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Background

Impaired bone regeneration remains a major challenge in orthopedic reconstruction,
particularly in distraction osteogenesis, limb reconstruction, and delayed union, where
prolonged healing increases treatment burden and complication risk. Adjunctive
biophysical stimulation, including low-intensity pulsed ultrasound and pulsed
electromagnetic field stimulation, has been investigated as a noninvasive strategy to
improve bone-healing outcomes, but evidence in reconstructive orthopedic settings
remains limited and heterogeneous.

Methods

A systematic review and meta-analysis of randomized controlled trials was conducted in
accordance with PRISMA 2020. PubMed/MEDLINE, Scopus, and Web of Science were
searched from database inception to March 21, 2026. Eligible studies evaluated
adjunctive low-intensity pulsed ultrasound or pulsed electromagnetic field stimulation in
distraction osteogenesis, limb reconstruction, or delayed union using comparative
control groups. Random-effects meta-analysis was performed for clinically comparable
outcomes. Fixation-normalized healing outcomes were pooled as mean differences,
radiographic healing outcomes as standardized mean differences, and methodological
quality was assessed using RoB 2.

Results

Seven randomized controlled trials met eligibility criteria for qualitative synthesis. Two
studies contributed to quantitative pooling of fixation-normalized healing efficiency,
demonstrating significantly shorter healing duration with adjunctive intervention
compared with control (mean difference, -16.78 days/cm; 95% CI, -22.72 to -10.83; P <
0.001; I% = 0%). Three studies contributed to radiographic meta-analysis, showing a
significant benefit favoring adjunctive biophysical stimulation (SMD, 0.40; 95% ClI,
0.07-0.74; P = 0.02; I% = 42.1%). Secondary clinical burden and safety outcomes were not
suitable for quantitative pooling because of heterogeneous reporting. Six studies were
judged as having some concerns and one as high risk of bias.

Conclusions

Adjunctive biophysical stimulation was associated with favorable healing-related
outcomes in selected distraction osteogenesis, limb reconstruction, and delayed-union
settings. However, the evidence base remains limited by small study numbers,
methodological heterogeneity, and inconsistent outcome reporting, supporting the need
for larger contemporary randomized trials.


https://doi.org/10.52965/001c.165096
https://doi.org/10.52965/001c.165096

A Meta-analysis of Randomized Controlled Trials of Adjunctive Biophysical Stimulation for Bone Regenera...

1. INTRODUCTION

Impaired bone regeneration remains a major clinical chal-
lenge in orthopedic practice, particularly in patients un-
dergoing complex limb reconstruction, distraction osteo-
genesis, or treatment for delayed union, where prolonged
healing trajectories may substantially increase morbidity,
treatment burden, functional limitation, and the likelihood
of secondary intervention.! Bone repair is a tightly reg-
ulated biological process requiring coordinated inflamma-
tory signaling, angiogenesis, osteogenic differentiation,
matrix deposition, and remodeling; disruption of these
processes may compromise timely structural healing and
predispose patients to delayed recovery.2 Population-level
epidemiological data continue to demonstrate that
nonunion and impaired healing remain clinically meaning-
ful complications across fracture populations, while con-
temporary clinical evidence confirms that delayed union
persists even following standardized fixation strategies, re-
inforcing the ongoing unmet need for effective adjunctive
therapies that can enhance biological healing rather than
relying solely on prolonged observation or revision
surgery.34

Distraction osteogenesis represents a uniquely demand-
ing regenerative model that differs fundamentally from
conventional fracture healing. Rather than spontaneous re-
pair following traumatic injury, successful regenerate for-
mation depends on controlled osteotomy, preservation of
local biology, stable fixation, and precisely regulated me-
chanical stimulation. The foundational biologic principles
established by Ilizarov demonstrated that both fixation sta-
bility and the rate and frequency of distraction critically
determine successful tissue genesis, forming the basis of
modern limb reconstruction strategies.>-¢ Despite these ad-
vances, prolonged external fixation remains associated
with substantial patient burden, including pain, pin-site
complications, delayed consolidation, and prolonged func-
tional impairment, creating strong clinical interest in inter-
ventions capable of accelerating regenerative efficiency.

