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Although there have been improvements in surgical fixation techniques, the process of fracture healing
continues to pose challenges, especially for patients with additional health issues. Low-intensity pulsed
ultrasound (LIPUS) has been proposed as a non-invasive method to facilitate faster bone recovery;
however, its effectiveness in clinical settings remains unclear. This study aimed to assess the impact of
LIPUS on the healing of lower limb fractures. A double-blinded, prospective, randomised controlled
trial was conducted in two hospitals in Gauteng, South Africa. The study was approved by the University
of the Witwatersrand (M150236). Ninety-four individuals aged 18 years and older with lower limb
fractures were consecutively recruited and randomly assigned to either the LIPUS or control group. The
intervention group underwent 20-minute LIPUS sessions every alternate day for a duration of 20 days
during their hospitalisation, followed by follow-up after discharge. Callus formation, cortical bridging,
fracture gap, and overall radiographic healing were evaluated at 6, 12, and 18 weeks. An intention-to-
treat analysis was performed to accommodate missing radiographs and loss to follow-up. No statistically
significant differences were found between the intervention and control groups concerning callus
formation, cortical bridging, fracture gap, or overall healing at any assessment time. A high rate of loss
to follow-up and unavailability of radiographs diminished the analysis’s power. LIPUS did not show a
notable improvement in fracture healing when compared to standard care. Its clinical use may need to be
reevaluated, especially in low— and middle-income countries, where cost-effectiveness is a crucial factor.

ABSTRACT

INTRODUCTION Various methods have been proposed to promote

fracture healing and reduce non-union occurrence®”’.

Fractures commonly occur in trauma cases, and
complications such as malunion, delayed healing,
or non-union may lead to permanent disability. In
approximately 5% of patients, recovery is hindered,
possibly leading to non-union'. Once non-union occurs,
no further spontaneous healing can be expected.
Fracture non-union may require additional surgical
intervention to facilitate healing, which is costly for the
patient and the healthcare system®. Patients with lower
limb fractures who have delayed healing may endure
long-term consequences such as impaired mobility and
productivity*. Individuals with non-union fractures
need to work closely with healthcare professionals to
develop a comprehensive treatment plan that addresses
both the physical and psychosocial aspects experienced.

Low-intensity pulsed ultrasound (LIPUS), used in
physiotherapy, is one such option®’. Non-invasive
LIPUS treatment has been shown to strengthen fracture
callus formation and improve fracture healing time,
which may reduce or minimise associated disability and
cost to patients and improve quality of life*!". Studies
investigating the use of LIPUS have reported reasonable
compliance rates with daily treatment sessions of only
20 minutes®'*'3. LIPUS has the disadvantage of being
expensive due to the high cost of the equipment',
which must be considered when evaluating gains in
fracture healing time and patients’ ability to participate
in activities and return to work!>. More than 20 years
of research on the effect of LIPUS on fracture healing
has been conducted, and several studies contradict its
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beneficial impact on bone healing'>'®. Amalgamated
data from all studies indicated that LIPUS treatment
resulted in a non-significant reduction in healing time
of approximately forty days!*>!’. However, limited
research has investigated the use of LIPUS in cases
of surgically managed fractures'®. More research
is thus needed to assess the efficacy of LIPUS on
healing surgically managed fractures, particularly
in the lower limbs. Furthermore, studies on the
effectiveness of LIPUS for patients with fractures who
have comorbidities such as human immunodeficiency
virus (HIV), diabetes, and hypertension, which have
commonly been associated with a greater risk of
slow fracture healing, are also limited. Many of these
comorbidities' co-occur, and their impact on fracture
healing has not been well studied. Limited studies
have investigated the efficacy of LIPUS on fracture
healing in Africa, possibly due to restricted access and
the prohibitive equipment cost.

