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Predictive analysis of lower limb 
fractures in the orthopedic complex 
operative unit using artificial 
intelligence: the case study of AOU 
Ruggi
Arianna Scala 1*, Anna Borrelli 2 & Giovanni Improta 1,3

The length of stay (LOS) in hospital is one of the main parameters for evaluating the management 
of a health facility, of its departments in relation to the different specializations. Healthcare costs 
are in fact closely linked to this parameter as well as the profit margin. In the orthopedic field, the 
provision of this parameter is increasingly complex and of fundamental importance in order to be 
able to evaluate the planning of resources, the waiting times for any scheduled interventions and 
the management of the department and related surgical interventions. The purpose of this work is 
to predict and evaluate the LOS value using machine learning methods and applying multiple linear 
regression, starting from clinical data of patients hospitalized with lower limb fractures. The data were 
collected at the "San Giovanni di Dio e Ruggi d’Aragona" hospital in Salerno (Italy).

In the years from 2002 to 2019, the expenditure of the national health system underwent a great increase, going 
from 80 to 117 billion euros. Due to the various increases due to assistance, the need arose to evaluate method-
ologies for evaluating the reduction of assistance costs1.

One of the key strategies for jointly diminishing costs and hospital resource utilization concerns the Length 
Of Stay (LOS) management2,3. Furthermore, the LOS parameter is taken into consideration as a post-operative 
evaluation parameter in the assessment of quality in relation to health and care activities4–7. One of the areas 
of particular attention for the evaluation of LOS is the sector related to orthopedic activities. In fact, this work 
analyzes the hospitalizations relating to patients with fractures of the lower limbs. In the literature it has been 
reported that patients with orthopedic trauma undergo a majority of the hospital stay of about 10 days and there-
fore it is difficult to discriminate the trauma conditions that determine a greater hospital stay. Despite over time 
different protocols have been used and validated to allow post-operative care protocols to reduce LOS values, the 
differences associated complications such as infections make standardization of LOS difficult8–10.

Comorbidity, and therefore the presence of concurrent pathologies such as hypertension, anemia, fluid and 
electrolyte disturbances, is one of the main causes of an increase in the average LOS values, especially in the 
orthopedic sector. Only 4.9% of patients have no additional pathologies compared to the orthopedic trauma 
for which they are in the health facility11. It has been found that for patients with heart disease the LOS value 
increases compared to the mean LOS value12.

The hospital stay and therefore the value of the LOS and the related care costs are lower for patients who are 
admitted to the Day Hospital13. Therefore, in order to reduce hospital costs, it is necessary to plan the surgery as 
soon as possible which, according to what is reported by the studies in the literature, is also useful for improving 
the effectiveness of early intervention on the reduction of orthopedic surgery and other surgical processes14–22 
In fact, according to the Italian surgical guidelines it is preferable to reduce the risk of complications and the 
relative stay in the health facility and the relative LOS value23–26.

Mathematical modeling was employed in the healthcare sector for several purposes: to optimize medical 
waste management processes in an Ethiopian hospital27; to forecast the propagation of viruses and bacteria28,29; 
to predict the LOS of patients undergoing valvuloplasty surgery30.
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In the field of orthopedic surgery, machine learning algorithms and predictive models have been successfully 
applied which have proved to be optimal for the improvement of different health processes. Artificial neural net-
work models, then compared with logistic regression models, were used to predict one-year mortality in elderly 
patients with intertrochanteric femoral fractures31. Machine learning (ML) was used for the analysis of healing 
times of lower limb fractures of children aged 0–12 years, using Random Forest and Self Organizing Feature 
Maps methods32. Neural networks and Random Forest were useful in selecting features for the evaluation of 
locomotor system degradation33. A multivariate logistic regression model was used to determine whether distal 
fractures of both upper and lower limbs occur in higher percentage in diabetic patients taking thiazolidinedione 
than in those not consuming it34.

The support of multi-criteria decision-making approaches35–42, along with more recent big data analyzes and 
simulations43–53, as well as advances in medical image and signal processing54–58, have enhanced the understand-
ing of processes that affect healthcare costs and quality in order to design and integrate innovative methodologies 
to jointly diminishing cost, resource utilization and services quality59–61.

Our aim concerns the analysis of variables influencing the LOS of orthopedic patients; through the analysis 
of the medical records of the “San Giovanni di Dio e Ruggi d’Aragona” University Hospital of Salerno with par-
ticular attention to patients who in the years 2019 and 2020 were treated for having suffered fractures of the tibia 
and lower limbs. The collected data were used to model and predict overall hospital length of stay by following 
a two-way approach (Fig. 1): a multiple linear regression analysis and an ML classification analysis, performed 
to predict LOS clustered in weeks. Therefore, we designed different ML models (Random Forest, Decision Tree, 
Gradient Boosted Trees, Logistic Regression, Naïve Bayes and Support Vector Machine) trained on these data 
for making decisions. Our aim is to compute the prediction, of the LOS. Then, we discuss the potential of the 
model obtained as a tool for using hospital management. The present research work is both an extension and an 
improvement of a previous paper that the same authors presented at a conference62. An extension because the 
dataset considered is much larger both in terms of number of records and variables considered. An improvement 
because we have moved from classifying the length of hospital stay (LOS) in weeks to predicting it in a precise 
manner using regression techniques.

