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General introduction

BACKGROUND
Fractures of the scaphoid bone represent 2% to 6% of all fractures and typically
occur in young, active patients aged 15 to 40.1 Of all carpal fractures in the
Netherlands, 90% concern fractures of the scaphoid.2 A total of 21,000 scaphoid
fractures are suspected and subsequently treated in the Netherlands each year.3,4
Evidence from the literature suggests that the incidence of radiographically
proven scaphoid fractures lies between 15% and 20% of all suspected scaphoid
fractures,5-7 i.e. 3150 to 4200 cases in the Netherlands per year. However, given
that many patients do not seek medical attention or present years after the fracture
occurred, the exact incidence of scaphoid fractures is unknown.8

SCAPHOID FRACTURE HEALING
The scaphoid bone articulates with 5 surrounding bones in the wrist and therefore plays an essential role in the functionality of the wrist, acting as a pivot. Due
to this demanding functional requirement, failed treatment of scaphoid fractures
can lead to serious pain and impairment. Frequently reported complications of
failed scaphoid healing include nonunion of the fracture and subsequent early
degenerative changes of the wrist.9,10
Many factors may contribute to the development of scaphoid nonunion, including
clinical and biological factors.11 Clinical factors include failure to adequately
diagnose the fracture, delay in treatment and inadequate immobilization. Biological factors include localization of the fracture, instability due to displacement of the fracture fragments, and co-occurrence of the scaphoid fracture with
ligamentous injury of the carpus. Another important biological reason for problematic or failed healing of scaphoid fractures can be attributed to the speciﬁc
blood supply to the scaphoid bone. The scaphoid has a retrograde blood supply;
branches of the radial artery enter the scaphoid bone dorsally at the distal part,
supplying the bone from distal to proximal. The proximal pole is thus entirely
dependent on intra-osseous blood supply. Therefore, fractures of the mid or distal third of the scaphoid bone can disrupt blood supply to the proximal pole and
subsequently cause avascular necrosis and nonunion.
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CHALLENGES IN SCAPHOID FRACTURE TREATMENT
The primary goals of scaphoid fracture treatment, regardless of treatment mode,
are to achieve consolidation and maximize functional outcome, while minimizing
socioeconomic consequences. Scaphoid fractures can be treated either conservatively, with immobilization in a cast, or operatively. Given the high risk of
nonunion, functional treatment of radiographically proven scaphoid fractures is
not recommended.
There is evidence that early and accurate diagnosis and adequate conservative
treatment of scaphoid waist fractures lead to high union rates and satisfactory
wrist function.12 Following immobilization of undisplaced scaphoid fractures in
a below-elbow cast, a substantial number of fractures unite within 8 weeks, with
overall union rates for non-operatively treated scaphoid fractures of 88% to
95%.13-15 Recent evidence shows that immobilization of the thumb is unnecessary
for treatment of scaphoid fractures in a below-elbow cast.16 The main reasons
for failure of conservative treatment are displacement of the scaphoid fracture,
localization of the fracture in the proximal pole and delayed treatment.11,17,18
Untreated nonunion of the scaphoid has been shown to lead to osteoarthritis in
75% of all cases within 6 to 9 years and up to 100% of cases within 10 years,
usually leading to severe impairment in wrist function and permanent disability.19
Therefore, treatment failure of scaphoid fractures may have severe consequences.
In addition, impaired consolidation of scaphoid fractures results in longer immobilization. Since the patient population consists mainly of young, productive
people, prolonged immobilization and therefore protracted return to normal
function leads to more days of lost work, with severe socioeconomic consequences. A Dutch study showed that carpal fractures with normal healing result in a
mean absence from work of 155 days (22 weeks). In the case of complicated
healing conditions, such as nonunion of a scaphoid fracture, this ﬁgure rises to
296 days (42 weeks).2
Still, in some cases the current treatment strategies for scaphoid fractures remain
unsatisfactory. Although union rates are satisfactory in most cases, the number
of complications following conservative treatment in a cast can be high, with
osteoarthritis in up to 32% and residual symptoms in 34% of patients despite
fracture consolidation.10 Furthermore, compared to undisplaced waist fractures,
displaced scaphoid waist fractures and proximal pole fractures have a signiﬁcantly
higher risk of nonunion when treated in a cast.17,18 This might indicate the need
for operative treatment of scaphoid fractures in some cases.9,10,20
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Operative treatment of undisplaced fractures of the scaphoid waist has been
shown to lead to earlier return of function and to sport and full work compared
to nonoperative treatment.21,22 However, a statistically signiﬁcant difference in
union rates between surgery and conservative treatment of acute minimally displaced and undisplaced scaphoid waist fractures has not been reported in the
literature to date.23 In addition, surgery of scaphoid waist fractures is associated
with a signiﬁcantly higher risk of complications.23,24 A recent meta-analysis on
surgical versus conservative treatment of minimally displaced and undisplaced
scaphoid waist fractures revealed a signiﬁcantly increased risk of complications
of surgical treatment, with a pooled odds ratio of 7.69 (95% conﬁdence interval:
2.16–27.4, p = 0.02, I2 =0%).23 Therefore, controversy still surrounds the best
treatment for minimally displaced and undisplaced scaphoid waist fractures,
and other adjunct treatment options should be investigated.
Adjunct interventions such as electrophysical bone growth stimulation are frequently used to facilitate and accelerate fracture repair and healing of long-bone
fractures.25 A 2008 survey of 450 Canadian trauma surgeons revealed that 45%
of surgeons incorporated bone growth stimulators into their treatment regimes
for long-bone fractures.26 Despite the severe socioeconomic impact of scaphoid
fractures in the young population at risk for this fracture, the efﬁcacy of electrophysical bone growth stimulation in fresh scaphoid fractures remains to be investigated.2

THE PRINCIPLES OF ELECTROPHYSICAL BONE GROWTH STIMULATION
Reports on clinical experiments concerning the effects of electricity on the healing
of fractures date back to the 19th century. In 1816, French surgeon Alexis Boyer
reported on the effect of electricity on the healing of a tibial fracture.27 In 1892,
German surgeon Julius Wolff (Figure 1) provided an early scientiﬁc basis for the
hypothesis that the structure of bone adapts to changes in its environment. His
description of the restructuring of bone trabeculae, followed by cortical changes in
response to an external stimulus, is known as Wolff’s law.28 However, it was not
until the 20th century that the study of electricity and bone regeneration began
to receive considerably more attention. In their 1964 study, Bassett, Pawluk and
Becker reported on signiﬁcantly increased endosteal bone formation around the
cathode of insulated battery implants whose electrodes were implanted in the
femurs of 12 dogs.29 In 1968 Anderson and Eriksson reported on the electrical
properties of collagen, followed in 1970 by their publication on the piezoelectric
properties of bone, which provided a scientiﬁc foundation for Wolff’s law.30,31 Since
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Figure 1. German surgeon Julius Wolff,
pictured in 1868.
© Universitätsbibliothek der Humboldt-Universität, Berlin.

then, many forms of electrophysical bone growth stimulation have been studied to
test its capacity to induce bone healing in nonunions and later on in fresh fractures.
Modern bone growth stimulators can roughly be divided into two groups: ultrasound stimulators and electromagnetic stimulators.
Ultrasound stimulators produce a low-intensity pulsed ultrasound (LIPUS) signal
that increases the levels of prostaglandin E-2 at the fracture site and stimulates
mineralization.32 This results in enhanced endochondreal ossiﬁcation and the
conversion of ﬁbrous callus into mineralized callus.
Electromagnetic stimulators, in turn, can be divided into inductive or capacitive
coupling devices.33 Inductive coupling, also known as pulsed electromagnetic
ﬁelds (PEMF), was introduced in the 1970s and its efﬁcacy has since been investigated in numerous studies.34 A PEMF bone growth stimulator delivers a lowlevel electromagnetic signal through a coil placed over, in or under a plaster cast
at the site of the fracture. When it reaches the fracture site, the low-level electromagnetic signal is converted into electric currents in the bone.35 PEMF exposure
of human bone marrow-derived stromal cells has been shown to induce differentiation and enhance the mineralization of bone, which supports the theory
that PEMF induces an osteogenic response in vivo and may therefore stimulate
fracture healing.36
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RATIONALE FOR THE USE OF PEMF BONE GROWTH STIMULATION
IN ACUTE SCAPHOID FRACTURES

To date, the debate on diagnostic and therapeutic strategies for (undisplaced)
scaphoid fractures has been subject to controversy. The aim of this thesis is to
investigate a noninvasive method of bone growth stimulation that has been used
to induce or accelerate fracture repair since 1974.37 Although the ﬁrst clinical
report on pulsed electromagnetic ﬁelds (PEMF) – the technique used in this
thesis – was published in 1977, the efﬁcacy of this technique in fresh scaphoid
fractures has never been thoroughly investigated.38
The ﬁrst double-blind study of PEMF in bone healing concluded that the technique signiﬁcantly improved healing in long-bone fractures with delayed union,
although baseline imbalance may limit the impact of this trial.39 In 1992, Gossling,
Bernstein and Abbott reviewed 44 articles assessing the effectiveness of PEMF
versus surgical therapy for tibial nonunions.40 They found that PEMF was more
successful than previous noninvasive treatment, and at least equally effective as
surgery. Considering the costs and potential dangers of surgery in these cases,
they concluded that PEMF should be regarded as an effective alternative for the
treatment of tibial nonunion.40
With regard to scaphoid fractures speciﬁcally, Bora, Osterman and Brighton
reported a 71% healing rate in previously conservatively treated scaphoid nonunions after 12 weeks of electrical stimulation using a semi-invasive technique.41
In a 1992 follow-up study, Adams, Frykman and Taleisnik reported on the treatment of 54 scaphoid nonunions treated with PEMF, with an overall successful
union rate of 69%.42 They concluded that PEMF treatment should be considered
an alternative to bone-grafting procedures in scaphoid nonunion.42
The literature on PEMF for ununited fractures is characterized by a lack of highquality level I data and high prevalence of level IV studies. In 2011 a meta-analysis
on electromagnetic ﬁeld stimulation for the treatment of delayed union or nonunion in long bone fractures in adults was conducted, including four randomized controlled trials involving 125 participants.43 According to the authors,
the pooled available evidence suggested that the effect of electromagnetic
ﬁeld stimulation was small and not statistically signiﬁcant. The limited number
of studies included and heterogeneity in study design and outcome measures
contributed to this conclusion.
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Interest in using electrophysical forces to accelerate bone healing in fresh fractures
dates back to the 1950s, when the effect of high-intensity ultrasound on callus
formation in animals was studied.44 Unfortunately, this study did not show
accelerated bone healing, but instead demonstrated the damaging effect of
ultrasound on bone. After it became clear that the intensity of the ultrasound
signal had to be decreased to stimulate bone growth and fracture healing, several
trials revealed accelerated healing in fresh fractures.45,46 This gave rise to the
assumption that low-intensity pulsed ultrasound is a useful method to accelerate
fracture healing.45,46 Since the 1990s, several trials have been conducted to test
whether electrophysical forces can also be applied to accelerate healing in fresh
fractures. In their 1994 randomized controlled trial, Heckman et al. reported
on the treatment of 96 patients with 97 closed or grade I open, conservatively
treated diaphyseal tibia fractures with either LIPUS bone growth stimulation or a
placebo.47 The intervention group showed a signiﬁcantly faster overall healing
time compared to the placebo group. Similarly, Kristiansen et al. randomly allocated 83 patients with 85 conservatively treated fresh extra-articular distal radius
fractures to either LIPUS treatment or placebo.48 They reported a signiﬁcantly
faster time to union and decreased loss of reduction in the patients treated with
LIPUS compared to the placebo group.
Only one randomized controlled trial on the treatment of fresh scaphoid fractures
with electrophysical bone growth stimulation has been published.49 In their 2000
study, Mayr et al. randomly allocated 28 patients with 30 acute undisplaced
fractures of the scaphoid to either LIPUS treatment or placebo.49 The authors
reported signiﬁcantly faster scaphoid fracture healing in the ultrasound group,
and after six weeks of treatment conﬁrmed 81% healing in the group treated
with LIPUS versus 55% in the control group.
Only two randomized clinical trials have reported on the effects of PEMF in acute
fractures.50,51 Faldini et al. reported on 77 patients with a femoral neck fracture
who underwent osteosynthesis with screws.51 Patients were randomly allocated
to active PEMF treatment or placebo treatment. Fracture healing was achieved in
94% of the compliant patients receiving PEMF treatment compared to 69% in
the placebo group, a statistically signiﬁcant difference. The authors concluded
that PEMF stimulation accelerates fracture repair in patients with femoral neck
fractures.51 Adie et al., however, reported no improvement in radiographic union
or functional outcomes after adjuvant PEMF stimulation in patients with acute
tibial shaft fractures.50
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In summary, electromagnetic ﬁeld stimulation has been used widely to accelerate
fracture repair and has been shown to reduce osteoclast resorption, increase the
rate of osteoid formation and enhance bone mineralization in vivo. However,
evidence from randomized trials on its efﬁcacy in treating fresh fractures is very
limited.25,52 Given this lack of evidence, PEMF is currently not recommended for
use in fresh fractures.

OUTLINE OF THIS THESIS
As outlined above, debate on the therapeutic management of minimally displaced
and undisplaced scaphoid waist fractures is ongoing. Missed diagnosis, delayed
or incorrect treatment and complicated healing of scaphoid fractures may have
severe personal, economic and social consequences in the mainly young, working population affected.2 Although the potential efﬁcacy of PEMF bone growth
stimulation is supported by numerous clinical and basic research studies, level I
or II evidence to support the addition of PEMF to the conservative treatment of
acute scaphoid fractures to accelerate bone healing is lacking.
We hypothesized that the use of PEMF bone growth stimulation would signiﬁcantly improve healing in acute scaphoid fractures. The following research
objectives were formulated:
1.

2.

3.
4.

To determine whether the use of bone-growth stimulation by means of PEMF
in acute scaphoid fractures accelerates fracture healing both clinically and
radiologically.
To determine whether the use of PEMF in acute scaphoid fractures decreases
the incidence of nonunions and avascular necrosis of the scaphoid and,
therefore, the number of secondary surgical interventions.
To investigate the effect of PEMF on functional outcome in acute scaphoid
fractures.
To investigate the cost-effectiveness of PEMF from a societal perspective
compared to care as usual.

These four research objectives are addressed in different chapters of this thesis.
In chapter 2, we describe a randomized, double-blind, placebo-controlled, multicentre trial designed to test the hypothesis that the use of PEMF in acute scaphoid
fractures signiﬁcantly accelerates time to union. Radiological follow-up was performed by assessment of normal scaphoid radiographs.

17

Chapter 1

An important question remains whether conventional radiographic imaging of
the scaphoid can accurately and reliably diagnose scaphoid waist fracture
union. For this reason, chapter 3 assesses the reliability and validity of conventional radiographic imaging in determining scaphoid waist fracture union.
Although computed tomography is not an integral part of common practice
to evaluate the healing process of scaphoid waist fractures, there is evidence that
it is superior to conventional techniques for determining union in scaphoid
fractures. Therefore, chapter 4 examines the reliability and validity of multiplanar reconstruction computed tomography in determining scaphoid waist
fracture union.
The results of the trial described in chapter 2 and the study described in chapter 4
warranted a larger and improved randomized trial on the effect of PEMF bone
growth stimulation in the treatment of scaphoid fractures. Therefore, in chapter 5
we describe the CT scan-evaluated outcome of PEMF treatment of acute scaphoid
fractures in a randomized, multicentre, double-blind, placebo-controlled trial.
Subsequently, chapter 6 analyses the functional outcomes and cost-effectiveness
of PEMF.
To put the results of our research in perspective, chapter 7 reports on a systematic
review and meta-analysis of randomized controlled trials on the effects of the
two most common forms of electrophysical bone growth stimulation (LIPUS and
PEMF) on fresh fractures.
Finally, chapter 8 provides a general discussion of the results of the studies
described in this thesis, along with recommendations for future research and
prospects for the use of bone growth stimulation in scaphoid fractures. A summary of the thesis is presented in chapter 9.
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ABSTRACT
The use of pulsed electromagnetic ﬁelds (PEMF) to stimulate bone growth has
been recommended as an alternative to the surgical treatment of ununited
scaphoid fractures, but has never been examined in acute fractures. We hypothesized that the use of PEMF in acute scaphoid fractures would accelerate the
time to union by 30% in a randomized, double-blind, placebo-controlled, multicenter trial. A total of 53 patients in three different medical centers with a unilateral undisplaced acute scaphoid fracture were randomly assigned to receive either
treatment with PEMF (n = 24) or a placebo (n = 29). The clinical and radiological
outcomes were assessed at four, six, nine, 12, 24 and 52 weeks.
A log-rank analysis showed that neither time to clinical and radiological union
nor the functional outcome differed signiﬁcantly between the groups. The clinical
assessment of union indicated that at six weeks tenderness in the anatomic
snuffbox (p = 0.03) as well as tenderness on longitudinal compression of the
scaphoid (p = 0.008) differed signiﬁcantly in favor of the placebo group.
We conclude that stimulation of bone growth by PEMF has no additional value
in the conservative treatment of acute scaphoid fractures.
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INTRODUCTION
Fractures of the scaphoid, which is the most commonly fractured carpal bone,
represent 2% to 6% of all fractures and typically occur in young, active patients
between 15 to 40 years of age.1 In The Netherlands, 90% of all fractures of the
carpus involve the scaphoid.2 The exact incidence is unknown because this injury
often remains undiagnosed, but 21 000 scaphoid fractures are suspected to occur
in The Netherlands each year,3,4 of which a potential 15% to 20% represent
actual fractures.5
The scaphoid has an essential function in the wrist, acting as a pivot articulating
with ﬁve surrounding bones. Failed treatment of scaphoid fractures can result in
avascular necrosis in up to 40%, nonunion in up to 21% and early osteoarthritis
in up to 32%.1,6-8 Treatment of unstable fractures is associated with further complications.9
In addition, delayed union of scaphoid fractures leads to longer immobilization
and greater loss of function which, in the mainly young working population
affected, leads to more days of lost work with signiﬁcant economic and social
consequences.2 It has been shown that even uncomplicated healing leads to a
mean interruption of employment of 21 weeks. In those whose healing is complicated, for instance, by nonunion, the mean disability period increases to
42 weeks.2
Current treatment strategies remain unsatisfactory. The number of complications
following conservative treatment in a cast is high, and surgery is usually only
performed if complications arise.6-8 The outcome following conservative treatment is variable.10 There is evidence that surgical treatment of Herbert types B1
and B211 scaphoid fractures leads to earlier return to normal function, work and
sport than non-operative treatment.12 However, there is no evidence that surgical
treatment of undisplaced scaphoid fractures leads to a lower rate of nonunion,12,13
and the complications of surgery may be more common than is generally reported,
especially when ﬁxation is performed percutaneously.13
Electromagnetic ﬁeld stimulation has been widely used to accelerate fracture
repair14: it reduces osteoclast resorption, induces osteoid formation and stimulates angiogenesis.15 In particular, the use of pulsed electromagnetic ﬁelds (PEMF)
aids healing of fractures of the tibia and may offer an effective alternative to
surgery in the treatment of nonunions in general.16,17
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Since the 1990s, evidence has emerged that physical forces can also enhance
the healing of fresh fractures.18,19 Although there is some experience concerning
the treatment of scaphoid nonunion, there is no evidence from randomized trials
to evaluate the use of PEMF stimulation in the treatment of acute fractures of the
scaphoid.5,20,21 However, treatment of acute scaphoid fractures by low-intensity
pulsed ultrasound (LIPUS) may accelerate healing by up to 30%.22
We hypothesized that PEMF would reduce the time to union of acute scaphoid
fractures by up to 30%.

PATIENTS AND METHODS
This was a double-blind, randomized, placebo-controlled, multicenter study involving three centers in the Netherlands (Figure 1). Approval was obtained from
each local ethics committee and written informed consent for participation was
obtained from all patients.

Enrollment

Assessed for eligibility (n = 59)

Excluded (n = 6)
• Not meeting inclusion criteria (n = 0)
• Declined to participate (n = 6)
• Other reasons (n = 0)

Randomized (n = 53)

Allocation
Allocated to group A (active) (n = 24)
• Received allocated intervention (n = 24)
• Did not receive allocated intervention (n = 0)

Allocated to group B (placebo) (n = 29)
• Received allocated intervention (n = 29)
• Didi not receive allocated intervention (n = 0)

Follow-up
Lost to follow-up (n = 0)

Lost to follow-up (declined to participate) (n = 2)

Discontinued intervention (n = 0)

Discontinued intervention (n = 0)

Analysis
Analysed (n = 24)
• Excluded from analysis (n = 0)

Figure 1. CONSORT ﬂow diagram.
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Analysed (n = 29)
• Excluded from analysis (n = 0)

Clinical and radiological outcome of PEMF

All adults ≥ 18 years of age presenting between 1 June 2006 and 31 August 2009
with a unilateral fracture of the scaphoid, type A1, A2, B1, B2 and B3 according
to the Herbert classiﬁcation,11 were included. Type B4 and B5 fractures (fracture
dislocations of the carpus and comminuted fractures) were excluded. B2 fractures
were classiﬁed as displaced or mobile fractures of the waist of the scaphoid.
Exclusion criteria were presentation > ﬁve days after injury, pregnancy, presence
of a life-supporting implanted electronic device, additional fractures of the wrist,
carpal or metacarpal bones, and a pre-existing impairment of wrist function.
The diagnosis of a scaphoid fracture was made by a combination of clinical and
radiological examination. The radiographs consisted of four views: posterioranterior view, posterior-anterior view in full ulnar deviation, lateral view and
oblique, semi-pronated view. If no apparent fracture was seen on the initial
radiographs, a bone scan was performed.
All fractures were treated with immobilization in a forearm cast with the ﬁrst
metacarpal and both phalanges immobilized. Electromagnetic stimulation was
administered continuously for 24 hours a day using a PEMF (Ossatec®, Uden,
The Netherlands) bone growth stimulator, which consists of a ﬂexible coil incorporated into the plaster at the site of the fracture. The coil is attached to a batterypowered signal processor placed on the cast. (Figures 2 and 3) It has been shown
that attenuation of PEMF signal through dense materials is limited, making it
suitable for many clinical applications, including the placement of coils over
plaster casts.23 Table 1 shows the signal characteristics of the device used.
Table 1. SIGNAL CHARACTERISTICS OF PULSED ELECTROMAGNETIC FIELDS
BONE GROWTH STIMULATOR

Characteristic
Pulse amplitude
Pulse width
Burst width
Burst refractory period
Repeat repetition rate

50 mV
5 μs
5 ms
62 ms
15 Hz

Half of the devices were disabled at random in the factory and gave outward
signs of normal function, but did not generate a signal. Neither the investigators
nor the patients were aware of the device’s functionality.
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Figure 2. The PEMF
bone growth stimulator
consisting of a batterypowered signal processor
and a ﬂexible ﬂat coil.

Figure 3. The PEMF
bone growth stimulator
with the signal processor
placed on the cast and
the coil incorporated
into the plaster.

30

Clinical and radiological outcome of PEMF

The patients were reviewed at four, six, nine, 12, 24 and 52 weeks after diagnosis
of the fracture. At these times, the cast was removed and clinical and radiological
examination was performed. In patients with complete clinical and radiological
union the PEMF device was removed at six or 12 weeks after the start of treatment, depending on the time of union.
Clinical examination included testing for tenderness in the anatomical snuff box
(ASB) and with longitudinal compression of the scaphoid (LC), both being criteria
for determining clinical union. The range of active dorsiﬂexion, palmar ﬂexion,
radial and ulnar deviation was determined using a handheld goniometer. The
sum was expressed as a percentage of that of the opposite, unaffected wrist.24
A loss of movement by > 25% is considered to be signiﬁcant when determining
functional outcome.25 Grip strength was measured using a JAMAR dynamometer
(Sammons Preston Rolyan, Bolingbrook, Illinois, USA) and expressed as a percentage of the value on the unaffected side.26 A reduction in strength by > 10% in the
injured dominant hand or > 20% in the injured non-dominant hand in comparison
with the unaffected side was considered signiﬁcant.27-29
Assessment of healing on the radiographs was based on signs of trabecular
bridging. Two consultant surgeons and a radiologist, all blinded from the treatment allocation, assessed the radiographs, and categorized the appearances
as nonunion, possible union or complete union. Nonunion was deﬁned as the
presence of trabecular bridging on two views or less, possible union as the presence of bridging on three views and complete union as bridging on all views.
For radiological union, the weighted average of the interobserver agreement for
the three observers, Fleiss g, was calculated for all radiographs.
The primary endpoint was clinical and radiological evidence of union of the
fracture, the secondary outcome parameter related to functional outcome. The
minimum, median, maximum and interquartile range (IQR) were calculated for
the time to both clinical and radiological union. Finally, the percentage of nonunions in both groups was calculated. Nonunion was deﬁned as above and
determined at 24 weeks follow-up.
Based on a previous study,22 a power analysis was conducted with an expected
outcome difference of 30%, i.e. a 30% reduction in the time to union assuming a
mean of 9 weeks (SD 4) until union in the placebo group. The alpha error level was
set at 5% (two-sided signiﬁcance level); power was set at 80%. Including an anticipated dropout rate of 10%, this resulted in a sample size of 23 patients per group.
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Statistical Analysis
This was performed using proprietary statistical software (SPSS statistical package
version 18.0; SPSS inc., Chicago, Illinois, USA) with advanced statistics add-on
modules. A statistician was recruited for analysis of the data. Statistical signiﬁcance
was assumed when p < 0.05. When comparing means between the two groups,
an independent student’s t-test was used in the case of normality, or the non-parametric Mann-Whitney U test in cases where normality could not be assumed.
Categorical data were analyzed using the chi-squared test, or Fisher’s exact test if
the assumptions for this test were not met. The cumulative incidence of clinical
and radiological evidence of union was estimated using the KaplanMeier method
and compared using log-rank. All variables were evaluated for prognostic significance in an extensive regression analysis using Cox’s proportional hazards model
(including age, type of fracture according to the Herbert classiﬁcation,11 hand
dominance, time interval between fracture and start of treatment, and comorbidities) with clinical and radiological union as dependent factors. Several analyses
were performed to test the accuracy of the model, but this did not change the level
of signiﬁcance (data not shown). The hazard ratio (HR) and 95% conﬁdence intervals (95% CI) were calculated from the regression analysis.
All patients were analyzed according to the intention-to-treat principle.

