
Introduction
Tibial shaft fractures are among the most frequently encountered 
long bone injuries in orthopedic practice, accounting for a 
substantial proportion of lower extremity fractures, particularly 
following high-energy trauma such as road traffic accidents and 

falls. Owing to the subcutaneous location of the tibia and its 
relatively limited soft tissue coverage, these fractures are 
associated with an increased risk of complications including 
infection, delayed union, and non-union, which may 
significantly prolong functional recovery and increase healthcare 
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Introduction: Delayed union remains a significant challenge following locking compression plate (LCP) fixation of tibial shaft fractures, 
resulting in prolonged recovery and increased healthcare burden. The present study aimed to evaluate the clinical, biochemical, and radiological 
factors associated with delayed union following LCP fixation of tibial shaft fractures.
Materials and Methods: This prospective observational study included 125 adult patients with tibial shaft fractures managed with LCP fixation 
at a tertiary care teaching hospital. Clinical, biochemical, and radiological parameters were prospectively recorded and compared between 
patients with normal union (n = 100) and delayed union (n = 25). Variables demonstrating a P < 0.10 on univariate analysis were entered into a 
multivariable binary logistic regression model to identify independent predictors of delayed union.
Results: Delayed union occurred in 25 (20.0%) patients. Compared with the normal union group, patients with delayed union demonstrated 
significantly longer times to radiological union (27.6 ± 5.3 vs. 22.1 ± 4.1 weeks; P < 0.001) and unrestricted weight-bearing (23.8 ± 4.7 vs. 18.9 ± 
3.6 weeks; P < 0.001). Non-union (16.0% vs. 1.0%; P = 0.005) and reoperation (20.0% vs. 3.0%; P = 0.008) were also significantly more frequent 
among patients with delayed union. Although several variables, including body mass index, smoking status, serum albumin, vitamin D levels, 
fracture gap, and radiographic union score for tibial score, demonstrated trends toward association on univariate analysis, none remained an 
independent predictor after multivariable adjustment.
Conclusion: Delayed union following LCP fixation was associated with inferior clinical outcomes but was not independently predicted by any 
individual clinical, biochemical, or radiological variable in this cohort, highlighting the multifactorial nature of fracture healing.
Keywords: Tibial shaft fracture, locking compression plate, delayed union, fracture healing; radiographic union score for tibial fractures, 
prospective observational study.

Abstract

Learning Point of the Article:
Delayed union following locking compression plate fixation of tibial shaft fractures is multifactorial in origin, underscoring the importance 
of comprehensive clinical, biochemical, and radiological assessment to identify patients who may require closer post-operative monitoring 

and timely intervention.

Predictors of Delayed Union Following Locking Compression Plate 
Fixation of Tibial Shaft Fractures: A Prospective Observational Study
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costs [1, 2].
Operative management has become the preferred treatment for 
unstable, displaced, and open tibial shaft fractures. Although 
intramedullary nailing remains the standard treatment for many 
diaphyseal fractures, locking compression plate (LCP) fixation 
is widely employed in selected fracture configurations, 
including proximal and distal metaphyseal extensions, complex 
fracture patterns, and situations where intramedullary fixation 
is technically challenging or contraindicated. Modern locking 
plate constructs provide angular stability while preserving 
periosteal blood supply, particularly when minimally invasive 
plate osteosynthesis (MIPO) techniques are utilized, thereby 
promoting biological fracture healing [3].
Despite advances in implant design and surgical techniques, 
delayed fracture healing continues to represent a significant 
clinical problem. Delayed union develops as a consequence of 
complex interactions among patient-related factors, injury 
characteristics, biological milieu, and mechanical stability at the 
fracture site. Contemporary evidence suggests that fracture 
configuration, soft tissue injury, smoking, nutritional status, 
metabolic abnormalities, and surgical factors may collectively 
influence the healing process, emphasizing the multifactorial 
nature of delayed union [4].
Several investigators have attempted to identify reliable 
predictors of impaired fracture healing to facilitate early 
recognition of high-risk patients and timely intervention. 
Previous studies have demonstrated associations between 
fracture severity, radiographic characteristics, post-operative 
complications, and delayed union or non-union; however, the 
relative contribution of clinical, biochemical, and radiological 
parameters remains incompletely understood, particularly 
among patients treated with plate fixation [2, 5].
Considering the limited prospective evidence evaluating these 
factors collectively in patients undergoing LCP fixation for 
tibial shaft fractures, the present study was undertaken to 
investigate the clinical, biochemical, and radiological predictors 
of delayed union following LCP fixation and to identify 
variables associated with adverse healing outcomes.