Materials and methods
The dataset has been built by extracting information about 123 patients operated and hospitalized among 
2019–2020 from the QuaniSDO informative system in use of the “San Giovanni di Dio e Ruggi d’Aragona”. The 
information collected for patients undergoing CS in the two hospitals considered is biographic (i.e., Gender 
or age), hospital (i.e., discharge or admission date) and clinical (i.e., comorbidities and complications during 
surgery) ones.

The different machine learning algorithms has been implemented by using Knime Analytics Platform to deal 
with the LOS task.

Furthermore, the dataset was expanded in order to extend the elaboration considering more patients and a 
major number of elements. The extracted date have been extracted by the "QuaniSDO" information system with 
the following inclusion criteria: "All patients with a principal diagnosis of lower limb fracture from 2011 to 2020 
in both of the aforementioned departments".

In this manner, 706 hospital discharge forms were extracted with the following information for each patient:

•	 Year of discharge (2011–2020);
•	 Gender (Male/Female);
•	 Age;

Figure 1.   Study’s workflow.
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•	 Department;
•	 Main diagnosis;
•	 Comorbidities;
•	 Diagnostic Related Group (DRG);
•	 Type of hospitalization;
•	 Type of procedure;
•	 Date of admission, discharge and procedure from which LOS and preoperative-LOS were obtained.

In order to create the multiple linear regression (MLR) model capable of predicting LOS, the following 
information was considered:

•	 Gender (Male/Female);
•	 Age;
•	 Department, encoded according to hospital rules with "3612" for Orthotraumatology and "3641" for Ortho-

paedics and Traumatology;
•	 Main diagnosis, encoded according to the ICD-9-CM (International Classification of Diseases-9th revision-

Clinical Modification). All fractures of the lower limb were considered in the model:

–	 823.00: Closed fracture of upper end of tibia alone;
–	 823.02: Closed fracture of upper end of fibula with tibia;
–	 823.10: Open fracture of upper end of tibia alone;
–	 823.12: Open fracture of upper end of fibula with tibia;
–	 823.20: Unspecified fracture of shaft of unspecified tibia, initial encounter for closed fracture;
–	 823.22: Closed fracture of shaft of fibula with tibia;
–	 823.30: Open fracture of shaft of tibia alone;
–	 823.32: Open fracture of shaft of fibula with tibia;
–	 823.40: Torus fracture, tibia alone;
–	 823.42: Torus fracture, fibula with tibia;
–	 823.80: Unspecified fracture of shaft of right tibia, initial encounter for closed fracture;
–	 823.82: Closed fracture of unspecified part of fibula with tibia;
–	 823.92: Open fracture of unspecified part of fibula with tibia.

•	 Comorbidities (yes/no). Cardiovascular disease, hypertension, diabetes and obesity were considered.
•	 Type of hospitalization, encoded in hospital discharge forms as follows:

“1”: Planned admission, non-urgent;
“2”: Urgent admission.

•	 Type of procedure, encoded according to the ICD-9-CM:

–	 77.07: Sequestrectomy, tibia and fibula;
–	 77.49: Biopsy of bone; other;
–	 78.10: Application of external fixator device; unspecified site;
–	 78.14: Application of external fixator device, carpals and metacarpals;
–	 78.15: Application of external fixator device, femur;
–	 78.17: Other Operations On Bones, Except Facial Bones;
–	 78.59: Internal fixation of bone without fracture reduction, other bones;
–	 78.67: Removal of implanted devices from bone, tibia and fibula:
–	 79.00: Closed reduction of fracture without internal fixation, unspecified site;
–	 79.06: Closed reduction of fracture without internal fixation, tibia and fibula;
–	 79.16: Closed reduction of fracture with internal fixation, tibia and fibula;
–	 79.30: Open reduction of fracture with internal fixation, unspecified site;
–	 79.36: Open reduction of fracture with internal fixation; tibia and fibula;
–	 93.53: Application of other cast;
–	 93.54: Application of splint.

•	 Preoperative-LOS.

Machine learning algorithms.  The ML models can be divided into supervised, that learns from historical 
data to classify the sample in the inference phase, and unsupervised, that aims to find some hidden pattern to 
cluster all the samples. In this section, we discuss about different machine learning models used for our analysis, 
that fall in the first category, whose learning phase (also called training phase) has been made on a set of entire 
samples (usually 80%) whilst the remain part is used for evaluating the designed model (test/inference phase). 
We used the Decision (DT) being an algorithm that bases prediction on the construction of decision trees. In 
each node, a condition is verified and, according to the value assumed by one of the features, a path is deter-
mined through one of the branches. This is done until a value is assigned to the target variable. The Random 
Forest (RF) and Gradient Boosted Trees (GBT) rely on the tree data structure, but use a set of it in order to 
improve the performance of the single, used by DT. In this way, it is possible to build a strong predictive model, 
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although overfitting problems can be generated. RF and GBT. Naïve Bayes (NB) learns from historical informa-
tion by using the Naïve Bayes theorem. Finally, Support Vector Machine (SVM) is based on the construction of 
a hyperplane that separates the different classes identified in the training phase. Therefore, it has a more complex 
structure of DT. It is widely used on non-linear and small data sets. In addition, the 3 algorithms that had the 
highest accuracy in the conference paper were used ed in particular 75% Training and 25% testing.

