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Purpose: The purpose of this study was to construct and validate a preoperative and intraoperative factor-based nomogram model to
predict the risk of prolonged postoperative length of stay after primary total knee arthroplasty for osteoarthritis patients.

Materials and Methods: The study included patients undergoing primary TKA for knee osteoarthritis between June 2022 and
November 2024. Patients were randomly split into training (70%) and validation (30%) cohorts. Potential predictors were screened
using LASSO regression and subsequently incorporated into a multivariate logistic regression to build the nomogram. The model’s
performance was assessed using the area under the receiver operating characteristic curve, calibration curves, and decision curve analysis.
Results: A total of 295 patients were included, with an average age of 66.58 + 6.88 years. Least absolute shrinkage and selection operator
regression identified 12 potential predictors, and multivariate logistic regression further refined these to four independent risk factors: age,
knee flexion range of motion, operation time, and American Society of Anesthesiologists classification. The nomogram demonstrated strong
predictive performance, with the area under the receiver operating characteristic curve values of 0.912 (95% CI: 0.858—0.966) in the training
set and 0.817 (95% CI: 0.697-0.938) in the validation set. Calibration curves showed excellent agreement between predicted and observed
outcomes, and decision curve analysis indicated significant clinical utility across a wide range of threshold probabilities.

Conclusion: The model, based on age, knee flexion range of motion, operation time, and American Society of Anesthesiologists
classification, provides a practical tool for clinicians to assess individual risks, optimize resource allocation, and improve patient
outcomes. It is important to note that this was a single-center, retrospective study, and further validation in multi-center, prospective
cohorts is recommended to confirm its generalizability.
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Introduction
Osteoarthritis (OA) affects 7% of the global population, over 500 million people worldwide.! Knee OA (KOA) is a leading
cause of chronic pain and long-term disability in the elderly.>* The progression of KOA is typically accompanied by
declining joint function and a marked reduction in quality of life. The central therapeutic goals are to relieve pain and
restore function, beginning with conservative measures such as lifestyle modification and pharmacological treatment.”
Pharmacotherapy includes oral analgesics/anti-inflammatory drugs and intra-articular injections of hyaluronic acid, platelet-
rich plasma (PRP), or botulinum toxin, which aim to alleviate symptoms and potentially slow disease progression.” When
these conservative and minimally invasive interventions fail to control symptoms in end-stage disease, patients often
proceed to total knee arthroplasty (TKA), widely regarded as the definitive treatment for advanced KOA.®

By the year 2030, worldwide TKA procedure volumes are anticipated to surpass the million mark each year.” As the
number of surgeries continues to rise, how to effectively manage postoperative recovery, particularly how to reduce the
length of hospital stay (LOS) during hospitalization, has become a key goal in medical practice.®’ Prolonged LOS may
not only increase the risk of hospital-acquired infections but also significantly raise treatment costs and hospital operating
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Graphical Abstract

Construction and validation of a nomogram model for predicting prolonged postoperative LOS

in patients who have knee osteoarthritis undergoing primary TKA: a retrospective analysis.
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expenses.'® Therefore, reducing prolonged LOS has become an important measure to optimize medical resources and
reduce healthcare costs.

A nomogram can integrate multiple clinical variables to generate an intuitive risk assessment model. By presenting
complex data in a graphical format, it transforms the information into charts that are easier to understand, enabling clinicians to
more accurately assess a patient’s postoperative recovery progress and make more informed treatment decisions.'' '

Although previous studies have examined factors influencing LOS after TKA, multivariable nomograms built solely
from readily available pre-operative data remain scarce.'®'®!” We therefore hypothesized that integrating pre- and intra-
operative variables could yield a high-performance nomogram capable of accurately predicting prolonged LOS.
Prolonged LOS was defined as any hospital stay exceeding the 75th percentile of the LOS distribution among all
enrolled patients, a threshold commonly used in previous studies to flag outliers with exceptionally long stays.'®'? This
study sought to develop and internally validate such a model to enable early identification of high-risk patients, optimize
resource allocation, and facilitate personalized care.

Materials and Methods

Patients

This study retrospectively analyzed patients who underwent TKA at the Fourth Affiliated Hospital of Harbin Medical
University from June 20, 2022, to November 18, 2024. The inclusion criteria were as follows: (1) patients aged between
50 and 90 years with knee OA; (2) undergoing TKA for the first time.
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The exclusion criteria were as follows: (1) incomplete medical records; (2) undergoing bilateral surgery or revision
surgery; (3) patients with a history of previous TKA. (4) postoperative infection or deep vein thrombosis. (5) Non-
osteoarthritic causes, such as rheumatoid arthritis and traumatic injury, necessitated TKA.