Adjunctive biophysical stimulation has emerged as a
mechanistically plausible noninvasive strategy intended to
enhance bone regeneration through modulation of os-
teogenic signaling pathways and cellular repair responses.
Early randomized evidence suggested that pulsed electro-
magnetic field stimulation may favorably influence regen-
erate bone formation during limb lengthening, supporting
biologic feasibility within distraction-based reconstruction
settings.” More broadly, continued therapeutic innovation
in skeletal regenerative medicine, including biologically
targeted interventions, reflects persistent recognition that
improving bone healing remains a major translational pri-
ority, even though these therapeutic classes operate
through distinct mechanisms and indications.8

However, the clinical evidence supporting adjunctive re-
generative interventions remains fragmented. Even in com-
paratively defined orthopedic settings such as Jones frac-
tures, variability in healing behavior and treatment
pathways highlights the broader challenge of achieving
predictable osseous union across musculoskeletal practice.’

Similarly, contemporary evidence syntheses evaluating or-
thobiologic strategies for delayed union and nonunion con-
tinue to report uncertainty regarding comparative effec-
tiveness, patient selection, and translation into routine
care.3 For adjunctive biophysical stimulation specifically,
randomized studies across distraction osteogenesis, limb
reconstruction, and delayed union populations have re-
ported inconsistent findings, with substantial variation in
intervention modality, comparator design, endpoint defini-
tion, and methodological rigor.

Although adjunctive biophysical stimulation has been
investigated across broader fracture-healing contexts, evi-
dence specific to distraction osteogenesis, limb reconstruc-
tion, and delayed union remains fragmented, and no fo-
cused quantitative synthesis has specifically restricted
evaluation to randomized controlled evidence across these
reconstructive orthopedic populations. To our knowledge,
no prior meta-analysis has specifically synthesized ran-
domized controlled trial evidence evaluating adjunctive
biophysical stimulation across regenerative orthopedic re-
construction contexts encompassing distraction osteogene-
sis, limb reconstruction, and delayed union. Therefore, this
systematic review and meta-analysis aimed to synthesize
randomized controlled trial evidence evaluating adjunctive
pulsed electromagnetic field stimulation and low-intensity
biophysical stimulation strategies for enhancing bone re-
generation in these settings, with quantitative assessment
of healing-efficiency and radiographic bone-healing out-
comes where clinically appropriate.

2. METHODS

2.1. STUDY DESIGN AND REPORTING STANDARDS

This study was conducted as a systematic review and meta-
analysis of randomized controlled trials evaluating adjunc-
tive biophysical stimulation for bone regeneration in dis-
traction osteogenesis, limb reconstruction, and delayed
union. The review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses PRISMA 2020 statement.

2.2. LITERATURE SEARCH STRATEGY AND STUDY
SELECTION

A systematic literature search was performed in PubMed/
MEDLINE, Scopus, and Web of Science from database in-
ception to March 21, 2026. The search strategy combined
controlled vocabulary and free-text keywords related to ad-
junctive biophysical stimulation and orthopedic bone re-
generation. Core search terms included:

(“low-intensity pulsed ultrasound” OR LIPUS OR
“pulsed electromagnetic field” OR PEMF OR “electromag-
netic stimulation” OR “biophysical stimulation”)

AND (“distraction osteogenesis” OR “limb lengthening” OR
“bone transport” OR “limb reconstruction” OR “delayed
union” OR nonunion OR “fracture healing” OR “bone re-
generation”) AND (randomized OR randomised OR “con-
trolled trial”) Search syntax was adapted for each database.
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Duplicate records were removed before screening. Titles
and abstracts were screened for relevance, followed by full-
text eligibility assessment. Study selection was docu-
mented using a PRISMA flow diagram.

2.3. ELIGIBILITY CRITERIA AND DATA EXTRACTION

Studies were eligible if they met the following criteria: ran-
domized controlled trial design, evaluation of adjunctive
low-intensity pulsed ultrasound or pulsed electromagnetic
field stimulation, inclusion of patients undergoing distrac-
tion osteogenesis, limb reconstruction, or treatment for de-
layed union, use of a comparative control group, and re-
porting of extractable bone-healing outcomes. Studies were
excluded if they were non-randomized, non-comparative,
review articles, case reports, conference abstracts without
complete outcome reporting, protocol publications without
reported outcomes, duplicate cohorts, or involved ineligible
populations or interventions.