In this case, LOS was divided into weeks:

Group 1: from 1 to 7 days;
Group 2: from 8 to 14 days;
Group 3: > 14 days.

Statistical analysis.  The aim of MLR unveils hidden relationships between regressors, representing the 
input variables, and output variables in order to analyze the predictions. The equation representing regression 
can be written as follows:

in which we can note that:

•	 y corresponds the LOS value;
•	 β0 is intercept value;
•	 xi are the independent variables;
•	 βi are the estimated regression coefficients of respective variables;
•	 ε is the regression error.

Ethics aproval.  In compliance with the Declaration of Helsinki and with the Italian Legislative Decree 
211/2003, Implementation of the 2001/20/CE directive, since no patients/children were involved in the study, 
the signed informed consent form and the ethical approval are not mandatory for these type of studies. Further-
more, in compliance with the regulations of the Italian National Institute of Health, our study is not reported 
among those needing assessment by the Ethical Committee of the Italian National Institute of Health.

Results
In the previous paper [Colella et al.62] the algorithms implemented were those in Table 1.

The best performance was obtained with NB algorithm with an accuracy equals to 92%.
Following the results obtained with the extended dataset are presented.
In particular, in Table 2 is shown a distribution of the different characteristics for the 706 accesses of the 

dataset considering different type of parameters.
Table 3 shows the characteristics of the regression model.
An Adjusted R square of 0.805 is a good value and shows that the model is able to predict LOS adequately. 

The standard error is 1.902 while the Durbin-Watson test between 1.5 and 2.5 indicates that the values of the 
residuals are independent, a fundamental assumption for the model to be developed.

A Fisher’s test was performed to assess the joint significance of the coefficients. The p-value is less than 0.05 
so the model has explanatory power (Table 4).

Table 5 shows, for each independent variable, the coefficients obtained, the t-test and the p-value obtained. 
The test is significant for p-value < 0.05 for which age, gender, department, type of hospitalization and pre-los 
significantly influence LOS.

As can be seen from Table 6, we can note that VIF < 10 and tolerance > 0.2 so it can be said that there is no 
multicollinearity in the data, another fundamental assumption for the model to be developed.

Figure 2 shows how the residual values are normally distributed as points are almost all on the diagonal.
As it is possible to see in the Fig. 3 all Cook distance values are much less than 1 so there are no outliers 

affecting the model.
In the end, having considered more variables and a longer time frame, the 3 ML algorithms were also used 

which in the conference paper were better to understand how the accuracy varied (Table 7). The results of ML 
analysis are presented in terms of accuracy, precision, sensitivity, specificity and F-measure.

y = β0 + β1x1 + β2x2 + β3x3 + β4x4 + ǫ

Table 1.   Effectiveness results of ML models.

Models Accuracy (%) Error (%)

DT 84.00 16.00

RF 88.00 12.00

SVM 88.00 12.00

GBT 72.00 28.00

LR 88.00 12.00

NB 92.00 8.00
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Table 2.   Distribution of the features into the sample of the extended Dataset of 706 accesses.

Features Dataset (N = 706)

Gender

M 463

F 243

Age

Age ≤ 45 328

45 < Age ≤ 65 260

Age > 65 118

Department

3612 519

3641 187

Main diagnosis

823.00 183

823.02 70

823.10 2

823.12 3

823.20 118

823.22 245

823.30 14

823.32 28

823.40 11

823.42 8

823.80 8

823.82 13

823.92 3

Comorbidities

Yes 60

No 646

Type of hospitalization

1 8

2 698

Type of procedure

77.07 6

77.49 8

78.10 5

78.14 5

78.15 4

78.17 53

78.59 7

78.67 10

79.00 22

79.06 56

79.16 59

79.30 19

79.36 399

93.53 17

93.54 36

Table 3.   Evaluation metrics for the regression analysis of LOS measured in days.

Model summaryb

Model R R square Adjusted R square Std. error of the estimate Durbin–Watson

1 0.897a 0.805 0.802 1.902 1.834
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(1)Accuracy =
n◦ of correct predictions

total n◦ of predictions

(2)Precision =
n◦ of true positives

n◦ of true positives + n◦ of true negatives

(3)Sensitivity =
n◦ of true positives

n◦ of true positives + n◦ of false negatives

Table 4.   Fisher test.

ANOVAa

Model Sum of squares df Mean square F p-value

1

Regression 10,381.178 8 1297.647 358.829 0.000b

Residual 2520.589 697 3.616

Total 12,901.768 705

Table 5.   Regression coefficient and t-test.

Coefficientsa

Model

Unstandardized 
coefficients Standardized coefficients

t p-valueB Std. error Beta

1

(Constant) 232.223 355.431 0.653 0.514

Age 0.017 0.004 0.079 4.340 0.000

Gender − 0.325 0.156 − 0.036 − 2.086 0.037

Department − 0.018 0.006 − 0.052 − 3.009 0.003

MainDiagnosis − 0.002 0.004 − 0.008 − 0.472 0.637

Procedure 0.000 0.000 − 0.013 − 0.763 0.446

Comorbidities − 0.183 0.276 − 0.012 − 0.663 0.507

Type of hospitalization 1.594 0.682 0.039 2.338 0.020

pre-operative LOS 0.923 0.018 0.875 51.082 0.000

Table 6.   Evaluation of collinearity statistics.