MATERIALS AND METHODS

This prospective, randomised, controlled, double-
blinded study with an evidence level of one is
reported according to CONSORT guidelines (Figure
1)". The study was conducted at two tertiary hospitals
in Pretoria, Gauteng. Written informed consent was
obtained from the hospital chief executive officers of
the two hospitals and from the patients who agreed to
participate in this study. The patients were informed
of their right to withdraw without reason, and their
withdrawal would not affect the services they received
from their hospital. Between January and September
2016, 115 patients diagnosed with lower limb fractures
and managed with open reduction internal fixation or
external fixation were recruited from the orthopaedic
ward and screened for eligibility; 94 were enrolled.
Patients were recruited using a consecutive sampling
method.
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Fig. 1 — CONSORT flow diagram evaluating the efficacy of LIPUS in fracture healing.
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We calculated that 90 participants had 80% power to
detect a significant difference between participants
treated with or without LIPUS at the 0.05 significance
level. In blocks of six, with a 1:1 ratio, computer-
generated random sampling was used to allocate
patients to either the intervention or control group.
The researchers, the radiologist appointed to interpret
X-rays, and the patients were blinded to which
machine was the actual or sham LIPUS. Only the
technician from the sponsoring company was aware
of the treatment allocation. The technician labelled the
two machines as A or B machines. All patients aged
18 years and older with lower limb fractures managed
with open reduction, internal fixation, or external
fixation were enrolled in the study. We excluded
patients with multiple fractures in one long bone, as
the healing of one fracture may be hindered by other
fractures. We also excluded patients who resided
more than ten kilometres radius from the research
settings to enable follow-up. Finally, we excluded
patients with pathological fractures, which may alter
bone healing outcomes. Patients were positioned
comfortably, and the fractured area was fully exposed.
The intervention group was treated with a LIPUS
machine, and the control group was treated with an
identical sham LIPUS machine. The technician pre-
set both devices according to the instructions from the
principal researcher at an intensity of 0.03 W/cm?, a
frequency of 1.5 MHz, and a pulsed width of 200 us
10. Patients were treated for 20 days, with treatments
administered every second day for 20 minutes.
Patients were not kept at the hospital for 40 days of
LIPUS treatment, but were followed up on discharge
and treated at home. Follow-up X-rays were taken
at six, 12, and 18 weeks, according to the hospital’s
routine. Due to ethical concerns about exposing the
patients to radiation, the researcher was unable to take
any X-rays if they were not asked to return for follow-
up X-rays. A radiologist reported on the outcomes
used to establish signs of fracture healing.

Patient demographics and operative information
were documented before the surgery. Baseline X-rays
were also reported before surgery, at six, 12 and 18
weeks of LIPUS intervention. The outcomes assessed
were callus formation, cortical bridging, fracture gap
and overall healing?*?*. Callus formation was scored
on a scale of 1 (yes) or 0 (no)*. We used the cortical
bridging index to score the four cortices on a scale
of one to four**®. The presence of a fracture gap was
scored on a scale of 1 (yes) or 0 (no). Primary healing
of fractures can occur through either contact healing
or reduction of the fracture gap. If the gap between the

bone ends is less than 0.01 mm, the fracture can heal
through contact healing®®. The fracture was considered
consolidated if there was callus formation; four
cortices observed in the anteroposterior and lateral
radiographic views were bridged, and overall healing
was achieved if there was no fracture gap?'. This study
was exploratory in nature and did not include a pre-
specified primary endpoint; multiple radiographic
indicators were assessed to describe healing patterns.
Following arguments by many researchers?’-*, we did
not apply Bonferroni or similar adjustments because
they test the universal null hypothesis (that all
comparisons are simultaneously accurate), which is
rarely relevant in clinical research. Our focus was on
evaluating each radiographic indicator individually.
Although multiple comparisons were performed, we
believe that transparent reporting and framing the
study as exploratory mitigates undue concern about
inflated Type I error. When modelling a multivariate
analysis for the timeframe of six to 18 weeks, using
overall healing at six weeks in the control group as
a reference, no significant interaction over time was
found for the control group at 12 and 18 weeks, and
the intervention group at six, 12, and 18 weeks. The
findings reflect the reported lack of overall fracture
healing by 18 weeks in the current study.

Statistical Analysis

An intention-to-treat (ITT) analysis was also
conducted on the data, as the literature indicates
that this analysis is essential for avoiding bias
in the analysis of randomised trials®*. Although
controversy exists about whether ITT analysis should
be completed with a strict view that no analysis with
missing outcomes can be described, the European
Medicines Agency has suggested that missing data
should be imputed in clinical trials*. It has been
suggested that an ITT analysis should be completed
to accommodate the loss of outcomes and missing
data, as emphasised by the Consolidated Standards of
Reporting Trials (CONSORT) guidelines, to provide
an unbiased estimate of the treatment effect’!. Since
the loss to outcome X-rays in this study was greater
than 20%, the results of the ITT analyses are presented
separately from the per-protocol analysis.