Data extraction was performed using a predefined struc-
tured framework. Extracted variables included study char-
acteristics, patient population, intervention protocol, com-
parator, sample size, healing-efficiency outcomes,
radiographic bone-healing outcomes, secondary treatment-
burden outcomes, and reported complications or safety
events. Numerical data required for quantitative synthesis
were extracted directly from the original studies.

2.4. DATA SYNTHESIS AND STATISTICAL ANALYSIS

Meta-analysis was performed when at least two studies re-
ported clinically comparable outcomes with sufficient ex-
tractable numerical data. Given anticipated clinical and
methodological heterogeneity across intervention modal-
ities, patient populations, and outcome definitions, ran-
dom-effects meta-analysis using the DerSimonian-Laird
method was applied throughout.

Continuous fixation-normalized healing outcomes were
pooled as mean differences with 95% confidence intervals
using the inverse-variance method when studies reported
comparable duration-per-length measures, including heal-
ing index and distraction consolidation index expressed as
days per centimeter.

Continuous radiographic bone-healing outcomes were
pooled as standardized mean differences with 95% con-
fidence intervals using the inverse-variance method be-
cause studies reported non-identical but conceptually re-
lated imaging-based endpoints, including regenerate
mineralization, fracture-gap reduction, and radiographic
healing progression. Statistical heterogeneity was assessed
using the I? statistic. Statistical significance was defined as
a two-sided P value < 0.05.

Outcomes unsuitable for quantitative pooling because
of incompatible definitions or insufficient extractable data
were synthesized narratively. Secondary clinical burden and
safety outcomes were not quantitatively pooled because re-
porting frameworks and event definitions differed substan-
tially across studies. Leave-one-out sensitivity analysis was
performed for the radiographic meta-analysis to assess the

robustness of pooled estimates following sequential exclu-
sion of individual studies.

Formal publication bias assessment was not performed
because the number of pooled studies was insufficient for
reliable interpretation.

All analyses were conducted using Review Manager
(RevMan), version 5.4 (Cochrane Collaboration).

2.5. RISK OF BIAS ASSESSMENT

Risk of bias was assessed using the Cochrane Risk of Bias 2
tool for randomized controlled trials. Domains assessed in-
cluded bias arising from the randomization process, devi-
ations from intended interventions, missing outcome data,
outcome measurement, and selection of the reported re-
sult. Studies were classified as low risk of bias, some con-
cerns, or high risk of bias according to RoB 2 guidance.

Risk-of-bias judgments were considered during interpre-
tation of pooled findings.

3. RESULTS

3.1. STUDY SELECTION

A systematic search of major electronic databases, includ-
ing PubMed/MEDLINE, Scopus, and Web of Science, iden-
tified 89 records. After removal of 22 duplicate records, 67
studies remained for title and abstract screening. Of these,
48 records were excluded for clearly not meeting eligibil-
ity criteria, including non-randomized designs, irrelevant
populations, non-comparative studies, review articles, and
studies evaluating non-eligible interventions or outcomes.

Nineteen full-text articles were assessed for eligibility.
Twelve studies were excluded following full-text review due
to non-randomized or non-comparative design (n = 4),
non-eligible population or intervention context (n = 3), in-
sufficient extractable quantitative outcome data (n = 2), du-
plicate publication or overlapping cohort (n = 1), confer-
ence abstract without complete outcome reporting (n = 1),
or protocol registration without published results (n = 1).

Ultimately, seven randomized controlled trials were in-
cluded in the qualitative synthesis. Of these, two studies
were eligible for quantitative pooling of fixation-normal-
ized healing-efficiency outcomes, while three studies con-
tributed to the radiographic bone-healing meta-analysis.
Study selection is summarized in Figure 1.

3.2. STUDY CHARACTERISTICS

Seven randomized controlled trials met the predefined eli-
gibility criteria and were included in the systematic review,
with eligible comparative outcomes contributing to quan-
titative synthesis. The included studies were published be-
tween 1996 and 2017 and originated from the United King-
dom, Germany, Egypt, and China, representing
geographically diverse clinical settings.

