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Abstract

Background Electrical stimulation (EStim) has been proven to promote bone healing in experimental settings and has been
used clinically for many years and yet it has not become a mainstream clinical treatment.

Methods To better understand this discrepancy we reviewed 72 animal and 69 clinical studies published between 1978 and
2017, and separately asked 161 orthopedic surgeons worldwide about their awareness, experience, and acceptance of EStim
for treating fracture patients.

Results Of the 72 animal studies, 77% reported positive outcomes, and the most common model, bone, fracture type, and
method of administering EStim were dog, tibia, large bone defects, and DC, respectively. Of the 69 clinical studies, 73%
reported positive outcomes, and the most common bone treated, fracture type, and method of administration were tibia,
delayed/non-unions, and PEMF, respectively. Of the 161 survey respondents, most (73%) were aware of the positive outcomes
reported in the literature, yet only 32% used EStim in their patients. The most common fracture they treated was delayed/
non-unions, and the greatest problems with EStim were high costs and inconsistent results.

Conclusion Despite their awareness of EStim’s pro-fracture healing effects few orthopedic surgeons use it in their patients.
Our review of the literature and survey indicate that this is due to confusion in the literature due to the great variation in
methods reported, and the inconsistent results associated with this treatment approach. In spite of this surgeons seem to be
open to using this treatment if advancements in the technology were able to provide an easy to use, cost-effective method to
deliver EStim in their fracture patients.

Keywords Bone fracture healing - Electrical stimulation treatment - Literature review - Survey of orthopedic surgeons

Introduction

The earliest report of using EStim to treat bone fractures
in patients appeared in the mid-1800s in which Garrat [1]
described using metallic needles placed in non-healing
fractures to deliver DC EStim, that resulted in successful
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healing. Today, in the clinical setting EStim is administered
using three different approaches; direct current (DC), pulsed
electromagnetic field (PEMF), and capacitive coupled (CC).
DC EStim is administered via a surgically implanted EStim
power source and electrodes, and is administered at dos-
ages between 10 and 100 pA of current [2]. CC and pulsed
PEMF are both administered externally. In CC an alternat-
ing voltage is applied to cutaneous electrodes placed on
opposite sides of the fracture generating an electrical field
of 0.1-20 G [3]. In PEMF alternating currents, in current-
carrying coils, on the skin over the fracture site, generate a
pulsed electromagnetic field ranging between 3 and 10 V
peak-to-peak within the fracture site [4].

In most cases EStim is used as a last resort after other
treatments have failed and/or in combination with other
treatments in cases of problematic fractures that heal
slowly (delayed union) or do not heal at all (non-union) [5].
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Examples include; spinal fusion [6], avascular necrosis [7],
internal and external fixation [8], delayed- or non-union frac-
tures [9], osteotomies [10], bone grafts [11], and femoral
osteonecrosis [12]. In these cases, EStim has been generally
reported to promote bone healing and help resolve these dif-
ficult, often chronic, costly, and debilitating fractures.

Several recently published in vitro studies suggest that
EStim’s pro-healing effect is due to its influence on the
behavior and/or function of bone-forming stem cells. Along
these lines, we and others have shown that EStim causes bone
forming stem cells to migrate [13, 14], proliferate [15, 16],
differentiate [17-20], increase mineralization [21], deposit
extracellular matrix [22], attach to scaffold materials [23],
and increase the expression of several osteogenic genes [19,
20]. Importantly, all these cell behaviors/functions play key
roles in fracture healing and/or bone regeneration. In addi-
tion to these in vitro findings at the cellular level, in in vivo
studies in rat forelimb amputation [24] and large bone defect
models [25] we have demonstrated that EStim significantly
stimulates new bone, cartilage, and vessel formation and
promotes healing and regeneration. In spite of these posi-
tive results in preclinical and clinical studies EStim has not
become a widespread, universally used clinical treatment.

To better understand this discrepancy between the
reported positive results and the relatively low use of EStim
in fracture treatment we reviewed the literature and we asked
orthopedic surgeons worldwide (in a survey) about their
awareness, experience, and acceptance of EStim treatment
in their fracture patients. Using this combined approach,
we hoped to better understand the discrepancy between the
demonstrated success of EStim fracture treatment, and its
relatively low use clinically.

