined at 1, 2,
3,6,9,12, and 24 months
after treatment.

The primary end-point was

9 months.

bone autograft.

Initial and prior treatments:

Prior autograft: 43% OP-1 and 31%
bone graft.

Prior IM rod: 54% OP-1 and

44% hone graft. There were no
statistically significant differences in
the distribution of prior autografts or
bone grafts.

Atrophic nonunions were
significantly more prevalent in the
OP-1 group, 41% vs. 25%,

p =0.048.

Median duration of nonunion prior to
treatment was 17 months in both
groups.

Tobacco/nicotine use was 74% in
the OP-1 group and 57% in the
autograft group but was not
significant (p = 0.06).

% Adverse events associated with the bone
graft donor site (only BG group)

All patients reported post-operative pain,
80% judged the pain to be moderate or
severe. At 6 months 20% of patients
reported persistent pain (mild to moderate)
and at 12 months 13% had persistent pain
at the donor site.

one treatment is
not inferior to
another treatment.
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Table D-6. Included Studies of Orthobiologics Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Quality
Reference | Rating Intervention / Outcomes Demographics Results Comments
Wilkins and | Retrospective Case AlloMatrix Injectable Putty n = 35 nonunions and 41 being Average time to healing was 3.5 months. Due to the lack of
Kelly series (Wright Medical Technology), | treated for bone voids. 30 of 35 (85.7%) patients were healed outcome reporting
2003(24) Purpose: Assess the a combination of demineralized | \ean of 45 years with a range of 18 | according to radiographic evidence. by age groups, the

effectiveness of a
commercially prepared
allograft demineralized
bone matrix in patients
with long bone gaps and
nonunions.

Level II-3

Internal validity criteria:
low

1. no (retrospective
data collection and
analysis)

2. yes

3. no (loss to followup
was nhot reported)

4. no (assessment
was not masked)

5. yes
6. yes
7. yes

bone matrix (AlloSource) and
surgical-grade calcium sulfate
carrier (OsteoSet) was used in
this study. Nonunions were
treated using standard
internal/external fixation
techniques. The periosteum
surrounding the nonunion site
was elevated to create an area
into which the putty was
placed. The periosteum was
then closed around the site.

Bones treated: 13 tibias,
10 humeri, 6 ulnae, 5 femurs,
1 fibula

Outcomes: Bone Healing Index

Patients were judged as healed
when the numerical total of the
radiographic score (1: no bone
bridging to 5: cortical bridging)
and clinical score (1: pain with
rest to 5: normal function) was
8 or more.

Average followup was
6 months.

to 76 years for the nonunion group.

Sex: F40 M36 (value for entire study
group including patients being
treated for bone voids)

Inclusion: a surgeon recommended
cancellous (spongy) bone graft as
treatment, the void shape could
accommodate graft material, and
patients were willing to release
medical data and return for
postoperative followup.

Exclusion: none reported.

Initial and prior treatments:
Not reported.

Healing rates were not reported separately
for individual bone types.

Re-fracture after successful healing: 2
Hardware failure: 1
Postoperative neuromas over the scar: 1

Decreased range of motion due to
adhesions: 1

Recurrent infection: 1

relevance of this
study to the
Medicare
population is
unknown. The
influence of patient
age on nonunion
healing was not
part of the reported
data analysis.

Whether the
authors actually
used the Bone
Healing Index to
judge the healing
process is not
clear. Therefore,
the extent to which
normal function
was achieved
cannot be
determined.
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Table D-6. Included Studies of Orthobiologics Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /
Purpose /
USPSTF Study Quality

Reference | Rating Intervention / Outcomes Demographics Results Comments
Johnson Retrospective Case A composite allograft n=30 24 of 30 (80%) femoral nonunions showed | 8 of the patients
and Urist series consisting of an allogeneic, Mean age of 47 years with arange | healing with an average time of 6 months were 65 years of
2000(127) | purpose: Assess the autolyzed, antigen-free cortical | of 28 to 75 years. and a range of 3 to 9 months. age or older. 7 of

effectiveness of a
composite inductive
allograft in healing
femoral nonunions.
Level II-3