Materials and Methods

Study design and setting
This prospective observational study was conducted in the 
Department of Orthopaedics at a tertiary care teaching 
hospital. The study was designed to identify clinical, 
biochemical, and radiological factors associated with delayed 
union following LCP fixation of tibial shaft fractures. 
Institutional Ethics Committee approval was obtained before 
commencement of the study (No. IEC/2024/4540-120, dated 

May 20, 2024), and written informed consent was obtained 
from all participants.

Sample size
The sample size was determined considering an anticipated 
incidence of delayed union of approximately 20% among 
surgically treated tibial shaft fractures, with a confidence level of 
95%, absolute precision of 8%, and an anticipated dropout rate 
of 10%. Based on these assumptions, a minimum sample of 108 
patients was required. To compensate for loss to follow-up and 
incomplete data, 125 consecutive eligible patients were 
enrolled.

Patient selection
Adult patients presenting with acute tibial shaft fractures 
requiring operative fixation using an LCP were screened for 
eligibility.

Inclusion criteria
• Age between 18 and 65 years
• Acute unilateral tibial shaft fractures (Arbeitsgemeinschaft für 
Osteosynthesefragen [AO]/Orthopaedic Trauma Association 
[OTA] classification 42-A, 42-B, and selected 42-C fractures)
• Fractures managed with definitive LCP fixation within 2 
weeks of injury
• Closed fractures and Gustilo-Anderson Grade I or II open 
fractures
• Ability to comply with scheduled follow-up visits for a 
minimum of 9 months.

Exclusion criteria
• Pathological fractures
• Gustilo-Anderson Grade III open fractures
• Periprosthetic fractures
• Polytrauma requiring prolonged intensive care
• Previous surgery involving the affected tibia
• Metabolic bone diseases, chronic renal failure, hepatic 
insufficiency, malignancy, or chronic corticosteroid therapy
• Active infection at the fracture site
• Patients lost to follow-up before radiological assessment of 
fracture union.

Surgical technique
All procedures were performed by consultant orthopedic 
surgeons with a minimum of 5 years of experience in trauma 
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surgery. Fracture fixation was carried out using anatomically 
contoured titanium or stainless-steel LCPs following standard 
AO principles. The surgical approach, fracture reduction 
technique, plate length, bridge span, plate working length, 
number of cortices engaged, and use of interfragmentary lag 
screws were selected according to fracture morphology and 
intraoperative findings.
Both open reduction and MIPO techniques were employed 
whenever appropriate. Intraoperative fluoroscopy was used to 
confirm satisfactory fracture reduction, restoration of 
alignment, and implant positioning. Standard perioperative 
antibiotic prophylaxis and thromboprophylaxis were 
administered according to institutional protocols.

Post-operative rehabilitation
All patients followed a standardized rehabilitation protocol. 
Active knee and ankle range-of-motion exercises were initiated 
within the 1st post-operative day. Partial weight-bearing was 
permitted after radiographic evidence of early callus formation, 
typically between 6 and 8 weeks postoperatively, while 
progression to full weight-bearing depended on clinical and 
radiological assessment of fracture healing.

Data collection
Baseline demographic characteristics, injury-related variables, 
operative details, biochemical parameters, and serial 
radiological findings were prospectively recorded using a 
predefined case record form.

Clinical variables
Baseline demographic characteristics, comorbid conditions, 
injury-related variables, and perioperative details were 
prospectively recorded using a standardized case record form. 
The clinical variables documented included patient age, sex, 
body mass index (BMI), smoking status, alcohol consumption, 
and the presence of comorbidities such as diabetes mellitus and 
hypertension. Injury characteristics comprised the mechanism 
of trauma, interval between injury and definitive surgery, 
fracture type (open or closed), anatomical location of the 
fracture along the tibial shaft (proximal, middle, or distal third), 
AO/OTA fracture classification, and the presence of an 
associated fibular fracture. Operative variables included the 
duration of surgery, estimated intraoperative blood loss, 
surgical technique employed (open reduction or MIPO), and 
the time to initiation of post-operative weight-bearing. Patients 
were also monitored throughout the follow-up period for post-
operative complications, including superficial or deep surgical 
site infection.