The missing data in this study could be considered
missing at random (MAR) based on the loss of X-rays
or not being taken due to the health care system in
which the patients were treated. An analysis suited
to MAR, a Generalised Estimation Equation (GEE)
(Westgeest et al.) analysis to analyse (ITT) was
used. The GEE analysis is well-suited for MAR in
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longitudinal data with small sample sizes*. Following
this, multivariate GEE models were fitted by adding
gender and age as cofounding variables to adjust for
potential confounding factors in the GEE models.
Although several baseline variables were considered,
multicollinearity diagnostics indicated instability
when including all (age, diabetes, fracture site,
fixation type, smoking); therefore, only gender and
age were retained as confounding variables in the
final models. Age and gender were included because
they are fundamental demographic factors that may
act as proxies for health-related variables. Older
individuals often present with comorbidities such
as diabetes or hypertension, which can delay bone
repair, while gender differences are associated with
hormonal influences, bone density, and lifestyle habits
such as smoking and physical activity. Including these
covariates helps partially account for these underlying
variations without introducing multicollinearity from
highly correlated clinical variables.

RESULTS

Atotal 0f 94 patients (100%) were enrolled in the study,
and only 95.7% (n = 90) were analysed at six weeks
(Figure 1). Due to unforeseen circumstances and a poor
socioeconomic background, two patients were unable
to be followed because they lacked electricity at home
and were unable to attend hospital appointments for
further LIPUS management. In contrast, the other
two patients lived beyond the 10-kilometre radius of
the healthcare facilities and were transferred to the
local clinic for further management. Poor hospital
follow-up to take X-rays prevented the researcher
from recording all the outcomes at 12 and 18 weeks,
as some patients felt restored and were therefore
excluded from the study. This left 60.6 % (n = 57)
and 46.8% (n = 44) of patients analysed at 12 and 18
weeks, respectively. This study had more male (68%)
than female patients, though it was not statistically
significant. The female patients were, on average,
ten years older than the males; the youngest patient
was 18, and the oldest was 82, both of whom were
women. Femur fractures were the most prevalent
fracture (60%) and were distributed relatively equally
between the intervention and control groups (58.62%
vs 61.40%, respectively). Open reduction internal
fixation was the most common surgical management
tool used (78.26%), with approximately 20% of
patients in both groups treated using external fixation.
Both groups had similar demographic characteristics,
including smoking, diabetes, hypertension, and human

immunodeficiency virus. There were significantly
more hypertensive patients in the control group (p <
0.05) than in the intervention group.

Comparison of fracture healing in
intervention and control groups over time

Callus formation

At six, 12 and 18 weeks, the ITT analysis results
confirmed a greater increase in callus formation
for the intervention group at all three time periods.
Although there was no significant difference between
the intervention and control groups in callus formation
at six and 12 weeks, upon analysing the missing data,
the difference between the groups at 18 weeks was
significant.

Corlices bridged

The ITT results at six and 12 weeks showed that a
higher percentage of participants in the intervention
group had no cortices, with no significant difference
between the two groups. At 18 weeks, a significantly
higher percentage (84.44%) of participants in the
intervention group had cortices present compared to
those in the control group (53.06%), with a significant
difference (p = 0.013).

Fracture gap

The ITT analysis yielded similar results to the per-
protocol results, with a higher percentage of patients
in the control group (83.63%; n=40) having a fracture
gap at six weeks and 57.14% (n = 28) at 12 weeks.
The fracture gap was present in a lower percentage of
participants, 23 (51.11%), in the intervention group,
compared to the control group (63.27%; n=31), at 18
weeks, although this difference was not statistically
significant.

Overall healing

The ITT analysis yielded similar results, with no
healing observed at six weeks and a small percentage
of healing in both the intervention and control
groups at 12 and 18 weeks. There was no significant
difference between the groups for overall healing at
any of the assessment periods. Although few patients
had fractured healed at 12 weeks, the percentage was
higher in the intervention group on the ITT analysis.