Coefficientsa

Model

Collinearity 
statistics

Tolerance VIF

1

(Constant)

Age 0.835 1.197

Gender 0.934 1.071

Department 0.923 1.084

MainDiagnosis 0.981 1.019

Procedure 0.992 1.008

Comorbidities 0.866 1.155

TypeOfHospitalization 0.983 1.017

PreOperativeLOS 0.956 1.046
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Figure 2.   P-P plot Regression.

Figure 3.   Scanner plot related for the evaluation of Cook’s Distance values.
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Table 8 shows the RF confusion matrix, in which we can note that 134 out of 177 predictions were correct, 
namely those on the diagonal of the matrix.

Finally, a global surrogate Random Forest was used, which is a Random Forest model trained to approximate 
the predictions of the original model. The Random Forest was trained on pre-processed input data in a standard 
way with the optimized parameters "Tree Depth," "Number of Patterns," and "Minimum Size of Child Nodes." 
The surrogate model was successfully trained with an accuracy of 0.986 with respect to the class of interest 
predicted by the original model "LOS week: 1." Feature importance is calculated by counting how many times 
it was selected for a split and at what level (level) among all available (candidate) features in the random forest 
trees. A higher value indicates greater feature importance (Fig. 4).

Preoperative-LOS was obviously the most significant feature, followed by age, procedure, and principal 
diagnosis.

Discussion and conclusion
In this paper, our aim is to investigate the LOS prediction task, whose aim is to jointly diminish the hospital 
resource and costs in order to support the decision making process of managers; in fact, improving the LOS 
prediction allows to enhance bed estimation to focus the hospital resources mainly on the subjects affecting 
by several disease, also decreasing their occupancies. The LOS prediction task can be further useful for several 
applications (i.e., reimbursement or accounting63,64.

For this reason, the MLR and several ML models have been designed and appropriately trained to predict 
LOS of subjects under lower limb parameters. Our experimental evaluation made over a large cohort of patients 
shows that the RF achieves highest results in accuracy (75.7%) in predicting LOS. So taking into account a larger 
dataset with more accesses but also with more variables, the ML algorithms returned lower accuracy than the 
previous work which had an accuracy of 88%62. The MLR model with an R-square of 0.80 proves to be a valid 
decision support for this type of patient. This task further can support the hospital resources in their decision-
making process. This type of "double analysis" has already been performed to predict LOS of patients who have 
undergone femur fracture [54.] In fact, the first analysis is performed with MLR that predicts LOS in a punctual 
way and the second analysis instead uses different ML algorithms classifying LOS in weeks (3 groups). As in the 
aforementioned study, the ML results are good with accuracy above 75%. As for MLR in our case the model is 
superior with a much higher R-square.

(4)Specificity =
n◦ of true negatives

n◦ of true negatives + n◦ of false positives

(5)F −measure = 2 ∗
(precision ∗ recall)

precision+ recall

Table 7.   Performance metrics of ML algorithms.

Performance metrics Class RF LR NB

Accuracy (%) Overall 75.7 70.6 75.1

Error (%) Overall 24.3 29.4 24.9

Precision (%)

1 76.8 71.4 73.9

2 73.8 68.8 74.7

3 100 100 90

Sensitivity (%)

1 89 85.4 82.9

2 72.8 65.4 69.1

3 14.3 14.3 64.3

Specificity (%)

1 76.8 70.5 74.7

2 78.1 75 80.2

3 100 100 99.4

F-measure (%)

1 82.5 77.8 78.2

2 73.3 67.1 71.8

3 25 25 75

Table 8.   RF model confusion matrix.

Real/predicted 1 2 3

1 73 9 0

2 22 59 0

3 0 12 2
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As it was possible to see from the results, the development of the elaboration created starting from the addi-
tional dataset takes into consideration a greater number of variables than the starting one as well as a greater 
number of accesses considered. The results show a significant influence of age, gender, department, type of 
hospitalization and pre-los for the increasing of LOS (Table 5).

A comparison of the significance of the regression coefficients (Table 5) and the importance ranking of the 
characteristics (Fig. 4) obtained by applying the machine learning models reveals that the most influential factors, 
according to the RF algorithm, are preoperative LOS, age, and procedure type, which only partially overlaps with 
the significance of the regression coefficients. In fact, preoperative LOS and age proved to be significant predictors 
in both multiple regression and machine learning models, while procedure type assumed greater significance 
as a predictor of LOS in ML analysis than in regression analysis. Finally, ward, type of hospitalization, and sex 
were significant for the regression analysis but not very significant for the ML algorithms. These results would 
recommend that the interpretation of predictive models of the healthcare process should be done with caution 
and in consideration of the value and effect of the predictors chosen and used in the models. In fact, compar-
ing the relevance of the predictors in the regression and classification models examined is an essential part of 
assessing the validity of the results and should be the guide for obtaining reasonable and interpretable results 
when dealing with predictive algorithms in the healthcare context.

The additional variables takes into account the related parameters allows to enhance the performance of the 
proposed approach over a cohort of subjects under lower limb fractures although it can improve the complexity 
of the entire system.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available for privacy reasons 
but could be made available from the corresponding author on reasonable request.