Methods
Literature review

To identify articles describing the use of EStim in bone heal-
ing, both in animal and clinical studies, we searched MED-
LINE, Google Scholar, and Web of Science databases for
articles describing in vitro and in vivo animal studies and clini-
cal studies published between 1977 and 2017. To maximize
the sensitivity of the search and identify the greatest number
of studies, we used different combinations of the keywords
“electrical stimulation” and “bone healing” and reviewed the
reference lists of retrieved publications to identify additional
articles we may have missed searching the three databases. We
categorized the total number of articles identified into “animal
studies”, “clinical studies”, “cell/organ in vitro”, and “reviews/
meta analyses” (Table 1). Since the focus of our study was to
investigate EStim’s effect on fracture healing we reviewed only
articles that described fracture healing in animal and clinical

@ Springer

Table 1 Total publications identified using different combinations of
the keywords “electrical stimulation” and “bone healing”

Study type Number of
publications

Animal studies 72

Clinical studies 69

Cell/organ in vitro 238

Review/meta-analysis 53

Total 432

studies, and excluded publications focused on in vitro stud-
ies, electrical properties of bone, connective tissue, electri-
cal stimulation of nerves and reviews or meta-analyses. The
animal studies we identified and reviewed are listed in Table 2
categorized by animal model studied, bone and fracture type,
type of EStim treatment used, outcomes, and the listing of
the published article, along with the number of occurrences
in each category. The clinical studies reviewed are listed in
Table 3 under the subtitles; bone and fracture type, number of
cases, EStim treatment used, outcomes, complications, and the
published article cited along with the total numbers for each of
these categories. The total number for each of these categories
is summarized in Table 3. The language of the publications
reviewed was English.

Orthopedic surgeon survey

To determine the level of awareness, experience, and accept-
ance of EStim-based bone fracture treatment we asked ortho-
pedic surgeons six questions (listed in Figs. 1, 2, 3, 4, 5, 6)
using a closed online automated survey method (Survey-
Monkey software, Palo Alto, USA). Survey participants were
identified from our own network of colleagues and based on
their surgical specialty, “Orthopedic Surgeons” in the online
professional networking website, LinkedIn [26]. Between May
and August 2017, a total of 620 invitations were emailed to
orthopedic surgeons worldwide, and their IP addresses were
used to record their country of origin and to prevent dupli-
cate entries. No other personal information was collected or
stored from the respondents. With this online survey method
participants were allowed to review their responses prior to
submitting their completed survey. Incomplete surveys were
not included in this analysis.

Results
Literature review
Our initial literature searches identified a total of 432 arti-

cles, published between 1977 and 2017 that focused on the
use of EStim to promote bone growth, fracture healing, and
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bone regeneration. Of these 432 publications, 72 reported
animal studies, 69 clinical studies, 238 organ or in vitro
cell culture studies, and 53 were reviews or meta-analyses
(Table 1). A total of 141 publications (animal + clinical stud-
ies) were selected and reviewed, the results of which are
presented herein.

Animal studies

A total of 72 animal study articles, that used EStim to treat
bone fractures were reviewed. The most commonly used
animal model was the dog (25), followed by rabbits (18),
rats (19), sheep (7) and horses (3). In these the “bone”, and
“fracture type” studied varied greatly. The bones were pri-
marily the tibia (26), femur (13), spine (11), mandible, (9)
and others (16). Some of the papers reviewed studied more
than one bone. The types of fractures/pathologies were large
bone defects (38), delayed- and non-unions (4), fusions (9),
osteotomies (3), and others (18). The most common method
used to administer electrical stimulation in the animal stud-
ies was DC EStim (49%), followed by PEMF (35%) and CC
and other types, together making up 16% of the reviewed
studies.

