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Abstract: Objective: To evaluate the association between preoperative nutritional indicators and postoperative frac-
ture healing outcomes in elderly individuals. Methods: A retrospective analysis was conducted on 221 patients 
aged 60 years or older who underwent surgery for open extremity fractures at Shanghai Sixth People’s Hospital 
between March 2021 and November 2024. Patients were stratified into normal healing (n=139) and delayed heal-
ing (n=82) groups based on radiographic criteria at four months postoperatively. Preoperative nutritional status was 
assessed using BMI, albumin, prealbumin, hemoglobin, lymphocyte count, Mini Nutritional Assessment (MNA), Nu-
tritional Risk Screening 2002 (NRS-2002), and Subjective Global Assessment (SGA). Statistical analyses included 
chi-square tests, independent samples t-tests, logistic regression, and receiver operating characteristic (ROC) curve 
analyses. Results: The incidence of delayed healing was 37.1%. BMI, albumin (P=0.006), prealbumin (P=0.014), 
hemoglobin (P=0.042), and MNA scores (P=0.029), and NRS-2002 scores (P=0.004) were significantly associated 
with healing outcome. Multivariate logistic regression identified BMI (OR=0.729, P=0.006), albumin (OR=0.933, 
P=0.040), prealbumin (OR=0.979, P=0.015), MNA (OR=0.933, P=0.020), and SGA (OR=0.478, P=0.033) as in-
dependent protective factors for normal healing; while lymphocyte count and NRS-2002 were independent risk 
factors. ROC analysis showed high predictive value for delayed healing using these markers (AUC=0.964), and an 
integrated nomogram model achieved high discriminative ability. Conclusion: Preoperative nutritional status, as 
evidenced by BMI, serum protein markers, and validated nutritional assessment scales, was significantly associated 
with postoperative fracture healing outcomes in elderly patients following open extremity fracture surgery.
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Introduction

Open fractures of the extremities are prevalent 
among elderly individuals, posing significant 
clinical and socioeconomic burdens globally 
[1]. With increasing life expectancy and impro- 
ved healthcare, the incidence of traumatic frac-
tures in older adults continues to rise [2]. These 
injuries involve direct communication between 
the fracture site and the external environment, 
leading to an elevated risk of infection, tissue 
damage, and impaired healing [3]. Despite 
advancements in surgical techniques and peri-
operative care, delayed fracture healing-de- 
fined as failure to achieve expected union with-
in a standard timeframe - remains a critical 
challenge in geriatric trauma care [4].

Delayed healing after open fractures signifi-
cantly compromises patient quality of life, pro-
longs hospital stays, and increases healthcare 
cost [5]. Bone repair involves complex biologic 
processes, including inflammation, cell prolifer-
ation, matrix synthesis, and remodeling [6]. In 
the elderly, age-related changes such as im- 
paired angiogenesis, reduced proliferative cap- 
acity of mesenchymal stem cells, and dimin-
ished sensitivity to growth factors impede these 
reparative mechanisms [7]. Additionally, comor-
bidities like diabetes mellitus, vascular disease, 
and osteoporosis further exacerbate healing 
delays [8].

Nutritional status has emerged as a crucial 
determinant of bone healing potential. Elderly 
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patients are particularly vulnerable to malnutri-
tion due to chronic diseases, decreased appe-
tite, poor absorption efficiency, and socioeco-
nomic constraints [9]. Malnutrition impairs sys- 
temic immune function and resistance to infec-
tion while directly affecting bone metabolism 
by limiting essential substrates for collagen 
synthesis, osteoblast differentiation, and cellu-
lar proliferation at the injury site [10]. Defi- 
ciencies in protein and key micronutrients (e.g., 
vitamin D, calcium, zinc) have been indepen-
dently linked to poor regenerative capacity and 
suboptimal outcomes [11].

Serological indices such as albumin, prealbu-
min, and hemoglobin levels, along with anthro-
pometric measures like body mass index (BMI), 
serve as practical indicators of nutritional res- 
erves and overall health status [12]. Stand- 
ardized tools for comprehensive nutritional as- 
sessment - such as the Mini Nutritional As- 
sessment (MNA), Nutritional Risk Screening 
2002 (NRS 2002), and Subjective Global As- 
sessment (SGA) - help identify at-risk individu-
als and guide targeted intervention. However, 
there is a lack of high-quality evidence directly 
linking nutritional status to delayed fracture 
healing outcomes in elderly patients with open 
extremity injuries [13].

Accurate risk stratification using reliable clini-
cal and biochemical predictors is essential for 
guiding perioperative management and mini-
mizing the burden of delayed healing [13]. 
Advanced statistical modeling, including nomo-
gram construction, integrates multiple predic-
tive factors into user-friendly platforms for in- 
dividualized risk estimation [14]. Nomograms 
have been widelyvalidated in oncology and car-
diovascular medicine and are increasingly used 
in orthopedics as evidence-based methods for 
making decisions [15]. Nevertheless, robust 
predictive tools tailored to elderly populations 
undergoing surgery for open fractures that in- 
corporate nutritional status are lacking.

This study aimed to systematically investigate 
the relationship between preoperative nutri-
tional status - reflected by objective serologi- 
cal markers and validated clinical assessment 
scales - and the risk of delayed healing after 
open extremity fractures in elderly patients.  
By retrospectively analyzing clinical, biochemi-
cal, and nutritional data and applying rigorous 
statistical approaches, including logistic regres-

sion and receiver operating characteristic 
(ROC) analysis, we aim to identify key nutrition-
al factors associated with healing outcomes. 
Our secondary objective was to develop and 
internally validate a nomogram model for reli-
ably predicting the risk of delayed healing, fa- 
cilitating early intervention and personalized 
clinical management. Through this research, 
we aimed to provide a comprehensive eviden- 
ce base supporting routine nutritional assess-
ment in geriatric orthopedic practice, highlight-
ing the multifaceted contributions of nutrition 
to skeletal repair, and predicting adverse out-
comes. Integrating nutritional risk factors into 
orthopedic prognostication moves us towards 
a more holistic, patient-centered approach to 
fracture care in the elderly.