Internal validity criteria;
low

1. no (retrospective
data collection and
analysis)

2. yes

3. yes
no (assessment was
not masked)

5. yes

6. no (did not consider
pain or weight-
bearing)

7. no (no statistical
analysis)

bone carrier with partially
purified human bone
morphogenetic protein,
abbreviated as hBMP/AAA,
was used in this study. The
allograft contained 100 mg of
partially purified hBMP
lyophilized into the implant.
13 patients received additional
autogenic cancellous bone
graft to the intercalary
segmental defect. 26 patients
were implanted with a fixed
angle blade plate to stabilize
and lengthen the femur.

The procedure involved bone
lengthening. The remaining
patients had intramedullary
nails.

Bones treated: all femurs.
Outcomes: Radiological signs
of bone bridging. Follow-ups
averaged 58 months with a
range of 11 to 153 months.

Sex: F20 M10

Inclusion: patients with femoral
diaphyseal or diaphyseal-
metaphyseal reconstructions
augmented with hBMP/AAA.

Exclusion: none reported.

Initial and prior treatments:

16 patients had 34 failed IM nailings,
17 had 25 failed diaphyseal or
metaphyseal platings, 8 patients had
failed IM nailing and plating. There
was an average of 2 previous failed
procedures per patient with a range
of 1 to 4 procedures and an average
of 2 failed autogenous cancellous
bone grafts per patients with a range
of 1 to 4 graftings.

The average duration of nonunion
was 39 months with a range of 9 to
60 months.

No statistical analysis was reported.

6 patients had a fatigue failure of the
implant.

There were no infections, wound healing
problems, neurovascular compromises, or
significant loss of knee motion after
lengthening.

these 8 patients
showed healing
within 4 to
6 months.

The partially
purified hBMP
used in this study
was prepared by
the authors.
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Table D-6. Included Studies of Orthobiologics Treatment of Nonunion Fractures Addressing Key Question 6 (continued)

Study Design /

Purpose /

USPSTF Study Quality
Reference | Rating Intervention / Outcomes Demographics Results Comments
Johnson et | Retrospective Case A composite allograft n=25 20 of 25 (80%) nonunions united after the 5 patients were
al. series consisting of an allogeneic, Mean of 45 years with a range of 13 | firstimplantation of the composite graft. 4 of | 65 years or older,
1992(128) | pyrpose: To investigate | @utolyzed, antigen-free cortical | t 75 years, the 5 failures healed after revision of the 3 had nonunions of

repair of unhealed
fractures and bone
defects under the
influence of bone
morphogenetic protein
(BMP) implanted using
cortical bone as a
delivery system.

Level II-3

Internal validity criteria:
low

1. no (retrospective data
collection and
analysis)

2.yes

3.yes

4. no (assessment was
not masked)

5. yes

6. no (did not consider
pain or weight-
bearing)

7. no (no statistical
analysis)

bone carrier with partially
purified human bone
morphogenetic protein,
abbreviated as hBMP/AAA,
was used in this study.

The hBMP/AAA implant was
surgically placed in the defect.
22 patients were also treated
with adjunctive internal fixation
and 7 patients received
adjunctive bone grafting.

Bones treated: 7 tibia,
12 femur, 6 humerus.

Outcomes: Patients were
evaluated on 3 categories:
anatomic (extent of radiological
signs of bone healing),
economic (ability to return to
work), and functional (ability to
perform activities of daily
living). Each category was
scored from O (worst outcome)
to 4 (best outcome). Followup
averaged 20 months with a
range of 5 to 82 months.

Sex: F16 M9

Inclusion: resistant nonunions
including partial or complete
segmental defects treated with
hBMP/AAA.

Initial and prior treatments:

22 patients had long-term failure of
PEMF therapy, 23 had previous
failed surgical procedures with an
average of 3 and a range of 1to 8.

Duration of nonunions averaged
30 months with a range of 5 to
83 months.

failed fixation. Average healing time was
6 months with a range of 3 to 14 months.