Clinical studies

A total of 69 articles describing clinical studies were
reviewed, in which EStim was used to promote bone healing.
The main bones treated with EStim in the clinical studies
were tibia (25), femur (15), spine (15), radius (11), humerus
(7) and others (20). As in the case with the animal study arti-
cles some of the clinical papers reported on more than one
bone. The most common types of fractures/pathologies were
delayed- and non-unions (21), spine fusions (16), arthro-
deses (5), osteotomies (4), necrosis (2), large bone defects
(2) and others (19). Most of the clinical studies reviewed
administered EStim using PEMF (60%), followed by DC
(29%), and CC and other methods (11%). The intensity of
the magnetic field used in PEMF treatment ranged between
0.3 and 6 mT, while for DC the dosage was 5—40 pA, and
for CC treatment the intensity ranged between 3 and 10 V.
Half (50%) of the regimens used in the clinical studies con-
sisted of daily stimulation treatments ranging from 0.5 to
16 h/day. Nineteen of the 69 studies (27%) reported com-
plications that included skin irritation and infections, pain
[27], dislocation of the device [28], failure of the device [29]
and poor patient compliance [30]. Fifty (72%) of the stud-
ies reviewed reported no complications. Finally, of the 69
clinical study publications 51 (73%) reported positive and
18 (27%) reported negative outcomes (Table 3).

Orthopedic surgeon survey

The individual questions and the responses are displayed
in six separate graphs (Figs. 1, 2, 3, 4, 5, 6). Of the 620
orthopedic surgeons who were sent emails inviting them
to participate in the survey, 161 (26%) from 34 countries
responded. Of the 161 respondents, 44% answered that they
perform more than 100, (23%) perform 51-100, (22%) per-
form 11-50, and (11%) perform 0-10 bone surgeries per
year (Fig. 1). When asked if they were aware of published
clinical studies reporting successful EStim-based fracture
treatments, 85 (73%) responded “Yes” and the rest (27%)
answered “No” (Fig. 2). Of the 85 respondents who said they
were aware of EStim-based fracture treatments, 27 (32%)
answered that they had used EStim in their fracture patients
while 58 (68%) had not (Fig. 3). Of the 27 surgeons that
had used EStim in their patients the pathologies they treated
were mainly delayed or non-unions (61%) and large bone
defects (16%). The rest, (23%) were spinal fusion, avascu-
lar necrosis, calcaneal apophysitis, Charcot foot and ankle
reconstructions, loosened hip, knee prosthesis, or other types
of fractures (Fig. 4). When asked what they considered to
be the major problems associated with using EStim in their
fracture patients, 30 (35%) identified “high cost”, 24 (28%)
answered “inconsistent results”, while 8% and 5% responded
that EStim devices were “impractical”, and “difficult” to use,
respectively. Eleven (13%) surgeons responded that they had
experienced “other” problems, and nine (11%) replied they
had not experienced problems using EStim-based treat-
ments (Fig. 5). Finally, we asked, “If an easy-to-use EStim
device to treat bone fractures were available would you use
it in your patients?” and 85% answered, “Yes” and the rest
answered “No” (Fig. 6).

Discussion

In his review of more than 100 studies using EStim treat-
ment, published more than 40 years ago Spadaro concludes,
“About 95% are positive reports...” and goes on to qualify
this assertion saying “...despite an extraordinarily wide
selection of experimental techniques and models” [31]. In
the present literature review of 141 papers (72 animal and
69 clinical studies), published in the 40 years since then, we
also found positive results, and like Spadaro also found a
great variation in bone and fracture types, treatment meth-
ods, dosages, regimens, etc., reported in the literature. The
latter made it difficult to draw well-founded conclusions
upon which to develop specific EStim treatment recommen-
dations. One of the primary contributors to this confusion
in the literature is the different types, dosages, and regimens
used to administer EStim. In the clinical studies we reviewed

@ Springer
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Fig. 1 How many bone surgeries do you perform per year? Fig.4 In what type of bone fractures have you used an electrical
stimulation device?

Fig.2 Did you know that electrical stimulation has been proven to

accelerate bone healing in many clinical studies? Fig.5 What problem(s) do you see in current devices?

Fig.3 Have you ever used an electrical stimulation device to treat Fig.6 If an easy-to-use electrical stimulation device to treat bone
bone fractures in your patients? fractures were available, would you use it in your patients?
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that the most commonly used method of administering
EStim was PEMF while in the animal studies DC was the
predominant treatment method. This preference in patients
is most likely due to the fact that PEMF is administered
using an external noninvasive device, whereas DC treat-
ment requires that the EStim device be surgically implanted.
While being noninvasive is a major benefit of PEMF for
clinical use, patient non-compliance, associated with its use,
is a major problem and is cited as one of the primary reasons
for inconsistent results when using PEMF [28-30].