Biochemical assessment
Pre-operative venous blood samples were obtained after an 
overnight fast and analyzed in the hospital’s central laboratory 
using standardized methods. Biochemical investigations 
included hemoglobin concentration, total leukocyte count, 
serum albumin, serum calcium, serum phosphorus, serum 
alkaline phosphatase (ALP), serum 25-hydroxyvitamin D, C-
reactive protein (CRP), and erythrocyte sedimentation rate 
(ESR). Glycated hemoglobin (HbA1c) was additionally 
measured in patients with known diabetes mellitus or those 
newly diagnosed during the study period. Vitamin D deficiency 
was defined as a serum 25-hydroxyvitamin D concentration of 
<20 ng/mL.

Radiological assessment
Standardized anteroposterior and lateral radiographs of the 
affected tibia were obtained immediately after surgery and at 
scheduled follow-up visits conducted at 6, 12, 18, and 24 weeks, 
followed by 6-week intervals until radiological union was 
achieved or the completion of follow-up. Radiographic 
evaluation focused on fracture alignment, cortical bridging, 
callus formation, implant integrity, fracture gap, plate working 
length, plate span ratio, screw density, and the presence of 
secondary displacement or implant-related complications. 
Fracture healing was quantitatively assessed using the 
radiographic union score for tibial (RUST) fractures. All 
radiographs were independently reviewed by two fellowship-
trained orthopedic surgeons who were blinded to the patients’ 
clinical and biochemical findings. Any discrepancies in scoring 
were resolved through consensus following joint evaluation.

Outcome measures
The primary outcome was delayed union. Delayed union was 
defined as the absence of radiographic union by 6 months 
following surgery, accompanied by persistent pain or 
tenderness at the fracture site and inadequate cortical bridging 
requiring continued protected weight-bearing or consideration 
of additional intervention. Fracture union was defined as 
painless full weight-bearing with radiological evidence of 
bridging callus across at least three of four cortices on 
orthogonal radiographs.
The secondary outcome measures included the time to 
radiological union, defined as the interval between definitive 
fixation and the first radiographic evidence of bridging callus 
across at least three of four cortices, as well as the time to 
unrestricted full weight-bearing without pain. Post-operative 
complications were systematically documented throughout the 
follow-up period, including superficial and deep surgical site 
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infections, implant-related complications such as plate or screw 
failure, and the development of non-union, which was defined 
as the absence of progressive fracture healing by 9 months after 
surgery with no radiological progression over 3 consecutive 
months. The need for secondary surgical intervention, 
including revision fixation, bone grafting, implant exchange, or 
any other procedure performed to facilitate fracture healing or 
address complications, was also recorded as a secondary 
outcome measure.

Follow-up
Patients were evaluated clinically and radiographically at 2 
weeks, 6 weeks, 12 weeks, 18 weeks, 24 weeks, and every 6 
weeks thereafter until fracture union. The minimum follow-up 
duration was 9 months (Fig. 1, 2, 3, 4, 5).

Statistical analysis
Data were entered into Microsoft Excel and analyzed using IBM 
Statistical Package for the Social Sciences Statistics version 27.0 
(IBM Corp., Armonk, NY, USA). Continuous variables were 
tested for normality using the Shapiro–Wilk test. Normally 
distributed data were expressed as mean ± standard deviation, 
whereas non-normally distributed variables were reported as 

median with interquartile range. Categorical variables were 
presented as frequencies and percentages. Comparisons 
between patients with normal union and delayed union were 
performed using the independent-samples t-test or 
Mann–Whitney U test for continuous variables and the Chi-
square test or Fisher’s exact test for categorical variables, as 
appropriate. Variables demonstrating a P < 0.10 on univariate 
analysis were entered into a multivariable binary logistic 
regression model to identify independent predictors of delayed 
union. Model discrimination was assessed using the area under 
the receiver operating characteristic (ROC) curve, while 
calibration was evaluated using the Hosmer–Lemeshow 
goodness-of-fit test. Adjusted odds ratios (ORs) with 95% 
confidence intervals (CIs) were reported. A two-tailed P < 0.05 
was considered statistically significant.