In summary, the ITT analysis indicates that the
intervention group had a higher percentage of
participants with callus formation and overall healing
at six, 12 and 18 weeks. The control group had more
cortices bridged and no fracture gap at both six and
12 weeks. In contrast, the intervention group had a
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significantly higher percentage of participants with
bridged cortices and a lower percentage with a fracture
gap at 18 weeks. Although by 18 weeks, the rate of
participants in the intervention group with positive
signs of fracture healing was higher, this difference
was not significantly greater than that of the control
group, and the difference in radiological outcomes
varied across the three time periods. It appears that,
with callus formation, the LIPUS intervention may
have accelerated callus formation in the first six weeks,
with a significantly greater percentage of participants
having bridged cortices at 18 weeks, as indicated by
the ITT analysis.

Change in within-group outcomes related to
fracture healing over time

Callus formation

The results for the ITT analysis of callus formation
within the intervention and control groups differed
from those of the per-protocol analysis in that both
groups showed a significant change in callus formation
from no callus formation at six to 12 weeks. The control
group had one participant who changed from having
calluses to no calluses formed, with an odds ratio of
0.07 (CI 0-0.46).

At 12 — 18 weeks, as in the per-protocol analysis,
neither group showed significance in the change for
the presence of callus, but in the control group, nine
participants with an odds ratio of 1.28 (CI=0.42 - 4.06)
moved from callus formation to no callus formation.
For the intervention group at 12 weeks, the odds for
change in the presence of callus were 0.25 (CI=0-2.52)
times lower than no change or an absence of callus
formation. This indicates a higher odds ratio change
for no callus formation in the control group over this
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time period. When the entire time period from six to 18
weeks was considered, both groups showed statistical
significance in terms of change in the presence of callus
formation for the per-protocol analysis. However, the
ITT analysis indicated that the control group had a
greater likelihood of change from callus to no callus
formation in nine participants over the six- to 18-week
period, as the odds were 0.42 (CI = 0.15-1.00) times
lower for callus formation in this group.

This is confirmed in Figure 2, where, over the entire
period of six to 18 weeks, the ITT analysis indicated
that the intervention group had a higher mean callus
formation throughout the study.

Cortical bridging

The results of cortical bridging on the ITT analysis
reflected those on the per-protocol analysis for the study
period. The difference for cortical bridging was also
significant in the ITT analysis at six to 12 weeks and
six to 18 weeks (Figure 3). At 12-18 weeks, the odds
ratio for change from cortices bridged to no cortices
bridged in the control group was higher at 16 (CI=2.48-
670.96), which was statistically significant (p<0.003),
while in the intervention group, the odds ratio in this
period was only 0.2 (CI=0 — 1.78). On the ITT analysis
from six to 18 weeks, however, the control group had
an odds ratio of 0.26 (CI=0.07 — 0.72), a change from
cortices bridged to no cortices bridged in the control
group, compared to odds of zero (CI=0 - 0.14) for the
intervention group. Over the entire study period of six-
18 weeks, the mean cortices bridged was greater for the
intervention group.

Fracture gap

The results for the ITT analysis were similar to those
for the per-protocol analysis and showed statistical
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Fig. 2— Callus formation over time — per protocol and intention to treat analysis.
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significance for both the intervention and control
groups (p = 0.000) in the reduction of the fracture gap
at six to 12 weeks. The intervention group, however,
had odds of 25 (CI =4.09 - 1026.40) for less change
in the presence of the fracture gap, while the control
group had an odds ratio of zero (CI = 4.66 — 0) for
less change in the presence of the fracture gap. On
the ITT analysis, both groups showed statistically
significant for change in the fracture gap with the
intervention group having odds for change in the
fracture gap 0.16 (CI = 0.01 - 0.74) and the control
group of 0.23 (CI = 0.042 - 0.83) between 12-18
weeks where the ITT analysis indicated 12 and
13 participants changed from no fracture gap to a
fracture gap.

As confirmed in Figure 4, the fracture gap
resolution was lower in both groups between 12-
18 weeks. The ITT analysis was also statistically
significant at six to 18 weeks, indicating that fracture
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gap reduction was greater in the intervention group.
The odds ratio for the change from no fracture gap
to fracture gap was 0.56 (CI = 1.63 - 30.18) for the
intervention group and 0.55 (CI = 1.20 - 51.06) for
the control group, differing from the per-protocol
analysis. These results were statistically significant,
indicating similar results for both groups.