Received: 11 May 2022; Accepted: 19 December 2022

References
	 1.	 Italian Ministry of Economy and Finance: General Accounting Office, ‘Rapporto n. 7: Il Monitoraggio della Spesa Sanitaria. Ital-

ian Ministry of Economy and Finance. Accessed: Apr. 16, 2021. https://​www.​rgs.​mef.​gov.​it/_​Docum​enti/​VERSI​ONE-I/​Attiv​it--i/​
Spesa-​soci/​Attiv​it-​monit​oragg​io-​RGS/​2020/​IMDSS-​RS2020.​pdf (2020).

	 2.	 Stephen, E. & Berger, D. L. Shortened length of stay and hospital cost reduction with implementation of an accelerated clinical 
care pathway after elective colon resection. Surgery 133(3), 277–282. https://​doi.​org/​10.​1067/​msy.​2003.​19 (2003).

	 3.	 Wentworth, D. A. & Atkinson, R. P. Implementation of an acute stroke program decreases hospitalization costs and length of stay. 
Stroke 27(6), 1040–1043. https://​doi.​org/​10.​1161/​01.​str.​27.6.​1040 (1996).

	 4.	 Trunfio, T. A., Scala, A., Vecchia, A. D., Marra, A. & Borrelli, A. Multiple regression model to predict length of hospital stay for 
patients undergoing femur fracture surgery at “San Giovanni di Dio e Ruggi d’Aragona” University Hospital’. In 8th European 
Medical and Biological Engineering Conference 840–847. https://​doi.​org/​10.​1007/​978-3-​030-​64610-3_​94 (2021).

	 5.	 Hachesu, P. R., Ahmadi, M., Alizadeh, S. & Sadoughi, F. Use of data mining techniques to determine and predict length of stay of 
cardiac patients. Healthc. Inform. Res. 19(2), 121–129. https://​doi.​org/​10.​4258/​hir.​2013.​19.2.​121 (2013).

	 6.	 Morton, E. et al. A comparison of supervised machine learning techniques for predicting short-term in-hospital length of stay 
among diabetic patients. In 2014 13th International Conference on Machine Learning and Applications 428–431. https://​doi.​org/​
10.​1109/​ICMLA.​2014.​76 (2014).

Figure 4.   Global feature importance.

https://www.rgs.mef.gov.it/_Documenti/VERSIONE-I/Attivit--i/Spesa-soci/Attivit-monitoraggio-RGS/2020/IMDSS-RS2020.pdf
https://www.rgs.mef.gov.it/_Documenti/VERSIONE-I/Attivit--i/Spesa-soci/Attivit-monitoraggio-RGS/2020/IMDSS-RS2020.pdf
https://doi.org/10.1067/msy.2003.19
https://doi.org/10.1161/01.str.27.6.1040
https://doi.org/10.1007/978-3-030-64610-3_94
https://doi.org/10.4258/hir.2013.19.2.121
https://doi.org/10.1109/ICMLA.2014.76
https://doi.org/10.1109/ICMLA.2014.76


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:22153  | https://doi.org/10.1038/s41598-022-26667-0

www.nature.com/scientificreports/

	 7.	 Omachonu, V. K., Suthummanon, S., Akcin, M. & Asfour, S. Predicting length of stay for Medicare patients at a teaching hospital. 
Health Serv. Manage. Res. 17(1), 1–12. https://​doi.​org/​10.​1258/​09514​84043​22772​688 (2004).

	 8.	 Elder, G. M. et al. The effectiveness of orthopaedic trauma theatres in decreasing morbidity and mortality: A study of 701 displaced 
subcapital hip fractures in two trauma centres. Injury 36(9), 1060–1066. https://​doi.​org/​10.​1016/j.​injury.​2005.​05.​001 (2005).

	 9.	 Lakomkin, N. et al. Higher Charlson Comorbidity Index Scores are associated with increased hospital length of stay after lower 
extremity orthopaedic trauma. J. Orthop. Trauma 31(1), 21–26. https://​doi.​org/​10.​1097/​BOT.​00000​00000​000701 (2017).

	10.	 Giannini, S. & Faldini, C. Manuale di ortopedia e traumatologia. Minerva Med. (2008).
	11.	 Nikkel, L. E. et al. Impact of comorbidities on hospitalization costs following hip fracture. J. Bone Joint Surg. Am. 94(1), 9–17. 

https://​doi.​org/​10.​2106/​JBJS.J.​01077 (2012).
	12.	 Ricci, W. M., Brandt, A., McAndrew, C. & Gardner, M. J. Factors affecting delay to surgery and length of stay for patients with hip 

fracture. J. Orthop. Trauma 29(3), e109-114. https://​doi.​org/​10.​1097/​BOT.​00000​00000​000221 (2015).
	13.	 Castelli, A., Daidone, S., Jacobs, R., Kasteridis, P. & Street, A. D. The determinants of costs and length of stay for hip fracture 

patients. PLoS ONE 10(7), e0133545. https://​doi.​org/​10.​1371/​journ​al.​pone.​01335​45 (2015).
	14.	 Improta, G. et al. Improving performances of the knee replacement surgery process by applying DMAIC principles. J. Eval. Clin. 