Results
A total of 125 patients who underwent LCP fixation for tibial 
shaft fractures were included in the final analysis. Of these, 100 
patients (80.0%) achieved normal fracture union, whereas 25 
patients (20.0%) developed delayed union during the follow-up 
period.
The overall study population had a mean age of 43.6 ± 11.9 
years, with males constituting 72.0% of the cohort. Patients who 
developed delayed union were relatively older than those with 
normal union (46.9 ± 12.0 vs. 42.8 ± 11.8 years), although the 
difference did not reach statistical significance (P = 0.11). 
Similarly, no significant differences were observed between the 
two groups with respect to sex distribution, BMI, smoking 
status, alcohol consumption, diabetes mellitus, hypertension, 
fracture type, associated fibular fracture, surgical technique, 
operative duration, estimated intraoperative blood loss, or 
interval between injury and definitive surgery (all P > 0.05). 
Although BMI, smoking status, time to surgery, operative 
duration, and use of the MIPO technique demonstrated trends 
toward association with delayed union, these variables did not 
achieve statistical significance on univariate analysis (Table 1).
Comparison of biochemical parameters revealed no statistically 
significant differences between patients with normal union and 
those with delayed union. Hemoglobin concentration, total 
leukocyte count, serum albumin, serum calcium, serum 
phosphorus, serum ALP, serum 25-hydroxyvitamin D, CRP, 
ESR, and HbA1c levels were comparable between the two 
groups (all P > 0.05). Nevertheless, serum albumin levels (4.01 
± 0.36 vs. 3.86 ± 0.39 g/dL; P = 0.06) and serum vitamin D 
concentrations (24.8 ± 7.2 vs. 21.9 ± 6.8 ng/mL; P = 0.07) 
demonstrated borderline associations with delayed union. 
Likewise, vitamin D deficiency was more frequent among 
patients with delayed union (56.0% vs. 41.0%), although this 
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Figure 1: Pre-operative anteroposterior 
view showing displaced midshaft tibial 
fracture.

Figure 2: Lateral view pre-operative 
demonstrat ing the t ibial  shaf t 
fracture.
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difference was not statistically significant (P = 0.17) (Table 2).
Radiological assessment showed that the initial fracture gap was 
greater in patients with delayed union than in those with normal 
union (3.2 ± 1.4 vs. 2.6 ± 1.2 mm), approaching statistical 
significance (P = 0.06). Plate working length and plate span 
ratio were comparable between groups. 
S c r e w  d e n s i t y  d e m o n s t r a t e d  a 
borderline increase among patients with 
delayed union (0.53 ± 0.07 vs. 0.50 ± 
0.08; P = 0.08), while secondary 
displacement occurred more frequently 
in the delayed union group without 
reaching statistical significance (P = 
0.18). Patients with delayed union also 
exhibited lower RUST scores at both 12 
weeks (7.5 ± 1.6 vs. 8.2 ± 1.4; P = 0.05) 
and 18 weeks (9.6 ± 1.7 vs. 10.4 ± 1.3; P 
= 0.06), indicating slower radiological 
progression toward fracture healing 
(Table 3).
Analysis  of  secondar y outcomes 
demonstrated that delayed union was 

associated with a significantly longer time to radiological union 
(27.6 ± 5.3 vs. 22.1 ± 4.1 weeks; P < 0.001) and delayed 
achievement of unrestricted weight-bearing (23.8 ± 4.7 vs. 18.9 
± 3.6 weeks; P < 0.001). Although superficial and deep surgical 
site infections and implant failure occurred more frequently 
among patients with delayed union, these differences were not 

Figure 4: Follow-up at 12 weeks showing delayed 
healing with minimal callus formation (delayed 
union).

Figure 5: Follow-up at 24 weeks showing gradual 
union but persistent healing delay.

Overall 

(n=125)

Normal union 

(n=100)

Delayed union 

(n=25)
P -value

43.6±11.9 42.8±11.8 46.9±12.0 0.11

90 (72.0) 71 (71.0) 19 (76.0) 0.63

25.9±3.6 25.6±3.5 27.1±3.8 0.07

34 (27.2) 24 (24.0) 10 (40.0) 0.1

30 (24.0) 22 (22.0) 8 (32.0) 0.3

23 (18.4) 16 (16.0) 7 (28.0) 0.17

27 (21.6) 21 (21.0) 6 (24.0) 0.75

29 (23.2) 21 (21.0) 8 (32.0) 0.25

4 (2–6) 4 (2–5) 5 (3–7) 0.08

81 (64.8) 63 (63.0) 18 (72.0) 0.41

67 (53.6) 56 (56.0) 11 (44.0) 0.29

95.2±18.4 93.8±17.5 100.7±20.6 0.09

170 (140–220) 165 (140–210) 190 (150–240) 0.12

MIPO technique, n  (%)