RESULTS
A total of 59 patients were eligible for inclusion during the period of study; six
patients withdrew, leaving 53 patients with a clinically and radiologically proven
fracture of the scaphoid in the study. After randomization, 24 patients (45%)
were placed in group A (active) and 29 in group B (placebo) (55%). Baseline
characteristics of both groups are shown in Table 2. All Herbert type B2 fractures
had < 2 mm of displacement on initial radiographs. Two patients were lost to
follow-up, both in group B. Scaphoid fractures, in two patients, one in each
group were initially diagnosed only on bone scintigraphy. Both fractures were
conﬁrmed by follow-up radiographs.
No signiﬁcant difference in clinical evidence of union was seen during follow-up
using log-rank analysis (r2 = 0.03, p > 0.05) (Table 3), except at six weeks, when
11 (46%) patients in group A still had tenderness in the ASB compared with ﬁve
(17%) in group B, p = 0.03 (Table 3) and nine (38%) in group A still had tenderness with LC compared to two (7%) in group B, p = 0.008. The time to clinical
union was a median of nine weeks (4 to 52, IQR 4 to 12) in group A, compared
with a median of nine weeks (4 to 24, IQR 6 to 12) in group B.
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Table 2. BASELINE CHARACTERISTICS

Number
Mean age (yrs) (range)
Male (n, %)
Fracture in dominant hand (n, %)
Fracture types (n, %)
A1
A2
B1
B2
B3
Comorbidities (n, %)
None
Smoking
Corticosteroids
Anatomical snuff box tenderness (n, %)
Tenderness on longitudinal compression (n, %)

Group A (active)
24
44.3 (18 to 84)
18 (75)
14 (58)

Group B (placebo)
29
37.7 (18 to 71)
23 (79)
14 (48)

4
16
2
1
1

(17)
(67)
(8)
(4)
(4)

3
18
3
4
1

(10)
(62)
(10)
(14)
(3)

17
7
0
24
21

(71)
(29)
(0)
(100)
(88)

17
11
1
29
26

(59)
(38)
(3)
(100)
(90)

Table 3. CLINICAL ASSESSMENT OF FRACTURE CONSOLIDATION

Number
Anatomical snuff box tenderness (n, %)
4 weeks
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks
Pain with longitudinal compression (n, %)
4 weeks
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks

Group A
(active)
24

Group B
(placebo)
29

p-value
(Fisher’s exact test)

13
11
6
4
1
0

(54)
(46)
(25)
(17)
(4)

11
5
6
3
0
0

(38)
(17)
(21)
(10)

0.49
0.03
0.85
1
-

10
9
4
3
2
0

(42)
(38)
(17)
(13)
(8)

9
2
2
1
0
0

(31)
(7)
(7)
(3)

0.63
0.008
0.41
0.61
-
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The range of movement of the wrist returned to normal with no signiﬁcant difference between the groups (difference < 25%) at 12 weeks (Table 4).

Table 4. ASSESSMENT OF FUNCTIONAL OUTCOME IN TERMS OF LOSS OF
WRIST MOVEMENT (CI, CONFIDENCE INTERVAL)

Loss of wrist movement (%, 95% CI)
Interval
Group A (active)
Group B (placebo)
4 weeks
43% (34 to 51)
44% (36 to 52)
6 weeks
35% (23 to 48)
38% (29 to 48)
9 weeks
30% (15 to 44)
30% (18 to 42)
12 weeks*
21% (6 to 36)
20% (5 to 35)
24 weeks
10% (–2 to 25)
3% (–2 to 8)
52 weeks
* wrist movement returned to normal levels

p-value
0.82
0.62
0.93
0.92
0.97
-

Grip strength returned to normal with no signiﬁcant difference between the groups
at 24 weeks (Table 5).

Table 5. ASSESSMENT OF FUNCTIONAL OUTCOME IN TERMS OF LOSS OF GRIP STRENGTH
BY FRACTURE SITE (CI, CONFIDENCE INTERVAL)

Loss of wrist movement (%, 95% CI)
Fracture at dominant side*
Group A
Group B
p-value
Interval (active)
(placebo)
4 weeks 54% (27 to 81) 47% (32 to 62) 0.58
6 weeks 32% (–3 to 66) 32% (12 to 53) 0.92
9 weeks 24% (10 to 38) 33% (17 to 48) 0.29
12 weeks 22% (10 to 34) 10% (–15 to 35) 0.26
24 weeks‡ 0% (–16 to 16) –8%§ (–25 to 24) 0.62
52 weeks * normal strength at loss < 10%
† normal strength at loss < 20%
‡ grip strength returned to normal levels
§ strength higher than healthy side
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Fracture at non-dominant side†
Group A
Group B
(active)
(placebo)
52% (25 to 79) 46% (33 to 59)
48% (25 to 71) 46% (25 to 66)
28% (1 to 55) 39% (17 to 61)
26% (–2 to 54) 28% (–11 to 66)
7% (–6 to 21) 15% (–6 to 36)
-

p-value
0.65
0.85
0.46
0.83
0.42
-
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The weighted average interobserver agreement for radiological union showed
a g of 0.59 (95% CI 0.47 to 0.71; p < 0.001) at six weeks after injury for all radiographs.
Throughout the follow-up period no signiﬁcant difference was observed between
the groups by log-rank analysis (r2 = 0.03, p > 0.05). In both groups radiological
union took a median of nine weeks (4 to 52, IQR 6 to 24) (p = 0.32). The confounding factors of age, hand dominance, comorbidities (smoking, use of corticosteroids), type of fracture (Herbert types A1, A2, B1, B2 and B3)11 and time
between fracture and treatment had no signiﬁcant inﬂuence on the effect of the
PEMF treatment with respect to either clinical or radiological union (Table 6).
There was one nonunion in group A and none in group B (p = 0.57).

Table 6. COX REGRESSION ANALYSIS FOR CLINICAL AND RADIOLOGICAL ANALYSIS.
A HAZARD RATIO > 1 INDICATES INCREASED FREQUENCY OF CONSOLIDATION
(CI, CONFIDENCE INTERVAL)

Loss Clinical union
Radiological union
Parameters*
Hazard ratio (95% CI) p-value
Hazard ratio (95% CI) p-value
Group
1.20 (0.56 to 2.58)
0.6
0.73 (0.36 to 1.50)
0.4
Age
0.98 (0.95 to 1.00)
0.1
1.02 (0.99 to 1.04)
0.1
Fracture type
0.88 (0.62 to 1.26)
0.5
0.85 (0.58 to 1.24)
0.4
Interval time
1.09 (0.91 to 1.30)
0.3
1.03 (0.85 to 1.25)
0.8
Hand dominance
1.09 (0.49 to 2.43)
0.8
0.86 (0.41 to 1.82)
0.7
Comorbidities
0.57 (0.26 to 1.25)
0.2
0.55 (0.26 to 1.19)
0.1
* definition of categorical data: group (A (active) = 0, B (placebo) = 1); fracture type according to the
Herbert classification11 (A1 = 0, A2 = 1, B1 = 2, B2 = 3, B3 = 4); hand dominance (dominant = 0,
non-dominant = 1); and comorbidities (none = 0, smoking or corticosteroids = 1)

DISCUSSION
This is the ﬁrst double-blind, randomized, placebo-controlled trial to investigate
the effect of PEMF on the time to union and functional outcome of acute fractures
of the scaphoid.
Observational studies by Frykman and Adams on 44 and 54 scaphoid nonunions,
respectively, showed that 69% to 80% of ununited fractures that presented more
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than six months after injury, healed using PEMF stimulation and a thumb spica
cast.20,21 Patients were treated for at least three months or until the fracture had
united. Even nonunions with associated radiological evidence of avascular
necrosis healed with success rates of 73% to 89%.20,21 Furthermore, there is
evidence that LIPUS may accelerate union of acute scaphoid fractures by up to
30%.22 Our study, however, found no positive effect of adding PEMF to conservative treatment of these fractures. There are several reasons why the use of
non-invasive techniques for bone growth stimulation, such as PEMF could be
considered. Conservative treatment often leads to a long period of absenteeism.2
Furthermore, operative treatment for delayed or nonunion often starts months
after the fracture has occurred, with inevitable socioeconomic consequences.2
Several clinical trials have considered the place of physical forces in the treatment of acute fractures. The healing of tibial and radial fractures was found to be
signiﬁcantly accelerated in two prospective, randomized, double-blind trials
using LIPUS as an adjunct to conventional treatment.18,19 A recent systematic
review concerning the effects of LIPUS and PEMF in the treatment of acute tibial
fractures was not able to compare the effects of these interventions.30 However,
after analyzing ﬁve studies on LIPUS and three on PEMF, the authors concluded
that LIPUS accelerates acute fracture healing and that both promote healing in
ununited fractures. LIPUS has also been shown to accelerate the healing of acute
scaphoid fractures. In a prospective randomized trial, where union was assessed
by CT scans every two weeks, Mayr et al. concluded that LIPUS accelerated the
healing of acute scaphoid fractures by 30%.22
However, our study found no evidence supporting the addition of PEMF to conservative treatment. There was no reduction in the time to either clinical or
radiological union and there was no effect on either the functional outcome or
the range of movement.
Given that this study was not designed to detect differences in the number of
nonunions, no conclusion can be made as to the prevention of this complication. Radiological follow-up was performed by assessment of normal scaphoid
radiographs, in accordance with current practice. However, these may not
always provide reliable and reproducible evidence of healing.31-34 Trabeculae
crossing the fracture line, sclerosis of the fracture line and avascularity of the
proximal part of the scaphoid are signs that can be used in the assessment of
union of a scaphoid fracture.34 Dias33 showed that when assessing union, the
reproducibility and interobserver agreement were too poor to rely on in the ﬁrst
12 weeks after injury. However, radiographs usually give some indication of
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union or nonunion. Reproducibility and interobserver variability tend to be better
with regard to these assessments.33 In our series, interobserver variability showed
an acceptable g of 0.59 (95% CI 0.47 to 0.71) at six weeks after injury for all
radiographs. CT scanning in the longitudinal axis may allow for a more accurate
assessment of union of a scaphoid fracture.35,36 Recent studies concerning operative versus conservative treatment of scaphoid fractures, however, use standard
radiographs for the assessment of union.12,37 In our study the clinical parameters
of union and the functional outcome did not differ between treatment arms.
In conclusion, adding PEMF to the conservative treatment of acute scaphoid
fractures does not accelerate union or improve the functional outcome.
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ABSTRACT
Conventional radiographic imaging is the ﬁrst imaging tool of choice in scaphoid
fractures. The majority of undisplaced scaphoid waist fractures unite after six weeks
of cast immobilization. We hypothesized that conventional radiographic imaging
at 6 weeks after injury can both accurately and reliably predict union in undisplaced scaphoid waist fractures.
Fleiss’ kappa statistics were used concerning the opinions of four observers reviewing 47 sets of good-quality scaphoid radiographs of undisplaced scaphoid waist
fractures. As reference standard for union, radiographs were taken at a minimum
of six months after injury to determine validity.
Overall agreement was deﬁned as moderate. (g = 0.583) “No consolidation”
(g = 0.816), “full consolidation” (g = 0.517) and “partial consolidation” (g = 0.390)
were deﬁned as good, moderate and fair agreement, respectively. The average
sensitivity and speciﬁcity of diagnosing scaphoid waist fracture union on standard scaphoid radiographs were 0.65 and 0.67, respectively. The positive predictive value for diagnosing union was 0.93 and the negative predictive value
was 0.22.
We conclude that conventional radiographic imaging is accurate and moderately
reliable in diagnosing union, and reliable but inaccurate in diagnosing nonunion
of scaphoid waist fractures at 6 weeks follow-up.
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INTRODUCTION
Scaphoid fractures are the most common carpal bone fractures.1 Conventional
radiographic imaging is the ﬁrst imaging tool of choice in scaphoid fractures.2
For scaphoid fractures, usually trabecular bridging and sclerosis at the fracture
line are used to assess bony union.3 Radiological diagnosis and evaluation of
scaphoid fracture union are difﬁcult, because of the unique shape, size and
orientation of the bone.3 In case of a scaphoid fracture, the appearance of
trabecular overcrossing of the fracture line may be incorrect as a result of overlapping of fracture fragments in the direction of the X-ray beam.4,5
When considering non-operative treatment of undisplaced scaphoid fractures,
most fractures unite within 8 weeks.6,7 However, some studies use cast immobilization up to 12 weeks in undisplaced scaphoid waist fractures because of the
above-mentioned difﬁculties with identifying the extent of radiological union of
the scaphoid fracture by using conventional radiographic imaging techniques.1,8-11
The length of immobilization therefore, however notoriously unreliable, is often
dictated by clinical signs of consolidation of the scaphoid and less by a radiographic observed union.4,12 Although the risk of scaphoid nonunion is substantial
for some fractures, overall union rates for non-operatively treated scaphoid fractures are 88 to 95%.4,8,13,14
An important question remains whether conventional radiographic imaging of
the scaphoid at 6 weeks is able to accurately and reliably diagnose scaphoid
waist fracture union or not. Rhemrev showed that more than 80% of undisplaced scaphoid fractures were clinically united after 6 weeks of cast immobilization.6 Dias showed poor inter-observer agreement concerning union for the
use of conventional radiographic views determined at 12 weeks after injury.4
Computed Tomography (CT) imaging of the scaphoid for identiﬁcation of occult
fractures and evaluation of the healing process is being performed more frequently and often considered as gold standard, but is yet not common practice
in the Netherlands as it is impractical to perform CT scans at each follow-up
visit in every patient.15 Therefore, it is important to know whether or not radiographic diagnosis of union by conventional radiographic imaging is a reliable
method for determining union at 6 weeks after injury.
We hypothesized that conventional radiographic imaging at 6 weeks after injury
can both accurately and reliably predict union in undisplaced scaphoid waist
fractures. Therefore, in addition to determining inter-observer reliability (precision), in this study the accuracy (or validity) of conventional imaging was deter-
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mined using diagnostic performance characteristics in a group of patients with
acute, undisplaced scaphoid waist fractures.

MATERIALS AND METHODS
Between May 2006 and March 2008, 47 consecutive patients (39 males, eight
females, mean age 35 (18-72 years)) with acute unilateral undisplaced scaphoid
waist fractures were prospectively included in this study. Fracture dislocations of
the carpus, comminuted scaphoid fractures and displaced waist fractures of the
scaphoid were excluded. Approval was obtained from the medical ethical committee of the participating center and written informed consent for participation
and registration of the data was obtained from all patients. All research was conducted in accordance with the Declaration of Helsinki. The presence of a scaphoid
fracture was determined by a combination of physical and radiographic examination. If no apparent fracture line was seen on the initial X-rays (scaphoid series),
a CT scan was performed within 5 days after trauma to conﬁrm the diagnosis.
For the analysis, 47 sets of good-quality digital radiographs of the scaphoid fractures were taken at 6 weeks after injury. Each set included four views: posterioranterior view, posterior-anterior view in full ulnar deviation, lateral view and
oblique, semi-pronated view.1 Each radiograph was taken using the appropriate
exposure settings (contrast, noise and spatial resolution) and checked for visibility
of all gross necessary image details.16
In accordance with the current consensus reference standard for the endpoint
union, scaphoid radiographs were taken at a minimum of 6 months after injury
to conﬁrm or exclude union by determining the presence of trabecular bridging.3,14 As reference standard for nonunion, a persistent lucency determined
by a senior orthopedic trauma consultant and a musculoskeletal radiologist
on the radiographs obtained at a minimum of 6 months after injury was used.3,14
All fractures were treated conservatively in a lower arm cast with the ﬁrst metacarpal and proximal phalanx immobilized.
The results of four observers were analyzed: Two senior orthopedic trauma consultants and two radiologists with special interest in musculoskeletal radiology.
We presented each clinician the 47 sets of randomly ordered radiographs, labeled
1 to 47. They were asked to determine whether there was union, no union or
partial union of the scaphoid fracture of each patient.
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Trabecular crossing of the fracture line and sclerosis at the fracture line were classiﬁed as signs of scaphoid union on the radiographs.3 Union was deﬁned as signs
of consolidation on at least three out of four views.5 Partial union was deﬁned as
signs of consolidation on one or two views.5 No union was deﬁned as signs of
consolidation on none of the views.5 (See table 1 for criteria used for different
ratings of union.) After two months, all four observers were asked again to judge
the radiographs concerning the above-mentioned degree of consolidation. The
previously numbered radiographs were again presented in a random order.

Table 1. CRITERIA USED FOR DIFFERENT RATINGS OF UNION

Union
Partial union
No union

Trabecular crossing
yes
yes
no

Sclerosis
yes
yes
no

Seen on number of views
3-4
1-2
0

Data were analyzed and expressed in terms of intra- and inter-observer agreement in total and by stage of consolidation. A statistician was recruited for analysis
of the data. A level of signiﬁcance of _=0.05 was used. Calculations were performed using 95% conﬁdence intervals (CI). Calculation was done using Fleiss’
kappa statistics in such a way that the reliability of agreement between a ﬁxed
number of observers when assigning categorical ratings to a number of items
was assessed.17
We interpreted the multirater kappa statistics as follows; values of 0.01 – 0.20
indicate slight agreement, 0.21 – 0.40 fair agreement, 0.41 – 0.60 moderate
agreement, 0.61 – 0.80 substantial agreement and more than 0.80 good agreement.18 A kappa value of 1 would indicate a perfect agreement between categorical ratings. Sensitivity and speciﬁcity were estimated with use of 95% conﬁdence intervals (CI). For estimation of sensitivity and speciﬁcity the pretest
probability of union of scaphoid fractures was set at 90%, as literature shows
that an overall union rate of scaphoid fractures of 88-95% is achieved after
6 weeks of cast immobilization.4,8,13,14,19
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RESULTS
We included 47 patients with unilateral undisplaced scaphoid waist fractures in
this study. All fractures were diagnosed by conventional radiographic imaging.
No additional CT scans were made to conﬁrm the presence of a scaphoid waist
fracture since all fractures were visible on initial radiographs, independently
diagnosed by an orthopedic trauma consultant and a musculoskeletal radiologist. All fractures were treated conservatively. At the endpoint, six patients
developed a nonunion (13%).
The observers agreed in 24 of a total of 47 patients (51%). In 14 patients, 3 observers agreed (30%) and in 9 patients 2 observers agreed (19%). We calculated
the degree of agreement in total for all 47 sets of radiographs. The total interobserver agreement could be deﬁned as a moderate agreement (g = 0.583) (95%
conﬁdence interval (CI): 0.371-0.795, P<0.001).
We also calculated the inter-observer agreement for each type of consolidation.
There was an almost perfect agreement (g = 0.816) (95% CI: 0.321-0.999,
p = 0.001) between the observers concerning no union for all scaphoid fractures.
The inter-observer agreement regarding union showed a moderate agreement
(g = 0.517) (95% CI: 0.077-0.999, p = 0.02) and the observers agreed less on
partial union (g = 0.390) (95% CI: 0.048-0.832, p = 0.08). The results for the
inter-observer agreements are presented in table 2.
All four observers were tested again after 2 months. The capability to reproduce
their own opinion regarding the degree of consolidation was measured. The
total intra-observer agreements were substantial for two observers (g = 0.775
and 0.623, respectively) and moderate for the other two observers (g = 0.469
and 0.542, respectively). The average total intra-observer agreement for all four
observers was moderate (g = 0.602). Obviously, inter-observer agreements for
each type of consolidation obtained after 2 months differed from the ﬁrst time
and are presented in table 3. No signiﬁcant differences between inter-observer
agreements were seen, except for partial union. (g = 0.447, see table 3)
The average sensitivity of scaphoid series for diagnosing union of scaphoid waist
fractures was 0.65 (95% CI: 0.54-0.75). The average speciﬁcity was 0.67 (95%
CI: 0.39-0.86). Positive predictive value (PPV) for this test was 0.93 (95% CI:
0.83-0.97) and negative predictive value (NPV) was 0.22 (95% CI: 0.12-0.38).
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Table 2. INTER-OBSERVER AGREEMENTS FOR EACH TYPE OF CONSOLIDATION

Patient
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Nonunion
0
3
3
4
4
0
0
0
4
4
0
0
0
0
1
1
4
0
0
0
4
4
0
0

Union
2
0
0
0
0
4
2
0
0
0
3
0
3
4
0
0
0
2
2
1
0
0
4
3

Partial
union
2
1
1
0
0
0
2
4
0
0
1
4
1
0
3
3
0
2
2
3
0
0
0
1

Patient
no.
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Nonunion
0
0
3
2
0
0
0
4
4
0
0
0
0
2
0
2
0
0
0
0
3
1
0

Totals
57
Kappa 0.816
95% CI 0.321-0.999
p-value p = 0.001
Overall kappa
95% CI
p-value

Union
0
0
0
0
4
4
3
0
0
3
1
4
4
0
4
0
2
4
2
0
0
0
4
69
0.517
0.077-0.999
p = 0.02

Partial
union
4
4
1
2
0
0
1
0
0
1
3
0
0
2
0
2
2
0
2
4
1
3
0
62
0.390
0.048-0.832
p = 0.08
0.583
0.371-0.795
p < 0.001

Numbers indicate frequencies of chosen types of consolidation for each patient
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Table 3. INTER-OBSERVER AGREEMENTS FOR EACH TYPE OF CONSOLIDATION OBTAINED
THE SECOND TIME, AT 2 MONTHS AFTER THE OBSERVERS WERE TESTED THE FIRST TIME

Patient
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Nonunion
0
4
4
4
4
2
0
0
4
4
0
0
0
0
1
2
4
0
0
0
4
4
0
0

Union
2
0
0
0
0
0
3
0
0
0
3
0
3
4
0
0
0
2
2
2
0
0
4
3

Partial
union
2
0
0
0
0
2
1
4
0
0
1
4
1
0
3
2
0
2
2
2
0
0
0
1

Patient
no.
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Nonunion
0
0
2
2
0
0
0
4
4
0
0
0
0
4
0
2
0
0
0
0
4
1
0

Totals
64
Kappa 0.812
95% CI 0.319-0.999
p-value p = 0.001
Overall kappa
95% CI
p-value

Union
0
0
0
0
4
4
3
0
0
3
1
4
4
0
4
0
2
4
2
0
0
0
4
67
0.542
0.081-0.999
p = 0.01