Study designs ranged from prospective randomized con-
trolled trials to multicentre double-blind placebo- or sham-
controlled investigations, with more contemporary studies
more frequently incorporating stricter methodological
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Records identified from™:
Databases (n = 89)
Registers (n = 0)

|

Records screened

(n=67)

Reports sought for retrieval: n =
19
Reports not retrieved: n =0

}

Reports assessed for eligibility

Records removed before
screening:
Duplicates removed: n = 22

Records excluded (n = 48):
Irrelevant population/intervention, non-
comparative design, or non-original articles

Reports excluded (n = 12):

Non-randomized or non-comparative design (n =
4)

Ineligible intervention or population (n = 3)
Insufficient extractable outcome data (n = 2)
Overlapping cohort (n = 1)

Conference abstract only (n = 1)

Protocol without reported results (n = 1)

(n=19)
— I

g Studies included in quantitative synthesis

Healing-efficiency meta-analysis (n = 2)

Studies included in quantitative synthesis

Studies included in qualitative synthesis (n = 7)

Radiographic healing meta-analysis (n = 3)

Figure 1. PRISMA flow diagram illustrates the identification, screening, eligibility assessment, and inclusion of

studies in the systematic review.

safeguards such as assessor blinding and sham-controlled
comparators. Sample sizes varied substantially, ranging
from 13 pediatric participants in early exploratory distrac-
tion osteogenesis studies to 101 adults in larger multicentre
delayed-union trials.

Clinical populations were heterogeneous, although all
studies examined adjunctive biophysical stimulation in-
tended to enhance bone regeneration or fracture repair.
Four trials primarily evaluated distraction osteogenesis or
limb reconstruction procedures involving external fixation
systems, including Ilizarov-based bone transport and callus
distraction protocols, whereas three studies examined de-
layed union management following fracture fixation.

Adjunctive interventions included pulsed electromag-
netic field (PEMF) stimulation and low-intensity pulsed ul-
trasound (LIPUS), with comparator groups receiving sham
devices, inactive stimulation, or no adjunctive intervention.
Reported outcomes were correspondingly heterogeneous
and included fixation-normalized healing-efficiency met-
rics (e.g., healing index, distraction consolidation index,
regenerate maturation index), radiographic and structural
healing parameters (e.g., bone mineral density progression,

fracture-gap reduction, callus maturation), union success
rates, and treatment burden outcomes. A structured sum-
mary of study characteristics is presented in Table 1.

3.3. FIXATION-NORMALIZED HEALING OUTCOMES IN
DISTRACTION OSTEOGENESIS AND LIMB
RECONSTRUCTION

Pooled quantitative synthesis of randomized controlled tri-
als reporting conceptually comparable fixation-normalized
healing outcomes demonstrated a favorable effect of ad-
junctive low-intensity pulsed ultrasound (LIPUS) compared
with control treatment. Although the pooled endpoints
were not identical, included outcomes (e.g., healing index
and distraction consolidation index) represented clinically
related treatment-efficiency metrics expressed as days per
centimeter.

The pooled random-effects analysis suggested shorter
fixation-normalized healing duration with adjunctive LI-
PUS compared with control treatment (mean difference,
-16.78 days/cm; 95% CI, -22.72 to —10.83; P < 0.001; Figure
2). Statistical heterogeneity was low (I2 = 0%); however,
heterogeneity estimates should be interpreted cautiously
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Table 1. Characteristics of included randomized controlled trials evaluating adjunctive biophysical stimulation strategies for bone regeneration, distraction osteogenesis,
limb reconstruction, and delayed union management.