14 patients finished with scores of 4 in the
3 evaluation categories. 5 patients had
scores of 3 in all 3 categories. 15 of the
19 patients with tibia or femur nonunions
were able to walk without support.

All 12 femurs healed, 6 of 7 (86%) tibias
healed, all 6 humeri healed.

No statistical analysis was reported.
There were no complications related to
infection, rejection, or evidence of delayed
immune response attributable to the
hBMP/AAA implant.

the tibia. All healed
and were able to
perform activities
of daily living.

2 had nonunions of
the humerus.

All healed and
were ability to
perform activities
of daily living.

The partially
purified hBMP
used in this study
was prepared by
the authors.
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Appendix E. Additional Data Supplied by Reviewers

Additional unpublished data was supplied by Orthofix, Inc. and EBI regarding the

use of PEMF for treatment of nonunion. The data from Orthofix supported a

PMA. The information from EBI provides followup to the study by Sharrard.(12)

1. Reference: Orthofix - PMA P850007 / S20 February 7, 2000

Citation:

Physio-Stim® Bone Growth Stimulator — Patient Registry Data

Intended Use

XINon-union fracture
[ ]Osteotomy
[ILumbar spinal fusion
[ |Other:

Stimulation Type

] Internal Electrical Stimulation
X External Electrical Stimulation

Commercial Device | Physio-Stim®
Name(s)
Overall Study [IProspective, Double-Blind Randomized Controlled Trial
Design [IProspective
[IRetrospective
X]Other: Patient Registry
# Patients 729 patients with 859 fractures (62% male, 38% female)
Age <18 years to 70+ years (mean 44 years; 73 patients = 60+ years, 55 patients =

70+ years)

Selection Criteria

Inclusion:
o Patients diagnosed by their physician to have a nonunion fracture
after 2 months post-injury (range 2 months to more than one year)
e Physio-Stim device prescribed with documented timing of the
intervention.
Exclusion:
e Unknown treatment outcome
e Fracture sites other than extremities.

Prior Surgery?

Forty-eight percent of patients had one or two (or more) previous procedures
(i.e., internal / external fixation, bone grafting).

Methods

After FDA approval of the device, and while long-term safety and efficacy data
were being collected, Orthofix kept a Registry of patients wearing the device for
fracture nonunion. The Registry of physician-reported outcomes was tabulated
and represents post-market use of the device from the time of approval to the
completion of the four-year followup (March 1986 through December 1989).
The Registry database includes patient age at the time of treatment, gender,
diagnosis, date of injury, fracture location, previous surgical procedures,

model number, and treatment start date. Device safety and effectiveness data
were collected from the treating physicians including treatment completion date,
outcome assessment and date, as well as complications or adverse events.
The results are the fracture healing outcomes of 729 patients with one or more
nonunion fractures (totaling 859 fractures). Physicians recorded their
observations of radiographic and clinical healing on a form returned to Orthofix.
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Success/Failure
Criteria
(Radiographic,
Clinical, other)

Radiographic: Success = union/healed
Failure = nonunion/not healed.

Results

Radiologic Effectiveness:
e 729 fractures healed (85%).
Clinical Effectiveness:
e Return to normal function
Other Effectiveness:
e None
Morbidity (infection, amputation, permanent loss of limb function)
¢ No untoward effects.

Strengths

The clinical experience within the Physio-Stim Patient Registry to heal nonunion
fractures is statistically comparable to that demonstrated in the Physio-Stim
prospective, multi-center, controlled clinical trial supporting the premarket
approval. These Registry data offer additional support because they are derived
from a larger patient population than the original clinical trial, with greater
numbers of individual fractures in each site location.

Weaknesses

None identified.
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TELEPHONE
0747} GE4G1H

“UPLANDS"
10 MAMCHESTER ROAD,
SHEFFIELD
50 50U

15th Junz 1997

Maomi Aronson, Ph.D.
Blue Cross Association
675 Norh St. Clair Street
Chicago, Illinois 60611

Dear Dr. Aronson:

I have recently had the opportunity to review the comments developzd by Blue
Cross/Blue Shield’s Medical Advisory Panel relative to its evaluation of elecirical
bone growth stimulation. There appear to be several 1ssues concerning our
double blind study of delayed union as published in the British JEJS (herein
referred to as Sharrard Study) and its implications concerning the benefit in
delayed unions.