Overall healing

The results of the ITT analysis for overall healing
were similar to those of the per-protocol analysis,
with greater healing observed in both groups at 12-
18 weeks. As for the per-protocol analysis, only
participants in the control group changed from
overall healing to no overall healing, with a slightly
higher odds ratio of 2 (0.10 - 117.99). This finding
was confirmed in Figure 5, which showed that the
intervention group experienced greater overall
healing on the ITT analysis at 12-18 weeks.
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Fig. 3 — Cortices bridged over time — per protocol and intention to treat analysis.
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Fig. 4 — Presence of fracture gap over time — per protocol and intention-to-treat analysis.
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Fig. 5 — Overall healing over time — per protocol and intention to treat analysis.

In summary, the ITT analysis for the change within the
groups indicates the intervention group and control
groups had similar odds for fracture healing between
six and 12 weeks, except for callus formation, which
was greater by six weeks and during the six- to 12-
week period for the intervention group. The odds
ratio for change from callus formation or cortices
bridged, no fracture gap and overall healing to no
callus formation or cortices bridged, a fracture, and
no overall healing was higher in the control group,
indicating more consistent healing in the intervention
group between 12 and 18 weeks, with lower odds
ratios. These confirmed findings presented in the
per-protocol analysis indicate that the LIPUS
intervention may have protected the intervention
group from as much deterioration in fracture healing
as seen in the control group.

On the ITT analysis over the entire period from
six to 18 weeks, the ITT analysis indicated the
intervention group achieved greater mean callus
formation, cortical bridging and reduction of the
fracture gap than the control group.

Controlling for confounding variables

Multivariate GEE models were constructed to
account for repeated measures across 6, 12, and 18
weeks and included age and gender as covariates.
After adjustment, the group effect (intervention vs
control) was not statistically significant for callus
formation (p = 0.249), cortical bridging (p = 0.783),
fracture gap (p = 0.660), or overall healing (p =
0.884). This indicates that, even when demographic
factors and within-subject correlation were taken
into account, the intervention did not demonstrate a
significant effect. While earlier ITT and per-protocol
analyses suggested some trends, such as slightly

better callus formation early and cortical bridging
later in the intervention group, these were unadjusted.
The multivariate GEE results confirm that these
trends do not persist after adjustment, suggesting
that observed differences were likely due to random
variation or demographic imbalance rather than a true
intervention effect. However, given the substantial
loss to follow-up and missing radiographic data,
interpretation of these adjusted models should be
cautious. The limited sample size at later time points
reduces statistical power; therefore, these analyses
complement rather than replace the simpler ITT
and per-protocol findings. That being said, only the
latter (the simpler ITT and per-protocol findings) are
considered in the discussion which follows.

DISCUSSION

This study evaluated the efficacy of LIPUS treatment
on lower-limb fracture healing in surgically managed
patients. Our results indicate that the patterns of
callus formation varied between the intervention and
control groups in both per-protocol and intention-to-
treat (ITT) analyses. During the per-protocol analysis,
the intervention group exhibited consistent callus
formation from 6 to 12 weeks, whereas the control
group, starting with a lower initial level, showed a
more pronounced increase and eventually outpaced
the intervention group by 18 weeks. This implies that
the intervention may enhance early callus formation,
while the control group experiences a delayed but
compensatory healing process. These observed trends
align with the established biological mechanisms of
fracture healing, in which callus formation speeds
up between weeks 6 and 12, followed by phases of
remodelling®.
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In contrast, the ITT analysis revealed that the
intervention group consistently exhibited higher
scores for callus formation over time, showing
steady improvements up to 18 weeks. The control
group demonstrated initial improvement but reached
a plateau and began to decline after weeks 12 to 18.
These results emphasise the ongoing advantage of
the intervention in facilitating callus consolidation
when all randomised participants are taken into
account. Prior research has similarly demonstrated
that LIPUS stimulates early cellular activity at the site
of fractures, encouraging chondrocyte proliferation
and mineralisation of the callus®!!. The per-protocol
results further support the notion that the most
considerable callus formation occurs within the
initial 12 weeks, aligning with the biological period
of secondary bone healing®. Importantly, while both
groups reached their peak around weeks 12 to 18,
the intervention group continued to show growth, in
contrast to a slight decline in the control group. This
sustained progression suggests that the intervention
may help prevent regression or delayed union, a
conclusion corroborated by clinical research that
observes quicker fracture healing and enhanced callus
morphology associated with LIPUS*.