Patients and methods

Patient selection and criteria

A retrospective study was conducted on 221 
elderly patients who underwent surgery for 
open fractures of the extremities at Shanghai 
Sixth People’s Hospital from March 2021 to 
November 2024. Patients were categorized 
into two groups based on their healing status 
four months post-surgery: normal healing gr- 
oup (n=139) and delayed healing group (n=82). 
The criteria for diagnosing delayed fracture 
healing after surgery are as follows: A fracture 
is considered to have delayed healing if, by four 
months post-surgery, it has not healed, evi-
denced by radiographic findings such as mini-
mal callus formation at the fracture site, mild 
decalcification, clear fracture lines, and an ab- 
sence of osteosclerosis signs on X-rays. Other- 
wise, a fracture is considered normally healed 
[15]. In addition, this study conducted an inter-
nal validation of the prediction model using a 
10-fold cross-validation method to ensure the 
stability and reliability of the model. Further- 
more, 148 patients who met the same inclu-
sion criteria were included in external valida-
tion. Based on their healing status four months 
post-surgery, these patients were similarly di- 
vided into a normal healing group (n=108) and 
delayed healing group (n=40).

Inclusion Criteria: 1. Patients diagnosed with 
open fractures of the extremities through imag-
ing examinations and who underwent surgical 
treatment at Shanghai Sixth People’s Hospital; 
2. Patients aged 60 years or older; 3. Patients 
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with complete clinical data; 4. Patients who  
had preoperative nutritional status assess-
ments completed within one week before sur-
gery; 5. Patients who did not receive any nutri-
tional interventions prior to surgery. Exclusion 
Criteria: 1. Patients with closed fractures; 2. 
Patients with severe cardiac, hepatic, or renal 
dysfunction; 3. Patients with infectious diseas-
es; 4. Patients with immunological diseases;  
5. Patients who had previous surgeries on the 
same limb; 6. Patients who were pregnant or 
breastfeeding; 7. Patients with cognitive impair-
ments or mental health disorders.

This study was approved by the Institutional 
Review Board (IRB) and Ethics Committee of 
Shanghai Sixth People’s Hospital (2025-KY-
235 (K)). Given the retrospective design of the 
study and the use of anonymized patient data, 
informed consent was waived.

Data extraction

Baseline demographics and clinical data were 
extracted through the case system, including 
BMI, fracture location, cause of fracture, fixa-
tion method, and intraoperative data. Nutri- 
tional status factors were assessed using vali-
dated scales such as MNA, NRS-2002, and 
SGA, with all measurements conducted under 
standardized conditions.

Gustilo Classification: The Gustilo classification 
is based on factors such as wound size, extent 
of soft tissue damage, and presence of vascu-
lar injury [16].

Type I: Wound less than 1 cm, typically a clean 
wound with no significant soft tissue damage or 
vascular injury; Type II: Wound greater than 1 
cm but without extensive soft tissue damage, 
possibly involving minor to moderate muscle  
or skin loss; Type III: Further divided into three 
subtypes (A, B, C), involving extensive tissue 
damage and/or vascular injury; Type IIIA: Des- 
pite extensive soft tissue damage, the wound 
can be directly closed after debridement; Type 
IIIB: Flap grafting is needed to cover bone or 
tendon; Type IIIC: Accompanied by arterial inju-
ry requiring repair.

The American Society of Anesthesiologists 
(ASA) Physical Status Classification: ASA I: 
Healthy individuals with no systemic disease 
and good cardiopulmonary function; ASA II: 

Individuals with mild systemic disease and 
slight limitation in cardiopulmonary function, 
capable of performing general activities; ASA 
III: Individuals with mild to severe systemic dis-
ease, decompensated cardiopulmonary func-
tion, limited general activity, and discomfort; 
ASA IV: Individuals with severe systemic dis-
ease, poor cardiopulmonary function, and dis-
comfort even at rest; ASA V: Moribund patients 
who are not expected to survive without the 
operation. Note: ASA IV indicates a moribund 
state. There were no patients with an ASA V 
grade in this study [17].

Outcome measures

The primary measurement in this study was the 
healing status of fractures at four months post-
surgery, which was categorized into normal 
healing and delayed healing groups based on 
radiographic findings. The secondary indices 
included various nutritional status factors mea-
sured preoperatively within one day before sur-
gery. These parameters comprised BMI, serum 
albumin, prealbumin, hemoglobin, lymphocyte 
count, MNA, NRS-2002, and SGA. All measures 
were conducted under standardized conditions 
to ensure accuracy and reliability.

Serological testing: Blood samples (4 ml) were 
collected from fasting patients one day prior to 
surgery. Serum was separated using serum 
separator tubes (SST, yellow-capped), and the 
samples were centrifuged at 1800 g for 10 
minutes at a low temperature. The supernatant 
was extracted and stored in a -70°C free- 
zer. Albumin and prealbumin levels were mea-
sured using an automatic biochemical analy- 
zer (AU5800, Beckman Coulter). Additionally, 
serum total cholesterol (TC), high-density lipo-
protein cholesterol (HDL-C), and low-density 
lipoprotein cholesterol (LDL-C) were also mea-
sured using the same automatic biochemi- 
cal analyzer (AU5800, Beckman Coulter). For 
hemoglobin and lymphocyte count measure-
ments, blood samples were collected in EDTA 
anticoagulant tubes (lavender-capped) and an- 
alyzed on a hematology analyzer (LH 750, Be- 
ckman Coulter).

Nutritional status scoring: All nutritional assess-
ment scale results were completed by nurses 
under the guidance of a nutritionist from 
Shanghai Sixth People’s Hospital one day prior 
to surgery.
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(1) Mini Nutritional Assessment (MNA): The 
MNA is a tool specifically designed to assess 
the nutritional status of elderly individuals. It 
consists of four main sections, with a total 
score of 30 points: anthropometric measure-
ments (up to 12 points), global assessment (up 
to 6 points), dietary habits (up to 6 points), and 
subjective assessment (up to 6 points) [18]. A 
total score ≥24 indicates good nutritional sta-
tus; A score between 17 and 23.5 suggests a 
risk of malnutrition, requiring further observa-
tion and possible intervention; A score <17 indi-
cates malnutrition, necessitating immediate 
action for nutritional support.

(2) Nutritional Risk Screening 2002 (NRS 
2002): NRS 2002 is a standardized tool recom-
mended by the European Society for Clinical 
Nutrition and Metabolism (ESPEN) to identify 
the risk of malnutrition in hospitalized patients. 
NRS 2002 consists of three main components: 
nutritional status score (0-3 points), severity of 
disease score (0-3 points), and an age adjust-
ment score (adding 1 point for patients aged 
≥70 years). The total score is the sum of these 
three components, with a maximum of 7 points. 
Based on the final score: A total score <3 indi-
cates no nutritional risk and does not require 
special nutritional support; A total score ≥3 
indicates a nutritional risk, suggesting further 
evaluation and consideration of nutritional sup-
port [19].