Numbers indicate frequencies of chosen types of consolidation for each patient
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Partial
union
4
4
2
2
0
0
1
0
0
1
3
0
0
0
0
2
2
0
2
4
0
3
0
57
0.447
0.055-0.948
p = 0.04
0.596
0.384-0.807
p < 0.001
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DISCUSSION
Diagnostic tests could be interpreted to be of high quality if both reliability and
validity or accuracy are of substantial value. The results of our study suggest that,
although the conﬁdence intervals were wide for diagnosing union and nonunion, conventional radiographic imaging is very accurate (PPV 0.93) and moderately reliable (g = 0.517) in diagnosing union and inaccurate (NPV 0.22) but
very reliable (g = 0.816) in diagnosing nonunion of scaphoid waist fractures at
6 weeks follow-up.
Concerning reliability (inter-observer agreement), the results of this study showed
that at 6 weeks after injury, conventional radiographic imaging can be reliably
used to prove that a scaphoid waist fracture has not united. To determine whether
a scaphoid waist fracture has partially or fully united, the use of conventional
radiographic imaging shows far less inter-observer agreement.
Dias suggested that it is difﬁcult to identify union of the scaphoid fracture on
conventional radiographs in the early period after injury, since radiographs are
considered not to provide reliable evidence for determination of trabecular
crossing of the fracture and sclerosis of the fracture line or proximal part of the
scaphoid as signs of union of the fracture.3 In a retrospective study by the same
author at 12 weeks after injury, the inter-observer agreement and reproducibility
concerning consolidation was too poor to reliably assess union of the scaphoid
fracture.4 Indeed, also in our study there was less agreement concerning partial
union or complete union. Trabecular crossing of the fracture line and sclerosis of
the fracture can be difﬁcult to identify because of the possibility of wrong positioning of the hand on the radiographs.3 This is in contrast to the ﬁndings in our
study at 6 weeks after injury where a good agreement between the observers for
no consolidation was found.
Inter-observer agreements for each type of consolidation, obtained again 2 months
after the observers were tested the ﬁrst time, showed a small but signiﬁcant improvement of inter-observer agreement regarding partial union. Apparently, the
training effect of re-evaluation of the 47 sets of radiographs improves reliability
to some extent. The same effect was described by Buijze et al. in a study where
they concluded that training improved inter-observer reliability for the diagnosis
of scaphoid fracture displacement, determined by conventional radiographs and
CT scans.20
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Concerning validity (the level of accuracy in diagnosing union), when compared
to CT scanning as reference standard, standard scaphoid radiographs are far less
sensitive (0.65) and speciﬁc (0.67) for diagnosing union of scaphoid waist fractures.21
This is in contrast to the ﬁndings from a meta-analysis by Yin et al., where high
sensitivity (91.1%) and speciﬁcity (99.8%) were found for standard scaphoid
radiographs, albeit for the diagnosis of suspected scaphoid fractures, not fracture
union.22 Still, the authors of this study also noticed signiﬁcant between-study
heterogeneity regarding sensitivity, most likely as a result of poor inter-observer
agreement of follow-up radiographs for the diagnosis of occult scaphoid fractures. However, positive predictive value was high in our study (0.93), while
negative predictive value was low (0.22), which means that standard radiographs
are accurate in diagnosing union of scaphoid waist fractures at 6 weeks after
injury and inaccurate in diagnosing nonunion. Apparently, there is an inverse
relationship between reliability and validity in determining union and nonunion
of acute scaphoid fractures when using standard radiographic views for evaluation. An improved accuracy comes to the expense of less precision and vice
versa.
A number of limitations must be considered when interpreting our results. Union
is a physiologically continuous process of bone reconstruction, but there is no
commonly accepted cut-off point for union of scaphoid fractures.3 Partial consolidation, usually dorsal, could be deﬁned when there is still a gap on 1 of the
4 radiographic views.3 This kind of partial union is usually sufﬁcient for most
wrist and hand function.3 Therefore in our study full consolidation was deﬁned
as the presence of union on 3 out of 4 views. Although this deﬁnition may be
debated, the use of such predeﬁned criteria for union makes reliable assessment
between different observers and between different points in time possible.
Presently, CT-scan has been shown to be a more reliable option for determination of the level of union in scaphoid fractures.2,21,23 Buijze investigated the
inter-observer reliability of CT-scan for determination of union in scaphoid waist
fractures, using any degree of bony bridging between fragments as deﬁnition
of union and demonstrated there was substantial inter-observer agreement
(g = 0.660).21 Therefore, CT scanning may be more accurate in determining the
level of consolidation. Furthermore, CT scanning is more accurate in visualizing
translation, distraction, rotation and angulation of displaced scaphoid waist
fractures than plain radiographs and therefore has a prominent role in deciding
whether scaphoid fractures should be treated operatively or not.24 However,
Farnell and Dickson emphasized the practical problems of performing a CT-scan
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for every patient with a scaphoid fracture, because of higher costs, less availability,
and greater radiation exposure compared to standard radiographic examination.1,21
We conclude that conventional radiographic imaging is accurate and moderately
reliable in diagnosing scaphoid waist fracture union, but reliable in diagnosing
nonunion at 6 weeks follow-up, although it lacks accuracy for the diagnosis of
nonunion at this time frame in treatment. Because the majority of undisplaced
scaphoid waist fractures heal without any complications, we do not feel there is
a role for early routine CT evaluation of the healing process in every scaphoid
waist fracture; however it may be part of a diagnostic strategy in selected cases
for prevention of unnecessary long immobilization.21
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ABSTRACT
Our objective was to examine reliability and validity concerning union of scaphoid
fractures determined by multiplanar reconstruction computed tomography randomized at 6, 12 and 24 weeks after injury.
We used Fleiss’ kappa to measure the opinions of three observers reviewing
44 sets of computed tomographic scans of 44 conservatively treated scaphoid
waist fractures. We calculated kappa for the extent of consolidation (0-24%,
25-49%, 50-74% or 75-100%) on the transverse, sagittal and coronal views.
We also calculated kappa for no union, partial union and union, and grouped
the results for 6, 12 and 24 weeks after injury. As the reference standard for
union, CT scans were performed at a minimum of 6 months after injury to determine validity.
Overall inter-observer agreement was found to be moderate (g = 0.576). No union
(g = 0.791), partial union (g = 0.502) and union (g = 0.683) showed substantial,
moderate and substantial agreement respectively. The average sensitivity of multiplanar reconstruction CT for diagnosing union of scaphoid waist fractures was
73%. The average speciﬁcity was 80%.
Our results suggest that multiplanar reconstruction computed tomography is a
reliable and accurate method for diagnosing union or nonunion of scaphoid
fractures. However, inter-observer agreement was lower with respect to partial
union.
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INTRODUCTION
Fractures of the scaphoid, being the most commonly fractured carpal bone, represent 2-6% of all fractures and typically occur in young and active patients.1
The majority of undisplaced scaphoid fractures will heal within 8 weeks if treated in a cast.2 However, immobilization up to 12 weeks is not uncommon in
undisplaced scaphoid waist fractures, due to difﬁculties identifying the extent of
radiological consolidation using conventional radiographic imaging techniques.2-4 For example, Dias et al. demonstrated poor inter-observer reliability in
diagnosing union on standard scaphoid radiographs 12 weeks after injury.5
Nowadays, computed tomography has proven to be a better option for determining union in scaphoid fractures.6-8 Scanning along the longitudinal axis of
the scaphoid and multiplanar reconstructions of sagittal and coronal views
has been demonstrated to be more accurate than conventional radiography in
assessing scaphoid fracture union and displacement.9-11 However, to date, the
evidence promoting the use of CT scanning in the assessment and quantiﬁcation
of union amounts to only two published studies concerning undisplaced
scaphoid fractures and one published study concerning displaced scaphoid
fractures.8,12,13 Furthermore, CT imaging of the scaphoid to identify occult fractures and evaluate the healing process is still not common practice.14
We hypothesized that multiplanar reconstruction computed tomography can
both accurately and reliably diagnose scaphoid waist fracture union. Therefore,
in addition to determining inter-observer reliability (precision), in this study the
accuracy (or validity) of multiplanar reconstruction computed CT for the diagnosis
of union was compared to the reference standard in a pool of patients with acute
scaphoid waist fractures.

MATERIAL AND METHODS
All adult patients aged over 18 presenting in one medical center in the Netherlands
with a unilateral undisplaced and minimally displaced scaphoid waist fracture
between November 2009 and February 2012 were prospectively included in the
study. Approval was obtained from the medical ethical committee of the participating center and written informed consent for participation and registration of
the data was obtained from all patients.
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The presence of a scaphoid fracture was determined by a combination of physical
and radiographic examination. If no apparent fracture line was seen on the
initial X-rays (scaphoid series), a CT scan was performed within 5 days of trauma
to conﬁrm the diagnosis. Based on the initial radiographs and CT scans, we
classiﬁed all fractures according to the Herbert classiﬁcation.15 All fractures
were treated conservatively in a lower arm cast with the ﬁrst metacarpal and
proximal phalanx immobilized. In each patient, CT scans of the fractured
scaphoid were performed at 6, 12 and 24 weeks after injury. These three different
follow-up points allowed for good visualization of the consolidation process.
We randomized the inclusion of one CT scan at one of the three time points
(6,12 or 24 weeks) for each patient to quantify the extent of union, as described
by Singh et al.16 Of the CT scans ultimately reviewed, 14 were taken at 6 weeks,
17 at 12 weeks and 13 at 24 weeks after injury.
The CT scans were obtained using three comparable scanners (Brilliance 64,
Philips Healthcare®, Eindhoven, the Netherlands; Deﬁnition Flash, Siemens®,
Erlangen, Germany; Sensation 16, Siemens®, Forchheim, Germany). The technique described by Sanders was used 10, in which the patient lies prone on the
table with the arm overhead and the forearm crossing the gantry of the CT unit
at a 45° angle. The hand is placed ﬂat on the table, with the wrist in neutral
position in the lower arm ﬁberglass cast. A set of scans consisted of the 1.0 mm
source transverse images and sagittal- and coronal multiplanar reconstructions
(MPR) in the central longitudinal axis of the scaphoid with contiguous slice
thickness as described by Sanders et al.10 Observers were able to view all images
and multiplanar reconstructions on high-deﬁnition medical-diagnostic displays.
Multiplanar reconstruction CT scans were performed at a minimum of 6 months
after injury to conﬁrm or exclude union. The current consensus reference standard
for union of scaphoid waist fractures is the presence of trabecular bridging
on CT obtained at least 6 months after injury.17,18 The reference standard for
nonunion is a persistent gap across the whole fracture site with no signs of
restoration of the trabecular bone pattern on a CT scan obtained at least at 6 to
12 months after the initial CT scan.17,18
The three observers were a senior consultant in orthopedic trauma surgery, a
senior musculoskeletal radiologist and a senior radiology resident with a special
interest in musculoskeletal radiology. We presented each observer with 44
randomized sets of computed tomography views from the patients included,
labeled 1 to 44. Based on the original transversal views, they were asked to
indicate the amount of consolidation (0-24%, 25-49%, 50-74% or 75-100%) for
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each patient, as described by Singh et al.16 The same procedure was performed
for the sagittal- and coronal reconstructions. Ultimately, the observers were
asked to come up with a ﬁnal conclusion regarding union (no union, partial
union or union) for each patient. Union was deﬁned as continuity of the trabecular pattern across the whole width of the scaphoid. Partial union indicated a
visible gap across some of the fracture site, with presence of trabecular bridging
in other areas. No union was deﬁned as a visible gap across the whole fracture
site with no sign of physiological restoration of bony architecture.16,17 Additionally, we asked the observers to come up with a ﬁnal conclusion regarding union
for each patient with only two possible outcomes: union or no union.
After 6 weeks, intra-observer reliability was assessed for the two senior observers
(the senior consultant in orthopedic trauma surgery and the senior musculoskeletal radiologist) using the above-mentioned criteria for no union, partial union,
and union.
Data were analyzed and expressed in terms of intra- and inter-observer agreement in total and by type of view (transverse, coronal and sagittal). Calculations
using Fleiss’ kappa were performed with 95% conﬁdence intervals. Reliability of
agreement was assessed between a ﬁxed number of observers who assigned
categorical ratings to a number of items.19 We interpreted the multi-rater kappa
statistics as follows: values of 0.01-0.20 indicated slight agreement, 0.21-0.40
fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement, and more than 0.80 almost perfect agreement.20 Statistical analyses were
performed using SPSS (version 18.0; Chicago, Illinois, USA). A statistician was
recruited for analysis of the data.
Sample size analysis was conducted to establish the number of observations
required. A level of signiﬁcance of _ = 0.05 was used. Power was set at 0.99
(1 – `). A sample size of 44 was obtained for an estimated correlation coefﬁcient
of 0.61 (substantial agreement) with a conﬁdence interval from 0.382 to 0.768.
Sensitivity, speciﬁcity, positive likelihood ratio and negative likelihood ratio for
diagnosing union were estimated using 95% conﬁdence intervals. For the determination of sensitivity, speciﬁcity and likelihood ratios, pretest probability of
union of scaphoid waist fractures was set at 90%, since nonunion occurs on
average in 10% of patients with scaphoid waist fractures treated conservatively.21
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RESULTS
A total of 48 patients were eligible for inclusion during the study period. Four
patients declined to participate, leaving a total of 44 patients with a radiologically proven unilateral scaphoid fracture. The median age of the patients was 44
(range: 19-80 years) of whom 34 (77%) were male. Patient demographics are
presented in table 1. All fractures were diagnosed on initial radiographs performed
within 48 hours after trauma. Seventeen patients were classiﬁed as having an
A2 fracture, 17 a B1 fracture and ten a B2 fracture (Table 1). We determined
inter-observer agreement for transverse views and coronal and sagittal reconstructions for all 44 sets of CT scans.

Table 1. PATIENT DEMOGRAPHICS AND CLASSIFICATION OF FRACTURES

Demographic data
Sex
Male
Female
Median age
Male
Female
Overall
Herbert classification of scaphoid fractures
Type A (stable acute fractures)
Type B (unstable acute fractures)

34 (77%)
10 (23%)
37 (range: 19-80 years)
57 (range: 22-71 years)
44 (range: 19-80 years)
A1 Tubercle
A2 Incomplete waist
B1 Distal oblique
B2 Complete waist
B3 Proximal pole
B4 Trans-scaphoid-perilunate
fracture dislocation of carpus
Total patients:

0
17
17
10
0
0
44

The observers’ ﬁnal conclusions for all views combined (transversal, coronal and
sagittal) regarding no union, partial union, or union showed moderate overall
inter-observer agreement (g = 0.576) (95% CI: 0.399-0.753) (Table 2). Interobserver
reliability for union and no union showed substantial agreement (g = 0.683 and
0.791 respectively). The kappa value for partial union was 0.502, representing
moderate agreement.
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Table 2. INTER-OBSERVER AGREEMENT

All views combined, 3 possible outcomes
No union
Partial
0.791
0.502
All views combined, 2 possible outcomes
No union
0.793
Transverse views
0-24%
25-49%
50-74%
0.699
0.243
0.260
Coronal reconstructions
0-24%
25-49%
50-74%
0.794
0.418
0.216
Sagittal reconstructions
0-24%
25-49%
50-74%
0.797
0.361
0.075

Union
0.683

Overall
0.576

95% CI
0.399-0.753

Union
0.793

Overall
0.699

95% CI
0.529-0.870

75-100%
0.549

Overall
0.458

95% CI
0.277-0.640

75-100%
0.613

Overall
0.430

95% CI
0.249-0.612

75-100%
0.637

Overall
0.512

95% CI
0.319-0.704

Additionally, we asked the three observers to come up with a ﬁnal conclusion
for all views combined with only two possible outcomes: union or no union.
This resulted in a substantial overall inter-observer agreement (g = 0.699,
95% CI: 0.529-0.870). Inter-observer reliability for union and no union showed
substantial agreement as well (g = 0.793 for union and no union) (Table 2).
Concerning the transverse views, there was moderate agreement (g = 0.458)
(95% CI: 0.277-0.640) among the observers (Table 2). No (0-24%) and full
(75-100%) consolidation on the transverse views showed substantial (g = 0.699)
and moderate agreement (g = 0.549), respectively. Fair agreement was found for
25-49% and 50-74% consolidation (g = 0.243 and 0.260, respectively).
Inter-observer agreement on the coronal reconstructions also showed moderate
overall agreement (g = 0.430) (95% CI: 0.249-0.612) (Table 2). The observers
agreed substantially on 0-24% and 75-100% consolidation (g = 0.794 and
0.613 respectively). Moderate and fair agreement was reached for 25-49% and
50-74% consolidation (g = 0.418 and 0.216, respectively).
The observers showed moderate agreement concerning the sagittal reconstructions (g= 0.512) (95% CI: 0.319-0.704) (Table 2). Substantial agreement was
reached for 0-24% and 75-100% consolidation (g = 0.797 and 0.637 respec-
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tively) while there was fair and slight agreement for 25-49% and 50-74% consolidation (g = 0.361 and 0.075 respectively).
Post-hoc analysis was performed for three different follow-up moments (Table 3).
Six weeks after injury, the combined inter-observer reliability regarding no union,
partial union and union was moderate (g = 0.427) (95% CI: 0.170-0.684);
12 weeks after injury, agreement was again moderate (g = 0.600) (95% CI: 0.2690.932); and 24 weeks after injury substantial agreement was found (g = 0.654)
(95% CI: 0.218-0.999).

Table 3. INTER-OBSERVER AGREEMENT FOR ALL VIEWS COMBINED FOR THREE DIFFERENT
FOLLOW-UP MOMENTS.

6 weeks
12 weeks
24 weeks

No union
0.574
0.778
1.000

Partial
0.521
0.455
0.312

Union
0.705
0.647
0.620

Overall
0.427
0.600
0.654

95% CI
0.170-0.684
0.269-0.932
0.218-0.999

The two senior observers were tested again after 6 weeks to determine intraobserver agreement. We measured their ﬁnal opinions as well as their accuracy
in reproducing their original opinions regarding the transverse, coronal, sagittal
views. For 37 and 34 of the 44 patients (84% and 77% respectively), the ﬁnal
conclusion on grading of consolidation was the same. The total intra-observer
agreement was therefore substantial (g = 0.672) (95% CI: 0.368-0.976) and
moderate (g = 0.525) (95% CI: 0.271-0.780) (Table 4).

Table 4. INTRA-OBSERVER AGREEMENT FOR SENIOR OBSERVERS

Final conclusion No union
Observer 1
1.000
Observer 2
0.734

Partial
0.562
0.435

Union
0.640
0.676

Overall
0.672
0.525

95% CI
0.368-0.976
0.271-0.780

There were ﬁve nonunions (11%). The average sensitivity of multiplanar reconstruction CT for diagnosing union of scaphoid waist fractures was 73% (95% CI:
66-79%), while the average speciﬁcity was 80% (95% CI: 68-92%). Positive
likelihood ratio of multiplanar reconstruction CT for diagnosing union was 3.65
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(95% CI: 1.51-6.82) and negative likelihood ratio was 0.34 (95% CI: 0.24-0.47).
Diagnostic odds ratio was 10.9 (95% CI: 3.43-34.3).

DISCUSSION
The results of this study show that computed tomography can be used reliably to
determine union and nonunion of scaphoid waist fractures when scanning in
the longitudinal axis of the scaphoid with sagittal and coronal reconstructions
from the transverse source images.10,22 The related multi-rater kappa statistics
could be interpreted as substantial agreement (g = 0.683 and 0.791, respectively).
In addition to substantial reliability, computed tomography shows an acceptable
degree of accuracy with fairly good diagnostic performance characteristics for
determination of scaphoid waist fracture union.
The inter-observer agreement concerning multiplanar reconstruction CT scans
for determination of scaphoid fracture union at 12 weeks after injury (g = 0.647)
was substantially higher in this study than that found by Dias et al. using standard
radiographs (g = 0.39).5 Our study also showed even better agreement for determination of union at 6 weeks (g = 0.705), making multiplanar reconstruction CT
a reliable method for determination of union in the ﬁrst 6-12 weeks after injury.
As this study shows, however, computed tomography is less reliable in determining partial consolidation.
In our study, sagittal plane reconstructed images of the scaphoid were superior
to the original transverse and coronal plane reconstructed images in determining consolidation. Furthermore, the inter-observer agreement for no (0-25%)
and full (75-100%) consolidation on transverse, coronal and sagittal plane
images was substantially better than the agreement for intermediate (25-49%
and 50-74%) consolidation. This shows that it is difﬁcult to determine the extent
of partial union on CT scans of the scaphoid.
Observers rated the extent of consolidation of scaphoid fractures on CT scans
without knowing whether the scans were taken 6, 12 or 24 weeks after injury.
The ratings from the different follow-up times were analyzed separately. The
results showed more consensus on the state of consolidation at 12 and 24 weeks
after injury compared with 6 weeks after injury. This might support the notion
that diagnoses of nonunion should be avoided within 6 months of injury. Dias
suggested an interval of up to 1 year after injury to diagnose nonunion, although
this timeframe is controversial.17,23
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The present results also show that multiplanar reconstruction computed tomography is speciﬁc (80%) but somewhat less sensitive (73%) in diagnosing union
of scaphoid waist fractures. This is in accordance with the ﬁndings of Buijze et
al.8 Since most uncomplicated scaphoid waist fractures heal with conservative
treatment (in our study 89%), CT scans are superior in predicting union (positive
likelihood ratio 3.65) as compared to predicting nonunion.8,24
Our results are subject to certain caveats. Multiplanar reconstruction computed
tomographic scans at multiple timepoints to evaluate the fracture-healing process
is presently not common practice due to concerns about radiation exposure and
costs.8,25 Although computerized tomography of the skeleton is associated with
substantially elevated radiation exposure, the effective dose is relatively low given
the distance of the wrist from the torso.25 Buijze et al. demonstrated substantial
inter-observer agreement of CT (g = 0.66) for determination of scaphoid waist fracture union using exclusively sagittal (single-plane) views.8 Our study has shown
that additional reconstruction and assessment of all planes improves inter-observer
reliability. Fractures parallel to the scanned plane will be detected more easily and
accurately using a multiplanar reconstruction technique (Figure 1).

Figure 1. Demonstration of importance of viewing all planes when assessing union of scaphoid
waist fractures. A. Sagittal view: no fracture visible. B. Transverse view, same patient: scaphoid waist
fracture visible, no full consolidation. C. Coronal view, same patient: scaphoid waist fracture visible, no full consolidation.
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Furthermore, it may be more practical for observers to diagnose union or nonunion only, excluding partial union. Buijze et al., for example, did not use partial
union as a separate option.8 Since the decision to stop, continue, or alter treatment is based on whether union is observed or not, we also performed an interobserver analysis with union or no union as the only possible outcomes.
However, since the designation ‘incomplete consolidation’ is used in daily practice, we included partial union in our analysis. Although bony union is a continuous process of bone reconstruction and there is no commonly accepted
cut-off point for union of scaphoid fractures, we used an ordinal scale to deﬁne
complete and partial union.17 Dias suggested that, at some stage during the
process of bone reconstruction, bony architecture has healed to an extent that
most of the previous functions can be performed within the physiological limits
of the new bone.17 Therefore, it is important to assess the process of bone reconstruction and union as shown in this study. Further investigation is required to
differentiate between ‘clinically united’ (when some function is restored) and
radiologically united.
In conclusion, for follow-up after a scaphoid fracture, multiplanar reconstruction
computed tomography is a reliable and accurate method to assess union or nonunion of scaphoid fractures. Observers show less agreement with respect to
partial union. Still, it is our view that CT scanning should be given a place in
early follow-up after scaphoid fractures.
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ABSTRACT
We hypothesized that the use of pulsed electromagnetic ﬁeld (PEMF) bone growth
stimulation in acute scaphoid fractures would signiﬁcantly shorten the time to
union and reduce the number of nonunions in a randomized, double-blind,
placebo-controlled multicenter trial.
A total of 102 patients (78 male, 24 female; mean age 35 years (18 to 77)) from
ﬁve different medical centers with a unilateral undisplaced acute scaphoid fracture were randomly allocated to PEMF (n = 51) or placebo (n = 51) and assessed
with regard to functional and radiological outcomes (multiplanar reconstructed
CT scans) at six, nine, 12, 24 and 52 weeks.
The overall time to clinical and radiological healing did not differ signiﬁcantly
between the active PEMF group and the placebo group.
We concluded that the addition of PEMF bone growth stimulation to the conservative treatment of acute scaphoid fractures does not accelerate bone healing.
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INTRODUCTION
Fractures of the scaphoid represent 2% to 6% of all fractures1 and typically occur
in active people between 15 and 40 years of age.1,2 It has been estimated that
up to 22% of all scaphoid fractures remain undiagnosed.3,4 In the Netherlands,
21 000 suspected scaphoid fractures occur each year, of which potentially 15%
to 20% represent actual fractures.2,5
Treatment of scaphoid fractures can be conservative using a cast but in some
circumstances surgery might be subsequently required.6-8 It has been shown that
the surgical treatment of Herbert types B1 and B29 scaphoid fractures leads to
earlier return to normal function, work and sports than non-operative treatment.10,11 However, there is no evidence to suggest that surgical treatment of all
scaphoid fractures leads to a lower rate of nonunion or early osteoarthritis (OA),
and discussion about the treatment of undisplaced stable fractures at the waist
of the scaphoid remains controversial.12,13 Furthermore, the surgical treatment of
scaphoid fractures is associated with more complications (including prominent
hardware, intra-operative technical difﬁculties, infection, complex regional pain
syndrome, scar-related complications and a higher rate of scaphotrapezial osteoarthritis) than conservative treatment.13,14
Electrical bone growth stimulation has been used to promote and accelerate
fracture repair.15 Recent studies have shown that pulsed electromagnetic ﬁeld
(PEMF) exposure enhances the mineralization of bone and induces differentiation of human bone marrow-derived stromal cells.16 PEMF has been used in the
treatment of tibial nonunion.17,18 It has also been shown that physical forces such
as pulsed ultrasound can be used in the treatment of fresh fractures, so that by
12 weeks after starting therapy, healing has accelerated by 30% and the rate
of nonunion has reduced by 71% in patients treated with low-intensity pulsed
ultrasound (LIPUS).19,20
In a recent pilot study, we found that PEMF added limited beneﬁt to the conservative treatment of acute scaphoid fractures.21 However, the radiological followup in the pilot study was performed by assessing conventional scaphoid radiographs, which may not always provide reliable and reproducible evidence of
healing.22-24 CT, however, has been shown to be better at demonstrating union in
scaphoid fractures.25-27 Furthermore, evidence that the treatment of scaphoid
fractures by PEMF and LIPUS may accelerate healing by up to 30% warranted a
larger randomized trial because the number of patients in that study was too
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small a cohort either to detect differences in the number of nonunions, or to
perform subgroup analyses.19 We therefore hypothesized that PEMF would reduce
the time to union of scaphoid fractures by up to 30%, while also reducing the
incidence of scaphoid nonunion or osteonecrosis as assessed by CT.