In the December 29, 1992 memorandum to Electro-Biology, Ine. (EBI), the Blue
Cross/Blue Shield Association raised several issues concerning the Sharrard Study
(in context of the article). Specifically, these are:

1.1 Does radiographic evidence of healing after 12 weeks, an intermediate
antcome, predict health outcomes such as healing and need for subsequent
surgery?

2.} Why was statistical significance shown with radiographic assessment {after
12 weeks) but not with clinical assessment (e.g. movement at the fracture
site, pain, and tenderness)? How does one zssimilate this into the overall
technology assessment when making a determination of efficacy?

3.} How da differences in the radiologist’s and my evaluation of radiographic
assessment affect its significance and overall interpretation.

With respect to qu-;:,-i:jnn #1, whether positive radicgrapllic. evidence at 12 wecks
{an intermediale outcome) predicts final health outcores, it is important to
understand  that the purpose of oar published study was to determine
radiographically in a double-blind investigation whether PEMF had a positive
bilogical effect. Based on years of climeal experience, it is spparent to
orthopedists (as it will be 1o your Pane. upon further review of the daa provided
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herein), that intermediate positive radiographic assessment has a positive
correlation to fina elinical success.

First, let me share with you the fact that long-term follow-ap data has irdeed
been developad which provides patient endpaints an average of 2 years after
PEMF treatment had bzen initiated. This follow-up was the result of continued
diligence on the part of myself and my colleagues to callect and evaluate long-
term outcome data. It appears to us that this follow-up data responds to your
Association’s concerns regarding health outcome endpoint several yzars after
initiation of therapy. The following tables and graphs establish, from a
perspective of final health outcomes, that the PEMF treatment of delayed unions
delivered a statistically significant advantage over placebos.

For purpose of this analysis, positive intermediate outcome is defined as the 12
week radiographic assessment of either having kealed or showing progress
towards healing. Positive final outcame is defined as those that healed with no

further surgery as noled an average of 2 years (median 15 months) after
lreatment was initiated

In the Sharrard Study, at 12 weeks the intermediate outcome of PEMF treatment
was shown to be highly significant (p = 0.009) On a combined basis, a positive
intermediate outcome (radiographic progress as detzrmined by either me or the
blinded radiclogist, Barrington) was noted in 65% of the patients (13 of 20) in
the active group. By comparison, the control group (using identical criteria)
evidenced only 32% of the patients (8 of 25) reported with a positive
intermediate outcome.

Of importance is the fact that in the control group, 64% (14 of 22 patients)
required further irtervention, as opposed to only 13% (3 of the 20 patients) in
the active group. Given the significance (p=0.00134), it is important to reitzrate
that 85 % (17/20) of the treatment group went on to heal without surgery versus
only 36% (8 of 22) in the control group (3 patients lost to follow-up).

Finally in the control group patienis opting for an active unil (8) at study
termination 75% (b of the 8 people) went on to heal with PEMF while anly 25%
(2 o7 the 8) went on to surgery. All 8 patients requesting active PEMF a the
Study’s termination had been assessed by both the independent radiclogist
(Barrington) and me as failures at the 12 week mark.
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Details of the final outcome analysis are as follows:

Tahl: 1
Delayed Union Stody
Te h
[Mean ? years, median 15 moeths)
—— = ——
ACTIVE CONTROL
in = 20) in = 15
Healed With Mo Farther Surpery 17 (85%) E (32%)
Surgery ) 3 (15%) 8% (328)
PEMF 5 6 (24%)
(Requested Live Units > 12 Weeks
No Further Surgery)
Last To Follow-Up > 12 Weeks e 3 (12%)
TOTAL ki1 25

¥ Two patients requested live - healed after surgery.

