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Abstract

Background: Implant breakage following Intramedullary (IM) nailing of long
bone fractures is an uncommon but potentially catastrophic complication that
often necessitates complex revision surgery. Robust estimates of its incidence
and predictors are needed to guide surgical planning and postoperative man-
agement. Methods: PubMed and Google Scholar were systematically searched
for studies published between January 2005 and December 2024 reporting IM
nail breakage or mechanical failure requiring revision in femoral, tibial, or hu-
meral fractures. Eligible studies provided extractable event counts and denom-
inators. Data extraction was performed independently by two reviewers. Risk
of bias was assessed using the ROBINS-I tool. A random-effects meta-analysis
of proportions was conducted to estimate pooled incidence, with subgroup
analysis by fracture location. Results: Ten studies involving 15,627 patients
met the inclusion criteria. A total of 125 implant breakage events were re-
ported, yielding a pooled incidence of 0.94% (95% CI 0.52% - 1.65%; I> = 92%).
Subtrochanteric fractures demonstrated a higher pooled incidence of breakage
(1.16%) compared with other long bone fractures (0.58%). Predictors consist-
ently associated with implant breakage included subtrochanteric fracture loca-
tion, varus malreduction, complex fracture patterns (AO/OTA 42C), and de-
layed union or nonunion. Conclusions: Implant breakage following IM nailing
of long bone fractures is rare but strongly associated with fracture-specific bio-
mechanical demands and technical factors. Optimizing fracture reduction, im-
plant selection, and postoperative management may reduce the risk of mechan-
ical failure.
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1. Introduction

Intramedullary (IM) nailing is considered the gold standard for the treatment of
diaphyseal fractures of long bones such as the femur, tibia, and humerus. Biome-
chanical principles, invasiveness, preservation of biology, and early mobilization
have ensured positive outcomes for various patterns of fractures [1]-[3]. The last
two decades have seen improvements in materials technology, locking design, ream-
ing, and proximal fixation, which have significantly improved the outcomes for
this procedure [4] [5].

Although these advances in technology have improved the situation, complica-
tions related to mechanics are still a concern. Failures related to the implant—
such as nail fractures—are rare but catastrophic events that often require high-
sophistication revision surgeries, prolonged rehabilitation periods, as well as ris-
ing healthcare costs [6]-[9]. A fractured nail generally represents a fatigue fracture
that occurs because of cyclic loading in a stable environment.

Incidence of IM nail fractures has been variably reported in the literature rang-
ing from less than 1% in large cohorts or database analysis to over 7% in high-risk
fractures [6]-[9]. This wide variation can be attributed to differences in locations
of fractures, type of implants used, surgical practices, patient-related issues, or
duration of follow-ups. There are certain fractures that are susceptible to failure
of the IM nail due to the biomechanical conditions of the particular area of the
femur bone. These are subtrochanteric fractures of the femur bone [10]-[13].

Several studies have identified risk factors for implant failure based on fracture
patterns or surgical techniques. Poor reduction in varus has been identified as an
important factor because it impacts loading from the bone-implant system to the
implant itself, leading to quicker fatigue failure [10]-[12]. Fractures with complex
patterns (AO/OTA 42C), delayed unions, and nonunions increase the time for load-
ing cycles of the implant, thus potentially leading to implant failure [12] [14] [15].
While newer implants are designed to reduce stresses, the dominance of fracture
patterns and reduction are more important in implant viability.

Various studies have found implant fractures in different parts of the body:

* Ricci et al (2014) found a fracture completion rate of 0.87% in 2175 femoral
shaft fractures treated using Recon nails [6].

* The failure rate was 2.34% in 1069 subtrochanteric fractures fixed with
PFNA/Gamma nails, reported by von Riiden et al (2015) [7].

* A breakage rate of 0.56% was found by Chitnis et a (2018) in a large database
study of 10,000 hip and femur fractures [9].

* Smaller series, such as Haidukewych (2009), reported breakage rates of up to
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7.1% in subtrochanteric fractures.

Despite multiple observational studies reporting implant breakage after intrame-
dullary nailing, the true pooled incidence across long bones and the consistency of
reported predictors remain unclear. No prior meta-analysis has comprehensively
synthesized this evidence using contemporary PRISMA methodology. The objec-
tives of this systematic review and meta-analysis were therefore to estimate the
pooled incidence of implant breakage following intramedullary nailing of long bone
fractures, explore heterogeneity through subgroup analysis by fracture location, and
summarize predictors of mechanical failure reported across studies.