PATIENTS AND METHODS
This was a randomized multicenter double-blind placebo-controlled trial, for
which recruitment took place in ﬁve different centers in the Netherlands (Figure 1).
Approval was obtained from the relevant local ethics committees and written
informed consent for participation was obtained from every patient. All patients
* 18 years of age presenting between 1 January 2010 and 31 December 2011
with a unilateral undisplaced fracture of the scaphoid, Herbert types A1, A2, B1
and B2, were included.9 Exclusion criteria were displaced scaphoid fractures;
Enrollment

Assessed for eligibility (n = 117)

Excluded (n = 15)
• Not meeting inclusion criteria (n = 2)
• Declined to participate (n = 12)
• Other reasons (n = 1)

Randomized (n = 102)

Allocation
Allocated to group A (active) (n = 51)
• Received allocated intervention (n = 51)
• Did not receive allocated intervention (n = 0)

Allocated to group B (placebo) (n = 51)
• Received allocated intervention (n = 51)
• Didi not receive allocated intervention (n = 0)

Follow-up
Lost to follow-up (n = 4)

Lost to follow-up (n = 7)

Discontinued intervention (n = 0)

Discontinued intervention (n = 0)

Analysis
Analysed (n = 51)
• Excluded from analysis (n = 0)

Figure 1. CONSORT ﬂow diagram.
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proximal pole scaphoid fractures (Herbert type B3); fracture dislocations of the
carpus or comminuted scaphoid fractures (Herbert type B4 and B5 fractures);
presentation more than ﬁve days after injury; pregnancy; the presence of a
life-supporting implanted electronic device; additional fractures of the wrist,
carpal or metacarpal bones and a pre-existing impairment of wrist function.
The diagnosis of a scaphoid fracture was made by a combination of clinical and
radiological examinations, which included scaphoid radiographs and CT scans.
All fractures were classiﬁed according to a CT-based modiﬁed Herbert classiﬁcation.28
A total of 117 patients were eligible for inclusion in the study: 12 patients
withdrew, two patients had a primary indication for surgery because of the distraction in the fracture, and one patient did not comply to participate in the
study due to a mental condition. This left 102 patients (78 male, 24 female;
mean age 35 years (18 to 77)) who were included in the study. All fractures were
treated with immobilization in a forearm cast with the ﬁrst metacarpal and
proximal phalanx immobilised. Electromagnetic stimulation was administered
continuously for 24 hours a day using a PEMF bone growth stimulator (Ossatec®,
Uden, the Netherlands), which consists of a ﬂexible coil incorporated into the plaster at the site of the fracture in order to ensure the coil could not be easily removed. The coil was attached to a battery-powered signal processor placed on
the cast. The signal characteristics of the PEMF device were: pulse amplitude
50 mV, pulse width 5 μs, burst width 5 ms, burst refractory period 62 ms, repetition rate 15 Hz. The attenuation of the PEMF signal through dense materials is
limited, making it suitable for placement of coils over or in plaster casts.29 Half
of the devices were disabled randomly in the factory so that no signal would be
produced. Neither the investigators nor the patients were aware of the status of
a given device. Treatment allocation was by block randomization, with a block
size of four.
After randomization 51 patients (50%) were placed in group A (active PEMF)
and 51 (50%) in group B (placebo) (Figure 1). Table 1 shows the baseline characteristics of both groups. A total of 11 patients were lost to follow-up, four in
group A (active PEMF) and seven in group B (placebo). Of these 11, ten were
men whose mean age was 28 years (18 to 65). The patients lost to follow-up
were comparable to the group that had complete follow-up with regard to hand
dominance, fracture type and comorbidities.
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Table 1. BASELINE CHARACTERISTICS OF THE PATIENTS

Variable

Group A
(active PEMF)
51
35 (18 to 70)
4.25 (0 to 5)
40 (78)
28 (55)
46 (90)
39 (77)

Number
Age (years)*
Days between fracture and start of treatment*
Male (n, %)
Fracture in dominant hand (n, %)
Anatomical snuff box tenderness (n, %)
Pain with longitudinal compression (n, %)
Fracture type28 (n, %)
Tubercle (A1)
9 (18)
Transverse waist, undisplaced (A2)
19 (37)
Oblique (B1)
15 (29)
Transverse waist with distraction (B2)
8 (16)
Comorbidities (n, %)
None
34 (67)
Smoking
16 (31)
Osteoporosis
0 (0)
Corticosteroids
0 (0)
Multiple
1 (2)
* Variables are denoted as mean (range)
NS No significant differences were seen between groups

Group B
(placebo)
51
34 (18 to 77)
3.69 (0 to 5)
38 (75)
29 (57)
49 (96)
45 (88)

p-value

NS
NS
NS
NS
NS
NS

9 (18)
20 (39)
18 (35)
4 (8)

NS
NS
NS
NS

38 (75)
11 (22)
0 (0)
1 (2)
1 (2)

NS
NS
NS
NS
NS

The patients underwent clinical and radiological examination (including CT scans)
at six, nine, 12, 24 and 52 weeks after diagnosis of the fracture. The PEMF device
was removed six weeks after the start of treatment.
Clinical examination, which was blinded to the treatment allocation, included
assessment of tenderness in the anatomical snuff box (ASB) and pain with longitudinal compression of the scaphoid bone (LC); both these signs needed to be
absent for a clinical diagnosis of fracture union. The range of active extension,
ﬂexion, radial and ulnar deviation was determined using a handheld goniometer, and the sum was expressed as a proportion of that of the opposite, unaffected wrist.30 A decrease in range of movement > 25% was considered to be
signiﬁcant.31 Grip strength was measured using a JAMAR dynamometer (Sammons
Preston Rolyan, Bolingbrook, Illinois, USA) and expressed as a proportion of the
value on the unaffected side.32 A reduction in strength > 10% in the injured
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dominant hand or > 20% in the injured non-dominant hand in comparison with
the unaffected side was considered signiﬁcant.33
Radiological healing was assessed by multiplanar reconstructed CT (MRCT)
scans using the technique described by Sanders.34 A set of scans consisted of the
1.0 mm source transverse images and sagittal and coronal multiplanar reconstructions (MPR) in the central longitudinal axis of the scaphoid, with contiguous slice thickness.
The extent of union was quantiﬁed as described by Singh et al.35 and judged
independently by a musculoskeletal radiologist and an orthopedic trauma surgeon, who were blinded to the treatment allocation. Appearances on all scans
were categorized as no union (0% to 24% of the continuity of the trabecular
pattern (trabecular bridging) across the whole width of the scaphoid), partial
union (25% to 74% trabecular bridging) or union (75% to 100% trabecular
bridging).35
The primary endpoint for this study was clinical and radiological evidence of
fracture union. Secondary outcome parameters related to functional outcomes.
The minimum, median, maximum and interquartile range (IQR) were calculated
for the time to both clinical and radiological union. Nonunion was deﬁned as
the absence of fracture healing at 24 weeks’ follow-up.22
Statistical Analysis
Power analysis for this study was based on previous research by Mayr et al.19 and
was conducted with a two-sided signiﬁcance level (a, type I error) of 0.05 and
an assumed power (1-b) of 0.8. This resulted in a sample size of 50 patients per
group. Statistical analysis was performed using proprietary statistical software
(SPSS version 20.0; SPSS Inc., Chicago, Illinois, USA) with advanced statistics
add-on modules. An independent Student’s t-test was used in the case of normality and the non-parametric Mann-Whitney U test in cases where normality
could not be assumed. Categorical data were analyzed using the chi-squared
test, or Fisher’s exact test if the assumptions for the former test were not met.
The cumulative incidence of clinical and radiological evidence of union was
estimated using the Kaplan-Meier method with 95% conﬁdence intervals (CI)
and compared using log-rank analysis. All variables were evaluated for prognostic signiﬁcance in an extensive regression analysis using Cox’s proportional
hazards model, with clinical and radiological union as dependent factors. The
hazard ratio (HR) and 95% CI were calculated from the regression analysis.
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For radiological union, the weighted mean of the interobserver agreement for the
two blinded observers (Fleiss’ kappa) was calculated for all CT scans. We interpreted the multi-rater kappa statistics as follows: values of 0.01-0.20 indicated slight
agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80
substantial agreement, and more than 0.80 almost perfect agreement.
All patients were analyzed according to the intention-to-treat principle. Posthoc analyses (with Bonferroni correction for multiple imputations) pre-deﬁned
to be performed were aimed at ﬁnding differences in treatment outcomes for the
factors fracture type and hand dominance. Statistical signiﬁcance was assumed
with p-values < 0.05.

RESULTS
The time to clinical union, based on the proportion of patients from each group
reaching the criteria for clinical union, was a median of six weeks (6 to 24, IQR
6 to 9) in group A (active PEMF), compared to a median of six weeks (6 to 52,
IQR 6 to 9) in group B (placebo). No signiﬁcant difference in clinical evidence
of union was observed during follow-up using log-rank analysis (chi-squared
test = 0.03, p = 0.69) (Table 2). The range of movement of the wrist returned to
normal at 12 weeks in both groups. No signiﬁcant differences regarding wrist
movement were seen, except at 24 weeks, when wrist movement in group B was

Table 2. CLINICAL ASSESSMENT OF FRACTURE CONSOLIDATION

Variable
Group A (active)
Group B (placebo)
p-value*
Number
51
51
Anatomical snuff box tenderness (n, %)
6 weeks
14 (28)
15 (29)
0.82
9 weeks
9 (18)
4 (8)
0.28
12 weeks
6 (12)
4 (8)
0.74
24 weeks
6 (12)
1 (2)
0.11
52 weeks
2 (4)
1 (2)
1.00
Pain with longitudinal compression (n, %)
6 weeks
10 (20)
11 (22)
0.80
9 weeks
3 (6)
2 (4)
1.00
12 weeks
2 (4)
3 (6)
0.67
24 weeks
0
1 (2)
0.47
52 weeks
1 (2)
0
1.00
* p-values were calculated using chi-squared tests if possible. Otherwise, Fisher’s exact test was used
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a median of 95% (92% to 98%, IQR = 6) of that on the non-fractured side compared with 91% (87% to 94%, IQR = 7) in group A (Table 3). With respect to
fractures in the dominant hand (28 (55%) in group A and 29 (57%) in group B),
grip strength returned to normal levels earlier in group A than in group B. Furthermore, at 12 weeks grip strength was signiﬁcantly better in group A than in
group B (Table 4). There were no signiﬁcant differences in grip strength between
the groups at any time interval for the non-dominant hand (Table 4). For radiological union, the weighted mean interobserver agreement for union (g = 0.683,
95% CI 0.473 to 0.893) and nonunion (g = 0.791, 95% CI 0.599 to 0.984) for
all CT scans was substantial (p < 0.001).27 Using 75% to 100% of the continuity
of the trabecular pattern across the whole width of the scaphoid as union, there
were no signiﬁcant differences in the amount of radiologically conﬁrmed united
scaphoid fractures at any time point (Table 5).
Throughout the follow-up period, log-rank analysis revealed no signiﬁcant
difference in radiological union between the groups (chi-squared test = 0.001,
p = 0.975). The median time to radiologically conﬁrmed union in group A was
six weeks (6 to 52, IQR 6 to 12) compared with a median of 12 weeks (6 to 52,
IQR 6 to 12) in group B, a difference that was not signiﬁcant (p = 0.30). There
were four (8%) radiologically conﬁrmed nonunions in group A and two (4%)
radiologically conﬁrmed nonunions in group B (p = 0.68). However, radiological
consolidation was assessed into the three different stages previously outlined,
revealing there were no signiﬁcant differences between the intervention and the
placebo group at any of the chosen time points (Table 6).

Table 3. ASSESSMENT OF FUNCTIONAL OUTCOME IN TERMS OF WRIST MOVEMENT.
WRIST MOVEMENT IS DENOTED AS A PERCENTAGE OF WRIST MOVEMENT ON THE
FRACTURED SIDE, COMPARED WITH THE NON-FRACTURED SIDE

Variable
Group A (active)
Group B (placebo)
p-value*
†
Wrist movement, fractured side (%, 95% CI )
6 weeks
55 (51 to 60)
59 (53 to 66)
0.30
9 weeks
67 (58 to 76)
74 (65 to 83)
0.34
12 weeks¶
78 (72 to 84)
81 (73 to 87)
0.54
24 weeks
91 (87 to 94)
95 (92 to 98)
0.04
52 weeks
97 (94 to 100)
98 (96 to 101)
0.44
* p-values were calculated using Student t-test if possible, otherwise the Mann-Whitney U test was used
† CI, confidence interval
¶ Wrist movement returned to normal levels
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Table 4. ASSESSMENT OF FUNCTIONAL OUTCOME IN TERMS OF GRIP STRENGTH.
GRIP STRENGTH IS DENOTED AS A PERCENTAGE OF GRIP STRENGTH ON THE FRACTURED
SIDE, COMPARED WITH THE NON-FRACTURED SIDE. A DISTINCTION IS MADE BETWEEN
FRACTURES ON THE DOMINANT AND THE NON-DOMINANT SIDE

Variable
Group A (active)
Group B (placebo)
p-value*
**
†
Fracture on dominant side (%, 95% CI )
6 weeks
57 (42 to 72)
44 (31 to 57)
0.16
9 weeks
74 (62 to 87)
61 (41 to 80)
0.21
§
12 weeks
93 (79 to 106)
71 (56 to 86)
0.03
24 weeks
97 (85 to 109)
90§ (81 to 100)
0.37
52 weeks
109¶ (93 to 126)
100 (92 to 109)
0.33
Fracture on non-dominant side‡ (%, 95% CI†)
6 weeks
40 (27 to 52)
45 (32 to 59)
0.50
9 weeks
58 (45 to 71)
57 (43 to 71)
0.90
12 weeks
63 (50 to 76)
67 (53 to 81)
0.65
24 weeks
79 (70 to 87)
82§ (70 to 95)
0.63
52 weeks
89§ (84 to 94)
92 (87 to 97)
0.44
* p-values were calculated using Student t-test if possible, otherwise the Mann-Whitney U test was used
** Normal strength at loss < 10%
† CI, confidence interval
‡ Normal strength at loss < 20%
§ Grip strength returned to normal levels
¶ Strength higher than healthy side

Table 5. ASSESSMENT OF TIME TO RADIOLOGICALLY CONFIRMED FRACTURE UNION

Variable
Group A (active)
Group B (placebo)
p-value*
†
Fracture union (n, %)
6 weeks
24 (47)
19 (37)
0.23
12 weeks
14 (27)
15 (29)
0.51
24 weeks
4 (8)
6 (12)
0.74
52 weeks
1 (2)
2 (4)
1.00
Nonunion
4 (8)
2 (4)
0.68
Lost to follow-up (no union observed)
4 (8)
7 (14)
0.53
* p-values were calculated using chi-squared tests if possible. Otherwise, Fisher’s exact test was used
† 75% to 100% of the continuity of the trabecular pattern (trabecular bridging) across the whole
width of the scaphoid was regarded as union
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Table 6. RADIOLOGICAL ASSESSMENT OF FRACTURE CONSOLIDATION. (THE TOTALS FOR
EACH GROUP DO NOT ALWAYS ADD UP TO 51 OWING TO MISSING DATA FOR VARIOUS
FOLLOW-UP CT SCANS)

Variable
No union (n, %)
Partial union (n, %)
Union (n, %)
p-value*
6 weeks
A (Active)
10 (20)
14 (28)
24 (47)
0.73
B (Placebo)
10 (20)
16 (31)
19 (37)
12 weeks
A (Active)
4 (8)
6 (12)
38 (75)
0.98
B (Placebo)
4 (8)
5 (10)
34 (67)
24 weeks
A (Active)
4 (8)
2 (4)
42 (82)
0.76
B (Placebo)
2 (4)
2 (4)
40 (78)
52 weeks
A (Active)
4 (8)
0
43 (84)
0.68
B (Placebo)
2 (4)
0
42 (82)
* p-values were calculated using chi-squared tests if possible. Otherwise, Fisher’s exact test was used

Of the confounding factors gender, age, hand dominance, comorbidities (smoking,
diabetes and use of corticosteroids), fracture type (tubercle, transverse waist,
oblique)28 and time between fracture and treatment, type of fracture was found
to be a signiﬁcant predictor of union (p = 0.001, Cox’s proportional hazards
model). Speciﬁcally, undisplaced transverse waist fractures (type A2)28 were
found to be a signiﬁcant confounding factor (odds ratio (OR) 6.2, 95% CI 1.3
to 8.6; p = 0.02). Post-hoc log-rank analysis revealed that undisplaced transverse waist fractures proceeded to union signiﬁcantly earlier in group A than in
group B (median 12 weeks (6 to 12) versus 52 weeks (6 to 52), chi-squared
test = 4.156, p = 0.04). However, regarding the minimum required group sample
size based on our power analysis, these results should be interpreted with caution, as this analysis is underpowered.

DISCUSSION
This is the ﬁrst CT scan-evaluated, randomized prospective double-blind placebocontrolled multicenter trial to investigate the effect of PEMF on time to union
and the functional outcomes of acute fractures of the scaphoid. Adams, Frykman
and Taleisnik36 and Frykman et al.37 showed that, more than six months after
injury, 69% to 80% of ununited scaphoid fractures were healed using PEMF
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stimulation and a thumb spica cast. In these studies, even nonunions with
evidence of osteonecrosis healed, with success rates of 73% to 89%.36,37 In our
study, however, we found no positive effect of adding PEMF to the conservative
treatment of acute scaphoid fractures overall.
There are several reasons to consider bone growth stimulation by PEMF. Conservative treatment often leads to a long period of immobilization and absenteeism
from work.38 Operative treatment for delayed union or nonunion of scaphoid
fractures is often initiated months after the injury, with inevitable socioeconomic consequences.38 Assiotis, Sachinis and Chalidis39 investigated the effectiveness of PEMF in treating delayed unions and nonunions of the tibia and concluded
that a rate of union up to 87% could be achieved.
In a previous study using conventional radiological imaging, we found that there
were no signiﬁcant differences in either clinical or radiological union between
PEMF treatment and conservative treatment for scaphoid fractures.21 Bony union
is a continuous process of bone reconstruction, and there is no commonly
accepted cut-off point for union of scaphoid fractures. Dias22 suggested that, at
some stage during the process of bone reconstruction, bony bridging progresses
so that most of the previous functions can be performed within the limits of the
newly formed bone, which is why we included partial union in our analysis.
However, this category yielded no signiﬁcant differences between treatment
arms.
Post-hoc log-rank analysis revealed a signiﬁcantly shorter time to union in the
active PEMF group for undisplaced transverse fractures of the scaphoid waist.
PEMF bone growth stimulation seems to have an accelerating effect on union in
stable scaphoid waist fractures. Because unstable fractures are more likely to
progress to nonunion40, the stability of the fracture pattern may play a crucial
role in predicting the effect of PEMF bone growth stimulation in fractures of the
scaphoid waist. Since these subgroup analyses were not the primary focus of this
study and they are underpowered in relation to the minimum required sample
size based on our power analysis, the results of this analysis should be interpreted
with caution. We therefore conclude that the addition of PEMF bone growth
stimulation to the conservative treatment of acute scaphoid fractures does not
accelerate bone healing.
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ABSTRACT
Physical forces have been used widely to stimulate bone growth in fracture repair.
Addition of bone growth stimulation to the conservative treatment regime is
more costly than standard health care. However, it might lead to cost-savings
due to a reduction of the total amount of working days lost. This economic
evaluation was performed to assess the cost-effectiveness of Pulsed Electromagnetic Fields (PEMF) compared to standard health care in the treatment of acute
scaphoid fractures.
An economic evaluation was carried out from a societal perspective, alongside
a double-blind, randomized, placebo-controlled, multicenter trial involving ﬁve
centers in the Netherlands. One hundred and two patients with a clinically and
radiographically proven fracture of the scaphoid were included in the study and
randomly allocated to either active bone growth stimulation or standard health
care, using a placebo. All costs (medical costs and costs due to productivity loss)
were measured during one-year follow up. Functional outcome and general
health related quality of life were assessed by the EuroQol-5D and PRWHE
(patient rated wrist and hand evaluation) questionnaires. Utility scores were derived from the EuroQol-5D.
The average total number of working days lost was lower in the active PEMF
group (9.82 days) compared to the placebo group (12.91 days), although not
statistically signiﬁcant (p = 0.651). Total medical costs of the intervention group
(€ 1594) were signiﬁcantly higher compared to the standard health care (€ 875).
The total amount of mean QALY’s (quality-adjusted life year) for the active PEMF
group was 0.84 and 0.85 for the control group. The cost-effectiveness plane
shows that the majority of all cost-effectiveness ratios fall into the quadrant
where PEMF is not only less effective in terms of QALY’s but also more costly.
This study demonstrates that the desired effects in terms of cost-effectiveness are
not met. When comparing the effects of PEMF to standard health care in terms
of QALY’s, PEMF cannot be considered a cost-effective treatment for acute fractures of the scaphoid bone.
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INTRODUCTION
The scaphoid has an essential role in proper functionality of the wrist. Fractures
of the scaphoid bone are the most common fracture of the carpus, counting for
up to 90% of all carpal fractures and 2%-6% of all fractures in the Netherlands.1,2 In Western countries the annual incidence rate of scaphoid fractures
is estimated between 2.9-5 cases per 10.000 inhabitants.3-5 Usually, scaphoid
fractures are initially diagnosed on conventional radiographs. However, diagnosis of a scaphoid fracture can be challenging, since non- and minimally displaced fractures are often not apparent in ﬁrst instance on radiographs. Timely
diagnosis and accurate follow-up with the use of other diagnostic modalities,
like CT-scanning, and appropriate immobilization can decrease the likelihood
of occurrence of adverse outcomes like nonunion and early osteoarthritis.1,6-9
Furthermore, delayed union leads to longer immobilization and prolonged
functional deﬁcit. Since mainly the young and working population is affected,
prolonged cast immobilization leads to more days of lost at work with socioeconomic consequences. A previous study showed that even uncomplicated
healing leads to a mean total of 155 days of lost at work, increasing to 296 days
in case of complicated healing, for instance because of nonunion.2
Physical forces (low intensity pulsed ultrasound (LIPUS) or pulsed electromagnetic ﬁeld (PEMF)) have been widely used to accelerate fracture repair in
delayed union.10 It is thought to reduce osteoclast resorption, to induce osteoid
formation and to stimulate angiogenesis.11 Evidence has accumulated over the
past two decades that physical forces can also be used in the treatment of acute
fractures, shortening time to union by 30% and reducing nonunion within
12 weeks of initiation of therapy by 71%.12-14
Implementation of PEMF to the conservative treatment protocol of scaphoid
fractures is more costly compared to standard care. However, it might lead to
cost-savings due to a reduction of the total amount of working days lost. Therefore it is necessary to assess whether PEMF stimulation is a cost-effective treatment for acute scaphoid fractures.
This paper reports the results of our economic evaluation, performed alongside
a large double-blind, randomized, placebo-controlled, multicenter trial in which
the costs and effectiveness of PEMF are compared with standard care in conservatively treated acute fractures of the scaphoid bone.
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PATIENTS AND METHODS
We performed an economic evaluation alongside a double-blind, randomized,
placebo-controlled, multicenter trial involving ﬁve centers in the Netherlands,
to establish the cost-effectiveness of pulsed electromagnetic ﬁelds (PEMF) in the
treatment of acute scaphoid fractures. The clinical and radiological outcomes of
the trial have been reported in detail elsewhere.15
For the economic evaluation we used data from our randomized controlled trial
and focused on functional outcome, costs and cost-effectiveness. The time horizon
was similar to the clinical study from the moment of inclusion until 12 months
follow-up. Approval was obtained from each local ethics committee and written
informed consent for participation was obtained from all patients.
Patients
All patients * 18 years of age diagnosed between January 1st 2010 and December
31st 2011 with an acute, unilateral undisplaced fracture of the scaphoid types
A1, A2, B1 or B2 according to the Herbert classiﬁcation16, were included in the
trial. Exclusion criteria were: displaced scaphoid fractures, proximal pole scaphoid
fractures (Herbert type B3), fracture dislocations of the carpus or comminuted
scaphoid fractures (Herbert type B4 and B5 fractures), presentation > ﬁve days
after injury, additional fractures of the wrist, carpal or metacarpal bones, a
pre-existing impairment of wrist function, pregnancy and presence of a lifesupporting implanted electronic device. All scaphoid fractures were diagnosed
by a combination of physical examination and radiographic imaging (conventional scaphoid series and CT scan) at the time of trauma. All included fractures
were classiﬁed according to a CT-based modiﬁed Herbert classiﬁcation.17 All
fractures were treated conservatively with immobilization in a below elbow cast
with the ﬁrst metacarpal and proximal phalanx immobilized. Electromagnetic
stimulation was administered continuously for 24 hours a day using a PEMF
bone growth stimulator incorporated into the cast (Orthopulse III® PEMF bone
growth stimulator, Ossatec®, Uden, The Netherlands). The signal characteristics
of the PEMF device used in our study were: pulse amplitude 50mV, pulse width
5μs, burst width 5 ms, burst refractory period 62 ms, repetition rate 15 Hz. Half
of the PEMF-devices were randomly disabled in the factory. Identical devices
and the same follow-up protocol were used for both control and PEMF cases.
Neither the investigators nor the patients were aware of the device’s functionality.
The PEMF device was removed six weeks after the start of treatment. The patients
underwent clinical and radiological examination (including multiplanar recon-
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structed CT scans) at 6, 9, 12, 24 and 52 weeks after the start of treatment.
In patients with complete clinical and radiological union, the cast was removed
at six, 9 or 12 weeks, depending on the time of union.
We hypothesized that PEMF would reduce the time to union by up to 30% with
subsequent shortening of time off work.13 Based on this information we conducted
a power analysis with a two-sided signiﬁcance level (alpha, type I error) of 0.05
and an assumed power (1-beta) of 0.8. This resulted in a total study group of 100
patients, with a sample size of 50 patients per group.18
Functional and quality of life outcomes
All patients were required to ﬁll in three questionnaires at baseline, 6, 9, 12, 24
and 52 weeks after the scaphoid fracture was diagnosed. The Patient Rated Wrist/
Hand Evaluation (PRWHE) was used to assess the level of fracture related functional deﬁcit and pain level from the patient’s perspective. The PRWHE is a
15-item questionnaire that allows patients to rate the level of wrist pain and
disability in activities of daily living via a 10-point categorical scale from
0 (no pain/difﬁculty) to 10 (worst pain ever/unable to do).19 The EuroQol-5-D
questionnaire was used for quality of life assessment through measurement of
the following six dimensions: mobility, self-care, usual activities, pain/discomfort, anxiety/depression and the visual analogue scale (VAS).20
Costs
Costs were collected from the ﬁrst outpatient visit until 12 months follow up and
included all costs in- and outside health care. Cost analysis within health care
included costs of the intervention (i.e. device, application and removal of a
plaster cast), wrist/scaphoid X-rays, wrist/scaphoid CT-scans, emergency visits
and outpatient clinic visits. Real resource use was collected from hospital information systems of the different hospitals. The costs per unit were derived from
the ﬁnancial department of our hospital and the Dutch guidelines for costcalculations in health care.21 Diagnostic tests (conventional radiographs and
CT-scans) and outpatient clinic visits are more costly in university hospitals;
therefore university and general hospital prices were used separately.
Costs concerning outside health care included productivity costs, as measured
by the number of working days lost determined at baseline and 12, 24 and
52 weeks after inclusion, by the PRODISQ-questionnaire (PROductivity and
DISease Questionnaire).22 The costs of productivity loss were calculated by
means of the friction cost method, based on the average standardized wages
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per hour.21 The basic idea of the friction cost method is that the amount of production lost due to disease depends on the time-span organizations need to
restore the production at the initial production level.23
No discounting was applied, since all data with regard to the costs and effectiveness were collected within one year. All costs are indexed to 2011. Table 1 provides an overview of the costs per unit.