Study Country Study Population / Procedure/ Sample Size Mean Age / Intervention Protocol Comparator Primary
Design Clinical Context Clinical (Intervention Sex Reported
Setting / Control) Outcomes
Eyres et UK Double- Pediatric and Lower-limb 13 patients Mean 13vs 12 Active pulsed Inactive Regenerate
al.,, 1996 blind adolescent distraction (18 limb years; mixed electromagnetic field sham PEMF bone mineral
randomized patients osteogenesis segments; 7 / sex (PEMF) stimulation during coil density,
controlled undergoing limb using 6 patients) distraction phase adjacent
trial lengthening for unilateral or segment
congenital or circular bone loss,
acquired limb- external lengthening
length discrepancy fixation index
El- Egypt Randomized Adults undergoing Tibial bone 20(10/10) Mean 35 Low-intensity pulsed No LIPUS Healing
Mowafi controlled reconstruction of transport years; all male ultrasound (LIPUS), 20 min/ index,
& trial tibial bone defects using day, 1.5 MHz, 200 ps pulse regenerate
Mohsen, llizarov duration, 1 kHz repetition consolidation,
2005 external frequency, 30 mW/cm?, fixation
fixation initiated during duraFion, .
consolidation docking-site
complications
Dudda Germany Prospective Adults undergoing Callus 36(16/20) Mean 34.9 vs LIPUS, 20 min/day, 1.5 MHz, No Distraction
etal, randomized distraction distraction 42.4 years; 200 ps pulse duration, 1 kHz ultrasound consolidation
2011 controlled osteogenesis for using predominantly repetition frequency, 30 index, Paley
trial segmental bone external male mW/cm? index, fixation
reconstruction fixation duration
(Regazzoni/
llizarov /
hybrid
systems)
Salem & Germany Randomized Adults with post- Tibial 21(12/9) Mean 32 vs 29 LIPUS, standard Exogen No LIPUS Radiographic
Schmelz, controlled traumatic tibial distraction years; protocol (20 min/day) callus density
2014 trial* defects requiring osteogenesis predominantly progression,
reconstruction using male healing
circular duration,
external external
fixation fixation
duration
Simpson UK Multicentre Adults undergoing Tibial 62(32/30) Adult cohort; Active LIPUS, 20 min/day, Sham LIPUS Regenerate
etal, double- tibial limb distraction mixed sex standardized treatment maturation
2017 blind lengthening or osteogenesis protocol index, time to
randomized bone transport using frame
placebo- circular removal,
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Study Country Study Population / Procedure / Sample Size Mean Age / Intervention Protocol Comparator Primary
Design Clinical Context Clinical (Intervention Sex Reported
Setting / Control) Outcomes
controlled llizarov regenerate
trial fixation healing
outcomes
Shietal., China Prospective Adults with Delayed 58(31/27) Adult cohort; PEMF, 8 h/day;, initiated Sham PEMF Union rate,
2013 randomized postoperative union mixed sex after delayed-union healing
sham- delayed union of management diagnosis success,
controlled long-bone following treatment
trial fractures operative duration
fixation
Schofer Germany Multicentre Adults with tibial Delayed 101(51/50) Adult cohort; LIPUS, 20 min/day for 16 Sham Bone mineral
etal, randomized delayed union union mixed sex weeks, 1.5 MHz, 200 ps device density
2010 sham- management pulse duration, 1 kHz change,
controlled repetition frequency, 30 fracture gap
trial mW/cm? reduction,
radiographic
healing

progression
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Meta-analysis of Comparable Healing-Efficiency Outcomes in Distraction Osteogenesis / Limb Reconstruction

Study Mean Difference (95% Cl) Weight (%)
El-Mowafi & Mohsen (2005) . -18.00 (-24.64, -11.36) 80.3
Dudda et al. (2011) i -11.80 (-25.19, 1.59) 19.7
Overall (Random-effects model) ‘ -16.78 (-22.72, -10.83) 100.0
Random-effects model (DerSimonian-Laird)
Heterogeneity: I* = 0.0%; 1 = 0.00; Q = 0.66; p = 0.416
Test for overall effect: z = 5.57; p < 0.00001

T T T T T

=30 =20

-10

0 10 20

Mean Difference (days/cm) [LIPUS — Control]

Favours LIPUS

Favours Control

Figure 2. Random-effects meta-analysis of fixation-normalized healing outcomes (days/cm) comparing
adjunctive low-intensity pulsed ultrasound versus control in distraction osteogenesis and limb reconstruction

trials.

given that only two trials were directly eligible for quanti-
tative pooling.

3.4. RADIOGRAPHIC BONE HEALING OUTCOMES

Quantitative synthesis of randomized controlled trials re-
porting continuous imaging-based bone-healing outcomes
demonstrated a favorable effect of adjunctive biophysical
stimulation compared with control treatment. Although
outcome constructs differed across studies, all included tri-
als reported surrogate radiographic measures reflecting
structural progression of bone healing.

Pooled random-effects analysis demonstrated a signifi-
cant overall benefit favoring adjunctive intervention (SMD,
0.40; 95% CI, 0.07-0.74; P = 0.02; Figure 3). Between-study
heterogeneity was moderate (I = 42.1%), consistent with
expected methodological and clinical variation in imaging
outcome definitions and measurement frameworks across
trials.