Although various systematic reviews have raised
doubts regarding the clinical effectiveness of LIPUS
in healing fractures, especially in those managed
surgically. Our results align with studies suggesting
that LIPUS can provide benefits in accelerating early
callus formation and sustaining consolidation'>3*,
The discrepancy between per-protocol and intention-
to-treat outcomes in our research highlights the
importance of adherence, as the practical effectiveness
of such treatments may diminish if patients fail to
follow treatment guidelines. In summary, our results
indicate that the intervention seems to promote
early callus formation and support its consolidation
compared to standard care. This holds significant
clinical implications for mitigating delayed healing
and non-union; however, additional research with
larger participant groups and extended follow-up is
necessary to verify functional outcomes.

Our results show a gradual increase in the number
of cortices bridged between 6—12 weeks and 12—18
weeks, followed by a relative stabilisation during
the 6-18 week period. This trend aligns with the
anticipated development of secondary bone healing,
where a callus forms and progressively connects
multiple cortices before achieving complete cortical
continuity®*. The sharp rise observed from 6 to 18
weeks indicates active maturation and mineralisation

of the callus, highlighting a critical phase of
endochondral ossification’.

When comparing the per-protocol and ITT analyses,
both groups exhibited similar healing patterns,
although minor differences in slope suggest potential
variations in biological or mechanical factors. The
intervention group (based on ITT) seemed to show a
slight advantage in cortical bridging compared to the
control group during the 618 week period. However,
this effect was not consistently maintained across both
analytical methods, reflecting findings from larger
randomised controlled trials that have questioned
the additional benefit of adjunctive therapies, such as
LIPUS on cortical bridging!'?*’.

The rise in the number of bridged cortices
observed at 12-18 weeks aligns with the timeline
for radiographic signs of union in most diaphyseal
fractures, reinforcing the clinical relevance of cortical
bridging as a proxy marker for healing*. Nevertheless,
the slight levelling off that follows suggests that
while bridging advances early on, full consolidation
may take longer than 18 weeks, particularly in cases
with biological or mechanical complications®’. From
a clinical perspective, these findings emphasise
the importance of monitoring cortical bridging at
regular intervals to assess healing progression and
identify delayed union at an early stage. Therefore,
radiographic evaluations should be combined with
clinical assessments, such as pain and function, to
provide a more reliable indicator of readiness for
weight-bearing or the removal of hardware®.

Our results indicate that the fracture gap first
decreases between 6 to 12 weeks, then increases at
12-18 weeks, and shows partial reduction again
between 6 to 18 weeks. This fluctuating trend
differs from the consistent reduction noted in other
studies on fracture healing, implying that bone
repair may not always progress in a linear manner.
The variability in gap progression may be due to
differences in biological healing stages, mechanical
loading conditions, or patient-related factors, such
as adherence to weight-bearing limitations*>*°. The
temporary widening of the fracture gap between 12
to 18 weeks could signify delayed callus maturation
or micro-motion at the fracture location, both of
which can hinder mineralisation and bridging*'. Prior
research has emphasised that mechanical stability
plays a crucial role in gap behaviour, with insufficient
stability resulting in widening or persistence of gaps
prior to eventual bridging*>. In both per-protocol and
ITT analyses, the control group exhibited smaller
fracture gaps relative to the intervention group. This
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observation raises the possibility that LIPUS had a
minimal impact on hastening fracture union in this
population, consistent with recent high-quality RCTs
indicating little clinical advantage of biophysical
stimulation for long-bone healing'>*’. The continued
superiority of the control group across both analyses
bolsters the dependability of this finding.

The clinical note is that support for fracture
healing should focus not only on encouraging early
callus development but also on maintaining sustained
mechanical stability and favourable biological
conditions for closing the gap over the medium term.
Emphasising rehabilitation strategies that avoid early
loading, along with close radiographic monitoring,
may help identify and manage mid-term widening
before it adversely affects healing outcomes.

Our results indicate that overall healing
significantly improved from the 6 to 12-week period
to the 12 to 18-week mark, followed by a slight
decrease at the 6 to 18-week mark. This pattern aligns
with the biological stages of fracture healing, where
the mid-phase is characterised by callus formation
and cortical bridging, followed by a gradual
remodelling process and a reduction in radiographic
change as consolidation continues®. The peak seen
at 12-18 weeks corresponds to the crucial phase of
endochondral ossification and mineralisation, which
are key processes that provide radiographic indicators
of union in long bones®.