Another source of confusion is the dosages and regimens
used. The most commonly used dosage for administering
PEMF ranged between 0.3 and 6 mT, while for DC the inten-
sity was 540 pA, and for CC treatment the intensity ranged
between 3 and 10 V. Half of the regimens used in the clinical
studies consisted of daily EStim treatments ranging from 0.5
to 16 h/day, delivered either continuously or in interrupted
intervals, the latter being for periods of 1-6 h/day. The dos-
ages, regimens, and exposure times in the animal studies
also varied widely. This great variation makes it difficult to
combine the results of these studies into one or a few treat-
ment recommendations. Another reason why it is difficult
to combine the results of the different studies is because
of the many different bones and fracture types studied. Of
all the different bones and fracture types reported in the
clinical articles by far the most common bone was the tibia
and the most studied fracture types were delayed- and non-
unions. In fact, this was confirmed in our survey in which
orthopedic surgeons that use EStim mostly used it to treat
delayed- and non-unions in their patients (Fig. 4). Again,
this variation in bone and fracture types described in the
literature would make it difficult to compare healing rates
between, say a mandible and a tibia, or between non-unions
and osteotomies, which makes it difficult to draw meaning-
ful conclusions.

Poor fracture healing is often associated with both a lack
of healing and mal-position of bone fragments. In these
cases, surgeons prefer operative intervention to EStim
because of the ability to restore alignment as well as facili-
tate fracture healing. Revision fixation and osteotomies, to
correct alignment, are fraught with high rates of delayed
bone healing and persistent non-unions. While EStim does
not improve the position of bone fragments, it still can play
an adjunctive role in the treatment of non-unions [34].

When EStim is used as an adjunct to other treatment
attempts, as a last resort it can require prolonged and costly
interventions. While the clinical studies we reviewed did
not provide information about costs associated with EStim
treatments, information available online from companies
who sell clinical EStim devices indicate that the current
unit cost of most EStim devices, regardless of the company
(OL1000 Bone Growth Stimulator, Orthopak, EBI Bone
Healing System, Physio-Stim Lite, or Exogen), is about US

@ Springer

$3000. Additional costs to treat delayed unions is approxi-
mately $24,892, that includes $20,575 for surgery and recov-
ery + $4317 outpatient costs. These figures are quoted from
a report published by EXOGEN [35].

Added to this, failure rates in these treatments is relatively
high (17-64%) and when present can lead to additional costs
[36]. Finally, the costs associated with using EStim devices
are usually not reimbursed, thus further reducing the incen-
tive to use this treatment option. While comparing the costs
of EStim to other treatments used in problematic fractures
is beyond the scope of this paper, from the responses we
received in our survey it is clear that high costs is an impor-
tant factor for surgeons in their decision whether or not to
use EStim. Of the drawbacks associated with using EStim,
the greatest number of surgeons surveyed cited high costs as
being the main problem with using EStim in their fracture
patients (Fig. 5).

The second most cited problem with EStim was incon-
sistent results. While the questions in our survey did not ask
about the specific cause of the inconsistent results associated
with using EStim, from our literature review we were able
to identify some possible causes. In the clinical papers a
few different device-related problems were cited that could
cause “inconsistent results”. These included “damaged”
or “disconnected” implanted stimulators, misplacement of
hardware, and migration of the EStim device’s electrode
leads that can occur due to muscle movement or insufficient
flexibility of the muscles [9, 28, 37]. Eight and five percent-
age of surgeons surveyed indicated that the problems they
encounter using EStim were associated to the devices used
to administer the treatment, choosing “impractical”, and
“difficult to use”, respectively, to describe their experience.
In a white paper generated by industry that compares costs
associated with the use of five different EStim bone stimula-
tors the authors write that using these devices the “probabil-
ity of failure” ranges between 17 and 64% [36]. While the
exact causes of failure are not specified in this paper these
high failure rates could certainly cause inconsistent results.