3.5. SECONDARY CLINICAL BURDEN AND SAFETY
OUTCOMES

Secondary outcomes across the included randomized con-
trolled trials reflected treatment-related burden and re-
ported safety events associated with orthopedic bone-heal-
ing interventions and adjunctive biophysical stimulation
protocols. Measures of clinical burden variably included
external fixation duration, time to frame removal, overall
treatment-course duration, and healing-burden metrics, al-
though reporting frameworks were not standardized across
studies. Several trials prioritized healing efficacy outcomes,

limiting direct cross-study comparability for secondary bur-
den endpoints.

Safety-event reporting was similarly heterogeneous. Re-
ported complications included regenerate failure, docking-
site complications, infection-related treatment failure,
pseudoarthrosis, treatment nonresponse, and other proto-
col-specific adverse events where specified. However, for-
mal adverse-event surveillance and complication defini-
tions were inconsistently reported, particularly in earlier
trials, precluding robust quantitative pooling. Accordingly,
secondary clinical burden and safety outcomes were syn-
thesized narratively to preserve methodological consis-
tency and avoid inappropriate aggregation of clinically
non-equivalent endpoints, with study-level reporting sum-
marized in Table 2.

3.6. SENSITIVITY AND ROBUSTNESS ANALYSES

Leave-one-out sensitivity analysis was performed to ex-
plore the robustness of the pooled radiographic bone-heal-
ing effect estimate (Figure 4). Sequential exclusion of indi-
vidual randomized trials demonstrated preservation of the
overall directional trend favoring adjunctive intervention
across all models. However, confidence intervals widened
and statistical significance was not consistently maintained
following omission of specific studies, reflecting the small
number of pooled studies and the exploratory nature of this
analysis.
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Radiographic Bone Healing Outcomes

Study

SMD (95% Cl) Weight (%)

Schofer et al. (2010)
Quantitative radiographic healing advancement
Bone mineral density and fracture-gap healing metrics

Salem & Schmelz (2014)

Continuous radiographic callus density progression

Eyres et al. (1996)

Distraction-gap structural bone mineral density
Regenerate structural healing characteristics

Overall (random effects)
Random-effects mode! (DerSimonian-Laird)

—— 0.53 (0.09, 0.97) 36.4
: . ! 0.66(-0.23,155) 406
| l | 0.29(-0651.22)  23.0

<> 0.40 (0.07,0.74)  100.0

-1 0 1 2

Standardized Mean Difference

Favours control Favours adjunct therapy

Random-effects model (DerSimonian—Laird); 12 = 42.1%; Tau? = 0.04; Q statistic = 3.45; Heterogeneity p-value = 0.18; Overall p-value = 0.02

Figure 3. Random-effects meta-analysis of continuous radiographic bone-healing outcomes following adjunctive
biophysical stimulation across randomized controlled trials.

Table 2. Secondary Clinical Burden and Safety Outcomes Across Included Randomized Trials

Study Clinical Burden Outcomes Safety / Complication Outcomes Key Notes
Reported Reported
Eyres et Treatment index and serial follow- Formal complication outcomes Primary emphasis was structural
al. (1996) up during limb lengthening were not primary reported bone mineral density and
endpoints regenerate healing
El-Mowafi Healing index and fixation-duration Regenerate failure and docking- One regenerate failure event
& Mohsen burden site complications reported in the control arm
(2005)
Dudda et Distraction consolidation burden, Pseudoarthrosis, infection- Primary emphasis was treatment-
al. (2011) Paley index, fixation-related related failure, amputation efficiency evaluation
treatment burden events
Salem & External fixation duration and Formal complication reporting Primary emphasis was
Schmelz treatment-course burden was limited radiographic healing progression
(2014)
Shi et al. Delayed-healing resolution Treatment nonresponse / Primary emphasis was fracture-
(2013) timelines and treatment-course persistent healing failure healing response
burden

Schofer et Clinical burden outcomes were not Safety outcomes were not Primary emphasis was
al. (2010) primary reported endpoints principal reported outcomes radiographic healing efficacy
Simpson Time to frame removal and Structured safety monitoring Methodologically strongest safety
etal. regenerate maturation burden within placebo-controlled reporting among included trials
(2017) randomized design

3.7. RISK OF BIAS ASSESSMENT

Several contemporary sham-controlled studies demon-
strated low risk of bias in the randomization domain, re-

Risk of bias was assessed using the Cochrane Risk of Bias flecting adequate sequence generation and allocation pro-
2 (RoB 2) tool across five methodological domains. Overall, cedures. In contrast, older trials frequently provided
the included randomized studies demonstrated a predom-  jnsufficient methodological detail regarding randomization
inantly moderate risk of bias, with methodological rigor methods and allocation concealment, resulting in judg-
varying substantially between older and more contempo- ments of some concerns.

rary trials.