In reviewing the long-term data (Tatle IT) one sees a 90% correlation of positive
intermediate outcome (PIO) (measured radiographically) to positive final outcome
(PFO). One can be relatively confident that positive radiographic assessment
after 12 weeks, an intermediate outcome, is an accurate predictor of positive firal
outcome (healing with no further surgery).
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A detailed analysis of my radiographic assessment end that of the independent
radiologist (Barrington) on the same group and the correlation to positive final
outcome is as follows:

Tuble T
Delayed Union Study
Correlation Betwess Positive Intermediate Cuteame (PIO" and Positive Final Ontenme (FFO)
POSITIVE OUTCOME
ASSESSMENT GROUP INTERMEDIATE FINAL

| Sharrard Active 11 (10/11) 91%
Control 8 (6/7+) B6E

Earringlon Active 10 (9/10) $0%
Control i (22) 100%

Combinec * Active 13 ¢ (12/13) 92%
Control g+ {67+ P6%

Both Groaps 21 (L8/20°%) 90%
i

* Combized Amessment Progressing (P) or Healed (H) at 12 weeks by either
Barrington andior Sharrard.

** Ohe patient [§37) with & positive intermediale outcome al 12 weeks was
|m-|.1':l-ﬁ||||:|w-1.1',|.

Page 161



One clinical fact is clear in both groups which is that there is a 90% correlation
of positive intermediate outcome to pesitive final outcome. Thus, it is safe to
conclude that positive intermedizte outcome (radiographic measurement al 12
weeks) is an accurste predictor of positive final outcome (healing with no final
surgery).

This correlation of positive intermadiatz and positive final outcome is graphically
presented in the following figure:

Figure 1

Delayed Union Study
Correlation Between Positive Intermediate Ottcome [PlO

and Pozitive Final Outcome [PEG]
16

14
12

10

Number of Patlents

Control

Conbiped Asseasmenls

: A
| B eimediat: A Flr.aIJ
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Question 2: Why was statistical significance shown with rad iographic
assessment (after 12 weeks) but not with clinical assessment (e.g.
movement at the fracture site, pain, and tenderness)? How does
one assimilate this into the overall technology assessment when
making a determination of efficacy?

The Panel's second question, related to the statistical significance shown with
radiographic assessment (after 12 weeks) but not with clinical assessment
(movement at the fracture site, pain, and tenderness) clearly focus in on the
Panel's cencems about final health outcomes. Clinical measurements at 12
weeks while providing some valuable clirical insight, zre not good evaluative
criteria given both their unreliable nature and intermediate status. For example,
while movement a: a fracture is indicative of failure of union, absence of
movement may not necessarily be a reliable indicator of successful union.

Clinical assessment is heipful, but nol corclusive at the intermediate point (12
weceks) in the study. Positive radiographic assessment is indeed a better preferred
predictor of positive final outcome as shown in the long-term follow-up data

provided.

With this issue in mind, it is understandable tha: there may be some difficully in
reconciling differences in the two assessment methods (radiographic and elinical).
Therefore, the final health outcomes status in the data already provided presents
BCESA with a more concise picture of the technology's efficacy rather than
irtermediale assessments alone.

Question 3: How do differences in the radiologist’s and my evaluation of
radiographic assessment affect its significance and overall
interpretation?

Thae Panel's final question asks, how do differences in e radiologists and ry
evaluation of radicgraphic assessment effect their significance and overall
interpretation. Fundamentally, we do not sze a difference in the evaluations.

Given the radiographic criteria and techniques used in the trial, an objective
assessment was possible, This is particularly true since both the radiologist and
I were blinded as to radiographic origin until grading was co npleted.

Barrington, as a radiologist, considzred union in absolute terms required
continuity at 4 cortices. |, as an orihopacdic surgeon considered union 1o be
sufficient to cease treatment when cortinuity was present over at least hali’ the
width of the bope, ; cittegary regarded by Barrimgion as progress (o umon.
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[t is relevant to note that all those patients were regarded by me as having united,
subsequently healed all 4 cortices, but were not necessarily receiving any further
treatment, either by a plaster immobilisation or PEMF treatment.

An znalysis of the patients Barrington and I determired (radiographically) as
having a posilive intermediate outcome confirms this slatement.