When comparing the intervention and control
groups, the intervention group exhibited slightly
higher healing indices during the mid-phase. However,
this difference was not sustained during the later 6 to
18-week follow-up period, where the trends aligned.
This pattern aligns with findings from extensive
multicenter studies, which suggest that adjunctive
treatments, such as low-intensity pulsed ultrasound,
may enhance early radiographic signs of healing
but do not have a significant impact on long-term
outcomes'**’. The eventual decline noted at the 618
week timeframe may signify the shift from callus
formation to remodelling, during which radiographic
indicators of healing reach a plateau despite ongoing
biological repair*'.

The clinical significance of these results suggests
that radiographic evaluations of healing should be
considered in conjunction with functional recovery
and symptom relief. Although early progress may
indicate biological responsiveness, the long-term path
is influenced by various factors such as mechanical
stability, overall health, and patient compliance with
rehabilitation®**°. Thus, overall healing indices provide

important insights into the temporal progression of
fracture healing, but should be seen in conjunction
with cortical bridging and fracture gap assessments
for a complete evaluation of union.

CONCLUSION

This research indicated that the healing of fractures,
evaluated through cortical bridging, gap size, and
overall healing metrics, progressed along a nonlinear
path over the 18-week span. Cortical bridging served
as a reliable measure of union, while the variability in
the fracture gap illustrated the mechanical conditions
and biological intricacies involved in the healing
process. The overall healing reached its highest point
between 12 and 18 weeks, underscoring the vital
phase of callus maturation, but did not continue to
improve afterwards. Although additional treatments
seemed to slightly enhance mid-term radiographic
outcomes, they did not offer lasting advantages when
compared to control groups. Notably, the results were
affected by a significant number of participants lost
to follow-up and missing radiographic data, which
calls for careful interpretation. Further studies with
improved patient retention, comprehensive imaging
records, and larger participant groups are necessary to
strengthen the evidence and support clinical decision-
making in the treatment of fractures.

Limitations

The research encountered significant challenges
due to missing information, primarily inaccessible
radiographs and patients who failed to attend their
scheduled follow-ups. This resulted in a considerable
loss to follow-up, potentially leading to attrition
bias and diminishing the statistical strength of the
analyses. Due to the high attrition rate and large
proportion of missing data at later time points,
sensitivity analysis (complete-case vs. non-complete-
case) was not performed, as the required sample size
for meaningful comparison would have been too small
to yield reliable estimates. Although an intention-to-
treat approach using GEE was utilised to mitigate the
impact of these losses under the assumption of MAR,
it was insufficient to fully address the missing imaging
data, limiting the ability to accurately evaluate healing
patterns across all participants. As a result, the findings
should be interpreted with caution regarding their
generalisability. Furthermore, advanced longitudinal
models such as Kaplan-Meier survival analysis,
Cox regression, or mixed-effects models were not
employed due to the exploratory nature of the study
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and the high attrition rate, which reduced the feasibility
of these complex approaches. Future research should
incorporate these methods to strengthen inference
and mitigate concerns about multiplicity. Moreover,
radiographic assessment in this study relied on simple
categorical measures (presence of callus, number
of bridged cortices) rather than validated scoring
systems such as RUST or RUSH. This was due to
resource constraints and the pragmatic nature of the
trial in a low-resource setting, where implementing
standardised scoring systems and training multiple
assessors was not feasible. Inter-observer agreement
(e.g., kappa or ICC) was not assessed, limiting the
ability to confirm the consistency and reliability of
radiographic interpretations. Future research should
incorporate validated scoring systems and assess
inter-observer agreement to enhance methodological
rigour.

Recommendations

Future research should focus on approaches to reduce
loss to follow-up, such as implementing patient
tracking systems, making reminder calls, and utilising
digital platforms to boost retention and ensure access
to radiographic data. Integrating electronic health
records may also promote more comprehensive
data collection and reduce reliance on retrospective
imaging. Furthermore, conducting sensitivity analyses
that include both per-protocol and modified intention-
to-treat methods is advised to strengthen findings
when dealing with missing data. Lastly, multicentre
trials involving larger, more diverse populations could
enhance the generalizability of results and provide
deeper insights into fracture healing patterns in real-
world settings.
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