Table 1. COSTS PER UNIT21

Unit
PEMF device
Application of a cast
Removal of a cast
Wrist / scaphoid conventional radiographs
Wrist / scaphoid CT scan
Emergency department visit
Outpatient clinic visit
* Costs are indexed to 2011 and given in Euro

Cost price in
academic hospital*
665.90
31.25
8.71
39.97
126.29
154.45
70.06

Cost price in
general hospital*
665.90
31.25
8.71
24.46
80.59
154.45
65.46

Economic evaluation
The economic evaluation was performed from a societal perspective and includes a cost-utility analysis. The incremental costs per QALY (quality-adjusted
life year), usually interpreted as the additional costs of PEMF to gain one additional QALY compared to standard care, were calculated. A QALY is calculated by
multiplying the utility of being in a certain health state by the time a patient
experiences that health state. Utility scores were derived from the EuroQol-5D
and converted to utility scores by the UK Dolan algorithm.24
Statistical methods
Statistical analysis was performed using proprietary statistical software with
advanced statistics add-on modules (SPSS statistical package version 20.0; SPSS
inc, 233 S Wacker Drive, Chicago, 60606 Illinois, United States). A statistician
blinded from treatment allocation was recruited for analysis of the clinical data.
P-values < 0.05 were considered to indicate statistical signiﬁcance. In case of
normal distribution an independent student’s t-test was performed, to compare
means between the intervention and control group. The non-parametric Mann-
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Whitney U-test was used in case of ordinal variables and in cases where normality could not be assumed.
In case of missing values, a multiple imputation model was used to analyze and
complete the dataset. Missing values were below 30% for all variables. Multiple
imputations for missing values concerning the questionnaires were performed
using all baseline characteristics (age, sex, type of fracture, hand dominance and
comorbidity) and existing variables of the EuroQol-5D and PRWHE. For each
missing value, 5 imputations according to the Bayesian probability rules were
performed. In addition, multiple imputations were performed for missing data
on the productivity loss, again using all baseline characteristics as stated above.
Since cost data generally have a highly skewed distribution, we performed a
non-parametric bootstrap analysis (1000 replications) to estimate uncertainty
intervals around the difference in mean costs and to quantify the uncertainty
surrounding the incremental cost-effectiveness ratio (ICER).25,26 The bootstrap
analysis was performed in Microsoft Excel. Results of the bootstrap analysis
regarding the effectiveness and costs were presented in a cost-effectiveness
plane and an acceptability curve. The cost-effectiveness plane is a graphical
presentation of four quadrants in which the additional costs and QALY’s of a
new therapy (active PEMF) are compared to standard care. The cost-effectiveness acceptability curve shows the probability of PEMF being more cost-effective compared to standard care. All patients were analyzed according to the
intention-to-treat principle.

RESULTS
Patients
A total of 117 patients were eligible for inclusion; 12 patients withdrew, for two
patients a primary indication for operation was set and one patient was not
mentally ﬁt enough to participate in the study. Therefore, 102 patients with
clinical and radiographic diagnosis of a scaphoid fracture were included in the
study and randomly allocated to either active PEMF treatment (n = 51) or placebo
treatment (n = 51) (Figure 1). The two groups were similar concerning baseline
characteristics (Table 2).
Clinical effect
Results from our recently published clinical study showed no overall positive
effect of adding PEMF to the conservative treatment of acute scaphoid fractures.15 However, the use of PEMF in A2 type scaphoid fractures revealed a signi-
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Enrollment

Assessed for eligibility (n = 117)

Excluded (n = 15)
• Not meeting inclusion criteria (n = 2)
• Declined to participate (n = 12)
• Other reasons (n = 1)

Randomized (n = 102)

Allocation
Allocated to group A (active) (n = 51)
• Received allocated intervention (n = 51)
• Did not receive allocated intervention (n = 0)

Allocated to group B (placebo) (n = 51)
• Received allocated intervention (n = 51)
• Didi not receive allocated intervention (n = 0)

Follow-up
Lost to follow-up (n = 4)

Lost to follow-up (n = 7)

Discontinued intervention (n = 0)

Discontinued intervention (n = 0)

Analysis
Analysed (n = 51)
• Excluded from analysis (n = 0)

Analysed (n = 51)
• Excluded from analysis (n = 0)

Figure 1. CONSORT ﬂow diagram.

ﬁcantly shorter time to union.15 Therefore, PEMF might accelerate union in a
well-deﬁned subgroup of stable, undisplaced scaphoid waist fractures.
For the PRWHE no signiﬁcant differences were found between the active PEMF
group and the control group at any of the time points (Table 3). Concerning
Self-Care and Anxiety/Depression, both variables of the EuroQol-5D, we found
a signiﬁcant difference at respectively baseline and 24 weeks. For the other variables of the EuroQol-5D there were no signiﬁcant differences at any of the time
points (Table 4).
Costs
The mean total health care costs per patient were € 875 in the placebo group and
€ 1594 in the active PEMF group (Table 5). This difference in costs was statistically
signiﬁcant (€ 719, 95% CI € 652 to € 772) (Table 6) and could be attributed entirely
to the use of the PEMF device.
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Table 2. BASELINE CHARACTERISTICS OF THE PATIENTS

Variable
Number
Age – year*
Days between fracture and start of treatment*
Male (n, %)
Fracture in dominant hand (n,%)
Anatomical snuff box tenderness (n, %)
Pain with longitudinal compression (n, %)
Fracture type17 (n, %)
Tubercle (A1)
Transverse waist, undisplaced (A2)
Oblique (B1)
Transverse waist with distraction (B2)
Comorbidities (n, %)
None
Osteoporosis
Corticosteroids
Multiple
Smoking (n, %)
* Variables are denoted as mean (range)
No significant differences were seen between groups

Group A
(active PEMF)
51
35 (18-70)
4.25 (0-5)
40 (78)
28 (55)
46 (90)
39 (77)

Group B
(placebo)
51
34 (18-77)
3.69 (0-5)
38 (75)
29 (57)
49 (96)
45 (88)

9
19
15
8

(18)
(37)
(29)
(16)

9 (18)
20 (39)
18 (35)
4 (8)

34
0
0
1
16

(67)
(0)
(0)
(2)
(31)

38 (75)
0 (0)
1 (2)
1 (2)
11 (22)

Concerning productivity loss the average total number of working days lost was
lower in the active PEMF group (9.82 days) compared to the placebo group
(12.91 days). However, this difference was not statistically signiﬁcant (p = 0.651).
When including costs due to productivity loss in the cost-analysis, mean total
costs for the active PEMF group are higher (€ 2827) compared to mean total costs
for the standard treatment (€ 2253), although this difference is not statistically
signiﬁcant (difference = € 574, 95% CI = € –423 to € 1438) (Table 6).
When excluding patients from the analysis that were student or unemployed
(17 in the active PEMF group and 12 in the placebo group, p = 0.27), mean total
costs for the active PEMF group are still higher (€ 3305) compared to mean total
costs for the standard treatment (€ 2634) (difference = € 670, 95% CI = € –405 to
€ 1732) (Table 7).
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Table 3. ASSESSMENT OF FUNCTIONAL OUTCOME ACCORDING TO THE PATIENT-RATED
HAND/WRIST EVALUATION (PRWHE)

Variable
Group A (active)
Group B (placebo)
p-value
Pain Subscale* (mean, [95% CI**])
Baseline
25.7 [21.4; 30.0]
26.8 [22.7; 31.0]
0.708
6 weeks
16.0 [12.4; 19.5]
15.4 [11.3; 19.4]
0.824
9 weeks
14.6 [11.1; 18.0]
15.4 [11.1; 19.6]
0.770
12 weeks
10.7 [7.4; 14.0]
10.2 [6.6; 13.9]
0.851
24 weeks
8.3 [4.9; 11.7]
7.2 [4.3; 10.1]
0.631
52 weeks
4.6 [2.1; 7.1]
3.7 [1.1; 6.3]
0.626
Function Subscale† (mean, [95% CI**])
Baseline
74.3 [67.9; 81.0]
68.1 [59.8; 76.3]
0.235
6 weeks
52.2 [44.3; 60.1]
47.5 [38.4; 56.5]
0.426
9 weeks
29.3 [21.0; 37.6]
34.9 [23.5; 46.3]
0.411
12 weeks
16.6 [9.3; 23.9]
20.8 [12.2; 29.3]
0.456
24 weeks
8.1 [4.0; 12.1]
6.4 2.1; 10.7]
0.569
52 weeks
2.8 [0.8; 4.7]
3.4 [0.5; 6.2]
0.724
Total Score‡ (mean, [95% CI**])
Baseline
62.9 [56.5; 69.3]
60.9 [53.1; 68.7]
0.687
6 weeks
42.1 [35.5; 48.7]
39.1 [31.0; 47.2]
0.565
9 weeks
29.2 [22.1; 36.4]
32.8 [23.4; 42.2]
0.531
12 weeks
19.0 [12.6; 25.4]
20.6 [13.2; 28.0]
0.738
24 weeks
12.3 [7.1; 17.6]
10.4 [5.7; 15.1]
0.586
52 weeks
5.9 [2.7; 9.2]
5.4 [1.5; 9.3]
0.832
* Best possible outcome (no pain) = 0, worst possible outcome = 50
** CI, confidence interval
† Best possible outcome (no functional disability) = 0, worst possible outcome = 100
‡ Best possible outcome (no pain & no functional disability) = 0, worst possible outcome = 100

Cost-effectiveness
The mean QALY was 0.84 for the active PEMF group and 0.85 for the control
group, resulting in a non-signiﬁcant difference of 0.01 (95% CI = –0.01;0.04)
(Table 8). The cost-effectiveness plane (Figure 2) shows that the majority of all
cost-effectiveness ratios (85%) fall into the north-western quadrant where PEMF
is less effective in terms of QALY’s and more costly.
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Table 4. ASSESSMENT OF FUNCTIONAL OUTCOME ACCORDING TO THE EUROQOL-5D

Variable
Mobility* (mean rank**)
Baseline
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks
Self-Care* (mean rank**)
Baseline
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks
Usual activities* (mean rank**)
Baseline
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks
Pain/discomfort* (mean rank**)
Baseline
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks
Anxiety/depression* (mean rank**)
Baseline
6 weeks
9 weeks
12 weeks
24 weeks
52 weeks

Group A (active)

Group B (placebo)

p-value

49.35
43.28
39.19
38.00
37.54
36.34

43.52
39.54
38.76
37.00
36.54
34.50

0.052
0.115
0.848
0.646
0.597
0.191

51.34
44.51
37.24
37.42
37.00
35.29

41.44
37.22
41.22
37.58
37.00
35.00

0.039
0.111
0.340
0.960
1.00
0.359

48.6
42.3
38.9
35.9
38.4
37.0

44.3
40.6
39.2
39.1
35.5
33.7

0.373
0.704
0.945
0.441
0.309
0.215

49.3
44.3
39.1
39.4
40.7
37.3

43.6
38.4
37.8
35.7
33.2
33.4

0.250
0.195
0.769
0.379
0.051
0.234

47.8
40.9
37.8
35.5
35.0
34.4

45.1
42.2
40.5
39.5
39.1
36.8

0.339
0.625
0.251
0.091
0.038
0.229
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Table 4 continued. ASSESSMENT OF FUNCTIONAL OUTCOME ACCORDING TO
THE EUROQOL-5D

Variable
Group A (active)
Group B (placebo)
p-value
VAS-score† (mean, [95% CI‡])
Baseline
72.5 [65.9; 79.0]
78.7 [73.9; 83.4]
0.126
6 weeks
78.0 [73.8; 82.3]
82.6 [78.4; 86.8]
0.127
9 weeks
82.2 [78.3; 86.1]
82.2 [77.2; 87.3]
0.987
12 weeks
84.8 [80.7; 89.0]
82.9 [77.6; 88.3]
0.576
24 weeks
88.1 [83.9; 92.2]
88.7 [85.0; 92.4]
0.818
52 weeks
87.9 [84.1; 91.8]
90.8 [87.0; 94.7]
0.282
* Mann Whitney U test; p < 0.05
** Scores are presented as mean rank. The higher the score, the more problems experienced with
activities of daily living
†
All variables are denoted as a score between 0-100, with 100 being the best possible outcome
‡
CI, confidence interval

Table 5. RESOURCE USE AND COSTS PER TREATMENT ARM

Variable

Group A (active PEMF)
Mean
Mean
total use (n)
total costs*
1.0
665.90
2.61
81.50
2.61
22.71
1.0
30.85

Group B (Placebo)
Mean
Mean
total use (n)
total costs*
0
0
2.53
79.04
2.53
22.03
1.0
31.15

PEMF device
Application of a cast
Removal of a cast
Wrist / scaphoid
conventional
radiographs
Wrist / scaphoid
2.95
276.78
2.65
CT scan
2.95
276.78
2.65
Emergency
1.0
154.45
1.0
department visit
Outpatient clinic visit
5.12
345.46
4.69
Total health care
costs**
€ 1594
* Costs are indexed to 2011 and denoted in Euro
** Total health care costs do not exactly add up due to the bootstrap analysis
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Table 6. TOTAL COSTS PER TREATMENT ARM

Variable

Group A (active PEMF)
mean
€ 1594
€ 1226
€ 2827

Group B (Placebo)
mean total
€ 875
€ 1423
€ 2253

Total health care costs*
Costs of productivity los
Total societal costs***
* Costs are denoted in Euro
** CI, confidence interval
*** Numbers do not exactly add up due to the bootstrap analysis

Difference in costs
[95% CI]
€ 719 [652; 772]
€ –197 [–1158; 657]
€ 574 [–423; 1438]

Table 7. TOTAL COSTS PER TREATMENT ARM FOR WORKING PATIENTS ONLY

Variable

Group A (active PEMF)
mean
€ 1543
€ 1747
€ 3305

Group B (Placebo)
mean total
€ 840
€ 1798
€ 2634

Total health care costs*
Costs of productivity los
Total societal costs***
* Costs are denoted in Euro
** CI, confidence interval
*** Numbers do not exactly add up due to the bootstrap analysis

Difference in costs
[95% CI]
€ 703 [637; 755]
€ –51 [–1119; 975]
€ 670 [–405; 1732]

Table 8. INCREMENTAL COST-EFFECTIVENESS RATIO OF PEMF VS. STANDARD TREATMENT
FOR ACUTE SCAPHOID FRACTURES

Costs*
QALY
Group A (Active)
€ 2827
0.84
Group B (Placebo)
€ 2253
0.8545
Increment
€ 574
–0.0145
* Costs are denoted in Euro
QALY , quality adjusted life year; ICER, incremental cost-effectiveness ratio

ICER

inferior
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When only considering patients with a paid job, the difference in QALY’s was in
favor of the PEMF group (non-signiﬁcant difference: 0.01: 95% CI = –0.04;0.02)
which results in an incremental cost-effectiveness ratio of € 113559 per QALY
gained which is unlikely to be considered cost-effective (Table 9). In addition,
the cost-effectiveness plane shows that although 64% of the cost-effectiveness
pairs are located in the north-eastern quadrant where active PEMF treatment
leads to more effect against more costs, 29% is situated in the quadrant where
PEMF is less effective and more costly (Figure 3) The acceptability curve (Figure 4)
shows that even for a threshold up to € 70000, there is only a 40% probability
that PEMF is more cost-effective compared to standard care.

DISCUSSION
Data about the amount of working days lost due to scaphoid fractures is limited.
The most detailed source is a previously published prospective study that
assessed, among other things, time off work due to carpal injuries in the Netherlands in the period from 1990 to 1993.2 In this study the mean total time off
work for conservatively treated fractures of the scaphoid was 144 days with a
range of 12 to 1353 days. In our trial the mean total number of working days lost
was remarkably lower, 9.82 working days in the active PEMF group compared
to 12.91 working days lost in the control group with a range of 0 to 190 days.
In the study by van der Molen et al.2 the majority of the included patients (94%)
performed manual work whereby they needed both hands for their job. Only 2%
of the study population was able to resume their previous job with an immobilized
wrist. All 533 patients were off work for at least one day. In contrast, in our study
55% of the included patients performed manual work and 49% of the responders
with a paid job resumed their jobs immediately with an immobilized wrist and
therefore had no working days lost. This suggests that the most important factor
inﬂuencing time off work among patients with immobilized wrists due to carpal
injuries is the patient’s occupation. In accordance with other authors, we concluded that non-manual workers had less time off work than manual workers.27
The average total number of working days lost was lower in the active PEMF
group compared to the placebo group, although not statistically signiﬁcant.
However, we could only retrieve information concerning the number of working
days lost in 73% of the study population. In total, 49 out of 74 patients had no
working days lost; 26 out of 39 patients in the active group compared to 23 out
of 35 patients in the control group. Since 49% of the responders with a paid job
was able to return to their previous job immediately, and only 11% was off work
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Table 9. INCREMENTAL COST-EFFECTIVENESS RATIO OF PEMF VS. STANDARD TREATMENT
FOR ACUTE SCAPHOID FRACTURES FOR WORKING PATIENTS ONLY

Costs*
QALY
Group A (Active)
€ 3305
0.8474
Group B (Placebo)
€ 2634
0.8415
Increment
€ 670
0.0059
* Costs are denoted in Euro
QALY , quality adjusted life year; ICER, incremental cost-effectiveness ratio

ICER

113559
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Figure 2. Cost-effectiveness plane for the incremental costs per QALY (based on EuroQol-5D).
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Figure 3. Cost-effectiveness plane for the incremental costs per QALY (based on EuroQol-5D) for
working patients only.
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Figure 4. Cost-effectiveness acceptability curve (based on EuroQol-5D) for working patients only.

for more than one month, the costs due to productivity loss were less than we
originally expected on basis of previously best available evidence from van der
Molen et al.2 Moreover, this study was based on data from 1991 to 1993. Properties and demands regarding manual work have changed over this period of
almost 20 years.
A number of patients were student or unemployed and therefore not generating
a loss in working days in the context of a paid job. Although the difference in
unemployed patients between groups was not statistically different (p = 0.27),
we also calculated costs due to productivity loss and total costs among working
patients only. Obviously, the number of working days lost was higher amongst
working patients (15.32 days in the PEMF group vs. 18.83 days in the placebo
group, p = 0.73) resulting in higher costs due to loss of productivity. However,
mean total costs were still higher in the PEMF group. Combining the costs and
effects for the subgroup of working patients resulted in an incremental cost-effectiveness ratio of € 113559 per QALY gained which is unlikely to be considered
cost-effective given the commonly applied Dutch threshold value of € 40000.28
Our research group performed the ﬁrst CT-scan evaluated, double-blind, randomized, placebo-controlled trial to investigate the effect of PEMF bone growth
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stimulation on the time to union, functional outcome and cost-effectiveness of
acute fractures of the scaphoid. We found no conclusive evidence supporting the
implementation of PEMF stimulation to the conservative treatment regime.15,29
As reported in our recently published study concerning the clinical section of
the study, the addition of PEMF stimulation to the conservative treatment of
acute scaphoid fractures might accelerate union in a well-deﬁned subgroup of
stable undisplaced scaphoid waist fractures.15 However, it does not improve
overall functional and radiological outcomes of conservatively treated scaphoid
fractures.
These results are not consistent with the results of former acute fracture studies
on the use of electrical bone growth stimulation. Heckman et al. reported in
a randomized controlled trial concerning addition of LIPUS to the treatment
protocol of acute diaphyseal tibia fractures, a signiﬁcant decrease in time to
union (p = 0.0001) and substantial cost-savings.12 Kristiansen et al. compared
LIPUS with standard care in non-operatively treated extra-articular distal radius
fractures. The time to union was accelerated by 37 days (p < 0.0001) and LIPUS
treatment was associated with a signiﬁcantly smaller loss of reduction (p < 0.01).14
Mayr et al. reported on acute nondisplaced scaphoid fractures (Herbert B1 and
B2) treated with LIPUS. Results showed a signiﬁcant acceleration of the fracture-healing process by 17 days (p < 0.01). Furthermore, there was signiﬁcantly
more trabecular bridging after six weeks in the LIPUS group (81,2%) compared
to the placebo group (54,6%).13
A possible explanation for the difference in clinical outcome compared to previous literature and a limitation of our study may be the large heterogeneity of our
study group, since we included different types of scaphoid fractures (Herbert types
A1, A2, B1 and B2). Post-hoc log-rank analysis of all data from our recently
published clinical study revealed a signiﬁcantly shorter time to union in the active
PEMF group for undisplaced transverse scaphoid waist fractures (Herbert type A2
fractures).15,16 PEMF bone growth stimulation seems to have an accelerating effect
on union in stable scaphoid waist fractures. Since unstable fractures are more
likely to progress to nonunion, we think that stability of the fracture pattern may
play a crucial role in predicting the effect of PEMF bone growth stimulation in
scaphoid waist fractures. Therefore, electrical bone growth stimulation might be
only effective in a well-deﬁned subgroup of stable scaphoid fractures. Future
studies should focus on this subgroup of scaphoid fractures to evaluate whether
the use of PEMF is clinically effective and therefore justiﬁed among patients with
this type of fracture. This seems particularly relevant since recent research has
shown that the majority of scaphoid waist fractures are undisplaced.30
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Concerning the functional outcome as measured by the PRWHE questionnaire
and general health related quality of life, as measured by the EuroQol-5D, we
found no signiﬁcant differences between the active PEMF group and the control
group. Our cost-effectiveness analysis shows that PEMF stimulation signiﬁcantly
increases treatment costs against no signiﬁcant improvement of general health
related quality of life.
In conclusion, evidence from our clinical trial has not demonstrated sufﬁcient
advantage to warrant routine use of PEMF, although PEMF might accelerate
union in a well-deﬁned subgroup of stable, undisplaced scaphoid waist fractures. From a societal perspective, we conclude that the desired effects in terms
of cost-effectiveness are not met. When comparing the effects of PEMF to placebo expressed in QALY’s, PEMF cannot be considered a cost-effective treatment
for acute fractures of the scaphoid bone in general.
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ABSTRACT
The aim of this systematic review and meta-analysis was to evaluate the best
currently available evidence from randomized controlled trials comparing pulsed
electromagnetic ﬁelds (PEMF) or low intensity pulsed ultrasound (LIPUS) bone
growth stimulation with placebo for acute fractures.
We performed a systematic literature search of the medical literature from 1980
to 2013 for randomized clinical trials concerning acute fractures in adults treated
with PEMF or LIPUS. Two reviewers independently determined the strength of
the included studies by assessing the risk of bias according to the criteria in the
Cochrane Handbook for Systematic Reviews of Interventions.
Seven hundred and thirty-seven patients from 13 trials were included. Pooled
results from 13 trials reporting proportion of nonunion showed no signiﬁcant
difference between PEMF or LIPUS and control. With regard to time to radiological union, we found heterogeneous results that signiﬁcantly favored PEMF or
LIPUS bone growth stimulation only in non-operatively treated fractures or fractures of the upper limb. Furthermore, we found signiﬁcant results that suggest
that the use of PEMF or LIPUS in acute diaphyseal fractures may accelerate the
time to clinical union.
Current evidence from randomized trials is insufﬁcient to conclude a beneﬁt of
PEMF or LIPUS bone growth stimulation in reducing the incidence of nonunions
when used for treatment in acute fractures. However, our systematic review and
meta-analysis suggest that PEMF or LIPUS can be beneﬁcial in the treatment
of acute fractures regarding time to radiological and clinical union. PEMF and
LIPUS signiﬁcantly shorten time to radiological union for acute fractures undergoing non-operative treatment and acute fractures of the upper limb. Furthermore, PEMF or LIPUS bone growth stimulation accelerates the time to clinical
union for acute diaphyseal fractures.
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INTRODUCTION
Although many patient-related and surgeon-related factors can inﬂuence time to
resumption of activities after an upper or lower extremity fracture, prolonged
healing time may have severe socio-economic consequences, especially in the
working age population1,2
The two most common forms of electrophysical bone growth stimulation, pulsed
electromagnetic ﬁelds (PEMF) and low intensity pulsed ultrasound (LIPUS) bone
growth stimulation, have been proposed to accelerate bone healing and reduce
the incidence of disabling complications such as delayed union or nonunion
and therefore lowering ﬁnancial costs by minimizing time off work and reducing
the time of immobility.3,4
Since 1990 several trials have been conducted to test whether LIPUS and PEMF
can be used to promote healing in acute fractures.3,4 Clinical outcomes however
were mixed.3,4 We therefore conducted this systematic review and performed
meta-analyses when sufﬁcient dichotomous or continuous data were available
to evaluate the best currently available evidence from randomized controlled
trials comparing PEMF or LIPUS bone growth stimulation with placebo for healing of acute fractures.