In examining (Figure 1A.) the treatment group, I evalusted 11 of the 20 patients
as having a positive intermediate outcome. Assessments by the independent
radiclogist identified 10 patients as having a similar status. There was substantial
agreement on a patient by patient basis with a total of 8 patients common in both
blinded assessmenis. The evaluation (both the radiologist and mine) were similar
(90% and 91% respectively) in the portion of patients going on to positive final
outcome,

Figure 1A
Figure 1A Positive Ouicome
Active Group Intermeadiate Final
Sherrar Barringtony | Sharrard P @1% (0]

Indapendent
Radiologist :
w (Berrington) 10 0% (2/10)
Comnbined
N=20 Azsassmeant 13 2% (12/13)
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In the control group at 12 weeks (figure 1B), I evaluated 8 of the 25 patients
(32%) as having a positive radiographic assessment. Barrington identified 2
patients as having a similar positive intermediate outcome. Both of his 2 cases
were cortained in the group of 8 patients | determined favorable assessments on.
Respectively, 86% (6/7) and 100% (2/2) of these ¢ases went ofi to have positive
final health outcomes.

Figure 1B

Figure 13 Poaliive Dutooma

Control Group Intermediate Final
Sharrard Sharrard E BE% (8/7)

aon Indepzndent
( 8 (2D Radiologist

b et {Barrington) £ 100% (2/2)
Comkined —
N=25 ASSE35MEent £ 86% (6/7)

= One patient (#37) with a positive lntermediate outcome
al 12 weeks was fost fo follow-up.

Again, it is importan: to note that in the control group, the patients | gave
posilive assessments to which went on to heal, contained the 2 patients to which
Barrington gave similar assessments.

In either case, both the radiologist and I had relatively equal accuracy in terms

of the portion of patients with positive intermediate outcomes that went on to
positive final outcome.

Given the fact that we were both blinded as to the radiographic origins until
assessment was complete, this is a significan! statement concerning the overall
accuracy of both of our intermediate findings.
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Given this review, let me offer the following:

- Positive intermediate outcomes (as measured
radicgraphically at 12 weeks) strongly
correlate to positive final ovtcomes.

B Intermediate clinical assessments are not good
evaluative criteria, given their unrealistic
nature and intzrmediate status.

- Upon closer analysis, there is no fundamental
differences in the radiographic asséssments
given by Barringtcn and me.

I agree that the important evaluative eriteria for your assessment should be
founded on final patient ouicome. The data contained herein supports the use of
PEMF in achieving the desired patient cutcome (healing without further
interventiofn).

Givan the technology’s proven biclogical effect and positive coniribution to
patiznt health outcomes, PEMF therapy which should b2 made available to
physicians as an alternative to other interventional treatment irrespective cf time.
In general, PEMF treatment of difficult ununited fracrures has proven to be as
successful as traditional noninvasive fracture management and as efficacious as
surgical intervention.

Given the costs and potential risks cf surgery, PEMF should be considered as a
viable treatrrent option for orthopaedists treating difficult fractures.

Thank you for heving taken this opportunity to review this data.

Sincerely, /
bt ———7

W.J.W. Sharrard, M.D., Ch.M., FRCS

cc: EBl Medical Systems, U.5 A,
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%@nnm OF PEMFS FOR DELAYED TIBIAL UNION - CLINICAL FOLLOW-UP, J, Shamard, Sheffield 510

DL, England.
I 1990, the results of a double-blind trisl of pulsed electromagnetic ficlds (PEMFS) for delayed wnion of tibisl frac .

am.Juinuu;[nr]m.:n-ss],mwmmdmnum:mgmwmm et
PEMFS compared with treatment by plasier alone. The radiological cutcerne was determirsed blEndly either by mysell or