(3) Subjective Global Assessment (SGA): SGA is 
a clinical tool used to evaluate the overall nutri-
tional status of patients based on medical his-
tory and physical examination. SGA classifies 
patients’ nutritional status into three catego-
ries. Grade A (Well-nourished): Patients have 
stable weight, no significant weight loss, nor-
mal dietary intake, no apparent loss of appetite 
or difficulty eating, good muscle mass and sub-
cutaneous fat, no obvious muscle wasting or 
fat loss; no edema or ascites; Grade B (Mild to 
moderate malnutrition): Patients have experi-
enced 5-10% weight loss within the past six 
months, reduced dietary intake but still able  
to meet basic needs, some degree of muscle 
wasting or subcutaneous fat loss but not se- 
vere, possibly mild edema or ascites; Grade C 
(Severe malnutrition): Patients have lost more 
than 10% of their body weight within the past 
six months, significantly reduced dietary intake 
unable to meet basic nutritional needs, obvious 
muscle wasting and subcutaneous fat loss se- 

verely affecting physical function, evident ede- 
ma or ascites, possibly accompanied by other 
complications [20].

Statistical analysis

Sample size was calculated based on a 37.1% 
delayed healing rate and 80% power to detect a 
15% difference in nutritional markers (α=0.05). 
Using G*Power 3.1, a minimum of 190 patients 
was required, with 221 enrolled to account for 
potential dropouts. Data were processed using 
SPSS 29.0. Categorical data were expressed as 
percentages and frequencies and analyzed 
using the χ2 test. All continuous data were test-
ed for normality using the Shapiro-Wilk test; 
normally distributed data were presented as 
mean ± standard deviation (SD), and inter-
group comparisons were performed using inde-
pendent samples t-tests. Correlation analysis 
was conducted using Spearman analysis to 
assess the relationships between preoperative 
nutritional indicators and delayed fracture heal-
ing. Logistic regression analysis was used to 
identify nutritional status factors that influ-
enced fracture healing. Based on the results of 
multivariate analysis, R Studio software was 
further utilized to construct a nomogram model 
to predict postoperative healing outcomes in 
elderly patients with open fractures of the 
extremities. Receiver operating characteristic 
(ROC) curves were constructed, and the area 
under the curve (AUC) was calculated to evalu-
ate the predictive performance of the risk 
model for postoperative healing. An AUC value 
>0.9 indicates high predictive performance, an 
AUC between 0.71 and 0.90 indicates moder-
ate predictive performance, and an AUC be- 
tween 0.5 and 0.7 indicates poor predictive 
performance. A P-value <0.05 was considered 
significant.

Results

Demographic and basic data

A total of 221 elderly patients with open extrem-
ity fractures were included and divided into nor-
mal healing and delayed healing groups, yield-
ing a delayed healing rate of 37.10% (Table 1). 
There were no significant differences between 
the two groups in gender, age, smoking history, 
alcohol use, comorbidities, fracture location, as- 
sociated injuries, or time from injury to debride-
ment. Similarly, there were no significant differ-
ences between groups regarding the cause of 
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fracture, Gustilo classification, fixation method, 
or ASA classification. However, the normal heal-
ing group had a significantly higher mean BMI 
than the delayed healing group, suggesting that 
lower preoperative BMI may be associated with 
an increased risk of delayed fracture healing in 
elderly patients.

Surgical situation

There were no significant differences between 
the two groups in terms of surgical duration, 
intraoperative blood loss, incidence of intraop-
erative complications, or length of hospital stay 
(Table 2). This suggests that factors directly 

Table 1. Comparison of demographic and basic data between the two groups

Variable Normal healing 
group (n=139)

Delayed healing 
group (n=82) t/x2 p

Gender [n (%)] 0.001 0.977
    Male 76 (54.68%) 45 (54.88%)
    Female 63 (45.32%) 37 (45.12%)
Age (years) 68.26 ± 6.23 67.08 ± 6.21 1.361 0.175
BMI (kg/m2) 20.06 ± 1.34 19.58 ± 1.52 2.461 0.015
Smoking history [n (%)] 47 (33.81%) 31 (37.8%) 0.36 0.549
Alcohol consumption history [n (%)] 51 (36.69%) 27 (32.93%) 0.32 0.572
Comorbidities [n (%)] 58 (41.73%) 33 (40.24%) 0.047 0.829
Fracture location [n (%)] 0.013 0.909
    Upper limb 74 (53.24%) 43 (52.44%)
    Lower limb 65 (46.76%) 39 (47.56%)
Associated injuries [n (%)] 43 (30.94%) 27 (32.93%) 0.095 0.759
Time from injury to debridement (hours) 6.31 ± 1.42 6.35 ± 1.39 0.179 0.858
Cause of fracture [n (%)] 0.206 0.902
    Traffic accident injury 90 (64.75%) 51 (62.20%)
    Fall injury 13 (9.35%) 9 (10.98%)
    Mechanical injury 36 (25.90%) 22 (26.83%)
Gustilo classification [n (%)] 0.227 0.994
    Type I 17 (12.23%) 10 (12.20%)
    Type II 56 (40.29%) 31 (37.80%)
    Type IIIA 39 (28.06%) 24 (29.27%)
    Type IIIB 18 (12.95%) 12 (14.63%)
    Type IIIC 9 (6.47%) 5 (6.10%)
Fixation method [n (%)] 0.019 0.889
    Internal fixation 81 (58.27%) 47 (57.32%)
    External fixation 58 (41.73%) 35 (42.68%)
ASA physical status classification [n (%)] 2.277 0.131
    Class I/II 109 (78.42%) 71 (86.59%)
    Class III/IV 30 (21.58%) 11 (13.41%)
BMI: Body Mass Index; ASA: American Society of Anesthesiologists.

Table 2. Comparison of surgical situation between the two groups

Data Normal healing 
group (n=139)

Delayed healing 
group (n=82) t/x2 p

Surgical duration (minutes) 184.28 ± 58.36 188.41 ± 57.62 0.51 0.611
Intraoperative blood loss (ml) 585.19 ± 179.56 582.67 ± 188.95 0.099 0.921
Intraoperative Complications [n (%)] 16 (11.51%) 13 (15.85%) 0.853 0.356
Length of hospital stay (days) 15.23 ± 2.14 14.72 ± 2.91 1.397 0.165
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Figure 1. Comparison of preoperative nutritional serum 
biomarkers between the two groups. A: Albumin (g/L); B: 
Prealbumin (g/L); C: Hemoglobin (g/L); D: Lymphocyte 
count (×109/L); E: TC (mmol/L); F: HDL-C (mmol/L); G: 
LDL-C (mmol/L). TC: Total Cholesterol; HDL-C: High-Densi-
ty Lipoprotein Cholesterol; LDL-C: Low-Density Lipoprotein 
Cholesterol. Ns: no significant; *: P<0.05; **: P<0.01.

related to the surgical procedures are not asso-
ciated with postoperative wound healing out- 
come.