MATERIALS AND METHODS
This systematic review and meta-analysis is reported following the guidelines of
the PRISMA statement.5
Study selection criteria
Types of studies, participants and interventions included
All clinical trials with a random allocation of participants over at least one treatment group and one control group, concerning acute fractures in adult patients
treated with PEMF or LIPUS bone growth stimulation were considered in the
present review. Trials including children, patients with congenital deformities
and degenerative conditions and trials that focused on the treatment of delayed
union (four weeks to six months after a fracture) or nonunion (more than six
months after a fracture) were excluded from the analysis.
Types of outcome measures
The primary outcome measure of this review was time to complete radiological
fracture healing (union), which had to be clearly deﬁned. The secondary out-
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come measures of this review were time to full clinical healing, based on validated
function scoring systems or derivates of this (e.g. time until full resumption of
work or time until full weight bearing in lower extremity fractures) and number
of nonunions. Nonunion was deﬁned as failure of the fracture to unite at more
than six months after injury.
Search methods for identiﬁcation of studies
We performed a systematic search of three major databases; EMBASE (OvidSP
1980 through October 30 2013), MEDLINE (PubMed 1966 through October 30
2013) and the Cochrane Central Register of Controlled Trials (CENTRAL) (The
Cochrane Library issue 9 of 12 September 2013). Search terms were “pulsed
electromagnetic ﬁelds”, “PEMF”, “low-intensity pulsed ultrasound”, “LIPUS” and
“fracture”. No language restrictions were applied. Additionally, we screened the
reference lists of all selected articles from the database search and additional
relevant reviews and meta-analyses in order to ﬁnd suitable studies for this
review. Researchers in the ﬁeld were contacted to inquire about any additional
unpublished trials or trials in progress.
Data collection and analysis
Selection of studies
Full-text analysis of all eligible articles was performed by two reviewers separately
in order to independently assess whether all inclusion criteria were met. Disagreement between the reviewers was resolved by means of discussion. If necessary,
a third reviewer with a degree in study methodology and clinical epidemiology
was consulted for arbitration if no consensus could be reached.
Strength of the evidence
Two reviewers independently assessed the risk of bias in the included studies
according to the methods in the Cochrane Handbook for Systematic Reviews of
Interventions.6 The following components of the risk of bias tool were assessed:
sequence generation (selection bias), allocation concealment (selection bias),
blinding (performance bias), incomplete outcome data (attrition bias), selective
outcome reporting (reporting bias) and other biases (including description of the
study protocol with sample size calculation, source of funding and other problems
not covered elsewhere in the table). All items were judged as having a low, unclear or high risk of bias. We used Cohen’s Kappa to estimate agreement between the two reviewers concerning assessment of risk of bias. We interpreted
kappa values using the Landis and Koch criteria: values of 0.01-0.20 indicate
slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement,
0.61-0.80 substantial agreement and >0.80 indicates almost perfect agreement.7
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Finally, any disagreement between the two reviewers was resolved through discussion.
Data collection
Two reviewers independently extracted data from all eligible studies. Disagreement was resolved as mentioned above. For dichotomous outcomes, events from
totals were extracted. For continuous outcomes, means and standard deviations
were calculated. If means and conﬁdence intervals (CI’s) were reported instead,
standard deviations were calculated from these values. Incomplete data (e.g.
means without standard deviations) were excluded from analysis, after contacting the authors for eventually previously unreported data.
Data pooling and analysis
A statistical meta-analysis was performed with Review Manager 5.2. (The Cochrane
Collaboration, 2012, Copenhagen, Denmark).
For both treatment arms in all studies, mean differences and 95% conﬁdence
intervals (CI) were calculated for comparable continuous outcomes using a
random effects model. For our primary outcome measure, time to complete
radiological fracture healing and our secondary outcome measure, time until
full clinical healing, values from all studies were expressed in days. For our
dichotomous outcome, number of nonunions, risk ratios (RR’s) and 95% CI’s
using a ﬁxed effects model were calculated. Heterogeneity between studies was
tested using both the r2 test (signiﬁcance deﬁned as p < 0.10) and the I 2 tests
(substantial heterogeneity deﬁned as values > 50%).8
Subgroup-analysis
The included trials are characterized by extensive clinical diversity. Fractures of
the upper limb or metaphyseal fractures may be expected to heal more quickly
than lower limb fractures or diaphyseal fractures. To minimize this heterogeneity,
the following post hoc subgroup-analyses were performed: type of treatment
(operatively or non-operatively treated fractures); the site of fractures (upper or
lower limb); the type of fractures (metaphyseal or diaphyseal fractures).

RESULTS
Literature search
The search resulted in 655 potentially eligible studies (LIPUS 508, PEMF 147).
After screening the titles and abstracts to see whether the inclusion criteria were
met, 37 studies remained (LIPUS 29, PEMF 8). Removal of all duplicate articles
resulted in 16 studies (LIPUS 13, PEMF 3), which were identiﬁed for full text
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Eligibility

Screening

Identification

assessment of eligibility. After excluding one trial that applied high intensity ultrasound, one study that used the dataset from an already included study and one
retrospective cohort study, 737 patients from thirteen trials were included9-21
(Figure 1). 355 Participants were treated with LIPUS (n = 209) or PEMF (n = 146)
bone growth stimulation, 382 participants were treated with a placebo device.

Records identified through
database searching
(n = 652 L:505 P:147)

Additional records identified
through other sources
(n = 3 L:3 P:0)

Records screened
(N = 655 L:508 P:147)

Records excluded
(n = 618 L:479 P:139)

Full-text articles assessed
for eligibility
(n = 37 L:29 P:8)

Dulicates removed
(n = 21 L:16 P:5)

Included

Number of studies
included after duplicates
removed
(n = 16 L:13 P:3)

Full-text articles excluded (n = 3 L:3 P:0)
– Trials applied high intensity
ultrasound (n = 1)
– Dataset from other study already
included (n = 1)
– Retrospective cohort study (n = 1)

Number of studies
included in review
(n = 13 L:10 P:3)

N = total number of studies, L = Number of studies about LIPUS, P = number of studies about PEMF.
This flowchart is in accordance with the PRISMA statement 2009.

Figure 1. Flow of trials through review

Description of included studies
The study characteristics are summarized in Table 1.
Outcome measure reporting
Reported outcomes of included studies are summarized in Table 2. Eleven of the
thirteen studies evaluated fracture healing, assessed by radiological examination.9-16,19-21 Ten studies assessed fracture healing on standard anterior posterior
(AP) and lateral radiographs.9-11,13-16,19-21 One study used CT scans for assessment
of fracture healing.12 In four studies, union was deﬁned as trabecular bridging of
3 out of 4 cortices.9,11,13,20 In two studies, union was deﬁned as bridging of 4 out
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Table 1. CHARACTERISTICS OF INCLUDED RANDOMIZED CONTROLLED TRIALS
Author

Year

(references)

Inter-

Fracture

vention location

Total

Active Placebo Operatively Follow up Follow up

number of treat- treat-

treated

patients

fractures

ment

ment

(months) completed
(%)

(n)

(n)

(n)

Adie 20

2011 PEMF

tibia

259

129

130

yes

12

84

Emami 11

1999 LIPUS

tibia

32

15

17

yes

12

100

Faldini 19

2010 PEMF

femoral neck

77

37

40

yes

24

84

16

2005 LIPUS

lat malleolus

30

15

15

yes

3

100

Handolin 15

2005 LIPUS

lat malleolus

22

11

11

yes

3

100

Handolin 14

2005 LIPUS

lat malleolus

16

8

8

yes

18

100

Hannemann 21 2012 PEMF

scaphoid

53

24

29

no

12

77

Heckman

87

Handolin

tibia

97

48

49

no

12

Kristiansen 10 1997 LIPUS

radius

85

40

45

no

4

72

Leung 13

2004 LIPUS

tibia

30

16

14

yes

12

100

Lubbert 17

2008 LIPUS

clavicle

120

61

59

no

2

84

Mayr

2000 LIPUS

scaphoid

30

15

15

no

3

100

2004 LIPUS

tibia

26

14

12

yes

12

Rue 18

9

1994 LIPUS

unclear

100

of 4 cortices.10,21 The study using CT for assessment of fracture healing deﬁned
union as trabecular bridging of more than 50% of the surface of the fracture
and healing of 1 cortex.12 Three studies investigating lateral malleolar fractures
deﬁned union as fading of the fracture line on AP and lateral radiographs.14-16
In one study investigating femoral neck fractures, union was deﬁned as trabecular bridging of 70% of the fracture surface.19 Primary outcome parameter time to
complete radiological union could be established in eight studies.9-13,15,16,21
Two studies evaluated the number of necessary surgical revisions to establish
fracture union after initial non-operative17 or operative20 fracture treatment.
Six studies evaluated time to clinical fracture healing.9,11,13,17,18,21 Healing in these
studies was deﬁned as presence of a stable fracture with no pain on manual
stress or full weight bearing. Three of the thirteen studies evaluated functional
outcome.14,20,21 One study evaluated health status20 and two evaluated pain.17,19
Resumption of previous activities was outcome parameter of one study.17
Two studies evaluated related adverse events11,17 and three studies evaluated
bone mineral density measured with dual-energy X-ray absorptiometry (DEXA)
scan.13,14,16 One study evaluated plasma bone-speciﬁc alkaline phosphatase.13
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Table 2. REPORTED OUTCOMES OF SELECTED STUDIES

Outcome
1 2 3
Number of surgical revisions*
x
Radiographic fracture healing#
x x x
Clinical fracture healing
x
Functional outcome
x
Health status
x
VAS scores
x
Painkiller use
Resumption of previous activities
Adverse events
x
Bone mineral density$
Plasma BALP%
1. Adie et al.20
8. Heckman et al.9
11
2. Emami et al.
9. Kristiansen et al.10
3. Faldini et al.19
10. Leung et al.13
16
4. Handolin et al.
11. Lubbert et al.17
15
5. Handolin et al.
12. Mayr et al.12
14
6. Handolin et al.
13. Rue et al.18
7. Hannemann et al.21

4

5

6

7

8

9

x

x

x

x
x
x

x
x

x

x

10 11 12 13
x
x
x
x x
x

x
x
x
x
x

x

x
x

refers to procedures to promote union
determined with plain X-ray or (Multidetector) CT scan
$
measured with dual-energy X-ray absorptiometry (DEXA) scan
%
bone-specific alkaline phosphatase

*

#

Risk of bias and methodological quality in included studies
The risk of bias assessment is summarized in Figure 2.
Inter-rater agreement for risk of bias assessments
The overall inter-rater agreement was high (0.803). The agreement was substantial
for the domains allocation of concealment (0.713), blinding of outcome assessment (0.714) and incomplete outcome data (0.717). For the domains random
sequence generation (0.855) and other bias (0.877), the agreement was almost
perfect. There was no disagreement for selective reporting. Only the agreement
for blinding of participants and personnel was moderate (0.469) (Table 3).
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Selective reporting (reporting bias)

Incomplete outcome data (attrition bias)

Blinding of outcome assessment (detection bias)

Blinding of participants and personnel
(performance bias)

Allocation concealment (selection bias)

Random sequence generation (selection bias)
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Adie et al.
Emami et al.
Faldini et al.
Handolin et al.
Handolin et al. (2)
Handolin et al. (3)
Hannemann et al.
Heckman et al.
Kristiansen et al.

Low risk of bias

Leung et al.
Lubbert et al.

High risk of bias

Mayr et al.
Rue et al.

Unclear risk of bias

Figure 2. Risk of bias summary: review authors’ judgments about each risk of bias item for each
included study.
Table 3. INTER-RATER AGREEMENT FOR RISK OF BIAS ASSESSMENTS

Assessment
Overall risk of bias
Random sequence
Allocation of concealment
Blinding participants
Blinding outcome
Incomplete outcome data
Selective reporting
Other bias

g
0.803
0.855
0.713
0.469
0.714
0.717
0.99
0.877

p
P < 0.001
p = 0.001
p = 0,005
p = 0,485
p = 0,118
p = 0,004
p < 0,001

Interpretation
Almost perfect agreement
Almost perfect agreement
Substantial agreement
Moderate agreement
Substantial agreement
Substantial agreement
Perfect agreement
Almost perfect agreement
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Primary outcome
Time to radiological union
Eight studies compared PEMF or LIPUS with regard to time to radiological
union.9-13,15,16,21 The data were pooled with substantial heterogeneity between treatment groups (I 2 = 98%). There were no signiﬁcant differences in time to radiological
union between PEMF or LIPUS and placebo. (mean difference (MD) = –13.32, 95%
CI = –32.71 to 6.06, p = 0.18) (Figure 3a) Four studies comparing PEMF or LIPUS
to placebo with regard to time to radiological union included only non-operatively
treated fractures.9,10,12,21 After pooling the data, we found heterogeneous results that
signiﬁcantly favored PEMF or LIPUS treatment in non-operatively treated fractures.
(MD = –26.65, 95% CI = –50.38 to –2.91, p = 0.03, I 2 = 98%) (Figure 3b).

Figure 3a. Time until radiological union (PEMF/LIPUS vs. placebo).

Figure 3b. Time until radiological union non-operatively treated fractures (PEMF/LIPUS vs. placebo).

Time to radiological union upper and lower limb
Three studies compared PEMF or LIPUS with placebo in fractures of the upper limb with regard to time to radiological union.10,12,21 Heterogeneous results
(I 2 = 69%) showed a signiﬁcant difference in time to radiological union in favor
of PEMF or LIPUS compared to placebo (MD = –20.23, 95% CI –32.68 to –7.77,
p = 0.001) (Figure 4a).
Five studies compared LIPUS and placebo in fractures of the lower limb with
regard to time to radiological union.9,11,13,15,16 The heterogeneous result (I 2 = 99%)
did not signiﬁcantly differ between LIPUS or placebo. (MD = –14.49, 95% CI
–55.96 to 26.97, p = 0.49) (Figure 4b).
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Figure 4a. Time until radiological union upper limb (PEMF/LIPUS vs. placebo).

Figure 4b. Time until radiological union lower limb (PEMF/LIPUS vs. placebo).

Time to radiological union diaphyseal and metaphyseal fractures
After dividing the studies into two groups, diaphyseal fractures9,11,13 and metaphyseal fractures10,12,15,16,21, we found no signiﬁcant differences in time to radiological union between PEMF or LIPUS and placebo regarding diaphyseal (MD =
–29.43, 95% CI –89.99 to 31.14, p = 0.34, I 2 = 99%) or metaphyseal fractures
(MD = –4.66, 95% CI –22.78 to 13.45, p = 0.61, I 2 = 93%) (Figure 5a, 5b).

Figure 5a. Time until radiological union diaphyseal fractures (PEMF/LIPUS vs. placebo).

Figure 5b. Time until radiological union metaphyseal fractures (PEMF/LIPUS vs. placebo).
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Secondary outcomes
Time to clinical union
Six studies compared PEMF or LIPUS to placebo with regard to time to clinical
union.9,11,13,17,18,21 After pooling the data, no signiﬁcant differences were found
between groups (MD = –13.01, 95% CI = –26.92 to 0.89, p = 0.07, I 2 = 96%)
(Figure 6a). When analyzing non-operatively and operatively treated fractures
separately, we found no signiﬁcant differences in non-operatively treated fractures (MD = –9.65, 95% CI = –33.85 to 14.55, p = 0.43, I 2 = 97%) or in operatively treated fractures (MD = –15.50, 95% CI –39.25 to 8.25, p = 0.20, I 2 = 94%)
(Fig. 6b, 6c).

Figure 6a. Time until clinical union (PEMF/LIPUS vs. placebo).

Figure 6b. Time until clinical union non-operatively treated fractures (PEMF/LIPUS vs. placebo).

Figure 6c. Time until clinical union operatively treated fractures (PEMF/LIPUS vs. placebo).

Time to clinical union upper and lower limb
Two studies compared PEMF or LIPUS with placebo in fractures of the upper
limb with regard to time to clinical union.17,21 No signiﬁcant differences were
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found between the groups (MD = –0.14, 95% CI = –5.61 to 5.34, p = 0.96,
I 2 = 0%). (Fig. 7a) When analyzing four studies comparing PEMF or LIPUS with
placebo in fractures of the lower limb with regard to time to clinical union, heterogeneous results that signiﬁcantly favored PEMF or LIPUS were found (MD = –18.73,
95% CI –36.25 to –1.21, p = 0.04, I 2 = 97%) (Figure 7b).9,11,13,18

Figure 7a. Time until clinical union upper limb (PEMF/LIPUS vs. placebo).

Figure 7b. Time until clinical union lower limb fractures (PEMF/LIPUS vs. placebo).

Time to clinical union diaphyseal and metaphyseal fractures
Four studies compared PEMF or LIPUS with placebo in diaphyseal fractures with
regard to time to clinical union; heterogeneous results that signiﬁcantly favored
PEMF or LIPUS were found (MD = –18.27, 95% CI –34.59 to –1.95, p = 0.03,
I 2 = 97%). (Figure 8a).9,11,13,18 No signiﬁcant differences were found regarding
metaphyseal fractures (MD = 1.31, 95% CI –11.45 to 14.08, p = 0.84, I 2 = 0%)
(Figure 8b).

Figure 8a. Time until clinical union diaphyseal fractures (PEMF/LIPUS vs. placebo).
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Figure 8b. Time until clinical union metaphyseal fractures (PEMF/LIPUS vs. placebo).

Number of nonunions
With regard to the number of nonunions, data from all thirteen studies could be
pooled.9-21 Analysis revealed no signiﬁcant differences between LIPUS or PEMF
(28 events of nonunion in 355 patients) and placebo (35 events of nonunion in
382 patients) with regard to the number of nonunions in each group (Risk Ratio =
0.95, 95% CI = 0.59 to 1.54, p = 0.84, I 2 = 19%) (Figure 9a). When analyzing
non-operatively and operatively treated fractures separately, we found no significant differences in both groups. (non-operatively treated fractures: MD = 1.18,
95% CI = 0.38 to 3.70, p = 0.77, I 2 = 0%; operatively treated fractures: MD = 0.91,
95% CI = 0.53 to 1.54, p = 0.72, I 2 = 51%) (Figure 9b, 9c).

Figure 9a. Number of nonunions at 6 months (PEMF/LIPUS vs. placebo).

Figure 9b. Number of nonunions at 6 months non-operatively treated fractures
PEMF/LIPUS vs. placebo).
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Figure 9c. Number of nonunions at 6 months operatively treated fractures (PEMF/LIPUS vs. placebo).

Number of nonunions upper and lower limb
Data from all thirteen studies could be divided into fractures of the upper
limb10,12,17,21 or lower limb.9,11,13-16,18-20 Comparing PEMF or LIPUS with placebo
with regard to the number of nonunions, no signiﬁcant differences in the upper
limb (Risk Ratio = 1.18, 95% CI = 0.38 to 3.70, p = 0.77, I 2 = 0%) or in the lower
limb (Risk Ratio = 0.91, 95% CI 0.53 to 1.54, p = 0.72, I 2 = 51%) were found.
(Figure 10a, 10b).

Figure 10a. Number of nonunions at 6 months upper limb (PEMF/LIPUS vs. placebo).

Figure 10b. Number of nonunions at 6 months lower limb (PEMF/LIPUS vs. placebo).
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Number of nonunions in diaphyseal and metaphyseal fractures
When subdividing studies comparing PEMF or LIPUS with placebo in acute
diaphyseal fractures9,11,13,17,20 (Risk Ratio = 1.17, 95% CI = 0.70 to 1.95, p = 0.56,
I 2 = 0%) and acute metaphyseal fractures respectively10,12,14-16,19,21 (Risk Ratio =
0.32, 95% CI = 0.07 to 1.43, p = 0.13, I 2 = 13%), no signiﬁcant differences were
found with regard to number of nonunions (Figure 11a, 11b).

Figure 11a. Number of nonunions at 6 months diaphyseal fractures (PEMF/LIPUS vs. placebo).

Figure 11b. Number of nonunions at 6 months metaphyseal fractures (PEMF/LIPUS vs. placebo).

DISCUSSION
Key ﬁndings
This systematic review suggests that current evidence from randomized trials is
insufﬁcient to conclude a beneﬁt of LIPUS or PEMF bone growth stimulation in
reducing the incidence of nonunions when used for treatment in acute fractures.
With regard to time to radiological union, we found heterogeneous but signiﬁcant results that suggest that the use of PEMF or LIPUS in acute fractures may be
beneﬁcial, however only in non-operatively treated fractures. The use of bone
growth stimulation can accelerate the time to radiological union with approximately 27 days. Furthermore, treatment with PEMF or LIPUS may be effective in
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the upper limb, to shorten the time to radiological union with 20 days. Concerning
time to clinical union current evidence suggest that the use of LIPUS can be
beneﬁcial, especially in acute diaphyseal fractures, by reducing the time to clinical
union with approximately 18 days.
Strengths and limitations
The ﬁndings of our study are strengthened by the broad literature search and valid
methodological assessment of all included trials. Furthermore, we contacted
several authors to provide previously unreported data, necessary for pooling of
comparable outcome measurements.13,17,21 Still, some of the included trials had
methodological limitations such as small population samples, per protocol analysis and inadequate concealment of treatment allocation.
Pooled data for outcome parameter time to radiological union showed substantial heterogeneity (I 2 = 97%). We consider the variability in criteria for radiological union to be the main factor for variation in outcome generating substantial
heterogeneity. In four studies, union was deﬁned as trabecular bridging of 3 out
of 4 cortices.9,11,13,20 In two studies, union was deﬁned as bridging of 4 out of
4 cortices.10,21 Three studies deﬁned union as fading of the fracture line on the
radiographs14-16 and in one study union was deﬁned as trabecular bridging of
70% of the fracture surface.19 Therefore, conclusions drawn from this heterogeneous outcome must be interpreted with caution. For outcome parameter
time to clinical union, serious heterogeneity (I 2 = 94%) is also considered to be
caused by variability in criteria for clinical union. The studies investigating lower
extremity fractures mainly used the criterion full weight bearing as indicator for
clinical healing9,11,13,18, while the study by Hannemann et al. investigating upper
extremity fractures used pain at manipulation of the fracture site, range of motion
and grip strength as criteria for determining clinical union.21
Only three trials reported on the effects of PEMF in acute fractures.19-21 This raises
the question of publication bias. One study reported signiﬁcantly faster healing
in the active group treated with PEMF.19 However, because of the low amount of
publications, signiﬁcant heterogeneity according to the outcome parameters
and the lack of detailed description of the electromagnetic intervention in one
study20, the potential effects of PEMF cannot be clariﬁed signiﬁcantly.
Previous research
The interest in applying physical forces for accelerated bone healing dates back
to the 1950s when several animal studies investigated the effect of high-intensity
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ultrasound on callus formation and reported adverse effects.22 After adjustment
of the signal intensity, results from several trials reporting faster callus formation
in fractures caused international interest in the use of low-intensity pulsed ultrasound (LIPUS) as a potential method to accelerate bone healing.23,24
The ﬁrst double-blind study concerning PEMF in tibia delayed unions showed a
signiﬁcantly increased healing rate in the intervention group compared to the
control group.25 Several randomized clinical trials have investigated the effectiveness of LIPUS and PEMF therapy to treat delayed unions and nonunions and
concluded that long-bone healing up to 87% could be achieved when using
LIPUS or PEMF for delayed unions or nonunions.26-28 Since 1990 several trials
have been conducted to test whether LIPUS and PEMF can be used to promote
healing in acute fractures.3,4
Two previous systematic reviews investigating the use of LIPUS or PEMF in acute
fractures were inconclusive about the clinical relevance of LIPUS and PEMF.3,4
A possible explanation may be the limited number of studies included and the
large heterogeneity in outcome measures. Since then a substantial number of
new studies have been published including a systematic review and meta-analysis in 2012.17,19-21,29 The authors of this review selected 23 studies that used
LIPUS on a variety of bone injuries, including fresh fractures, malunions or nonunions in all types of bones. They were able to pool the fresh fractures and concluded that LIPUS stimulates the radiographic bone healing in fresh fractures.
However, they did not consider the type of fracture (metaphyseal or diaphyseal
fractures) or the site of fractures (upper or lower limb) for the meta-analysis.
Therefore, we believe that our review and meta-analysis currently provides the
best available evidence to support clinical decision-making by adding methodological quality, performing a subgroup-analysis and incorporating recently
published data.30
Recommendations for future research
Further studies on the acceleration of fracture healing using PEMF and LIPUS
should take in to account the need for large clinical trials using an intention-to-treat
analysis, proper blinding and adequate concealment of treatment allocation.
Although union is a continuous process of bone reconstruction and there is no
commonly accepted cut-off point for union of fractures, a valid and uniform
measuring method to deﬁne radiological union for various fractures should be
considered in future trials.31,32 This may help in reducing substantial heterogeneity
in outcome parameters as stated above. Since the widespread use of PEMF and
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LIPUS bone growth stimulation in orthopedics has its impact on total healthcare
costs, cost-effectiveness and cost-utility analyses should also be part of future
trials.33

CONCLUSIONS
Based on trials with substantial methodological quality, this study suggests that
bone growth stimulation with PEMF or LIPUS decreases healing time to radiological union for acute fractures undergoing non-operative treatment and fractures of the upper limb. LIPUS bone growth stimulation can be beneﬁcial in the
treatment of acute diaphyseal fractures to accelerate the time to clinical union.
Concerning the overall rate of nonunions in acute fractures, current evidence
from randomized trials has not demonstrated sufﬁcient advantage to warrant
routine use of PEMF or LIPUS.
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GENERAL DISCUSSION

General discussion

This thesis has assessed the addition of pulsed electromagnetic ﬁelds (PEMF)
bone growth stimulation to the conservative treatment of minimally displaced
and undisplaced scaphoid waist fractures. In two separate randomized, doubleblind, placebo-controlled multicenter trials, we tested the hypothesis that the
use of PEMF could signiﬁcantly accelerate time to union and reduce the number
of nonunions. Since delayed healing and prolonged immobilization of scaphoid
fractures may have severe socioeconomic consequences for the mainly young,
working population affected, we also investigated functional outcomes and costeffectiveness in a prospective trial.
Further, we evaluated the reliability and validity of conventional radiographic
examination and multiplanar reconstruction computed tomography in diagnosing
scaphoid waist fracture union. This is important as the deﬁnition of bony union
is dependent on the modality used to assess it, and its consistent identiﬁcation is
determined by the precision and accuracy of the different imaging techniques.
Therefore, these studies also provided a quality control for one of the major outcome parameters of the multicenter trials.
A considerable amount of clinical and basic research has been conducted
on electrophysical bone growth stimulation. However, level I and II evidence
supporting the use of bone growth stimulation (particularly electromagnetic
bone growth stimulation) in the treatment of acute fractures is limited. To put the
results of our prospective trials into perspective and determine the role and
place of electrophysical bone growth stimulation in the treatment of acute fractures, we also performed a systematic review and meta-analysis of the effects of
low-intensity pulsed ultrasound (LIPUS) and pulsed electromagnetic ﬁelds
(PEMF) bone growth stimulation in acute fractures.