Pract. 23(6), 1401–1407. https://​doi.​org/​10.​1111/​jep.​12810 (2017).
	15.	 Carretta, E. et al. Hip fracture: Effectiveness of early surgery to prevent 30-day mortality. Int. Orthop. 35(3), 419–424. https://​doi.​

org/​10.​1007/​s00264-​010-​1004-x (2011).
	16.	 Moja, L. et al. Timing matters in hip fracture surgery: Patients operated within 48 hours have better outcomes. A meta-analysis 

and meta-regression of over 190,000 patients. PLoS ONE 7(10), e46175. https://​doi.​org/​10.​1371/​journ​al.​pone.​00461​75 (2012).
	17.	 Nyholm, M. et al. Time to surgery is associated with thirty-day and ninety-day mortality after proximal femoral fracture: A ret-

rospective observational study on prospectively collected data from the Danish fracture database collaborators. J. Bone Joint Surg. 
Am. 97(16), 1333–1339. https://​doi.​org/​10.​2106/​JBJS.O.​00029 (2015).

	18.	 Latessa, I. et al. Implementing fast track surgery in hip and knee arthroplasty using the lean Six Sigma methodology. TQM J. 33, 
131–147 (2021).

	19.	 Improta, G. et al. Lean Six Sigma: A new approach to the management of patients undergoing prosthetic hip replacement surgery. 
J. Eval. Clin. Pract. 21(4), 662–672. https://​doi.​org/​10.​1111/​jep.​12361 (2015).

	20.	 Scala, T., Trunfio, A., Vecchia, A. D., Marra, A. & Borrelli, A. Lean six sigma approach to implement a femur fracture care pathway 
at “San Giovanni di Dio e Ruggi d’Aragona” University Hospital’. In 8th European Medical and Biological Engineering Conference 
740–749, https://​doi.​org/​10.​1007/​978-3-​030-​64610-3_​83 (2021).

	21.	 Scala, A. et al. Lean Six sigma approach for reducing length of hospital stay for patients with femur fracture in a University Hospital. 
Int. J. Environ. Res. Public. Health 18(6), 6. https://​doi.​org/​10.​3390/​ijerp​h1806​2843 (2021).

	22.	 Improta, G. et al. Lean Six Sigma in healthcare: Fast track surgery for patients undergoing prosthetic hip replacement surgery. 
TQM J. 31, 526–540 (2019).

	23.	 Decree n.70 of the Italian Ministry of Health. Regolamento Recante Definizione Degli Standard Qualitativi, Strutturali, Tecnologici 
e Quantitativi Relativi All’assistenza Ospedaliera (2015).

	24.	 Smith, E. B., Parvizi, J. & Purtill, J. J. Delayed surgery for patients with femur and hip fractures: Risk of deep venous thrombosis. 
J. Trauma Acute Care Surg. 70(6), E113. https://​doi.​org/​10.​1097/​TA.​0b013​e3182​1b8768 (2011).

	25.	 Simunovic, N., Devereaux, P. & Bhandari, M. Surgery for hip fractures: Does surgical delay affect outcomes?. Indian J. Orthop. 
45(1), 27–32. https://​doi.​org/​10.​4103/​0019-​5413.​73660 (2011).

	26.	 D’Addio, G. et al. Agreement between opal and G-Walk Wearable inertial systems in gait analysis on normal and pathological 
subjects. In Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS 3286–3289. https://​doi.​org/​10.​1109/​EMBC.​2019.​88578​41 (2019).

	27.	 Tesfahun, E., Kumie, A. & Beyene, A. Developing models for the prediction of hospital healthcare waste generation rate. Waste 
Manage. Res. 34(1), 75–80 (2016).

	28.	 Chatterjee, K., Chatterjee, K., Kumar, A. & Shankar, S. Healthcare impact of COVID-19 epidemic in India: A stochastic mathemati-
cal model. Med. J. Armed Forces India 76(2), 147–155 (2020).

	29.	 Gingras, G., Guertin, M. H., Laprise, J. F., Drolet, M. & Brisson, M. Mathematical modeling of the transmission dynamics of 
Clostridium difficile infection and colonization in healthcare settings: A systematic review. PLoS ONE 11(9), e0163880 (2016).

	30.	 Scala, A. et al. Regression models to study the total LOS related to valvuloplasty. Int. J. Environ. Res. Public Health 19(5), 3117 
(2022).

	31.	 Shi, L., Wang, X. C. & Wang, Y. S. Artificial neural network models for predicting 1-year mortality in elderly patients with inter-
trochanteric fractures in China. Braz. J. Med. Biol. Res. 46, 993–999 (2013).

	32.	 Malek, S. et al. Random forest and Self organizing maps application for analysis of pediatric fracture healing time of the lower 
limb. Neurocomputing 272, 55–62 (2018).

	33.	 Das, S. et al. Feature selection and validation of a machine learning-based lower limb risk assessment tool: A feasibility study. 
Sensors 21(19), 6459 (2021).

	34.	 Jones, S. G., Momin, S. R., Good, M. W., Shea, T. K. & Patric, K. Distal upper and lower limb fractures associated with thiazoli-
dinedione use. Am. J. Manag. Care 15(8), 491–496 (2009).

	35.	 Improta, G. et al. An innovative contribution to health technology assessment. In Modern Advances in Intelligent Systems and Tools 
127–131 (Springer, 2021).

	36.	 Improta, G., Perrone, A., Russo, M. A. & Triassi, M. Health technology assessment (HTA) of optoelectronic biosensors for oncol-
ogy by analytic hierarchy process (AHP) and Likert scale. BMC Med. Res. Methodol. 19(1), 140 (2019).