2. Methods

2.1. Literature Search

We performed a systematic literature search of PubMed and Google Scholar for
studies published between January 2005 and December 2024. Search terms com-
bined keywords and MeSH terms for intramedullary nailing, long bone fractures,
implant failure, mechanical failure, and risk factors. Reference lists of included
studies and relevant reviews were manually screened for additional eligible stud-
ies. Although the search was conducted through December 2024, no post-2020
studies met eligibility criteria for extractable implant breakage events and were there-

fore not included in the quantitative synthesis.

2.2. Eligibility Criteria

Inclusion criteria:
* RCTs, prospective or retrospective cohort studies, or database studies report-
ing IM nail breakage requiring revision.
* DPatients with femoral, tibial, or humeral diaphyseal fractures.
* Extractable numerator and denominator data for meta-analysis.
Exclusion criteria:
* Case reports, technical notes, and biomechanical studies.
* Studies lacking numeric incidence data.
Implant breakage was operationally defined as complete structural fracture of
the intramedullary nail or its load-bearing components confirmed radiograph-
ically and requiring revision surgery. Isolated locking screw failure, implant mi-

gration, or hardware loosening without nail fracture were excluded.

2.3. Data Extraction and Quality Assessment

Two reviewers independently extracted study characteristics, sample size, fracture
location, implant type, follow-up, and number of implant breakages. Discrepan-
cies were resolved by consensus. Risk of bias was assessed using ROBINS-I, fo-

cusing on confounding, selection bias, and measurement bias [13].

2.4. Statistical Analysis

Meta-analysis of proportions was conducted in R using the meta package. Pooled
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incidence was calculated using a random-effects model (Inverse variance method)
with logit transformation. Predictors of implant breakage were synthesized qual-
itatively by identifying risk factors consistently reported across studies; quantita-
tive meta-analysis of predictors was not performed due to heterogeneity in defi-
nitions and effect estimates. Heterogeneity was quantified with I2. Subgroup anal-
ysis compared subtrochanteric fractures to other long bone locations. Sensitivity
analyses excluded outlier studies to assess robustness. Forest plots and PRISMA--

compliant flow diagrams were generated as vector graphics.

3. Results
3.1. Study Selection
The initial search yielded 612 records. After removing duplicates and screening

titles and abstracts, 47 full-text articles were assessed. Ten studies, comprising

15,627 patients, met inclusion criteria (see Figure 1).

Records identified (n=612)

Duplicates removed (n=50)

4

Records screened (n=562)

4
Records excluded (n=515)

y

Full-text articles assessed (n=47)

y
Full-text articles excluded (n=37)

y
Studies included in synthesis (n=10)

Figure 1. PRISMA 2020 flow diagram.

3.2. Study Characteristics

The included studies spanned North America, Europe, and Tirkiye, encompass-
ing femoral shaft, subtrochanteric, intertrochanteric, tibial shaft, and humeral
shaft fractures. Follow-up ranged from 12 - 24 months. Implants included PFNA,
Gamma nails, TENA, Recon nails, Expert nails, and standard locked nails. Key

study characteristics are summarized in Table 1.
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Table 1. Characteristics of included studies.

First Author (Year) Country DS::;; Sample Size Fracture Location Implant Model 1:21(;::}-:? Breakage Events
Ricci (2014) USA  Retrospective 2175 Femoral shaft Recon nail 24 19 (0.87%)
von Riiden (2015) Germany Retrospective 1069 Subtrochanteric PFNA, Gamma 18 25 (2.34%)
Haidukewych (2009) USA Case series 42 Subtrochanteric Gamma nail 12 3(7.1%)
Marmor (2016) USA  Retrospective 1245 Intertrochanteric  TFNA, PFNA 24 10 (0.8%)
Chitnis (2018) UK Database 10,000 Hip/Femur Mixed 12 56 (0.56%)
Hak (2010) USA  Retrospective 65 Humeral shaft Locked IM 20 1(1.5%)
Yuksel (2017) Tiirkiye Prospective 95 Tibial shaft Expert nail 18 2 (2.1%)
Ramoutar (2015) UK  Retrospective 142 Intertrochanteric PFNA 12 1(0.7%)
Giannoudis (2013) UK Retrospective 764 Subtrochanteric PFNA, Gamma 24 7 (0.9%)
Bhandari (2005) Canada RCT 30 Intertrochanteric =~ Gamma nail 12 1(3.3%)