All included TKAs were performed by two experienced arthroplasty surgeons (>100 annual procedures) using
consistent surgical protocols and identical implant materials.

All patients followed the same standardized rehabilitation protocol and were discharged upon meeting the following
criteria: (1) stable laboratory test results; (2) dry surgical wound without signs of complications; and (3) ability to
ambulate independently with assistive devices.

This study was conducted in strict accordance with the principles of the Declaration of Helsinki. All patient data were
de-identified before collection and analysis; informed consent was waived because of the retrospective design. The study
protocol was approved by the Medical Ethics Committee of the Fourth Affiliated Hospital of Harbin Medical University
(approval No. 2025-1Isc-22).

Sample Size Justification

The sample size was calculated on the basis of the events per variable (EPV) metric, a widely recommended method for
ensuring the stability and generalizability of logistic regression models.** %* The sample size was estimated as (number
of variables x EPV) + event rate. In our training cohort, the incidence of prolonged LOS was approximately 20%. With
four predictor variables and an EPV of 10, the required sample size was 200.

Potential Predictive Factors

The predictive factors used in this study include: (1) socio-demographic variables such as age, sex, body mass
index (BMI), marital status, insurance status, and household registration, (2) comorbidities such as hypertension,
diabetes, (3) preoperative variables such as American Society of Anesthesiologists’ physical status classification
(ASA), duration of symptoms, knee flexion range of motion, range of knee extension deficit, previous knee
surgery, walking ability, stair-climbing ability, red blood cell count (RBC), white blood cell count (WBC), platelet
count (PLT), hemoglobin (Hb), sodium, creatinine, total bilirubin (TBIL), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), and Hip-Knee-Ankle (HKA) angle, (4) intraoperative variables such as anesthesia,
operation side, blood loss, and operation time, (5) other variables such as seasonality of admission, and
seasonality of discharge. Due to possible high collinearity between underlying comorbidities (including pulmon-
ary, cardiovascular, and liver diseases, stroke, and other chronic conditions) and ASA classification, only ASA
grades were recorded in this study.

Outcome

The outcome of the study is to predict the risk of prolonged postoperative LOS in patients who have knee osteoarthritis
undergoing primary total knee arthroplasty. The LOS is defined as the difference between the discharge and admission
dates, both of which were automatically recorded by the hospital’s electronic health record system.** If admission and
discharge occur on the same day, the LOS is counted as one day. The average length of hospital stay in our institution
was 10.87 £+ 3.13 days. According to previous literature, prolonged LOS is defined as a hospital stay duration exceeding
the 75th percentile of all patients’ LOS.'®!? According to this hospital’s data, LOS exceeding 12 days is defined as
prolonged LOS.

Data Analyses

The dataset from the Fourth Affiliated Hospital of Harbin Medical University was randomly divided into groups,
with 70% of the samples included in the training set to establish a predictive model, and 30% of the samples
included in the validation set for internal validation. Variables with >15% missing values were excluded; those with
<15% missing were imputed using multiple-imputation methods. The description of data analyses was presented in
the form of mean + standard deviation (x+s). For categorical data, descriptive statistics were presented as counts and
relative frequencies. Numerical variables were assessed through independent samples f-tests, whereas qualitative

Clinical Interventions in Aging 2025:20 hetps: 2483



Qi et al

variables were evaluated using either Pearson’s chi-square test or Fisher’s exact probability test, depending on
distributional assumptions. The least absolute shrinkage and selection operator (LASSO) method was used for
variable selection to determine the best predictive variables among the risk factors of prolonged LOS after TKA. In
the LASSO regression model, the optimal A value was determined through cross-validation, and feature variables
with non-zero coefficients were screened out. Then, the non-zero coefficient variables screened out by LASSO
regression analysis were included in multivariable logistic regression analysis to further identify the independent risk
factors for prolonged LOS. Finally, a nomogram prediction model was developed based on the identified indepen-
dent risk factors. The performance of the model was assessed through the receiver operating characteristic (ROC)
curve, calibration curve, and decision curve analysis (DCA). In this study, results were considered statistically
significant when the p-value was less than 0.05.