	37.	 Improta, G. et al. Evaluation of medical training courses satisfaction: Qualitative analysis and analytic hierarchy process. In 8th 
European Medical and Biological Engineering Conference 518–526. https://​doi.​org/​10.​1007/​978-3-​030-​64610-3_​59 (2021).

	38.	 Bryan, S. et al. The cost-effectiveness of magnetic resonance imaging for investigation of the knee joint. Health Technol. Assess. 
https://​doi.​org/​10.​3310/​HTA52​70 (2001).

	39.	 Di Girolamo, R., Esposito, C., Moscato, V. & Sperlí, G. Evolutionary game theoretical on-line event detection over tweet streams. 
Knowl.-Based Syst. 211, 106563. https://​doi.​org/​10.​1016/j.​knosys.​2020.​106563 (2021).

	40.	 Esposito, V. M. & Sperlí, G. Trustworthiness assessment of users in social reviewing systems. IEEE Trans. Syst. Man Cybern. 52(1), 
151–165 (2022).

	41.	 Sperlí, G. A deep learning based community detection approach. In Proceedings of the 34th ACM/SIGAPP Symposium on Applied 
Computing 1107–1110. https://​doi.​org/​10.​1145/​32972​80.​32975​74 (2019).

	42.	 De Santo, A., Galli, A., Gravina, M., Moscato, V. & Sperlì, G. Deep Learning for HDD health assessment: An application based on 
LSTM. IEEE Trans. Comput. 71(1), 69–80. https://​doi.​org/​10.​1109/​TC.​2020.​30420​53 (2020).

	43.	 Baril, V. G. & Cartier, S. Design and analysis of an outpatient orthopaedic clinic performance with discrete event simulation and 
design of experiments. Comput. Ind. Eng. 78, 285–298. https://​doi.​org/​10.​1016/j.​cie.​2014.​05.​006 (2014).

	44.	 Scala, A. et al. Modelling the hospital length of stay for patients undergoing laparoscopic cholecystectomy through a multiple 
regression model. In 2021 5th International Conference on Medical and Health Informatics 68–72. https://​doi.​org/​10.​1145/​34728​
13.​34728​26 (2021).

	45.	 Chong, P., Savige, J. & Lim, W. K. Orthopaedic-geriatric models of care and their effectiveness. Australas. J. Ageing 28(4), 171–176. 
https://​doi.​org/​10.​1111/j.​1741-​6612.​2009.​00368.x (2009).

https://doi.org/10.1258/095148404322772688
https://doi.org/10.1016/j.injury.2005.05.001
https://doi.org/10.1097/BOT.0000000000000701
https://doi.org/10.2106/JBJS.J.01077
https://doi.org/10.1097/BOT.0000000000000221
https://doi.org/10.1371/journal.pone.0133545
https://doi.org/10.1111/jep.12810
https://doi.org/10.1007/s00264-010-1004-x
https://doi.org/10.1007/s00264-010-1004-x
https://doi.org/10.1371/journal.pone.0046175
https://doi.org/10.2106/JBJS.O.00029
https://doi.org/10.1111/jep.12361
https://doi.org/10.1007/978-3-030-64610-3_83
https://doi.org/10.3390/ijerph18062843
https://doi.org/10.1097/TA.0b013e31821b8768
https://doi.org/10.4103/0019-5413.73660
https://doi.org/10.1109/EMBC.2019.8857841
https://doi.org/10.1007/978-3-030-64610-3_59
https://doi.org/10.3310/HTA5270
https://doi.org/10.1016/j.knosys.2020.106563
https://doi.org/10.1145/3297280.3297574
https://doi.org/10.1109/TC.2020.3042053
https://doi.org/10.1016/j.cie.2014.05.006
https://doi.org/10.1145/3472813.3472826
https://doi.org/10.1145/3472813.3472826
https://doi.org/10.1111/j.1741-6612.2009.00368.x


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:22153  | https://doi.org/10.1038/s41598-022-26667-0

www.nature.com/scientificreports/

	46.	 Scala, A. et al. Multiple Regression and Machine Learning to investigate factors influencing the length of hospital stay after valvu-
loplasty. In 2021 5th International Conference on Medical and Health Informatics 78–81. https://​doi.​org/​10.​1145/​34728​13.​34728​
28 (2021).

	47.	 Rohleder, T. R., Lewkonia, P., Bischak, D. P., Duffy, P. & Hendijani, R. Using simulation modeling to improve patient flow at an 
outpatient orthopedic clinic. Health Care Manag. Sci. 14(2), 135–145. https://​doi.​org/​10.​1007/​s10729-​010-​9145-4 (2011).

	48.	 Improta, G. et al. Agile six sigma in healthcare: Case study at santobono pediatric hospital. Int. J. Environ. Res. Public Health 17(3), 
1052. https://​doi.​org/​10.​3390/​ijerp​h1703​1052 (2020).

	49.	 Converso, G., Improta, G., Mignano, M. & Santillo, L. C. A simulation approach for agile production logic implementation in a 
hospital emergency unit. In International Conference on Intelligent Software Methodologies, Tools, and Techniques 623–634 (2015).