Serological testing

Analysis of preoperative nutritional serum bio-
markers showed that the normal healing group 
had significantly higher levels of albumin, preal-
bumin, and hemoglobin compared to the de- 
layed healing group (P<0.05 or P<0.01, Figure 
1). In contrast, lymphocyte counts were signi- 
ficantly higher in the delayed healing group 
(P<0.05). No significant differences were ob- 
served in TC, HDL-C, or LDL-C between the two 
groups (P>0.05).

Nutritional status scoring

Assessment of preoperative nutritional status 
showed significant differences between the 
two groups (Table 3). The normal healing group 
had higher MNA scores and lower NRS 2002 
scores compared to the delayed healing gr- 
oup, indicating better nutritional status and 
lower nutritional risk. According to the SGA, 
77.7% of the normal healing group were well-
nourished versus 64.63% in the delayed heal-
ing group, while mild to severe malnutrition was 
more common in the delayed healing group. 
These results suggest that poorer preoperative 
nutritional status is associated with delayed 
fracture healing in elderly patients.
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Correlation analysis

Correlation analysis revealed significant asso-
ciations between preoperative nutritional indi-
cators and delayed fracture healing (Figure 2). 
Higher BMI (r=-0.170, P=0.011), albumin (r=-
0.217, P=0.001), prealbumin (r=-0.178, P= 
0.008), hemoglobin (r=-0.143, P=0.034), MNA 
scores (r=-0.156, P=0.021), and better SGA 
classification (r=-0.142, P=0.035) were all neg-
atively correlated with delayed healing, indicat-
ing that better nutritional status reduces risk. 
In contrast, higher lymphocyte count (r=0.137, 
P=0.042) and NRS 2002 scores (r=0.226, 
P<0.001) were positively correlated with delay- 

ed healing. These results highlight the impor-
tance of comprehensive preoperative nutrition-
al assessment for predicting and potentially 
reducing delayed postoperative fracture heal-
ing in elderly patients.

Logistic regression analysis

Univariate and multivariate logistic regression 
analyses demonstrated that several preopera-
tive nutritional indicators were significant pre-
dictors of delayed fracture healing in elderly 
patients (Tables 4, 5). By univariate analysis, 
higher BMI, albumin, prealbumin, and hemoglo-
bin were associated with lower odds of delayed 

Table 3. Comparison of preoperative nutritional status scale scores between the two groups
Data Normal healing group (n=139) Delayed healing group (n=82) t/x2 p
MNA scores 18.67 ± 5.32 17.04 ± 5.28 2.217 0.028
NRS 2002 scores 2.73 ± 0.51 3.04 ± 1.06 2.52 0.013
SGA classification [n (%)] 4.45 0.035
    SGA-A 108 (77.7%) 53 (64.63%)
    SGA-B&C 31 (22.3%) 29 (35.37%)
MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective Global Assessment.

Figure 2. Correlation analysis between preoperative nutritional status indicators and postoperative delayed fracture 
healing. BMI: Body Mass Index; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; 
SGA: Subjective Global Assessment.
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healing, while higher lymphocyte count increa- 
sed the odds. Nutritional assessments were 
also predictive: higher MNA scores and SGA 
classification indicated reduced risk, while hig- 
her NRS 2002 scores were associated with 
increased risk. In multivariate analysis, these 
associations remained significant. BMI, albu-
min, prealbumin, lymphocyte count, MNA, NRS 
2002, and SGA were independent predictors. 
Hemoglobin showed a trend toward significan- 
ce. These findings highlight the value of com-
prehensive preoperative nutritional assess-
ment for predicting delayed fracture healing 
and guiding interventions to improve clinical 
outcomes in elderly patients.

ROC analysis

ROC analysis was applied to evaluate the pre-
dictive performance of preoperative nutritional 
indicators for delayed fracture healing in elderly 
patients (Table 6 and Figure 3). BMI, albumin, 

prealbumin, and hemoglobin all showed moder-
ate discriminatory ability. Albumin had the high-
est sensitivity but lower specificity. Lymphocyte 
count achieved the highest specificity but lower 
sensitivity. MNA scores demonstrated high 
specificity but low sensitivity, while NRS 2002 
scores offered good specificity and balanced 
overall performance. A combined nomogram 
model further improved predictive accuracy, 
with an AUC of 0.964 (Figures 4, 5).

External validation of the predictive model

In the external validation of the predictive 
model, no significant differences were observed 
in gender, age, smoking and alcohol history, 
comorbidities, fracture location, associated 
injuries, time to debridement, cause of frac-
ture, Gustilo classification, fixation method, or 
ASA status between the normal and delayed 
healing groups. However, the delayed healing 
group showed a significantly lower BMI, albu-

Table 4. Univariate logistic regression analysis of preoperative nutritional status indicators and post-
operative delayed fracture healing

Coefficient Std.  
Error

Wald 
Stat OR OR CI 

Lower
OR CI 
Upper P

BMI (kg/m2) -0.245 0.102 2.404 0.783 0.638 0.953 0.016
Albumin (g/L) -0.085 0.031 2.764 0.919 0.864 0.974 0.006
Prealbumin (g/L) -0.019 0.008 2.463 0.981 0.966 0.996 0.014
Hemoglobin (g/L) -0.017 0.008 2.034 0.983 0.967 0.999 0.042
Lymphocyte count (×109/L) 1.246 0.550 2.266 3.478 1.201 10.455 0.023
MNA scores -0.059 0.027 2.178 0.943 0.893 0.993 0.029
NRS 2002 scores 0.558 0.196 2.851 1.747 1.203 2.60 0.004
SGA classification (SGA-A:1/SGA-B, SGA-C:0) [n (%)] -0.645 0.308 2.095 0.525 0.286 0.960 0.036
BMI: Body Mass Index; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective Global 
Assessment.