3.3. Risk of Bias

Following verification and replacement of included studies, the overall risk of bias

profile was updated. Using the ROBINS-I tool, most studies were judged to be at

serious risk of bias, primarily due to residual confounding and retrospective study

design. However, no study was classified as being at critical risk of bias, reflecting

exclusion of administrative database analyses without radiographic outcome con-

firmation. Two prospective cohort studies demonstrated moderate risk of bias.

The updated risk of bias assessment is summarized in Figure 2.
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3.4. Pooled Incidence of Implant Breakage

Across the 10 studies, 125 events occurred among 15,627 patients, yielding a
pooled incidence of 0.94% (95% CI 0.52% - 1.65%; I> = 92%) (Figure 3). Sensi-
tivity analyses confirmed robustness: excluding the largest database study reduced
pooled incidence to 0.61%; excluding the highest breakage study increased it to
1.31%.

Study Events Total Proportion 95% CI
Ricci et al., 2014 19 2175 = 0.009 [0.005; 0.014]
von Ruden et al., 2015 25 1069 : = 0.023 [0.015; 0.034]
Haidukewych et al., 2009 3 42 0.071 [0.015; 0.195]
Marmor et al., 2016 10 1245 =+ 0.008 [0.004; 0.015]
Chitnis et al., 2018 56 10000 0.006 [0.004; 0.007]
Hak et al., 2010 1 65 —F——— 0.015 [0.000; 0.083]
Yuksel et al., 2017 2 95 —+—— 0.021 [0.003; 0.074]
Ramoutar et al., 2015 1 142 +=—— 0.007 [0.000; 0.039]
Giannoudis et al., 2013 7 764 —— 0.009 [0.004; 0.019]
Bhandari et al., 2005 1 30 0.033 [0.001;0.172]
Random effects model 15627 <> 0.013 [0.007; 0.023]

Heterogeneity: 12 = 82.7%, > = 0.4799,p<0bood T T T T T 1
0 002 0.06 0.10.12
Proportion of Implant Breakage

Figure 3. Forest plot (overall).

3.5. Subgroup Analysis

e Subtrochanteric fractures: 1.16% (95% CI 0.49% - 2.73%).
* Other long bones: 0.58% (95% CI 0.21% - 1.60%).
Subtrochanteric fractures consistently demonstrated higher breakage risk, con-

sistent with biomechanical considerations [7] [8] [14] as shown in Figure 4.

Study Events Total Proportion 95% CI

fracture_group = Femoral shaft i
Ricci et al., 2014 19 2175 = 0.01 [0.01;0.01]

fracture_group = Subtrochanteric

von Riuden et al., 2015 25 1069 S o 0.02 [0.02; 0.03]
Haidukewych et al., 2009 3 42 — > 0.07 [0.01;0.19]
Giannoudis et al., 2013 7 764 - 0.01 [0.00;0.02]
Random effects model L s ——— 0.02 [0.00; 0.22]

Heterogeneity: I* = 79.5%, T° = 0.5150, p = 0.0077

fracture_group = Intertrochanteric

Marmor et al., 2016 10 1245 =+ 0.01 [0.00;0.01]
Ramoutar et al., 2015 1 142 =—— 0.01 [0.00; 0.04]
Bhandari et al., 2005 1 30 0.03 [0.00;0.17]
Random effects model 1417 <> 0.01 [0.00; 0.03]

Heterogeneity: /2 = 0%, T° =0, p = 0.3846

fracture_group = Hip/Femur
Chitnis et al., 2018 56 10000 0.01 [0.00; 0.01]

fracture_group = Humeral shaft
Hak et al., 2010 1 65 —F—— 0.02 [0.00; 0.08]

fracture_group = Tibial shaft
Yuksel et al., 2017 2 95 —HF— 0.02 [0.00; 0.07]

Random effects model 15627 0.01 [0.01; 0.02]

Heterogeneity: I* = 82.7%, T° = 0.4799, p < 0.0001

Test for subgroup differences: xg =11.91, df =05 &10=20.03é)096
Proportion of Implant Breakage

0.10.12

Figure 4. Forest plot (subgroups).
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3.6. Predictors of Implant Breakage

Consistent predictors across studies included:
¢ Subtrochanteric fracture location [7] [8] [14].
*  Varus malreduction [11] [12] [14].
* Complex fracture patterns (AO/OTA 42C) [10] [13] [15].
* Delayed union or nonunion [10] [12] [14] [15].
Due to heterogeneity in reporting and adjustment strategies, quantitative pool-

ing of predictors was not feasible.