	50.	 Ponsiglione, M., Amato, F. & Romano, M. Multiparametric investigation of dynamics in fetal heart rate signals. Bioengineering 
9(1), 8 (2021).

	51.	 Ponsiglione, M. et al. A Hybrid analytic hierarchy process and likert scale approach for the quality assessment of medical education 
programs. Mathematics 10(9), 1426 (2022).

	52.	 Cesarelli, M., Romano, M., Bifulco, P., Improta, G. & D’Addio, G. An application of symbolic dynamics for FHRV assessment’. In 
Studies in Health Technology and Informatics: 24th Medical Informatics in Europe Conference, MIE, Vol. 180 123–127 (2012).

	53.	 Rosa, G. et al. Long-term clinical results and MRI changes after autologous chondrocyte implantation in the knee of young and 
active middle aged patients. J. Orthop. Traumatol. 17(1), 55–62. https://​doi.​org/​10.​1007/​s10195-​015-​0383-6 (2016).

	54.	 Ricciardi, A. M. et al. Machine learning and regression analysis to model the length of hospital stay in patients with femur fracture. 
Bioengineering 9(4), 172 (2022).

	55.	 Romeo, V. et al. Prediction of tumor grade and nodal status in oropharyngeal and oral cavity squamous-cell carcinoma using a 
radiomic approach. Anticancer Res. 40(1), 271–280. https://​doi.​org/​10.​21873/​antic​anres.​13949 (2020).

	56.	 Romano, M. et al. Symbolic dynamic and frequency analysis in foetal monitoring. In 2014 IEEE International Symposium on 
Medical Measurements and Applications (MeMeA) 1–5. https://​doi.​org/​10.​1109/​MeMeA.​2014.​68601​22 (2014).

	57.	 Kalmet, P. H. S. et al. Deep learning in fracture detection: A narrative review. Acta Orthop. 91(2), 215–220. https://​doi.​org/​10.​
1080/​17453​674.​2019.​17113​23 (2020).

	58.	 Rajeswari, J. & Jagannath, M. Advances in biomedical signal and image processing: A systematic review. Inform. Med. Unlocked 
8, 13–19. https://​doi.​org/​10.​1016/j.​imu.​2017.​04.​002 (2017).

	59.	 Chona, D. et al. Predicting the post-operative length of stay for the orthopaedic trauma patient. Int. Orthop. 41(5), 859–868. https://​
doi.​org/​10.​1007/​s00264-​017-​3425-2 (2017).

	60.	 Panchmatia, J. R., Visenio, M. R. & Panch, T. The role of artificial intelligence in orthopaedic surgery. Br. J. Hosp. Med. 79(12), 
676–681. https://​doi.​org/​10.​12968/​hmed.​2018.​79.​12.​676 (2018).

	61.	 Bayliss, L. & Jones, L. D. The role of artificial intelligence and machine learning in predicting orthopaedic outcomes. Bone Jt. J. 
101-B(12), 1476–1478. https://​doi.​org/​10.​1302/​0301-​620X.​101B12.​BJJ-​2019-​0850.​R1 (2019).

	62.	 Colella, Y. et al. Studying variables affecting the length of stay in patients with lower limb fractures by means of Machine Learning. 
In 2021 5th International Conference on Medical and Health Informatics 39–43 (2021).

	63.	 Bacchi, S. et al. Machine learning in the prediction of medical inpatient length of stay. Intern. Med. J. https://​doi.​org/​10.​1111/​imj.​
14962 (2020).

	64.	 Mekhaldi, R. N., Caulier, P., Chaabane, S., Chraibi, A. & Piechowiak, S. Using machine learning models to predict the length of 
stay in a hospital setting. In Trends and Innovations in Information Systems and Technologies 202–211 (Springer, 2020).

Author contributions
Conceptualization, A.S., A.B., G.I; methodology, A.S.; validation, A.S.: formal analysis, A.S.; investigation, A.S. 
and G.I.; resources, A.B.and G.I.; data curation, A.S.; writing—original draft preparation, A.S. and G.I.; writ-
ing—review and editing, A.B. and G.I.; visualization, A.S.; supervision, A.B. and G.I.; project administration, 
A.B. and G.I.. All authors have read and agreed to the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1145/3472813.3472828
https://doi.org/10.1145/3472813.3472828
https://doi.org/10.1007/s10729-010-9145-4
https://doi.org/10.3390/ijerph17031052
https://doi.org/10.1007/s10195-015-0383-6
https://doi.org/10.21873/anticanres.13949
https://doi.org/10.1109/MeMeA.2014.6860122
https://doi.org/10.1080/17453674.2019.1711323
https://doi.org/10.1080/17453674.2019.1711323
https://doi.org/10.1016/j.imu.2017.04.002
https://doi.org/10.1007/s00264-017-3425-2
https://doi.org/10.1007/s00264-017-3425-2
https://doi.org/10.12968/hmed.2018.79.12.676
https://doi.org/10.1302/0301-620X.101B12.BJJ-2019-0850.R1
https://doi.org/10.1111/imj.14962
https://doi.org/10.1111/imj.14962
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Predictive analysis of lower limb fractures in the orthopedic complex operative unit using artificial intelligence: the case study of AOU Ruggi
	Materials and methods
	Machine learning algorithms. 
	Statistical analysis. 
	Ethics aproval. 

	Results
	Discussion and conclusion
	References