by a radiologist colleague. Hrmwﬁwﬁ:mtm-]uwﬂn‘m.ﬁmmhmormm
irestment by immobilization (o cease; in the active reated by PEMFS, lmemmem‘ghdﬂ
COnirls. mmhgm”umhd,u_:uﬁmdﬁﬂmmuﬂmymmhnjﬂmmmm
wnion of o b union compared with 225 conrols, 1 ihe reselis in the two assessments are comingd, b wniam was
mi-IMhhmmm_m_ﬂH]immpmp.ah‘ql]r_:' i [lﬂﬂl{plﬂ,mmlw
mﬁmm%mm;hmﬂumﬂm in iniermediaie regall. To detemine
whether radiographic evidence mwmllnﬂmumm:wmﬂnmddﬁm“mmmm
urmhm-mumdmmtnmmmcmwmmmummﬂ.m‘mnmumsmy.
the chaice of further meatment was lefi 1o individesl surgeons, depending on the condition of the: patien:, Soene patients were allowed 1o
mokalize; & 'mibuhﬂmﬁﬂﬂ[wmh'Nm':ﬁﬂmwmﬂhﬂmmt}m
grafiing or surgical means. The clinical Hﬂwﬂpﬂmummﬁdhthmnmmw
of 2 years (median 15 months) after the initiasion of mreatment in the irial. Three patients, all of them in the conirol group, were last 10
follow-up. Heali “muargu]mmm:-.‘rmﬂlnﬁmtﬂmurkmwmmpmwmm[m;m&
conired group (p= 0.00134), Of the § patients in the controd group who fior PEMFS treatmiznt a1 the end of the ind mudy,
£/8 weenil om i heal withowt sergery and 278 required surgical meament, aim of treatment of delayed wnion or non-union of p fracige
by PEMFS is 1o enbance union by conservative management. This end-resalt sudy confirms that PEMPS significarely influence the final
um:n:m’fmu.nmimtﬂmhmﬂdﬂdumﬂmmmmmn'mlnmn‘utndh:mm.updmeummm
miragement.

% OF PULSED ELECTROMAGNETIC FIELDS (PEMF'S) ON BONE FORMATION AND BONE LOSS DURING
LIMB LENGTHENING: A PRELIMINARY REPORT. K.5. Eyres and M. Saleh. University Depanment of Orthopaedics, Sheffield,
England.

We have siudicd prospectively the cifect of pulsed elecmomagnetic Nields (PEMFS) on bone formation and Clisuse OSIOPIEIS sustsined
during limb lengthening in a double-bling study. Cver an eightien month period, T males (mesn sge 13 pes, range 11t5 19 yeaes) and 6

femuales (mean gge 12 years, range 9 o 19 years) randomly received eilher an aoive of & dummy unit. Wik
by the Villanabibias \echnique with a enilateeal exvernal fixaore system (Orhofia or Sheffield finator) in 11 patients (35%) and a circgla
frame sysiem in the remaining rwo patienis (lizarov and Sequola ;}.lﬂ:huwmmmmmm

g i (DXA) with & specially modifisd anal; lirnlrmm

?pﬂjilmu mkﬂuurmmmbwm:us i Ij-l:rl':l s and 2 females) received 'dummy’ coils, Al ez
ﬂm:ﬁnﬁmtmﬁﬂmhﬂmﬂlmﬁmﬂd years and 13.6 years respectively), 10 segments (8 tbisl and 2

wer |engLienied in the ‘sctive group’ comipared 1o only § segmeees (6 Libial and 2 femoral) in e ‘dameny .

Whereas there was no significant bone loss delecied in patients reaied with active coils until 2 moanths sergery (reduced by |FE22%
control vatees), marked bosses occurned earlier in the patiens meated wish dummy coils (reduced by 23%3% amd 33%44% afier anc and

twu months respectively; p<0.0001). These difference were greater & iwelve monihs afier sus (reduced by BTR24% and 465+5%
u‘:ﬁﬁ-ﬂ]-;dﬂ.mgﬁﬂ h (Bere was oo dign effect on new bone Tormation Ve Ehﬁdmwullﬂ'm
reiction i i

O L DS, study with af different wiveform is reguined o mssess their effect on bone formation.

%TMEN‘I‘ OF OSTEONECROSIS OF THE FEMORAL HEAD WITH PEMF. RE. Asron' and B.A. Pethica®.
Orihopasdic Research Laboratory, Brown University, Providence, RI 02906 LUSA. 2Columbda University, New York, NY 10012 US4
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