Table 5. Multivariate logistic regression analysis of preoperative nutritional status indicators and 
postoperative delayed fracture healing

Coefficient Std. 
Error

Wald 
Stat OR OR CI 

Lower
OR CI 
Upper P

BMI (kg/m2) -0.316 0.115 -2.737 0.729 0.581 0.914 0.006
Albumin (g/L) -0.069 0.034 -2.049 0.933 0.873 0.997 0.040
Prealbumin (g/L) -0.021 0.009 -2.435 0.979 0.963 0.996 0.015
Hemoglobin (g/L) -0.016 0.009 -1.752 0.984 0.966 1.002 0.080
Lymphocyte count (×109/L) 1.469 0.644 2.282 4.346 1.230 15.354 0.023
MNA scores -0.069 0.030 -2.325 0.933 0.880 0.989 0.020
NRS 2002 scores 0.507 0.209 2.426 1.661 1.102 2.502 0.015
SGA classification (SGA-A:1/SGA-B & C:0) [n (%)] -0.737 0.346 -2.133 0.478 0.243 0.942 0.033
BMI: Body Mass Index; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective Global 
Assessment.
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Table 6. ROC analysis for preoperative nutritional indicators
Best_ 

threshold Sensitivities Specificities AUC Youden_ 
index

F1_ 
score

BMI (kg/m2) 19.97 0.646 0.547 0.601 0.193 0.31
Albumin (g/L) 40.865 0.805 0.475 0.63 0.28 0.195
Prealbumin (g/L) 174.705 0.732 0.482 0.606 0.214 0.257
Hemoglobin (g/L) 123.99 0.634 0.547 0.585 0.181 0.319
Lymphocyte count (×109/L) 1.975 0.524 0.662 0.582 0.186 0.5
MNA scores 14.195 0.354 0.835 0.593 0.189 0.422
NRS 2002 scores 3.08 0.524 0.799 0.635 0.323 0.562
SGA classification (SGA-A:1/SGA-B & C:0) [n (%)] -Inf 1 0 0.435 0 0.541
BMI: Body Mass Index; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective Global 
Assessment.

min, prealbumin, hemoglobin, and MNA scores, 
but higher lymphocyte count and NRS 2002 
scores. Additionally, there was a greater pro-
portion of malnutrition indicated by SGA clas-
sification in the delayed healing group. These 
results highlight that biochemical markers and 
nutritional status are more indicative of wound 
healing outcomes, suggesting their importance 
in predicting and managing delayed healing in 
trauma patients (Table 7). The ROC curve anal-
ysis in external validation cohorts, as depicted 
in Figure 6, demonstrates a high discriminatory 
ability of the predictive model with an AUC of 
0.950, indicating excellent performance.

Discussion

In this retrospective study, we investigated the 
predictive value of preoperative nutritional sta-
tus parameters on delayed fracture healing  
in elderly patients who underwent surgery for 
open extremity fractures. We developed a no- 
mogram model to assess individual risk and 
found that several nutritional indices were sig-
nificant predictors of delayed healing.

Our findings align with previous studies high-
lighting the multifactorial nature of bone heal-
ing in the elderly [15]. Age-related changes  
in bone biology, such as reduced osteogenic 
capacity and impaired angiogenesis, create a 
less favorable environment for bone repair  
[21]. Additionally, aging is often accompanied 
by declining nutritional intake and metabolic 
function, leading to higher rates of protein-en- 
ergy malnutrition and micronutrient deficien-
cies [22]. These deficiencies can disrupt the 
orchestrated cascade of bone healing, which 
requires coordinated cellular, molecular, and 
biomechanical events [23].

BMI emerged as a robust predictor of delayed 
healing, consistent with prior research indicat-
ing that adequate body mass and nutritional 
reserves are protective [24, 25]. Higher BMI 
levels may reflect better muscle and fat stores, 
serving as reservoirs of energy and substrates 
vital for tissue repair [26]. However, obesity and 
related metabolic syndromes could confound 
these findings, although our cohort predomi-
nantly consisted of individuals within a relative-
ly narrow and lower BMI range, mitigating this 
concern.

Serum proteins, particularly albumin and preal-
bumin, were also strong predictors, reflecting 
both acute and chronic nutritional status [27]. 
Low albumin levels point to poor nutritional in- 
take and ongoing systemic inflammation, both 
of which impair fracture healing [28]. Preal- 
bumin, with its shorter half-life, is more sensi-
tive to recent changes in nutritional status and 
catabolic stress [29]. Synthesizing these find-
ings, we recognize that an adequate protein 
supply ensures the availability of amino acids 
critical for collagen synthesis, extracellular ma- 
trix production, and cellular proliferation within 
the fracture callus [30]. Deficits in protein in- 
take delay the transition from the inflammatory 
to reparative phases, compromise matrix depo-
sition, and reduce the mechanical integrity of 
new bone [30].

The association between hemoglobin and heal-
ing outcomes underscores the importance of 
oxygen-carrying capacity in fracture site me- 
tabolism [31]. Oxygen serves as a cofactor  
for post-translational modifications of collagen 
and as a substrate for cellular respiration dur-
ing angiogenesis and tissue regeneration [32]. 
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Figure 3. ROC curve analysis. A: BMI (kg/m2); B: Albumin (g/L); C: Prealbumin (g/L); D: Hemoglobin (g/L); E: Lymphocyte count (×109/L); F: MNA scores; G: NRS 
2002 scores; H: SGA classification. BMI: Body Mass Index; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective Global 
Assessment; ROC: Receiver operating characteristic.
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Anemia, irrespective of etiolo-
gy, leads to tissue hypoxia, 
stagnation of cellular process-
es, and impaired neovascu- 
larization, all detrimental for 
timely fracture resolution. In 
the elderly, anemia may arise 
from nutritional deficits (iron, 
folate, B12), chronic disease, 
or occult blood loss, creating 
a complex interplay between 
nutrition, systemic health, and 
local repair capacity [33].

The somewhat paradoxical 
finding of a higher lymphocyte 
count in the delayed healing 
group warrants nuanced inter-
pretation [34]. In the context 
of trauma and healing, rela-
tive lymphocytosis may reflect 
ongoing inflammation or an im- 
munological response to non-
healing tissue [34]. Chronic 
systemic inflammation, often 
subclinical in elderly patients 
with comorbidities, can dis-
rupt the regulated progres-
sion of bone healing, tipping 
the balance towards persis-
tent catabolic signaling, ma- 
trix degradation, and ultima- 
tely delayed union [35]. It un- 
derscores the interconnected-
ness of immune and nutrition-
al status in bone healing - a 
theme that continues to gain 
traction in the literature.

Standardized nutritional as- 
sessment tools, such as MNA, 
NRS 2002, and SGA, were 
independently linked to heal-
ing outcomes. These tools ca- 
pture nuanced information ab- 
out recent changes in weight, 
dietary intake, physical sta-
tus, comorbidities, and disea- 
se severity, making them valu-
able in identifying covert or 
subclinical malnutrition [36]. 
These assessment methods 
prompt clinicians to recogni- 
ze malnutrition risk early, ev- 
en when overt laboratory de- 

Figure 4. Nomogram model. BMI: Body Mass Index; MNA: Mini Nutritional 
Assessment; NRS 2002: Nutritional Risk Screening 2002; SGA: Subjective 
Global Assessment.