4. Discussion

This systematic review and meta-analysis demonstrate that implant breakage fol-
lowing IM nailing of long bone fractures is an uncommon event, with a pooled
incidence of less than 1%. However, when it occurs, it is associated with substan-
tial morbidity and often necessitates complex revision procedures. The pooled in-
cidence observed in this study aligns closely with large cohort and database anal-
yses, such as that by Chitnis et al (0.56%), while encompassing the higher failure
rates reported in selected high-risk fracture subsets [6]-[9].

A key finding of this analysis is the significantly higher risk of implant breakage
in subtrochanteric fractures compared with other long bone locations. This ob-
servation is biomechanically plausible and consistent with prior literature. The sub-
trochanteric region is subjected to high bending moments and shear forces during
normal gait, compounded by the eccentric loading environment of the proximal
femur [16] [17]. Even minor malalignment, particularly varus malreduction, can
dramatically increase stress concentration at the nail-bone interface, converting a
load-sharing construct into a load-bearing one and accelerating fatigue failure
[11] [14] [17].

Complex fracture patterns (AO/OTA 42C) further compromise mechanical
stability and fracture biology. These injuries often require prolonged healing times
and are associated with delayed union or nonunion, thereby extending the dura-
tion of cyclic loading on the implant [10] [12] [14] [15]. The present review rein-
forces the concept that implant breakage is rarely an isolated implant-related is-
sue, but rather a downstream manifestation of adverse fracture mechanics and
biology.

Importantly, the updated risk of bias assessment demonstrated that most in-
cluded studies were at serious risk of bias, predominantly due to residual con-
founding and retrospective design. However, no study was judged to be at critical
risk of bias following exclusion of administrative database-only analyses lacking
radiographic outcome verification. This strengthens confidence in the validity of
the pooled incidence estimate while underscoring the need for cautious interpre-
tation of causal predictors.

The substantial statistical heterogeneity observed (I* = 92%) likely reflects clin-
ical and methodological diversity across studies, including differences in fracture

location, implant design, patient populations, follow-up duration, and definitions
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of mechanical failure. Such heterogeneity is expected in meta-analyses of surgical

outcomes and supports the use of a random-effects model.

5. Conclusion

Implant breakage following intramedullary nailing of long bone fractures is un-
common but clinically significant. Subtrochanteric fracture location, malreduc-
tion, complex fracture patterns, and impaired fracture healing are consistently as-
sociated with increased risk. Attention to fracture reduction quality, implant se-

lection, and postoperative management may help minimize mechanical failure.

Clinical Implications

The findings of this review have several practical implications:

* DPrecise fracture reduction, particularly avoidance of varus malalignment,
should be prioritized.

* Nail length, diameter, and proximal fixation strategy should be individualized
based on fracture morphology and patient factors.

* Adjunctive techniques, such as poller screws or augmentation plating in se-
lected cases, may reduce mechanical stress.

* Patients with high-risk fracture patterns should undergo close radiographic

surveillance to detect delayed union or nonunion early.

Strengths and Limitations

The strengths of this study include a comprehensive literature search, adherence
to PRISMA 2020 standards, inclusion of large cohort and multicenter studies, and
subgroup analysis by fracture location. Limitations include the predominance of
retrospective designs, substantial heterogeneity (I> = 92%), and inability to quan-
titatively pool effect sizes for individual predictors due to inconsistent reporting.
Moreover, publication bias is possible, as studies reporting zero or very low rates
of implant breakage may be less likely to be published, potentially inflating pooled

incidence estimates.

Future Directions

Prospective multicenter registries with standardized reporting of fracture charac-
teristics, reduction quality, and implant parameters are needed to refine predictive

models for implant breakage and guide evidence-based surgical decision-making.
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