Orthopedic Reviews 8



A Meta-analysis of Randomized Controlled Trials of Adjunctive Biophysical Stimulation for Bone Regenera...

Leave-One-Out Sensitivity Analysis of Radiographic Bone Healing Outcomes

Analysis model Standardized Mean Difference (SMD) Pooled SMD (95% Cl) P (%) Tau?  p-value

Overall model —— 0.41(0.07 to 0.76) 281 0035 0018

Excluding Schofer et al. (2010) . * i 0.50 (-0.29t0 1.29) 00 0000 0215

Excluding Salem & Schmelz (2014) L L 4 i 0.37 (-0.20 t0 0.95) 00  0.000 0.200

Excluding Eyres et al. (1996) —y————1 0.62 (0.18 to 1.06) 00 0000 0.006
-ZF,O —1|.5 -1I.0 -0l.5 0 0!5 170 175 21.0

Standardized Mean Difference (SMD)

Favours control

Favours adjunct therapy

Random-effects leave-one-out sensitivity analysis using DerSimonian-Laird model.

Figure 4. Leave-one-out sensitivity analysis exploring the robustness of the pooled radiographic bone-healing

effect estimate across included randomized trials.

Bias arising from deviations from intended interventions
was generally low in blinded sham-controlled designs.
However, Dudda et al. was judged at high risk in this do-
main because of its open-label design and absence of
placebo control, introducing a meaningful risk of perfor-
mance bias. Missing outcome data generated some con-
cerns in several studies because of incomplete follow-up
reporting, differential attrition, or insufficient detail re-
garding the handling of missing observations. Measure-
ment bias was generally considered low when objective ra-
diographic or imaging-based endpoints were assessed
under blinded conditions, whereas some earlier studies
lacked sufficient detail regarding assessor blinding or relied
on less standardized outcome assessment methods.

Selective reporting was judged as some concerns in mul-
tiple studies because prospective protocol registration or
clearly pre-specified statistical analysis plans were not con-
sistently available.

Overall, six studies were judged as having some con-
cerns, while one study was classified as high risk of bias,
primarily due to lack of blinding and deviations from in-
tended interventions. No included trial was judged as low
risk of bias across all RoB 2 domains.

4. DISCUSSION

This systematic review and meta-analysis synthesized ran-
domized controlled evidence evaluating adjunctive bio-
physical stimulation for bone regeneration across distrac-
tion osteogenesis, limb reconstruction, and delayed union.
The principal finding was that adjunctive biophysical stim-
ulation was associated with more favorable healing-related
outcomes, with the strongest quantitative signal observed

in fixation-normalized healing efficiency. In pooled distrac-
tion osteogenesis and limb reconstruction trials, adjunc-
tive low-intensity pulsed ultrasound was associated with
shorter healing duration per centimeter, suggesting a po-
tentially meaningful reduction in external-fixation expo-
sure and overall treatment burden. The radiographic syn-
thesis also favored adjunctive intervention, although the
observed effect was more modest and less robust, with
moderate heterogeneity and sensitivity analyses demon-
strating that statistical significance was not consistently
preserved following sequential exclusion of individual stud-
ies.

These findings are biologically plausible. Contemporary
evidence suggests that low-intensity pulsed ultrasound
may modulate mechanotransduction, osteoblastic activity,
angiogenic signaling, and matrix mineralization, all of
which are relevant to fracture repair and regenerate mat-
uration.10 Similarly, pulsed electromagnetic field stimula-
tion has been linked to molecular pathways involved in
osteogenic differentiation, inflammatory modulation, and
cellular repair signaling, providing a mechanistic rationale
for therapeutic use in impaired bone-healing environ-
ments.11 The direction of effect observed in this review is
therefore consistent with the biological premise that ex-
ternally applied physical stimuli may augment endogenous
regenerative responses, particularly in mechanically regu-
lated reconstructive settings.