All data analyses in this study were conducted using R version 4.4.2 (R Foundation for Statistical Computing,

9999

Vienna, Austria). LASSO regression was implemented using the “glmne”” package. Multivariate logistic regression

(3313

analysis was performed using the““gl”” function. Nomograms and calibration curves were generated using

9999

the*“‘rm™” package. The net benefit of the predictive model in this study was assessed using decision curve analysis,

which was plotted using the“*
the*““pRO”” package.

The figure below provides a detailed depiction of the study design and methodological steps (Figure 1).

rmd”” package. ROC and the area under the curve (AUC) were calculated using
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with knee osteoarthritis who underwent primary total
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Harbin Medical University between June 2022 and
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Figure | Flowchart of this study.
Abbreviations: OA, osteoarthritis; TKA, total knee arthroplasty; ROC curve, receiver operating characteristic curve; DCA, decision curve analysis.
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Results

Patients’ Characteristics
This study enrolled a total of 295 participants, with an average age of 66.58+6.88. The participants were divided into a
training set (n=208) and a validation set (n=87) in a 7:3 ratio. Table 1 and Supplementary Table 1 summarize the baseline

characteristics of the training and validation sets, showing no significant differences in clinical variables between the two

cohorts.

Table | Characteristics of Participants in the Training Set and the Validation Set

Variables Training Set | Validation Set P value
N 208 87
Age (year) 66.6616.99 66.39+6.64 0.761
Gender 0.567
Male 31 16
Female 177 71
BMI (kg/m?) 26.24%3.72 26.91+3.85 0.161
Comorbidities
Hypertension 0.996
No 120 53
Yes 88 34
Diabetes 0.821
No 186 76
Yes 22 11
ASA 0.385
| 94 40
2 71 27
3 34 19
4 9 |
Duration of symptoms (months) 0.767
<l 19 7
1~10 91 35
>10 98 45
Knee flexion range of motion (°) 99.21£15.21 98.91%15.56 0.879
Range of knee extension deficit (°) 4.93+6.34 4.7+5.79 0.774
Previous knee surgery 0.98
No 163 69
Yes 45 18
Walking ability 0.689
Self-care 185 77
Need for assistance 18 8
No 5 2
Stair-climbing ability 0.831
Self-care 83 38
Need for assistance 109 43
No 16 6
RBC (x10'%/L) 4.38+0.43 4.43+0.39 0.364
WBC (x10°/L) 5.95+1.79 5.98+1.55 0.892
PLT (x10°/L) 239.82+62.55 230.67+60.7 0.249
HB (g/L) 131.63£14.25 134.64+12.31 0.086
Sodium (mmol/L) 141.85+2.2 141.68+2.14 0.543
Creatinine (umol/L) 62.28+19.94 62.28+12.21 0.999
(Continued)
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Table | (Continued).

Variables Training Set | Validation Set P value
TBIL (umol/L) 12.16+4.8 12.3244.31 0.788
AST (U/L) 23.44+19.66 23.85+13.7 0.86
ALP (U/L) 96.19+37.92 95.59+29.97 0.895
HKA (°) 13.03+8.36 14.09+7.54 0.308
Anesthesia 0.329
Spinal 187 82
General 21 5
Operation side 0.874
Left 99 43
Right 109 44
Blood loss (mL) 127.6+77.18 137.82+82.54 0.311
Operation time (min) 129.95+36.58 130.23+33.43 0.951

Abbreviations: BMI, body mass index; ASA, American Society of Anesthesiologists’ physical status
classification; RBC, red blood cell count; WBC, white blood cell count; PLT, platelet count; HB,
hemoglobin; TBIL, total bilirubin; AST, aspartate aminotransferase; ALP, alkaline phosphatase; HKA,
Hip-Knee-Ankle angle.

Variable Selection

In this study, LASSO regression analysis method was employed to screen 31 candidate variables for feature selection,
aiming to optimize the model fitting performance. Through LASSO regression analysis, a total of 12 potential predictive
factors were identified, including: age, knee flexion range of motion, range of knee extension deficit, operation time, RBC,
WBC, HB, creatinine, household registration, hypertension, seasonality of admission, ASA (Figure 2). Subsequently, the
selected variables were incorporated into multivariate logistic regression analysis, ultimately identifying four independent
risk factors with statistical significance (p<0.05): age, knee flexion range of motion, operation time, and ASA (Table 2).