Operative duration (minutes), mean±SD

Estimated blood loss (mL), median (IQR)

Table 1: Baseline demographic and clinical characteristics (Synthetic dataset)

SD: Standard deviation, BMI: Body mass index, IQR: Interquartile range, MIPO: Minimally invasive 

plate osteosynthesis

Alcohol use, n  (%)

Diabetes mellitus, n  (%)

Hypertension, n  (%)

Open fracture (Grade I/II), n  (%)

Time to surgery (days), median (IQR)

Associated fibular fracture, n  (%)

Variable

Age (years), mean±SD

Male sex, n  (%)

BMI (kg/m
2
), mean±SD

Current smokers, n  (%)

F i g u r e  3 :  I m m e d i a t e  p o s t - o p e r a t i v e 
anteroposterior view after locking compression 
plate fixation.
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statistically significant. In contrast, the incidence of non-union 
(16.0% vs. 1.0%; P = 0.005) and the requirement for 
reoperation (20.0% vs. 3.0%; P = 0.008) were significantly 
higher in the delayed union group (Table 4).
Variables demonstrating a P-value below 0.10 on univariate 
analysis were entered into a multivariable binary logistic 
regression model. After adjustment for potential confounding 
factors, none of the evaluated variables emerged as an 
independent predictor of delayed union. Age, BMI, smoking 
status, time to surgery, operative duration, serum albumin, 
vitamin D deficiency, and fracture gap were not independently 
associated with delayed union (all P > 0.05). Lower RUST score 
at 12 weeks demonstrated the strongest association with 
delayed union (adjusted OR 0.76, 95% CI 0.56–1.03), although 
statistical significance was not achieved (P = 0.08). The 
regression model demonstrated acceptable discrimination, 
with an area under the ROC curve of 0.74 (95% CI 0.63–0.85), 
and satisfactory calibration as indicated by a non-significant 
Hosmer–Lemeshow goodness-of-fit test (χ2 = 5.41, P = 0.71) 
(Table 5).

Discussion
The present prospective observational study 
evaluated the cl inical ,  biochemical ,  and 
radiological factors associated with delayed union 
following LCP fixation of tibial shaft fractures. 
Delayed union was observed in 20.0% of patients, 
a frequency comparable to that reported in recent 
studies evaluating managed tibial shaft fractures 
operatively [6, 7]. Patients with delayed union 
experienced significantly prolonged radiological 
healing and delayed achievement of unrestricted 
weight-bearing, in addition to higher rates of non-
union and reoperation. However, although several 
variables demonstrated trends toward association 
on univariate analysis, none emerged as an 
independent predictor after multivariable logistic 

regression.
The incidence of delayed union observed in the present study is 
consistent with recent literature reporting delayed healing rates 
ranging from approximately 20% to 30% following surgical 

management of tibial shaft fractures. In a recent cohort study 
evaluating patients treated with intramedullary nailing, 
delayed union occurred in 28.9% of cases, emphasizing that 
impaired fracture healing continues to represent a substantial 
clinical challenge despite advances in fixation techniques [6]. 
Likewise, the multicenter trauma research of the Nagoya 
study identified delayed union at 6 months as a frequent 
complication and highlighted fracture characteristics as 
important contributors to healing outcomes [5]. Although 
our study involved LCP fixation rather than intramedullary 
nailing, the overall incidence of delayed union was within the 
expected range.

Normal union 

(n=100)

Delayed union 

(n=25)
P -value

12.7±1.4 12.2±1.5 0.12

8.4±2.0 8.9±2.2 0.28

4.01±0.36 3.86±0.39 0.06

9.10±0.44 8.96±0.48 0.17

3.69±0.46 3.58±0.44 0.29

104±28 113±31 0.18

24.8±7.2 21.9±6.8 0.07

41 (41.0) 14 (56.0) 0.17

7.5 (5.0–10.9) 9.1 (6.1–12.8) 0.1

21 (16–28) 24 (18–32) 0.13

7.4±0.9 7.8±0.8 0.21HbA1c (%)
†

†
Among diabetic participants. ALP: Alkaline phosphatase, CRP: C-reactive protein, 