Of the 69 clinical studies we reviewed, 19 reported com-
plications experienced during treatment with EStim. In
these 19 studies, the most common type of complication
experienced was skin irritation and infections, when using
the externally applied PEMF device, and infections at the
fracture line when using the implanted DC device [24-27].
Other types of complications experienced with EStim treat-
ment were pain [27], dislocation of the device [28], failure
of the device [29] and poor patient compliance [30]. The
above-mentioned complications and particularly patient non-
compliance could be other causes of the inconsistent results
surgeons cited in our survey. Existing external PEMF units
are cumbersome and require many hours of treatment per
day over months, which interferes with activities of daily
living, causing decrease compliance. If a patient does not (or
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is not able to) utilize the PEMF EStim device in the manner
prescribed then the beneficial effects are diminished. Smaller
units are available and only require 30-min treatments,
however, they require very precise fitting to encompass the
fracture site within the small field which also decreases the
effectively applied dose and clinical efficacy. Although 73%
of clinical studies demonstrate a benefit to EStim, the mag-
nitude and consistency of the effect are less than reported in
animal studies. Patient compliance is much lower in clinical
studies than in animal studies. We believe that problems with
compliance account for the large gap in the results reported
in the clinical versus animal studies.

In a study we reviewed, Simmons et al. compared PEMF
(where patient compliance is required) to DC EStim (where
compliance is not an issue since the device is implanted),
and found that spinal fusion rates in the former were lower
than in the latter [41], attributing this difference to patient
non-compliance. In another study non-compliance was cited
as a possible reason for EStim-treated patients having the
same spinal fusion rates as non-treated controls [42]. The
above problems, “high cost”, “inconsistent results”, and
“impractical/difficult to use” go a long way toward answer-
ing our original question, why EStim-based fracture treat-
ments have not gained more acceptance in the orthopedic
community.

When comparing EStim to other adjunct treatments
used to treat delayed healing or non-unions, Ebrahim et al.
compared EStim with low intensity-pulsed ultrasound and
found no significant difference [43]. Kertzman et al. used
radial extracorporeal shock wave therapy to treat fracture
non-unions of superficial bones and found that 70% of tibia
non-unions healed within 6 months suggesting that this
approach is on par with EStim [44]. Similarly, in a recent
study by Putnam et al. non-unions in 26 patients using surgi-
cal volar plate fixation and cancellous grafting, they found
82% healed by 12 weeks [45]. With this, one can reasonably
assume that rates of success with these different procedures
are similar to those reported with EStim.

The present study had several drawbacks, the greatest
being difficulty making sense of the large variation in the
methods reported in the different studies we reviewed. In
both the animal and clinical studies, the bones and frac-
ture types studied, the EStim method/dosages/regimens,
and the methods used to report outcomes differed greatly.
This made it difficult to combine these various parameters
into well-founded treatment recommendations. Another
weakness in this study was positive publication bias. All
the articles we reviewed were published, and since stud-
ies that found EStim to be effective are more likely to be
written up, submitted, and accepted for publication, our
review did not include unpublished studies with negative
results. Another shortfall is related to the questions we
used in our survey. We did not test these questions for

validity or reproducibility prior to sending them out. Had
this been done perhaps we could have improved the quality
of the answers we received. Finally, in the survey we could
have included more specific questions that might have pro-
vided answers to other important questions such as the
specific causes of the problem’s respondents encountered
with EStim treatment. While it would have been nice to
get more information with more detailed questions, we
decided to have few and simple questions thinking that this
would help maximize the response rate in this first study.

Conclusion

Most of the orthopedic surgeons we surveyed were aware
of EStim and its positive outcomes in fracture treatment.
These positive outcomes were confirmed in the litera-
ture we reviewed, in which both preclinical animal and
clinical studies reported positive overall outcomes using
EStim to treat bone fractures. Despite the awareness and
positive impression our respondents had about EStim only
a fraction actually use it in their fracture patients. The
reason for this discrepancy could be problems such as,
confusion in the literature, due to the great variation in
methods reported, and the inconsistent results associated
with this treatment approach. On the positive side, when
asked “If an easy-to-use electrical stimulation device to
treat bone fractures were available, would you use it in
your patients?”, 85% of the surgeons surveyed responded
“Yes”. This suggests that despite the problems, given an
easy-to-use method for administering EStim, surgeons
are open to using this treatment approach. An improved
delivery system for EStim could overcome the compliance
problem, markedly increase the clinical efficacy and make
EStim an accepted form of treatment of non-unions and
acute fractures associated with poor healing.
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