Figure 5. ROC curve analysis of nomogram model. ROC: Receiver operating 
characteristic.
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rangements are absent, ensuring timely inter-
vention and risk stratification in the periopera-
tive period.

The construction of a nomogram model inte-
grating these nutritional factors demonstrated 
high discriminative power, outperforming indi-

vidual parameters through their collective con-
tributions. This approach reflects an evolving 
paradigm in perioperative care, where risk 
stratification is increasingly multidimensional.

Latent mechanisms bridging malnutrition and 
poor bone healing are multifaceted [36]. First, 

Table 7. External validation of the predictive model

Variable Normal healing 
group (n=68)

Delayed healing 
group (n=40) t/x2 p

Gender [n (%)] 0.004 0.953
    Male 37 (54.41%) 22 (55.00%)
    Female 31 (45.59%) 18 (45.00%)
Age (years) 67.05 ± 6.14 68.21 ± 6.36 0.938 0.351
BMI (kg/m2) 20.28 ± 1.51 19.61 ± 1.63 2.179 0.032
Smoking history [n (%)] 24 (35.29%) 15 (37.50%) 0.053 0.818
Alcohol consumption history [n (%)] 24 (35.29%) 13 (32.50%) 0.087 0.768
Comorbidities [n (%)] 29 (42.65%) 16 (40.24%) 0.073 0.788
Fracture location [n (%)] 0.037 0.847
    Upper limb 37 (54.41%) 21 (52.50%)
    Lower limb 31 (45.59%) 19 (47.50%)
Associated injuries [n (%)] 22 (32.35%) 14 (35.00%) 0.079 0.778
Time from injury to debridement (hours) 6.29 ± 1.35 6.33 ± 1.32 0.154 0.878
Cause of fracture [n (%)] 0.163 0.922
    Traffic accident injury 43 (63.24%) 24 (60.00%)
    Fall injury 7 (10.29%) 5 (12.50%)
    Mechanical injury 18 (26.47%) 11 (27.50%)
Gustilo classification [n (%)] 0.379 0.984
    Type I 9 (13.24%) 5 (12.50%)
    Type II 27 (39.71%) 15 (37.50%)
    Type IIIA 20 (29.41%) 11 (27.50%)
    Type IIIB 8 (11.76%) 6 (15.00%)
    Type IIIC 4 (5.88%) 3 (7.50%)
Fixation method [n (%)] 0.057 0.812
    Internal fixation 39 (57.35%) 22 (55.00%)
    External fixation 29 (42.65%) 18 (45.00%)
ASA physical status classification [n (%)] 0.521 0.470
    Class I/II 54 (79.41%) 34 (85.00%)
    Class III/IV 14 (20.59%) 6 (13.41%)
Albumin (g/L) 40.09 ± 5.14 37.62 ± 4.13 2.583 0.011
Prealbumin (g/L) 173.02 ± 19.33 164.69 ± 18.45 2.197 0.030
Hemoglobin (g/L) 127.35 ± 17.45 120.11 ± 16.88 2.108 0.037
Lymphocyte count (×109/L) 1.85 ± 0.31 1.99 ± 0.35 2.210 0.029
MNA scores 19.32 ± 5.41 17.13 ± 5.36 2.047 0.043
NRS 2002 scores 2.72 ± 0.55 3.12 ± 1.11 2.129 0.038
SGA classification [n (%)] 4.149 0.042
    SGA-A 56 (82.35%) 26 (65.00%)
    SGA-B & C 14 (20.59%) 14 (35.00%)
BMI: Body Mass Index; ASA: American Society of Anesthesiologists; MNA: Mini Nutritional Assessment; NRS 2002: Nutritional 
Risk Screening 2002; SGA: Subjective Global Assessment.
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systemic malnutrition impairs cellular prolifera-
tion and differentiation, including mesenchy-
mal stem cells and osteoprogenitors crucial for 
callus formation [36]. Protein and caloric defi-
cits limit the synthesis of growth factors (e.g., 
IGF-1), matrix components (type I collagen), and 
enzymes required for mineralization [37]. Vi- 
tamin and micronutrient deficiencies (vitamin 
D, calcium, magnesium, zinc) further impede 
proper bone metabolism and immune regula-
tion at the fracture site [37]. Malnourished 
patients often have diminished antioxidant 
capacity and impaired inflammatory resolution, 
extending the duration of catabolic phase and 
reducing the efficiency of reparative processes 
[38].

Moreover, poor nutritional status is linked to 
decreased wound healing capacity, higher in- 
fection rates, and increased susceptibility to 
secondary complications (e.g., pressure ulcers, 
pneumonia), all of which can secondarily impair 
rehabilitation and delay fracture union [39]. 
Malnutrition exerts systemic effects, including 
muscle wasting and sarcopenia, which reduce 
mobility and mechanical loading required to 
stimulate bone regeneration through mechano-

tions. The retrospective design and single-cen-
ter cohort limit generalizability and introduce 
potential biases. Future prospective multi-
center studies are needed to validate the no- 
mogram model and confirm its clinical utility. 
Additionally, while we controlled for known con-
founders, unmeasured variables may still influ-
ence the observed associations. The reliance 
on serological markers and standardized as- 
sessments may overlook subtle variations in 
nutritional status not captured by these me- 
asures.

While our retrospective design and single-cen-
ter cohort impose certain limitations, the find-
ings advocate strongly for routine, comprehen-
sive nutritional evaluation of elderly patients 
with open long bone fractures. Interventions 
may include early nutritional supplementation, 
optimization of protein and micronutrient in- 
take, and targeted management of anemia and 
inflammatory conditions. The integration of a 
nomogram model into clinical practice could 
facilitate preoperative counseling, guide indi-
vidualized perioperative interventions, and ser- 
ve as a framework for further validation in pro-
spective multicenter studies.

Figure 6. ROC curve analysis in external validation cohort.

transduction [39]. Ultimate- 
ly, a vicious cycle ensues: poor 
nutrition leads to delayed he- 
aling, which prolongs immobil-
ity and hospitalization, further 
limiting nutritional intake and 
compounding sarcopenia.

Another important consider-
ation is immunosenescence 
in the elderly, which compo- 
unds the effects of malnutri-
tion. Inadequate protein and 
micronutrient availability can 
weaken innate and adaptive 
immune responses, predis-
posing to infection and inade-
quate regulation of inflamma-
tion at the fracture site [40]. 
Conversely, chronic low-grade 
inflammation (inflammaging) 
can drive persistent tissue 
breakdown and hinder the re- 
parative switch necessary for 
successful healing [29].