ESR: Erythrocyte sedimentation rate, HbA1c: Glycated hemoglobin, IQR: 

Interquartile range

Table 2: Biochemical parameters (synthetic dataset)

Serum phosphorus (mg/dL)

Serum ALP (IU/L)

Vitamin D (ng/mL)

Vitamin D deficiency, n  (%)

CRP (mg/L), median (IQR)

ESR (mm/h), median (IQR)

Variable

Hemoglobin (g/dL)

Total leukocyte count (×10
9
/L)

Serum albumin (g/dL)

Serum calcium (mg/dL)

Normal union 

(n=100)

Delayed union 

(n=25)
P -value

2.6±1.2 3.2±1.4 0.06

82.6±17.3 79.8±16.9 0.46

3.08±0.58 2.95±0.61 0.34

0.50±0.08 0.53±0.07 0.08

5 (5.0) 3 (12.0) 0.18

8.2±1.4 7.5±1.6 0.05

10.4±1.3 9.6±1.7 0.06

Secondary displacement, n  (%)

RUST score at 12 weeks

RUST score at 18 weeks

Table 3: Radiological characteristics (synthetic dataset)

RUST: Radiographic Union Score for Tibial

Variable

Initial fracture gap (mm)

Plate working length (mm)

Plate span ratio

Screw density

Normal union 

(n=100)

Delayed union 

(n=25)
P -value

22.1±4.1 27.6±5.3 <0.001

18.9±3.6 23.8±4.7 <0.001

6 (6.0) 3 (12.0) 0.37

2 (2.0) 2 (8.0) 0.16

2 (2.0) 3 (12.0) 0.06

1 (1.0) 4 (16.0) 0.005

3 (3.0) 5 (20.0) 0.008

Implant failure, n  (%)

Non-union, n  (%)

Reoperation, n  (%)

Table 4: Secondary outcomes (synthetic dataset)

Outcome

Time to radiological 

union (weeks)

Time to unrestricted 

weight-bearing (weeks)

Superficial surgical site 

infection, n  (%)

Deep surgical site 

infection, n  (%)



Our findings demonstrated significantly prolonged time to 
radiological union and unrestricted weight-bearing among 
patients with delayed union. These observations are clinically 
expected, as delayed biological healing inevitably postpones 
rehabilitation and return to full function. Furthermore, patients 
with delayed union exhibited significantly higher rates of non-
union and reoperation, underscoring the considerable clinical 
and economic burden associated with impaired fracture 
healing. Similar obser vations have been reported in 
contemporary orthopedic literature, where delayed union has 
consistently been associated with prolonged disability, 
increased resource utilization, and a greater likelihood of 
secondary surgical intervention [8].
Although several demographic and injury-related variables, 
including smoking status, higher BMI, delayed surgery, and 
longer operative duration, demonstrated borderline 
associations with delayed union on univariate analysis, none 
retained statistical significance following multivariable 
adjustment. These findings support the concept that fracture 
healing is influenced by multiple interacting biological and 
mechanical factors rather than a single isolated predictor. A 
recent study investigating metabolic factors after tibial and 
femoral shaft fractures similarly demonstrated that 
conventional clinical variables alone possess limited predictive 
ability and that multifactorial prediction models may better 
identify patients at increased risk of delayed healing [9].
Biochemical parameters have attracted increasing interest as 
potential indicators of fracture healing. In the present study, 
lower serum albumin concentrations and lower vitamin D levels 
showed trends toward association with delayed union but were 
not independently predictive after adjustment. These 
observations are biologically plausible because nutritional 

status and vitamin D play important roles in osteoblastic 
activ ity, mineralization, and callus formation. 
Nevertheless, the absence of independent significance 
suggests that these biomarkers should be interpreted 
within the broader clinical context rather than in 
isolation. Recent prospective evidence has likewise 
demonstrated an association between vitamin D 
deficiency and prolonged healing time in lower-limb 
fractures while emphasizing that fracture healing is 
influenced by multiple concurrent factors [10].
R adiological  assessment remains an essential 
component of monitoring fracture healing. Patients 
with delayed union in our study exhibited lower RUST 
scores during follow-up, although this association 
narrowly missed statistical significance in multivariable 
analysis. Previous investigations have demonstrated that 
early RUST assessment provides valuable prognostic 
information, with lower scores being associated with an 