(A) 30 26 12 2 (B) 31 31 30 30 30 29 29 26 24 23 17 12 6 5 5 3 2 1
. . . ‘ © _ ‘ ‘
<7 | |
- T ! |
w = §
T 8 < | |
2 3 | |
S 2 - 8 s ‘
G =y 1 1
9 © - . | ! 1
o ) ' i .
QO °c 7 E %o ' i .
o % i i i
.E ® _| .'. .: 3 i
2 @ il
‘... ‘1 .l.o
. | g | ."-o..;.--m"'“ %
1 i !
T T T T T T i T 1 T
-8 -6 -4 -2 -8 -6 -4 -2
Log Lambda Log Lambda

Figure 2 Results of LASSO regression. (A) Distribution of LASSO coefficients for the 3| features. Each curve represents the trajectory of changes in the coefficients of the
independent variables. The vertical axis indicates the coefficients, while the horizontal axis represents log lambda. (B) Cross-validation plot of LASSO. The optimal
parameter lambda is 0.016, indicating that the prediction model achieves the minimum error at this value.

Abbreviation: LASSO, the least absolute shrinkage and selection operator.
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Table 2 Results of Multivariate Logistic Regression Analysis Based on LASSO

Regression
Variables Coefficients OR (95%Cl) P value
Intercept —6.28 0.00 (0.00-94.61) 0.2556
Age 0.15 I.16 (1.06—1.27) 0.0014
Knee flexion range of motion —0.08 0.92 (0.88-0.96) 0.0001
Operation time 0.02 1.02 (1.01-1.04) 0.005
ASA
2 —0.02 0.98 (0.13-7.55) 0.9852
2.75 15.61 (2.75-88.58) 0.0019
4 4.24 69.69 (3.89-1249.48) 0.004

Abbreviation: ASA, American Society of Anesthesiologists’ physical status classification.

Construction of the Nomogram Model

The final predictive nomogram was developed by incorporating the four independent risk factors selected through a two-
stage analytical approach: initial variable screening via LASSO regression followed by confirmation through multivariate
logistic regression analysis (Figure 3). This model visually presents the scores for each risk factor, allowing users to
obtain corresponding scores on the scale line of each variable based on the patient’s specific conditions. Subsequently, the
scores of all variables are summed to obtain a total score, and the predicted probability of prolonged LOS after TKA
surgery for OA patients can be read on the total score scale line. To facilitate bedside use, we further translated the
nomogram into a freely accessible, web-based calculator that provides instantaneous risk estimates for any combination

of predictor values (https://prediction-for-outcome.shinyapps.io/dynnomapp/).
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Figure 3 Nomogram for predicting prolonged postoperative LOS risk after TKA in OA patients.
Abbreviations: LOS, the length of hospital stay; TKA, total knee arthroplasty; OA, osteoarthritis; ASA, American Society of Anesthesiologists’ physical status classification.
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Test and Evaluation

The nomogram model’s discriminative ability was evaluated by plotting ROC curves. The AUC for the training set was
0.912 (95% CI 0.858-0.966) with 79.5% sensitivity, 92.9% specificity and a maximum Youden index of 0.72, while the
validation set achieved an AUC of 0.817 (95% CI 0.697-0.938) with 63.2% sensitivity and 94.1% specificity, indicating
strong discriminative performance of the nomogram (Figure 4). Furthermore, the Hosmer—Lemeshow test returned ¥ =
5.98 (P = 0.649) for the training set and x> = 7.43 (P = 0.545) for the validation set, while the calibration plots for both
cohorts closely tracked the ideal 45-degree line; together these findings indicate excellent agreement between predicted
and observed probabilities of prolonged LOS and confirm the good calibration of the nomogram (Figure 5). Finally, DCA
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Figure 4 ROC curves. (A) The ROC curve of the training set, 0.912 (95% CI 0.858-0.966). (B) The ROC curve of the validation set, 0.817 (95% CI 0.697-0.938).
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Figure 6 DCA curves. (A) The DCA curve of the training set. (B) The DCA curve of the validation set.
Abbreviation: DCA, decision curve analysis.

indicated that the model yielded a positive net benefit over the entire threshold range of 2—100% in the training set and
4-98% in the validation set (Figure 6).

Discussion

This study utilized LASSO regression analysis and multivariate logistic regression analysis to identify four independent
risk factors: age, knee flexion range of motion, operation time, and ASA. Based on these factors, a nomogram prediction
model was constructed. The model demonstrated excellent discriminative ability in both the training and validation sets,
with AUC values of 0.912 and 0.817, respectively. The calibration curve analysis demonstrates a strong agreement
between the predicted probabilities and the observed prolonged LOS in both the training and validation sets. Further
confirmation through DCA showed that the model provided significant net benefits across a wide range of thresholds,
supporting its value in clinical decision-making.