The clinical interpretation, however, requires caution.
The most pronounced pooled effect was derived from only
two randomized trials reporting conceptually comparable
fixation-normalized healing metrics. Although the magni-
tude of effect is clinically attractive, particularly in the con-
text of prolonged external fixation, the limited evidence
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FIGURE 2: Risk of bias summary (RoB-2) assessment across seven randomized clinical trials

Studies included: Simpson et al. (2017), Schofer et al. (2010), Eyres et al. (1996), Shi et al. (2013),

Salem et al. (2014), EI-Mowafi et al. (2005), Dudda et al. (2011).

Figure 2. Risk of bias summary using the Cochrane RoB 2 tool across included randomized controlled trials.

base constrains precision and limits confidence in hetero-
geneity estimates. The radiographic synthesis incorporated
three studies and demonstrated a statistically significant
overall effect, but the pooled endpoints were not identical.
Regenerate mineralization, fracture-gap reduction, and ra-
diographic healing progression each reflect structural heal-
ing, yet they are not interchangeable clinical outcomes.
This distinction is important because contemporary evi-
dence evaluating adjunctive physical stimulation in bone
healing remains heterogeneous, with variability in device
protocols, comparator designs, patient populations, and
endpoint selection.!213

The findings are broadly aligned with the evolving ortho-
pedic literature suggesting that biophysical stimulation re-
mains a promising but incompletely standardized adjunc-
tive strategy. Recent reviews indicate that electromagnetic
and ultrasound-based interventions may support bone re-
pair in selected settings, although clinical translation re-
mains constrained by protocol inconsistency, variable study
quality, and uncertainty regarding optimal patient selec-
tion.14 This is particularly relevant to the present review
because included trials spanned distinct clinical contexts.
Some evaluated distraction osteogenesis and limb recon-
struction under external fixation, whereas others examined
delayed union following fracture fixation. Although these
populations share impaired or prolonged healing biology,
their mechanical environments, baseline risks, and clinical
trajectories differ substantially, which likely contributes to
between-study variability. Emerging translational litera-
ture further supports continued scientific interest in bio-
physical stimulation as a regenerative strategy, although
mechanistic progress has outpaced standardized clinical
implementation.!®

Orthopedic Reviews

Several strengths support the relevance of this synthesis.
First, the analysis was restricted to randomized controlled
trials, reducing susceptibility to confounding compared
with broader observational evidence. Second, the review fo-
cused specifically on high-burden reconstructive and de-
layed-healing populations rather than routine fracture
healing more generally, improving clinical specificity.
Third, fixation-normalized efficiency outcomes were ana-
lyzed separately from radiographic structural outcomes, re-
ducing the risk of inappropriate pooling across clinically
distinct constructs. Fourth, methodological quality was sys-
tematically assessed using the Cochrane RoB 2 framework,
and sensitivity analysis was performed to examine the ro-
bustness of pooled radiographic findings.

The limitations are equally important. Only seven ran-
domized trials met eligibility criteria, and most were small.
Several studies were older and incompletely reported key
methodological safeguards, including allocation conceal-
ment, missing-data handling, assessor blinding, and pre-
specified analytical approaches. Most studies were judged
to have some concerns, with one classified as high risk of
bias, limiting certainty in pooled estimates. Secondary clin-
ical burden and safety outcomes could not be quantita-
tively synthesized because definitions, reporting structures,
and follow-up frameworks were inconsistent across studies.
Formal publication bias assessment was not performed be-
cause the number of pooled studies was insufficient for reli-
able interpretation. These limitations reinforce the impor-
tance of transparent reporting and cautious interpretation
in musculoskeletal evidence synthesis.1®
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5. CONCLUSION

Adjunctive biophysical stimulation was associated with fa-
vorable healing-related outcomes across randomized stud-
ies involving distraction osteogenesis, limb reconstruction,
and delayed union. The most consistent quantitative ben-
efit was observed in fixation-normalized healing efficiency,
suggesting potential reduction in treatment burden in re-
constructive settings characterized by prolonged external
fixation, while radiographic analyses suggested favorable
structural healing effects. However, the current evidence
base remains limited by small study numbers, methodolog-
ical heterogeneity, inconsistent outcome definitions, and
variable risk of bias. Accordingly, although adjunctive bio-
physical stimulation may represent a promising strategy
in selected high-burden orthopedic reconstruction and de-
layed-healing contexts, the available evidence remains in-
sufficient to support universal routine implementation.
Larger contemporary randomized controlled trials with
standardized endpoints, harmonized intervention proto-
cols, and rigorous safety reporting are needed to better de-
fine its clinical role.
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