Despite the promising results, 
our study has several limita-
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In conclusion, preoperative nutritional status 
exerts profound influence on bone healing after 
open extremity fractures in elderly patients, 
mediated by intricate biological, metabolic, and 
immunological pathways. Systematic assess-
ment and optimization of nutritional indices 
should be embedded in the standard of care for 
this population, with risk prediction models 
serving as practical tools for personalized, evi-
dence-based management. These measures 
hold promise for mitigating the risk of delayed 
healing, reducing healthcare burden, and im- 
proving functional recovery among the growing 
elderly fracture population.

Disclosure of conflict of interest

None.

Address correspondence to: Minling Mo, Nursing 
Department, Shanghai Sixth People’s Hospital, No. 
600 Yishan Road, Shanghai 200000, China. E-mail: 
mml19840416@163.com

References

[1]	 Anderson PA, Kates SL and Watts NB. Update 
on atypical femoral fractures. J Bone Joint Surg 
Am 2024; 106: 1819-1828.

[2]	 Bi AS, Fisher ND, Konda SR, Egol KA and Ganta 
A. Delayed versus primary closure of diaphy-
seal forearm fractures in adults: short-term 
soft tissue outcomes. Indian J Orthop 2022; 
56: 1594-1600.

[3]	 Bi AS, Fisher ND, Parola R, Ganta A, Egol KA 
and Konda SR. Arterial injury portends worse 
soft tissue outcomes and delayed cover- 
age in open tibial fractures. J Orthop Trauma 
2022; 36: 535-543.

[4]	 Breulmann FL, Hatt LP, Schmitz B, Wehrle E, 
Richards RG, Della Bella E and Stoddart MJ. 
Prognostic and therapeutic potential of mi-
croRNAs for fracture healing processes and 
non-union fractures: a systematic review. Clin 
Transl Med 2023; 13: e1161.

[5]	 Brodke D, Devana S, Hernandez A, O’Hara N, 
Burke C, Gupta J, McKibben N, O’Toole R, Mo-
rellato J, Gillon H, Walters M, Barber C, Perdue 
P, Dekeyser G, Steffenson L, Marchand L, 
Fairres MJ, Black L, Roddy E, El Naga A, Hogue 
M, Gulbrandsen T, Atassi O, Mitchell T, Shymon 
S, Working Z and Lee C. Timing of radiographic 
healing for distal femur fractures treated with 
intramedullary nails. J Orthop Trauma 2024; 
38: 661-667.

[6]	 Candela Andrade M, Petereit F, Slunsky P, de 
Rus Aznar I and Brunnberg L. Healing of com-
minuted fractures of long bones in dogs. Ani-
mals (Basel) 2025; 15: 413.

[7]	 Chandran M, Akesson KE, Javaid MK, Harvey 
N, Blank RD, Brandi ML, Chevalley T, Cinelli P, 
Cooper C, Lems W, Lyritis GP, Makras P, Pac-
cou J, Pierroz DD, Sosa M, Thomas T and Sil-
verman S; Fracture Working Group of the Com-
mittee of Scientific Advisors of the International 
Osteoporosis Foundation, on behalf of the In-
ternational Osteoporosis Foundation, Société 
Internationale de Chirurgie Orthopédique et de 
Traumatologie. Impact of osteoporosis and os-
teoporosis medications on fracture healing: a 
narrative review. Osteoporos Int 2024; 35: 
1337-1358.

[8]	 Cheng L, Wang G, Lu H, Li S, Xiong W and Wang 
J. Effect of bushen tiansui decoction on de-
layed fracture healing: a systematic review and 
meta-analysis. J Musculoskelet Neuronal Inter-
act 2023; 23: 471-488.

[9]	 Chun YS, Lee DH, Won TG, Kim Y, Shetty AA 
and Kim SJ. Current modalities for fracture 
healing enhancement. Tissue Eng Regen Med 
2022; 19: 11-17.

[10]	 Gariffo G, Bottai V, Falcinelli F, Di Sacco F, Ci-
fali R, Troiano E, Capanna R, Mondanelli N and 
Giannotti S. Use of Teriparatide in preventing 
delayed bone healing and nonunion: a multi-
centric study on a series of 20 patients. BMC 
Musculoskelet Disord 2023; 24: 184.

[11]	 Guo X, Lv M, Lin J, Guo J, Lin J, Li S, Sun Y and 
Zhang X. Latest progress of LIPUS in fracture 
healing: a mini-review. J Ultrasound Med 2024; 
43: 643-655.

[12]	 Guo X, Zhang J, Han X and Wang G. LncRNA 
SNHG1 delayed fracture healing via modulat-
ing miR-181a-5p/PTEN axis. J Invest Surg 
2022; 35: 1304-1312.

[13]	 Heath DM, Koslosky EJ, Bartush KC and Hogue 
GD. Marijuana in orthopaedics: effects on 
bone health, wound-healing, surgical compli-
cations, and pain management. JBJS Rev 
2022; 10. 

[14]	 Hu M, Zeng W, Zhang J, Feng Y, Ma L, Huang F 
and Cai Q. Fixators dynamization for delayed 
union and non-union of femur and tibial frac-
tures: a review of techniques, timing and influ-
ence factors. J Orthop Surg Res 2023; 18: 577.

[15]	 Bishop JA, Palanca AA, Bellino MJ and Lowen-
berg DW. Assessment of compromised frac-
ture healing. J Am Acad Orthop Surg 2012; 20: 
273-282.

[16]	 Aljawadi A, Islam A, Jahangir N, Niazi N, Elma-
jee M, Reid A, Wong J and Pillai A. One-stage 
combined “fix and flap” approach for complex 
open gustilo-anderson IIIB lower limbs frac-
tures: a prospective review of 102 cases. Arch 
Orthop Trauma Surg 2022; 142: 425-434.

[17]	 Halvachizadeh S, Klingebiel FKL, Pfeifer R, 
Gosteli M, Schuerle S, Cinelli P, Zelle BA and 
Pape HC. The local soft tissue status and the 
prediction of local complications following frac-
tures of the ankle region. Injury 2022; 53: 
1789-1795.

mailto:mml19840416@163.com


Nutrition status and healing of open fracture

7732	 Am J Transl Res 2025;17(10):7717-7732

[18]	 Wang L and Zhang G. Analysis of the effect of 
mini-nutrition nursing plus Baduanjin rehabili-
tation exercise on fracture healing, mobility 
and nutritional status of elderly patients with 
vertebral or hip fractures. Biotechnol Genet 
Eng Rev 2024; 40: 2508-2519.