CLINICAL AND RADIOLOGICAL OUTCOMES OF PEMF TREATMENT
FOR ACUTE SCAPHOID FRACTURES

In chapter 2 we randomly assigned 53 patients from 3 different medical centers
with a unilateral scaphoid fracture to conservative treatment with either PEMF
bone growth stimulation as an adjunct to cast immobilization or a placebo. Followup lasted one year, with the clinical and radiological outcomes assessed at 4, 6,
9, 12, 24 and 52 weeks. Neither time to full radiological consolidation nor
functional outcomes differed signiﬁcantly between groups. This was the ﬁrst trial
to investigate the effect of PEMF on time to union and functional outcome in
fresh scaphoid fractures. Previous studies by Adams, Frykman and Taleisnik and
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Frykman et al. reported healing rates of 69% to 80% in scaphoid nonunions
treated with cast immobilization and PEMF.1,2 The only previous study on the
effects of electrophysical bone growth stimulation in fresh scaphoid fractures is
that by Mayr et al.3 In their prospective, double-blind, randomized clinical trial
on the effects of LIPUS on the healing speed of acute scaphoid fractures, they
randomized 28 patients with 30 acute undisplaced fractures of the scaphoid
waist to LIPUS or placebo. The median healing time of the fractures was 43 days
± 11 days in the LIPUS group versus 62 ± 19 days in the control group (p < 0.01).
These results conﬁrmed those of Heckman et al. and Kristiansen et al., showing
that the addition of low-intensity ultrasound stimulation to a conservative treatment regime signiﬁcantly accelerated healing in fresh tibial and distal radius
fractures, respectively.4,5 It is worth noting that a signiﬁcant number of participants from the studies by Heckman et al. and Kristiansen et al. were either excluded due to protocol violation or lost to follow-up (20% and 25%, respectively).
Still, that we were not able to conﬁrm the results of these studies is striking. It is
unclear whether the discrepancy can be attributed to differences in the effects at
cellular level of PEMF versus LIPUS bone growth stimulation.
In our ﬁrst trial multicenter trial, healing of the scaphoid fractures was assessed
using conventional radiographic imaging. In the study by Mayr et al., union was
assessed by means of CT scans every 2 weeks. As described in chapter 3, we
found a moderate weighted average inter-observer agreement for radiological
union at 6 weeks after injury for the conventional radiographs (g = 0.583 (95%
CI 0.371-0.795; p < 0.001)). Others, however, have reported limited reliability
of conventional scaphoid series for radiographic signs of union.6 Still, numerous
recent studies on the treatment of scaphoid waist fractures have likewise used
standard radiographic imaging techniques to determine radiological healing.7-9
In addition to the lack of signiﬁcant differences in radiological outcomes between the PEMF and the placebo group in our ﬁrst multicenter trial, no signiﬁcant differences between treatment arms were observed during follow-up with
respect to the clinical parameters of union. However, clinical signs of union,
too, have limited reliability, and are identiﬁed in the literature based on many
different criteria.10,11 Unfortunately, no signiﬁcant differences were found for
range of motion and grip strength, both of which are important predictors of
outcome after wrist injuries.12
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THE ROLE OF PEMF AND LIPUS BONE GROWTH STIMULATION
IN THE TREATMENT OF ACUTE FRACTURES

There is evidence that the addition of PEMF or LIPUS bone growth stimulation
in the conservative treatment of acute fractures is effective. In their systematic
review on the effects of LIPUS and PEMF in the treatment of tibial fractures,
Walker, Denegar and Preische concluded that LIPUS accelerates the healing of
acute tibial fractures and PEMF increases the proportion of previously ununited
tibial fractures that heal without additional (surgical) intervention.13 However,
the lack of uniform outcome criteria for healing prevented the authors from
comparing the effects of the two modalities.
Chapter 7 presented a systematic review and meta-analysis based on pooled
data from 13 trials. We found that bone growth stimulation technology may be
of beneﬁt to patients with an acute fracture, especially when treated nonoperatively.14 However, there is not enough evidence to recommend the ubiquitous
application of electrophysical bone growth stimulation technologies in the nonoperative treatment of acute fractures. We also concluded that studies reporting
on the results of PEMF are underrepresented. The results of our systematic review
and meta-analysis may therefore be more applicable to LIPUS than to PEMF
bone growth stimulation. Furthermore, a signiﬁcant number of the analyses
were characterized by heterogeneous outcomes, resulting from the lack of uniform criteria for union. Still, our systematic review and meta-analysis revealed
that time to radiographic union in conservatively treated fractures was signiﬁcantly shorter when it included bone growth stimulation.
In addition to the abovementioned clinical studies on the effects of LIPUS and
PEMF, numerous basic research studies support the potential efﬁcacy of PEMF in
the treatment of fresh fractures. The in-vitro effects of PEMF on cell proliferation
and differentiation of osteoblasts, resulting in increased mineralization, have
been described extensively in the literature.15,16 These effects have also been
observed in animal model studies, where a signiﬁcant increase in callus mineralization and new bone formation has been observed after PEMF treatment.17,18
Using a PEMF signal with the same characteristics as in our multicenter trial,
Jansen et al. demonstrated that PEMF exposure of differentiating human bone
marrow-derived stromal cells stimulates the expression of speciﬁc osteogenic
genes, such as bone morphogenetic protein 2 (BMP-2) and osteocalcin, both
important for new bone formation and mineralization.19
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THE ROLE OF PEMF IN THE TREATMENT OF ACUTE MINIMALLY DISPLACED
AND NONDISPLACED SCAPHOID FRACTURES

There is evidence that CT scans are more reliable and accurate in diagnosing
scaphoid fracture union than conventional imaging techniques.20,21 However,
only two studies to date provided evidence regarding inter-observer agreement
on the use of CT scans for diagnosis of fracture union in undisplaced and minimally displaced scaphoid waist fractures.21,22 Buijze et al. used single-plane sagittal
images to assess scaphoid waist fracture union,21 while Geoghegan et al. addressed
the reproducibility of CT scans for fracture union at 4 weeks after start of treatment.22 Therefore, in chapter 4 we examined inter-observer reliability and accuracy of multiplanar reconstruction CT scans for scaphoid waist fracture union at
6, 12 and 24 weeks after start of treatment. We concluded that computed
tomography is a reliable and accurate tool for assessing union or nonunion in
scaphoid fractures.23 Given this result, in the study reported on in chapter 5
we used CT scans to assess union during follow-up in a new trial on the effects
of PEMF bone growth stimulation in acute scaphoid fractures. The aim was to
further underpin the results of our ﬁrst trial on PEMF in acute scaphoid fractures.
In the course of 2010 and 2011, we conducted a double-blind, prospective
multicenter trial including 102 patients with a unilateral minimally displaced or
nondisplaced scaphoid fracture. Patients were randomly assigned to PEMF (with
the same signal characteristics as used in the previous trial and the in-vitro study
by Jansen et al.19) or placebo. We hypothesized that PEMF would signiﬁcantly
reduce time to union as well as the number of nonunions. Radiological healing
was assessed by means of multiplanar reconstruction CT, using the technique
described in our study on the accuracy and precision of this modality.23 In addition
to radiological outcome parameters, we assessed clinical and functional outcomes as primary outcome parameters.
Results revealed that neither time to clinical union, based on the proportion of
patients reaching the criteria for clinical union, nor time to radiological union
differed signiﬁcantly between the PEMF and the placebo group. However, post
hoc log-rank subgroup analysis revealed that undisplaced transverse waist fractures proceeded to radiologically conﬁrmed union earlier in the PEMF group.
Since this study was not primarily designed to detect differences between subgroups, this ﬁnding should be interpreted with restraint. Still, the signiﬁcant
effect of PEMF on healing in a subgroup of stable scaphoid waist fractures was
striking.
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STABILITY OF SCAPHOID FRACTURES AS A PREDICTOR FOR OUTCOME
OF CONSERVATIVE TREATMENT

Given the substantial interfragmentary motion in scaphoid nonunions, there is
evidence that fracture stability is a predictor for the development of nonunion.24
Previous research has also indicated that the location of the scaphoid fracture
is related to particular patterns of instability in scaphoid nonunions.25 A study
assessing fracture displacement with MRI showed that a signiﬁcant number of
displaced fractures failed to unite, while none of the nondisplaced fractures
developed nonunion.26 Moreover, a recent meta-analysis on the management of
displaced scaphoid waist fractures concluded that displaced fractures are four
times more likely to develop nonunion than undisplaced fractures.27 There is
evidence that the majority of undisplaced scaphoid fractures unite after 4 weeks
of plaster cast immobilization.22
In addition to displacement, fracture translation and the amount of bone contact
between fracture fragments have been suggested as further predictors of union,
although inter- and intra-observer agreement on the deﬁnition of these aspects
is poor.22 We therefore conclude that fracture displacement and the amount of
bone contact between fragments or fracture union soon after initiation of treatment are strongly correlated with eventual union. Further, there is circumstantial
evidence that the amount of bone contact between fracture fragments and the
amount of early trabecular bridging are correlated with the speed of healing.
This is based on clinical ﬁndings that the majority of scaphoid fractures with
moderate displacement or distraction of fracture fragments initially proceed to a
stage of partial union, and eventually (after a prolonged period) progress to full
union.28
We suspect that the same principles may be responsible for our ﬁnding that
PEMF accelerates union in a subgroup of nondisplaced, transverse stable
scaphoid waist fractures. In vitro studies have shown that the strongest effects of
PEMF stimulation are observed in the period of bone healing, prior to the stage
of mineralization.19,29 Therefore, PEMF may be more effective in stable, undisplaced transverse waist fractures with maximum bone contact between fracture
fragments, which proceed earlier to this stage of bone healing than distracted or
oblique waist fractures that reach this stage only later, since bone growth stimulation is usually administered for a limited period of time (e.g. 6 weeks in our
trial). This interpretation is supported by Mayr et al.’s ﬁndings on the effects
of LIPUS bone growth stimulation in acute scaphoid fractures, which healed

139

Chapter 8

signiﬁcantly faster in the intervention group among stable, undisplaced waist
fractures of the scaphoid.3,30
Thus, PEMF and LIPUS may have effects only in a narrow time window during
fracture healing and in a speciﬁc subtype of fractures. This may limit the generalizability of the clinical use of PEMF. Therefore, adequate fracture imaging and
classiﬁcation is needed to select the most suitable patients prior to the start of the
treatment.

COST-EFFECTIVENESS OF PEMF TREATMENT FOR ACUTE SCAPHOID FRACTURES
Data on the number of workdays lost due to scaphoid fractures are limited. The
most detailed study published to date considered time off work due to scaphoid
fractures and other carpal injuries in the Netherlands between 1990 and 1993.31
On average, patients were able to resume their previous work activities after 144
days. In a randomized trial on the cost-effectiveness of operative versus conservative treatment of acute scaphoid fractures, the median time off work for the
patients treated conservatively was 74 days.32 In comparison, in our study in
chapter 6 on the functional outcomes and cost-effectiveness of PEMF in the
treatment of acute scaphoid fractures, the average numbers of workdays lost in
the PEMF and the placebo group were 9.8 and 12.9 days, respectively. These
ﬁgures are considerably lower than those reported in the two abovementioned
studies. Those studies, however, used standard scaphoid series radiographs to
assess fracture healing, whereas our study used follow-up CT scans. As follow-up
scaphoid radiographs do not always provide reliable or accurate information on
fracture healing, a time frame of 8 to 12 weeks (and even up to 20 weeks) of
plaster cast immobilization is frequently used.8,32-34 In our study, immobilization
of the wrist was discontinued after 6 weeks in 42% of patients, as the use of CT
scans simpliﬁed the assessment of fracture union and therefore also the decision
to cease plaster cast immobilization. It is highly likely that this facilitated the
resumption of former activities, thus reducing the number of workdays lost.
Furthermore, 55% of patients in our study performed manual work, compared
to the majority of patients in Van der Molen et al.31 Less than 2% of patients in
that study were able to resume work with an immobilized wrist, compared to
49% in our study. This suggests that the patient’s occupation is the key factor
inﬂuencing time off work among patients with an immobilized wrist due to
carpal injury. In accordance with other authors, we found that non-manual
workers took less time off work than manual workers.32
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Given that the number of total workdays lost in both groups was remarkably
small compared to previous studies, the average workdays lost in the PEMF
group (9.82 days) did not differ signiﬁcantly from that in the placebo group
(12.91 days) (p = 0.651). Since PEMF treatment involves considerably higher
healthcare costs, its total cost to society is higher than that of standard conservative treatment, despite the small but not statistically signiﬁcant difference in
lost workdays. Therefore, in terms of cost-effectiveness PEMF can be considered
an inferior treatment option for scaphoid fractures compared to care as usual.

CONCLUSIONS
This thesis set out to establish whether PEMF bone growth stimulation has added
value in the conservative treatment of acute scaphoid fractures. For this purpose
we conducted two separate randomized, double-blind, placebo-controlled trials.
We concluded that the addition of PEMF did not accelerate bone healing, neither
in terms of clinical nor radiological criteria. Furthermore, in terms of cost-effectiveness PEMF treatment can be considered inferior to conservative treatment,
as it leads to higher costs with no improvement in functional outcome or general health-related quality of life.
However, based on our systematic review and meta-analysis of randomized
controlled trials comparing PEMF or LIPUS with placebo for acute fractures, we
concluded that PEMF/LIPUS can be beneﬁcial in treating acute fractures. These
treatment modalities have the potential to signiﬁcantly accelerate both time to
radiological union (for fractures treated nonoperatively and acute upper limb
fractures) and time to clinical union (for acute diaphyseal fractures). Still, current
evidence from randomized trials is insufﬁcient to warrant routine use of PEMF
or LIPUS in the conservative treatment of fractures to reduce the number of nonunions.

FUTURE PERSPECTIVES
Evidence has accumulated in recent years that operative treatment of undisplaced and minimally displaced scaphoid fractures leads to faster return to work
and sports, but also to signiﬁcantly higher complication rates compared to
conservative treatment in a below-elbow plaster cast.35 Furthermore, there is no
evidence that operative treatment of minimally displaced and undisplaced
scaphoid waist fractures signiﬁcantly decreases the number of nonunions.35
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Research shows, however, that the majority of undisplaced scaphoid waist fractures unite within 4 weeks when treated conservatively in a below-elbow cast.22
For this reason, the most accurate and reliable diagnostic technique should be
used prior to start of the treatment to select those scaphoid fractures best suited
for conservative or operative treatment.
Moreover, in order to minimize the duration of immobilization, the early effects
of conservative treatment of undisplaced and minimally displaced scaphoid
fractures should be monitored to determine whether treatment can be discontinued. This thesis has provided evidence that MRCT is more suitable for this task
than conventional radiographic imaging.
The aforementioned studies addressing scaphoid fracture displacement and stability suggest that the outcomes of conservative treatment of scaphoid waist fractures can be predicted by multiplanar imaging techniques such as MRI or CT.
Yet, there is evidence that even CT scanning is unable to adequately predict the
stability or instability of scaphoid waist fractures, given that a signiﬁcant number
of fractures with unstable fracture patterns during arthroscopic evaluation show
no malalignment on CT scans.36 Early dynamic sequential multiplanar computed tomography of scaphoid fractures may be helpful in determining the stability
of the fracture; however, this technique has not yet been described in literature.
Therefore, its feasibility with respect to scaphoid fractures should be investigated.
This thesis has contributed to the empirical pursuit of alternatives to surgery in
order to further decrease the period of disability due to immobilization of undisplaced and minimally displaced scaphoid fractures. Speciﬁcally, it has demonstrated that the addition of PEMF bone growth stimulation to conservative treatment is justiﬁable neither with regard to accelerating the speed of healing, nor
with regard to reducing the number of nonunions. However, it has also provided
evidence that bone growth stimulation techniques such as PEMF or LIPUS can
affect the time to radiological healing in non-operatively treated fractures. Furthermore, it has brought to light circumstantial evidence that fracture characteristics
may inﬂuence the effects of pulsed electromagnetic ﬁelds bone growth stimulation on time to healing.
We identiﬁed a subgroup of patients with stable, transverse scaphoid waist fractures that proceeded to union earlier with PEMF treatment. However, this subgroup analysis should be considered underpowered in relation to the required
sample size based on our initial power analysis. A study focusing on this subgroup of stable scaphoid waist fractures would therefore be desirable. Given that
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38% of all fractures in our study were classiﬁed as stable, undisplaced transverse
waist fractures, at least 265 patients with this type of scaphoid waist fracture
should be considered for inclusion based on the abovementioned power analysis.
Whether this is feasible remains unclear.
Moreover, further research is needed on the interaction between bone and its
physical surroundings. Since bone healing is a complex process in which blood
supply and mechanical stability play an important role, it is essential to investigate these interactions in vivo rather than in vitro. In addition, uncertainty concerning the ideal intensity and exposure length of the PEMF signal might further
contribute to its lack of effect in the treatment of fresh fractures. In future research,
therefore, we will address the efﬁcacy of different PEMF signal exposure lengths
in a standardized mouse femur osteotomy model. This will help to clarify the
existing uncertainty regarding the signal characteristics and minimal required
exposure time of PEMF bone growth stimulation for acute fractures.
It would be feasible to evaluate the fracture healing process of scaphoid fractures using high-resolution imaging techniques in order to detect small changes
in morphometric properties. Recently, a high-resolution peripheral quantitative
computed tomography (HR-pQCT) scanner has been developed that allows for
visualization of the trabecular structure of peripheral bone in vivo with a signiﬁcantly better spatial resolution than conventional CT imaging.37 We expect
this technique to facilitate visualization of changes in bone stiffness and histomorphometrical parameters of scaphoid fractures due to bone growth stimulation. Therefore, in an upcoming single-center, randomized, double-blind, placebo-controlled trial we will assess the effect of PEMF treatment of acute scaphoid
fractures by detecting changes in trabecular bone parameters by means of
HR-pQCT. Based on the results of this trial, we will be able to draw further conclusions on the efﬁcacy of PEMF in the treatment of acute scaphoid fractures.
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CHAPTER 9
SUMMARY

Summary

Scaphoid fractures are relatively common among young, active people and failed
or delayed treatment can have severe health related, economical and social
consequences.
In this thesis, the inﬂuence of pulsed electromagnetic ﬁeld (PEMF) bone growth
stimulation on the healing of acute scaphoid fractures has been addressed. We
hypothesized that the use of pulsed electromagnetic ﬁeld therapy would signiﬁcantly improve healing in acute scaphoid fractures. Our research objective was
to determine whether PEMF bone growth stimulation would accelerate fracture
healing both clinically and radiologically. Furthermore, we tried to determine
whether the use of PEMF in acute scaphoid fractures would reduce the number
of nonunions and whether it would improve functional outcome, when used as
an adjunct to conservative treatment. The reliability and accuracy of different
diagnostic modalities to prove scaphoid fracture healing have also been investigated.
In chapter 1, fracture healing of the scaphoid including the factors that contribute
to the development of complicated or failed healing and different treatment
options of scaphoid fractures are being described. Furthermore, the history, principles and possible applicability of electrophysical bone growth stimulation and
PEMF in particular are addressed.
In chapter 2, the ﬁrst randomized, double-blind, placebo-controlled trial to test
the hypothesis that the use of PEMF in acute scaphoid fractures can signiﬁcantly
accelerate time to union is being described. A total of 53 patients with undisplaced acute scaphoid fractures from three different Dutch medical centers were
randomized to treatment with either a PEMF bone growth stimulator or a placebo. Clinical and radiological outcomes were assessed at four, six, nine, 12, 24
and 52 weeks after start of the treatment. Radiological follow up was performed
by assessment of scaphoid series radiographs.
Neither time to clinical and radiological union, nor functional outcomes differed
signiﬁcantly between both groups and we therefore concluded that, based on
this trial, PEMF had no additional value in the conservative treatment of acute
scaphoid fractures.
Although standard scaphoid series radiographs are the ﬁrst imaging tool of
choice for diagnosis of scaphoid fractures, they do not always provide reliable
and accurate information regarding the presence or absence of fracture union.
In chapter 3, we investigated inter-observer agreement and validity of standard
scaphoid series radiographs for the diagnosis of scaphoid fracture union and
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nonunion in a prospective cohort analysis. Fleiss’ kappa statistics were used
concerning the opinions of four observers reviewing 47 sets of scaphoid series
radiographs, regarding the time frame of 6 weeks after start of the conservative
treatment of undisplaced scaphoid waist fractures. This time frame was chosen
since a substantial part of undisplaced scaphoid waist fractures unite after
6 weeks of cast immobilization. Reliability concerning nonunion was better
than for union and overall reliability was deﬁned as moderate.
In order to put these results in perspective, we examined reliability and validity
concerning scaphoid fracture union determined by multiplanar reconstruction
CT at 6, 12 and 24 weeks after injury in chapter 4. Again, Fleiss’ kappa statistics
were used to determine inter-observer agreement concerning 44 sets of computed tomographic scans. Reliability concerning the diagnosis of nonunion and
union were both substantial. Furthermore, sensitivity and speciﬁcity of multiplanar CT scan for diagnosis of union were better than for standard scaphoid
series radiographs. For follow-up after a scaphoid fracture, computed tomography seems a reliable and accurate method to assess union or nonunion of the
fracture. We concluded that CT scanning should be used early in follow-up of
scaphoid fracture treatment.
The ﬁndings from chapters 2, 3 and 4 warranted a larger and improved trial on
the efﬁcacy of PEMF for acute scaphoid fractures. In chapter 5, we describe the
randomized, double-blind, placebo-controlled multicenter trial, in which we
hypothesized that PEMF bone growth stimulation would signiﬁcantly shorten
the time to union in acute scaphoid fractures and signiﬁcantly reduce the number of scaphoid nonunions. A total of 102 patients from ﬁve different medical
centers with undisplaced acute scaphoid fractures where randomly allocated
to treatment with a PEMF bone growth stimulator or a placebo and assessed
regarding functional and radiological outcomes. For assessment of radiological
parameters of healing, multiplanar reconstruction computed tomographic scans
were made at 6, 12, 24 and 52 weeks. Although overall time to clinical and
radiological healing did not differ signiﬁcantly between the PEMF group and the
placebo group, we were able to select a group of patients with scaphoid fractures in a post-hoc subgroup analysis that may beneﬁt from PEMF bone growth
stimulation with regards to speed of healing. Log-rank analysis revealed a signiﬁcantly shorter time to union in the active PEMF group for undisplaced transverse scaphoid waist fractures. However, since these subgroup analyses were
underpowered when considering the minimum number of participants needed
when applying our power analysis used for this trial, we conﬁrmed the results of
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our study described in chapter 2 and concluded that the addition of PEMF to the
conservative treatment of acute scaphoid fractures does not accelerate bone
healing in general.
In chapter 6, a prospective economic evaluation of PEMF bone growth stimulation in acute scaphoid fractures was carried out from a social perspective, alongside the randomized trial described in chapter 5. All costs of PEMF treatment
and care as usual for undisplaced scaphoid fractures, including medical costs
and costs due to productivity loss were measured during one year. Furthermore,
functional outcome and general health related quality of life were assessed
using the EuroQol-5D and patient rated wrist and hand evaluation (PRWHE)
questionnaires. No signiﬁcant differences in the amount of lost workdays were
observed between the two groups. Mean total costs for the active PEMF group
were higher than mean total costs for standard conservative treatment. The
desired effects of PEMF treatment for acute scaphoid fractures in terms of costeffectiveness were therefore not achieved. Moreover, no differences in functional outcomes and general health related quality of life were observed between
both groups.
In chapter 7, available literature on bone growth stimulation for acute fractures
has been reviewed. The aim of this systematic review and meta-analysis was to
evaluate best available evidence from randomized controlled trials comparing
pulsed electromagnetic ﬁeld or low intensity pulsed ultrasound (LIPUS) bone
growth stimulation with placebo for acute fractures. Two reviewers independently determined the strength of the included studies and assessed the risk of bias.
Seven hundred and thirty-seven patients from 13 trials were included. Evidence
from randomized trials included in this analysis revealed that PEMF and LIPUS
signiﬁcantly shorten time to radiological union for acute fractures undergoing
non-operative treatment and acute fractures of the upper limb. However, based
on this review, the routine use of both techniques for reduction of the proportion
of fractures proceeding to nonunion is not supported by evidence.
In conclusion, evidence from this thesis has not demonstrated signiﬁcant advantage from the use of pulsed electromagnetic ﬁeld treatment to justify routine
application of PEMF bone growth stimulation in acute scaphoid fractures. When
using multiplanar CT scans for assessment of healing of scaphoid fractures – the
diagnostic modality that in this thesis showed superior reliability and accuracy
when compared to standard scaphoid series radiographs for determination of
scaphoid fracture union – we conclude that neither time to full union, nor the
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number of nonunions in scaphoid fractures is signiﬁcantly inﬂuenced by the use
of PEMF. Since the length of unemployment in patients treated with PEMF is not
signiﬁcantly shorter than in patients treated conservatively in a below-elbow
cast, PEMF treatment for acute scaphoid fractures is an inferior treatment compared to care as usual, when considering cost-effectiveness. However, the effects
of PEMF in a subgroup of undisplaced, stable scaphoid waist fractures account
for the need to further investigate the effects of PEMF on healing in acute fractures in prospective, focused in vivo studies.