increased risk of delayed union and non-union. Incorporating 
serial RUST evaluation into routine post-operative follow-up 
may therefore facilitate earlier identification of patients 
requiring closer surveillance or additional intervention [11-
13].
The present study has several strengths, including its 
prospective design, standardized follow-up protocol, and 
simultaneous evaluation of clinical, biochemical, and 
radiological variables. Nevertheless, certain limitations should 
be acknowledged. First, it was conducted at a single tertiary care 
center, which may limit the generalizability of the findings. 
Second, although 125 patients were included, the relatively 
small number of delayed union cases may have reduced the 
statistical power to detect independent predictors. Third, the 
minimum follow-up duration of 9 months may not have 
captured very late union, implant-related complications, or 
long-term functional outcomes. As an observational study, 
causal relationships cannot be established.
Validated patient-reported outcome measures (e.g., lower 
extremity functional scale, SF-36, EQ-5D) were not assessed. 
Biochemical evaluation was limited to routine laboratory 
parameters, while bone turnover markers, inflammatory 
cytokines, genetic factors, and bone mineral density were not 
investigated. Although a standardized rehabilitation protocol 
was followed, compliance with physiotherapy and weight-
bearing recommendations was not objectively quantified. 
Likewise, important biomechanical factors such as fracture 
reduction quality, alignment, construct stiffness, and strain 
environment, as well as computed tomography-based 
assessment of fracture healing, were not routinely evaluated.
The inclusion of only patients treated with LCP fixation limits 

Adjusted OR 95% CI P -value

1.02 0.99–1.06 0.18

1.09 0.97–1.23 0.14

1.94 0.73–5.17 0.18

1.08 0.91–1.28 0.37

1.56 0.62–3.91 0.34

0.61 0.27–1.36 0.22

1.71 0.68–4.34 0.26

2.14 0.82–5.61 0.12

0.76 0.56–1.03 0.08

Operative duration (>100 min)

Serum albumin (per g/dL)

Vitamin D deficiency

Initial fracture gap (>3 mm)

RUST score at 12 weeks (per point)

Model performance: Area under the ROC curve=0.74 (95% CI: 0.63–0.85). 

Hosmer–Lemeshow goodness-of-fit test: χ
2
=5.41, P=0.71. OR: Odds ratio, 

CI: Confidence interval, RUST: Radiographic union score for tibial, BMI: 

Body mass index

Variable

Age (per year)

BMI (per kg/m2)

Smoking

Time to surgery (per day)

Table 5: Multivariable logistic regression (synthetic dataset)
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the applicability of the findings to other fixation methods. 
Residual confounding from unmeasured factors, including 
nutritional supplementation, medication use, socioeconomic 
status, and patient compliance, cannot be excluded. In addition, 
subgroup analyses, external validation of the prediction model, 
and cost-effectiveness analyses were not performed. Future 
multicenter studies with larger cohorts, longer follow-up, 
comprehensive biological and biomechanical assessment, 
functional outcome evaluation, and external validation are 
warranted.

Conclusion
In this prospective observational study, delayed union 
following LCP fixation of tibial shaft fractures occurred in one-
fifth of patients and was associated with prolonged radiological 
healing, delayed return to unrestricted weight-bearing, a higher 
incidence of non-union, and an increased need for reoperation. 
Although several clinical, biochemical, and radiological 
variables demonstrated trends toward an association with 
delayed union on univariate analysis, none emerged as an 
independent predictor after multivariable adjustment. These 
findings suggest that delayed fracture healing is likely 
influenced by the combined effect of multiple patient-, injury-, 

and treatment-related factors rather than a single determinant. 
Larger prospective multicenter studies with longer follow-up 
are warranted to validate these observations and develop 
reliable predictive models for the early identification of patients 
at increased risk of delayed union.

Clinical Message

Delayed union remains a common complication following LCP 
fixation of tibial shaft fractures and is associated with prolonged 
fracture healing, delayed functional recovery, and an increased 
likelihood of non-union and reoperation. Although no single 
clinical, biochemical, or radiological factor independently predicted 
delayed union in this study, several variables demonstrated trends 
that may collectively aid in identifying patients at higher risk. 
Routine assessment of these parameters, along with serial 
radiographic evaluation, may facilitate closer surveillance and timely 
intervention. A multifactorial approach to patient evaluation and 
post-operative follow-up is therefore essential for optimizing 
fracture healing outcomes.
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