[19]	 Zhang Z, Pereira SL, Luo M and Matheson EM. 
Evaluation of blood biomarkers associated 
with risk of malnutrition in older adults: a sys-
tematic review and meta-analysis. Nutrients 
2017; 9: 829.

[20]	 Sánchez-Torralvo FJ, Pérez-Del-Río V, García-
Olivares M, Porras N, Abuín-Fernández J, Bra-
vo-Bardají MF, García-de-Quevedo D and Olvei-
ra G. Global subjective assessment and mini 
nutritional assessment short form better pre-
dict mortality than glim malnutrition criteria in 
elderly patients with hip fracture. Nutrients 
2023; 15: 1828.

[21]	 Johnson MJ, Kandasamy S, Raspovic KM, 
Manchanda K, Liu GT, VanPelt MD, Lavery LA 
and Wukich DK. Fractures and dislocations of 
the foot and ankle in people with diabetes: a 
literature review. Ther Adv Endocrinol Metab 
2023; 14: 20420188231163794.

[22]	 Kempenaers K, Claes T, Van Beek N and Claes 
S. IC-type electric stimulation for delayed bone 
healing: monocentric evaluation over eight 
years of experience. Acta Orthop Belg 2022; 
88: 525-532.

[23]	 Kikuchi K, Haneda M, Hayashi S, Maeda T, Na-
kano N, Kuroda Y, Tsubosaka M, Kamenaga T, 
Fujita M, Ikuta K, Anjiki K, Tachibana S, Onoi Y, 
Matsumoto T and Kuroda R. P21 deficiency ex-
hibits delayed endochondral ossification dur-
ing fracture healing. Bone 2022; 165: 116572.

[24]	 Li X, Fang S, Wang S, Xie Y, Xia Y, Wang P, Hao 
Z, Xu S and Zhang Y. Hypoxia preconditioning 
of adipose stem cell-derived exosomes loaded 
in gelatin methacryloyl (GelMA) promote type H 
angiogenesis and osteoporotic fracture repair. 
J Nanobiotechnology 2024; 22: 112.

[25]	 Lewis SR, Pritchard MW, Parker R, Searle HKC, 
Beckenkamp PR, Keene DJ, Bretherton C and 
Lin CC. Rehabilitation for ankle fractures in 
adults. Cochrane Database Syst Rev 2024; 9: 
CD005595.

[26]	 Li Y, Sun Y, Ma K, Wang S, Wang Z and Huang 
L. Functional mechanism and clinical implica-
tions of LINC00339 in delayed fracture heal-
ing. J Orthop Surg Res 2024; 19: 511.

[27]	 Liu J, Zhang J, Lin X, Boyce BF, Zhang H and 
Xing L. Age-associated callus senescent cells 
produce TGF-β1 that inhibits fracture healing 
in aged mice. J Clin Invest 2022; 132: 
e148073.

[28]	 Liu Y, Tian H, Hu Y, Cao Y, Song H, Lan S, Dai Z, 
Chen W, Zhang Y, Shao Z, Liu Y and Tong W. 
Mechanosensitive Piezo1 is crucial for perios-
teal stem cell-mediated fracture healing. Int J 
Biol Sci 2022; 18: 3961-3980.

[29]	 Mick P and Fischer C. Delayed fracture heal-
ing. Semin Musculoskelet Radiol 2022; 26: 
329-337.

[30]	 Palanisamy P, Alam M, Li S, Chow SKH and 
Zheng YP. Low-intensity pulsed ultrasound 
stimulation for bone fractures healing: a re-
view. J Ultrasound Med 2022; 41: 547-563.

[31]	 Patel M, Heyworth BE, Dehghan N, Mehlman 
CT and McKee MD. Clavicular fractures in the 
adolescent. J Bone Joint Surg Am 2023; 105: 
713-723.

[32]	 Picelli A, DI Censo R, Tomasello S, Scaturro D, 
Letizia Mauro G, Smania N and Filippetti M; 
Physical Modalities Section of the Italian Soci-
ety of Physical and Rehabilitation Medicine. 
Effects of pulsed electromagnetic fields on 
bone fractures: a systematic review update. 
Eur J Phys Rehabil Med 2024; 60: 989-994.

[33]	 Samarawickrama PN, Zhang G, Zhu E, Dong X, 
Nisar A, Zhu H, Ma Y, Zhou Z, Yang H, Gui L, 
Cao M, Li W, Chang Y, Zi M, Cui H, Duan Z, 
Zhang X, Li W and He Y. Clearance of senes-
cent cells enhances skin wound healing in type 
2 diabetic mice. Theranostics 2024; 14: 5429-
5442.

[34]	 Sanjay N and Shanthappa AH. Effect of smok-
ing on the healing of tibial shaft fractures in a 
rural Indian population. Cureus 2022; 14: 
e23018.

[35]	 Searle HKC, Lewis SR, Coyle C, Welch M and 
Griffin XL. Ultrasound and shockwave therapy 
for acute fractures in adults. Cochrane Data-
base Syst Rev 2023; 3: CD008579.

[36]	 Shu Y, Tan Z, Pan Z, Chen Y, Wang J, He J, Wang 
J and Wang Y. Inhibition of inflammatory osteo-
clasts accelerates callus remodeling in osteo-
porotic fractures by enhancing CGRP(+)TrkA(+) 
signaling. Cell Death Differ 2024; 31: 1695-
1706.

[37]	 Steppe L, Megafu M, Tschaffon-Müller MEA, 
Ignatius A and Haffner-Luntzer M. Fracture 
healing research: recent insights. Bone Rep 
2023; 19: 101686.

[38]	 Stewart CC, O’Hara NN, Bzovsky S, Bahney CS, 
Sprague S and Slobogean GP; Vita-Shock In-
vestigator. Bone turnover markers as surro-
gates of fracture healing after intramedullary 
fixation of tibia and femur fractures. Bone Joint 
Res 2022; 11: 239-250.

[39]	 Sun K, Wang C, Xiao J, Brodt MD, Yuan L, Yang 
T, Alippe Y, Hu H, Hao D, Abu-Amer Y, Silva MJ, 
Shen J and Mbalaviele G. Fracture healing is 
delayed in the absence of gasdermin-interleu-
kin-1 signaling. Elife 2022; 11: e75753.

[40]	 Thomas JD and Kehoe JL. Bone Nonunion. In: 
editors. StatPearls. Treasure Island (FL) ineli-
gible companies. Disclosure: James Kehoe de-
clares no relevant financial relationships with 
ineligible companies.: StatPearls Publishing-
Copyright © 2025, StatPearls Publishing LLC.; 
2025. p. 