154

Summary

155

CHAPTER 10
NEDERLANDSE SAMENVATTING
(SUMMARY IN DUTCH)

Nederlandse samenvatting

Scaphoïdfracturen zijn relatief veelvoorkomende fracturen onder jonge, actieve
mensen waarbij falende of te laat geïnitieerde behandeling tot ernstige gezondheidsgerelateerde, economische of sociale problemen kan leiden. In dit proefschrift wordt de invloed van pulsed electromagnetic ﬁeld (PEMF) botgroeistimulatie op de genezing van acute scaphoïdfracturen beschreven. Onze hypothese
was dat het gebruik van PEMF botgroeistimulatie de genezing van verse scaphoïdfracturen signiﬁcant zou bevorderen. Het doel van ons onderzoek was derhalve
om vast te stellen of PEMF botgroeistimulatie de periode tot fractuurgenezing
kon verkorten, zowel op basis van radiologische criteria, alsmede op basis van
klinische criteria van genezing. Daarnaast probeerden we vast te stellen of door
het inzetten van PEMF botgroeistimulatie in de behandeling van scaphoïdfracturen het aantal nonunions gereduceerd kon worden, alsmede een verbeterde
functionele uitkomst van pols en hand verkregen kon worden. Daarnaast hebben we de betrouwbaarheid en nauwkeurigheid van de verschillende radiologische technieken onderzocht om aan te tonen dat scaphoïdfracturen al dan niet
genezen zijn.
In hoofdstuk 1 wordt het genezingsproces van scaphoïdfracturen beschreven,
alsmede de factoren die bijdragen aan gecompliceerde of falende genezing en
de verschillende behandelopties. Daarnaast worden de geschiedenis, de principes en de mogelijke toepasbaarheid beschreven van (elektrische) botgroeistimulatie en PEMF in het bijzonder.
In hoofdstuk 2 wordt de eerste dubbelblinde, placebo-gecontroleerde gerandomiseerde studie beschreven waarin de hypothese wordt getoetst dat PEMF botgroeistimulatie de tijd tot volledige genezing van scaphoïdfracturen signiﬁcant
kan verkorten. Drieënvijftig patiënten uit drie verschillende centra met een onverplaatste of minimaal verplaatste scaphoïdfractuur werden gerandomiseerd
voor behandeling met een PEMF botgroeistimulator danwel een placebo. Klinische en radiologische uitkomsten werden na vier, zes, negen, twaalf, vierentwintig en tweeënvijftig weken na start van de behandeling bepaald. Radiologische genezing gedurende follow-up werd bepaald met behulp van standaard
scaphoïdserie röntgenfoto’s.
Zowel tijd tot volledige radiologische en klinische genezing, alsmede functionele
uitkomst verschilden niet signiﬁcant tussen beide groepen. We concludeerden
derhalve dat, gebaseerd op deze trial, PEMF botgroeistimulatie geen aanvullende
waarde heeft bij de conservatieve behandeling van acute scaphoïdfracturen.
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Alhoewel standaard röntgenfoto’s nog altijd de eerste keuze zijn voor het aantonen van scaphoïdfracturen, verschaffen ze niet altijd betrouwbare en nauwkeurige informatie aangaande aan- of afwezige genezing van scaphoïdfracturen.
In hoofdstuk 3 hebben we de inter-waarnemer betrouwbaarheid en validiteit
bepaald van standaard scaphoïdserie röntgenfoto’s voor het vaststellen van fractuurgenezing van scaphoïdfracturen in een prospectieve cohort analyse. De interwaarnemer overeenstemming van vier verschillende waarnemers werd bepaald,
die elk zevenenveertig standaard scaphoïdseries beoordeelden aangaande genezing van scaphoïdfracturen zes weken na start van een conservatieve behandeling middels gipsimmobilisatie. Het tijdsbestek van zes weken werd gekozen
omdat een substantieel deel van alle onverplaatste scaphoïdfracturen na zes
weken is geconsolideerd. De inter-waarnemer betrouwbaarheid voor nonunion
(uitblijvende genezing) was beter dan voor union (genezing) en de overall inter-waarnemer betrouwbaarheid werd als matig gedeﬁnieerd.
Om deze resultaten in perspectief te plaatsen hebben we eveneens de betrouwbaarheid en validiteit bepaald van multiplanar reconstructie computer tomograﬁe
(MRCT) scans aangaande de genezing van scaphoïdfracturen zes, twaalf en vierentwintig weken na ontstaan van de fractuur in hoofdstuk 4. De inter-waarnemer
overeenstemming werd bepaald voor vierenveertig sets van MRCT scans. Zowel
voor union alsmede nonunion kon de inter-waarnemer betrouwbaarheid worden
bestempeld als substantieel. Daarnaast bleek dat sensitiviteit en speciﬁciteit van
MRCT scans voor het bepalen van union beter was dan van standaard scaphoïd
röntgenfoto’s. In de follow-up na een scaphoïdfractuur lijkt de CT scan dan ook
een betrouwbare en nauwkeurige methode om genezing van scaphoïdfracturen
aan te tonen of uit te sluiten. We adviseren derhalve om de CT scan te gebruiken
in de vroege fase van de follow-up na scaphoïdfractuur behandeling.
De bevindingen uit hoofdstuk 2, 3 en 4 rechtvaardigden een grotere en verbeterde trial betreffende de werkzaamheid van PEMF botgroeistimulatie voor
acute scaphoïdfracturen. In hoofdstuk 5 beschrijven we de gerandomiseerde,
dubbelblinde, placebo-gecontroleerde multicentrische trial waarin we de hypothese hebben getoetst dat PEMF botgroeistimulatie de tijdsperiode tot genezing
van scaphoïdfracturen signiﬁcant kan verkorten en het aantal nonunions kan
reduceren. Honderdtwee patiënten uit vijf verschillende centra met een onverplaatste acute scaphoïdfractuur werden gerandomiseerd voor behandeling met
een PEMF botgroeistimulator, danwel een placebo waarbij functionele en radiologische uitkomsten van beide groepen werden vergeleken. Radiologische uitkomsten werden bepaald door middel van multiplanar reconstructie CT scans
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die zes, twaalf, vierentwintig en tweeënvijftig weken na start van de behandeling werden gemaakt. Alhoewel er geen signiﬁcant overall verschil werd waargenomen tussen beide groepen betreffende tijdsduur tot volledige klinische en
radiologische genezing, konden we een subgroep van patiënten selecteren door
middel van een post-hoc analyse die aangaande snelheid van genezing mogelijk zou kunnen proﬁteren van PEMF botgroeistimulatie. Een log-rank analyse
liet zien dat bij onverplaatste dwarse taillefracturen de tijdsduur tot volledige
genezing signiﬁcant korter was in de groep die met de PEMF botgroeistimulator
werd behandeld dan in de placebo groep. Afgaande op het minimum aantal
patiënten dat volgens de power analyse geïncludeerd diende te worden, moeten
deze bevindingen wel met enige terughoudendheid worden geïnterpreteerd.
We concluderen derhalve dat de resultaten die we zagen in de studie die we in
hoofdstuk 2 beschrijven, ook door deze studie bevestigd kunnen worden en dat
de toevoeging van PEMF botgroeistimulatie overall niet leidt tot snellere genezing van scaphoïdfracturen.
In hoofdstuk 6 beschrijven we de prospectieve economische evaluatie van PEMF
botgroeistimulatie voor acute scaphoïdfracturen die we vanuit een sociaal perspectief hebben uitgevoerd, analoog aan de trial die we in hoofdstuk 5 hebben
beschreven. Alle kosten aangaande PEMF botgroeistimulatie en gebruikelijke
zorg voor onverplaatste scaphoïdfracturen zijn gedurende een jaar na ontstaan
van de fractuur bepaald, waarbij naast alle medische kosten ook kosten van
productiviteitsverlies door de fractuur zijn bepaald. Daarnaast werden functionele uitkomst en gezondheidsgerelateerde kwaliteit van leven bepaald met behulp van de EuroQol-5D en patient rated wrist and hand evaluation (PRWHE)
vragenlijsten. Er werd geen signiﬁcant verschil gezien in verloren werkdagen
tussen de PEMF en de placebo groep. De totale kosten van behandeling waren
hoger voor de PEMF groep dan voor de groep die zonder PEMF werd behandeld. De gewenste effecten van PEMF aangaande kosteneffectiviteit van de behandeling van scaphoïdfracturen werden derhalve niet bereikt. Verder werden
geen verschillen aangaande functionele uitkomst en gezondheidsgerelateerde
kwaliteit van leven gezien tussen beide groepen.
In hoofdstuk 7 zijn de uitkomsten van botgroeistimulatie voor acute fracturen in
de beschikbare literatuur systematisch beoordeeld. Het doel van deze systematische review en meta-analyse was om het best beschikbare bewijs voor
effectiviteit van pulsed electromagnetic ﬁeld (PEMF) en low intensity pulsed
ultrasound (LIPUS) botgroeistimulatie voor acute fracturen te vergelijken.
Twee onafhankelijke beoordelaars bepaalden de sterkte en het risico op bias
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voor elk van de geïncludeerde studies. Uit dertien trials werden 737 patiënten
geïncludeerd. Uit de resultaten van de geïncludeerde gerandomiseerde trials
bleek dat PEMF en LIPUS de tijd tot volledige radiologische genezing van conservatief behandelde fracturen en fracturen van de bovenste extremiteit signiﬁcant kunnen verkorten. Echter, om het aantal nonunions terug te dringen is op
basis van deze review onvoldoende bewijs geleverd om deze technieken routinematig in te zetten in de behandeling van deze fracturen.
Concluderend kunnen we stellen dat dit proefschrift bewijst dat het gebruik van
PEMF botgroeistimulatie in het algemeen geen signiﬁcant voordeel oplevert bij
de behandeling van acute scaphoïdfracturen en derhalve de routinematige inzet
van deze techniek niet gerechtvaardigd kan worden. Als we multiplanar reconstructie CT scans gebruiken voor de beoordeling van de mate van genezing van
de scaphoïdfracturen – de techniek die volgens dit proefschrift een betere betrouwbaarheid en validiteit toont dan de standaard röntgenfoto voor deze bepaling – kunnen we concluderen dat noch tijd tot volledige genezing, noch het
aantal scaphoïd nonunions signiﬁcant wordt beïnvloed door de inzet van PEMF
botgroeistimulatie. Gezien het feit dat de duur van arbeidsongeschiktheid onder
patiënten die behandeld zijn met een PEMF botgroeistimulator niet korter is dan
onder patiënten die uitsluitend met een gips zijn behandeld, kunnen we stellen
dat de behandeling met PEMF botgroeistimulatie een minder effectieve behandeling is voor scaphoïdfracturen dan de standaard conservatieve behandeling
op basis van kosteneffectiviteit. Echter, de geobserveerde positieve effecten van
PEMF botgroeistimulatie op de tijd tot genezing in een subgroep van onverplaatste, stabiele scaphoïd taillefracturen dragen bij aan de noodzaak om de
invloed van PEMF botgroeistimulatie op het genezingsproces van acute fracturen verder doelgericht in vivo te onderzoeken.
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Valorization

INTRODUCTION
The scientiﬁc work in this thesis was funded by the Netherlands Organisation for
Health Research and Development (ZonMw), as part of a research programme
focused on healthcare efﬁciency. This programme aims to provide an evidence
base for innovative proposed interventions in order to facilitate their implementation. The idea is that if the innovations studied are actually introduced in practice, then the research results from this programme will lead to tangible efﬁciency
gains. These gains may take the form of implementation of efﬁcient interventions,
but also cessation of interventions that have proven to be inefﬁcient from a societal perspective. As part of this programme, this thesis therefore represents a form
of valorization in itself. Further areas of valorization are discussed in more detail
below.

SOCIAL AND ECONOMIC RELEVANCE OF THE THESIS
Hand and wrist injuries, accounting for approximately 20% of all visits to Dutch
emergency departments, are the most expensive of all injury types presenting
at emergency departments.1 Strikingly, the resulting loss of productivity is the
largest contributor to the health-related cost of these injuries. Population-based
research has shown that the majority of all costs due to hand and wrist injuries
occur in patients of working age (20 to 64 years), therefore contributing signiﬁcantly to high productivity costs as a result of prolonged absence from work.1
Therefore, hand and wrist injuries represent a considerable economic burden.
Among these hand and wrist injuries, acute scaphoid fractures can result in fracture nonunion and/or carpal malalignment, leading to persistent pain and loss of
wrist movement and function. These consequences, in turn, lead to a signiﬁcantly
increased risk of symptomatic post-traumatic osteoarthritis, with severe healthrelated and social consequences.2
Although non-operative treatment remains the standard in the Netherlands,
there is an increasing trend towards operative treatment of scaphoid fractures.
Operative treatment of undisplaced and minimally displaced scaphoid waist
fractures has been shown to lead to earlier return to work and sport.3 However,
it also has a signiﬁcantly higher risk of complications than conservative treatment.4 Furthermore, there is no evidence that operative treatment of undisplaced
or minimally displaced scaphoid fractures increases union rates.5 For this reason,
routine surgical treatment of minimally displaced and undisplaced scaphoid
fractures does not seem to be justiﬁed by the available literature.
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This necessitates further research on the non-invasive treatment of scaphoid
fractures. Since electromagnetic ﬁeld stimulation has been shown to induce and
stimulate fracture healing in vivo, we hypothesized that this non-invasive technique would accelerate and improve healing without the risk of concomitant
complications, thereby yielding both social and economic beneﬁts. This thesis
has demonstrated that pulsed electromagnetic ﬁeld (PEMF) bone growth stimulation does not induce these effects in undisplaced and minimally displaced
scaphoid fractures, and its use is therefore not recommended in general. In
addition, this thesis presented recommendations for appropriate imaging techniques for follow-up of scaphoid fracture treatment. This, too, is important, as
inadequate assessment of scaphoid healing and undetected lack of progression
towards scaphoid union may have severe consequences in terms of functional
outcome as well as direct and indirect costs.

TARGET POPULATION
A large survey among Canadian trauma surgeons revealed that 45% of surgeons
incorporated bone growth stimulators into their treatment regimes for long-bone
fractures.6 Data on the number of orthopedic trauma surgeons using bone
growth stimulation in daily practice in the Netherlands are not available, but are
expected to be similar. The results of this thesis, and its recommendations for
treatment and follow-up of scaphoid fractures, will be of interest to clinicians
involved in clinical decision-making on the treatment of scaphoid fractures.
Given the high incidence of these fractures, the number of clinicians involved in
treating them is relatively large.7

KNOWLEDGE UTILIZATION
The research group’s knowledge in the area of bone growth stimulation for acute
fractures and fracture healing in general will be valorized through its application
in studies focused on induction of fracture repair and high-resolution imaging
techniques for bone healing. Further, evaluation of the changes in bone turnover
marker serum levels as a result of PEMF bone growth stimulation will help us to
understand the effects of PEMF in acute fractures. The expected insights into the
optimal signal characteristics and exposure time of PEMF bone growth stimulation will help to reduce the burden of delayed fracture healing for society and
the economy. In addition, it may be feasible to apply these techniques in the
treatment of other acute fractures.
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INNOVATION AND FUTURE
The clinical effects of PEMF bone growth stimulation have featured in the literature since 1977.8 An invention can only be considered an innovation if it is
widely adopted in practice and has an impact on society. In other words: innovation also implies the large-scale implementation of a novel application of
existing scientiﬁc knowledge. However, the number of studies reporting on the
efﬁcacy of PEMF bone growth stimulation in acute fractures is very limited.9
Given this dearth of evidence, the use of PEMF in the treatment of acute fractures is not recommended. However, if the required evidence is forthcoming in
the future, this technology could come to be used on a larger scale. The studies
described in this thesis are the ﬁrst to evaluate the effect of PEMF in acute
scaphoid fractures. Although the desired effects in terms of cost-effectiveness
and efﬁcacy were not achieved, our studies offer new insights into the applicability of PEMF in acute fractures, and the data obtained will serve as the basis for
further research.
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Dankwoord

DANKWOORD
Toen ik in 2008 naar Maastricht kwam om verder aan mijn carrière als chirurg
en traumachirurg in het bijzonder te werken, had ik gehoopt dat ik ooit aan dit
stukje tekst zou mogen beginnen. En zie daar… De basis voor dit proefschrift is
dan ook op dat moment gelegd. Ondanks het feit dat het geen eenvoudige klus
is geweest, heb ik met veel plezier gewerkt aan de totstandkoming van dit proefschrift. Zonder de hulp van tal van mensen die direct of indirect hun bijdrage
hebben geleverd, was dit echter niet gelukt. Een aantal mensen wil ik dan ook
in het bijzonder bedanken.
In de eerste plaats wil ik mijn promotor bedanken. Beste professor Brink, beste
Peter, ik ben je ontzettend dankbaar dat je je hebt ingespannen om mijn komst
vanuit Nijmegen naar Maastricht te stimuleren en dat je mij hebt geënthousiasmeerd om dit onderzoek verder uit te werken tot hetgeen het is geworden. Belemmeringen zie jij als uitdagingen en geen brug is te ver om je doel te bereiken.
Het is deze volhardendheid die er ook uiteindelijk toe heeft geleid dat ZonMw
de subsidieaanvraag voor het onderzoek, hetgeen de basis was voor dit proefschrift, heeft gehonoreerd. Zonder deze subsidie was de totstandkoming van dit
proefschrift waarschijnlijk nooit gelukt.
Daarnaast heb ik veel respect voor de liefde die jij hebt voor het vak en de manier
waarop je dat uitstraalt naar anderen. Je kritische blik, je immense ervaring en
ongeëvenaarde handvaardigheid zijn voor mij drijfveren om het vak ooit te kunnen uitoefenen op de manier zoals jij dat doet. Het zal een eer zijn om in jouw
voetsporen te mogen treden als je de scalpel vaarwel zegt.
Beste dr. Poeze, beste Martijn, wat een genot om met jou als copromotor aan
dit proefschrift te hebben mogen werken. Je bent een wetenschapper in hart en
nieren met een ongelofelijke kennis van zaken. Jouw deur stond altijd wagenwijd open en advies en feedback werden altijd zeer gedegen, weldoordacht en
scherpzinnig geleverd. Ik heb ontzettend veel van je geleerd, waarvoor mijn
dank. Daarnaast ben je een inspirerende collega op de werkvloer en beschouw
ik je als een echte vriend bij wie je altijd welkom bent voor een gesprek en een
kop kofﬁe. Ik kijk uit naar verdere samenwerking met je.
Zonder de inspanningen van de founding fathers van dit onderzoek, Andries
Werre en Karel Kolkman, zou dit proefschrift nooit tot stand zijn gekomen. Andries
en Karel, dank dat jullie mij de kans hebben gegeven om dit onderzoek, jullie
kindje, uit te bouwen tot hetgeen het geworden is. Ik hoop dat het eindresultaat
voldoet aan jullie verwachtingen.
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Gerrit van Niftrik en Harrie Boogers, ontzettend bedankt voor jullie bereidheid
om namens Ossatec op deze wijze een bijdrage te leveren aan dit onderzoek.
Zonder de botgroeistimulatoren die jullie beschikbaar hebben gesteld was dit
onderzoek uiteraard onmogelijk geweest. Omdat onderzoek meestal meer vragen
dan antwoorden oplevert ben ik blij dat we onze samenwerking op wetenschappelijk gebied nog verder gaan uitbreiden. Beste Michelle Lavalette, dank voor de
secure manier waarop je het datamanagement hebt gedaan!
Beste mede traumachirurgen, Jan Verbruggen, Paul Breedveld en Guido Stollenwerck, dank voor de intensieve en prettige samenwerking die we hopelijk nog
jaren zullen voortzetten. Jan, je kundigheid in het vak is nog altijd een bron van
inspiratie. Ik hoop dat we nog veel samen mogen opereren. Beste Paul, je bent
de beste kamergenoot die een chirurg zich kan wensen. Je doet me denken aan
een profeet wiens woorden, die nooit overvloedig zijn, doordrenkt zijn van wijsheid en inzicht. Ik hoop dat ik nog lang om advies kan vragen bij je.
Beste Guido, je enthousiasme en doortastendheid maken onze samenwerking
voor de traumapatiënt bijzonder prettig.
Vakgroep chirurgie AZM en Michael Jacobs in het bijzonder, dank voor de prettige samenwerking de afgelopen jaren. Het werkt bijzonder inspirerend om van
een in goede harmonie functionerende groep deel uit te mogen maken.
Beste dr. Hoofwijk, beste Ton, je staat aan het allereerste begin van mijn carrière
en hebt een duidelijke stempel gedrukt op mijn professionele waarden. Je inspanningen om de liefde voor wetenschappelijk onderzoek over te brengen op
mij zijn niet zonder resultaat gebleken. Ik ben trots dat ik eindelijk aan mijn
opleider het resultaat mag laten zien van vele jaren intensief wetenschappelijk
werk.
Veel dank ben ik verschuldigd aan onze SEH PA’s, Sacha en Ed. Zonder jullie
niet aﬂatende enthousiasme om patiënten te includeren hadden we nooit deze
aantallen gehaald. Ik ben blij dat jullie onderdeel uitmaken van ons “traumateam”.
Zonder de inzet van alle gipsmeesters in Maastricht, Arnhem, Boxmeer, Nijmegen
en Zwolle zou dit onderzoek nooit afgerond zijn. In het bijzonder dank aan het
Maastrichtse clubje, Anniek, Chris, Daniëlle, John, Mario en Marie-Louise. We
gaan elkaar nog veel zien!
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Beste Manfred, waar zou ik zijn gebleven zonder jouw inspanningen vanuit
Boxmeer? Dank voor je inzet. Ik hoop dat we elkaar nog vaak zullen treffen in
de toekomst.
Beste Hilde, dank voor je hulp vanuit Nijmegen om de data te organiseren. Het
maakte ons leven in elk geval wat makkelijker.
Het doen van multicenter onderzoek is alleen mogelijk door de inspanning van
velen. Ik wil dan ook iedereen die in de deelnemende ziekenhuizen in Arnhem
en Zwolle direct of indirect betrokken is geweest bedanken.
Zonder de hulp van de collega’s van de afdeling radiologie had ik een groot deel
van dit proefschrift nooit kunnen schrijven. Rene, Annika, Ed, Dennis en Daan
dank voor jullie inspanningen. Ik hoop dat er nog vele publicaties zullen voortkomen uit onze samenwerking.
Beste semi-artsen, beste Lars, Koen, Martin, Elwin en Judith, dank voor jullie
inspanningen. Zonder jullie (monniken)werk was er geen bruikbare database
geweest. Onder andere hiermee hebben jullie een fundamentele bijdrage geleverd aan de totstandkoming van vele artikelen en dus ook dit proefschrift.
Ik wens jullie veel succes toe met jullie carrières en hoop ooit ook te verschijnen
op jullie promoties.
Kevin, dank voor je bijdrage aan het onderzoek in het prille begin.
Beste Alison, dank voor de zeer professionele manier waarop je het gebruik van de
Engelse taal kritisch hebt beoordeeld in alle publicaties.
Dank aan de leden van de beoordelingscommissie, prof. Van der Hulst, prof. Arora,
dr. Buijze en prof. Van Rhijn voor de kritische beoordeling van het manuscript.
John Derwall, dank voor de fraaie cover en de lay-out van het deﬁnitieve proefschrift.
Pap en mam, dank voor jullie vertrouwen, steun en begrip. Ik ben trots dat ik dit
met jullie mag meemaken.
De afgelopen jaren heb ik naast mijn drukke werkzaamheden ontzettend veel
tijd geïnvesteerd in dit proefschrift waardoor het contact met vrienden en familie
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op een lager pitje is komen te staan. Omdat promoveren bijzonder is, maar andere
dingen in het leven veel belangrijker zijn, weet ik zeker dat we dit de komende
jaren goed zullen maken. Dank voor jullie geduld en begrip.
Beste Bart, wat ﬁjn dat je paranimf bent. Wanneer kunnen we de rollen omdraaien?
Beste Antoine, ik heb altijd gehoopt dat mijn broer me op het moment van verdedigen zou kunnen bijstaan, ook al is de parallel tussen onze vakken ver te
zoeken. Daarom is het wat mij betreft bijzonder dat mijn enige broer dit samen
met mij wil doen.
Tot slot wil ik de allerbelangrijkste persoon bedanken zonder wie ik de hoop
al lang had opgegeven dat dit proefschrift ook maar uit 1 pagina zou bestaan.
Sandra, lieve schat, wat heb jij moeten doorstaan met je promoverende mannetje. Al die uren, avonden, maanden en jaren achter de computer of in artikelen
gedoken heb ik de afgelopen periode veel te weinig aandacht kunnen besteden
aan de liefde van mijn leven. Ik ben gelukkig dat onze paden ons ooit kruisten
en dat ik onder alle omstandigheden kan rekenen op jouw onvoorwaardelijke
steun en liefde. Nu ben jij aan de beurt.
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