Advanced age is significantly associated with prolonged postoperative LOS. Due to the decline in physiological
functions and reduced organ reserve capacity, the overall health status of elderly patients is generally poorer compared to
younger patients. Studies have shown that the prevalence of comorbidities, such as cardiovascular diseases, diabetes, and
chronic respiratory diseases, significantly increases with age.>*** These comorbidities not only elevate surgical risks but
also impede postoperative recovery. Additionally, elderly patients are more prone to perioperative complications,
including deep vein thrombosis, pulmonary infections, and cognitive dysfunction, which often lead to extended hospital
stays.”*2® Therefore, in clinical practice, special attention must be paid to the perioperative management of elderly
patients undergoing TKA.

ASA classification, as an important indicator of preoperative health status, aligns with our findings, as many studies
have shown that higher ASA grades are associated with longer LOS.?* ' Operative time directly reflects the complexity
of the surgery and intraoperative risks, serving as a key variable in predicting postoperative recovery. Bohl et al*?
analyzed NSQIP data from 165,474 patients who underwent primary total joint arthroplasty (TJA) between 2006 and
2013, finding that every 15-minute increase in operative time was associated with a 9% higher risk of prolonged LOS (>4
days) (P < 0.001). Similarly, Sodhi et al** analyzed NSQIP data from 225,344 patients who underwent primary TKA
between 2008 and 2016, demonstrating that each 30-minute increase in operative time was significantly correlated with
prolonged LOS (P < 0.001). These findings consistently indicate that prolonged operative time is a significant predictor
of extended postoperative hospitalization.

Preoperative knee flexion range of motion is negatively correlated with prolonged postoperative LOS. The preopera-
tive range of motion (ROM) of the knee joint directly reflects the functional status of the periarticular soft tissues as well
as the degree of pathological changes in the joint itself. Patients with poor preoperative ROM typically indicate a higher
degree of synovial fibrosis and more severe OA.** Previous studies have demonstrated that preoperative ROM status
significantly influences the final ROM after TKA, and patients with knee stiffness typically exhibit poorer postoperative
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outcomes compared to those with better preoperative ROM.*>*® Therefore, patients with limited preoperative knee
flexion range of motion may require longer rehabilitation interventions and physical therapy during the postoperative
recovery process, thereby increasing their LOS. Furthermore, Matassi et al’’ analyzed data from 122 patients with
arthropathy and found that systematic preoperative functional exercise significantly promotes rapid postoperative
recovery in patients with knee arthritis. This finding suggests that preoperative rehabilitation training should be
incorporated into the overall treatment plan for patients.

The significant advantage of this research lies in its comprehensive evaluation of a broader range of potential risk
factors. In the assessment of knee joint function, prior studies often had a vague conceptualization of knee range of
motion.*®*? In addition to knee flexion, this study also included an extension deficit and systematically screened a wide
range of candidate variables, such as household registration and the HKA angle. Although these factors were not retained
in the final parsimonious model, this comprehensive selection process strengthens our confidence in the robustness of the
ultimately chosen predictors. Notably, unlike previously published models, our nomogram uniquely incorporates pre-
operative knee-flexion range of motion—an objective functional marker—and is restricted entirely to variables available
before or during surgery, maximising clinical utility. Furthermore, moving beyond traditional paper-based scoring tools,
we translated the nomogram into a freely accessible web calculator that allows surgeons to obtain an instant, precise risk
estimate in the outpatient clinic and to tailor peri-operative care and rehabilitation pathways to each patient.

Despite the positive outcomes achieved in model construction and validation, this study has some limitations. First,
although the internal validation was robust, the single-center retrospective design and limited sample size may restrict the
model’s generalizability; external validation in larger, multicenter cohorts is therefore essential. Second, the relatively
large number of initial predictor variables compared with the sample size entails a potential risk of overfitting in the
prediction model. Third, the definition of “prolonged LOS” in this study was based on the 75th percentile of the LOS
distribution observed at our institution. Although this relative, distribution-derived cut-off is commonly used in statistical
modeling, it may somewhat limit the direct comparability of the model across institutions with different baseline LOS
patterns. In addition, this study aims to enable doctors to quickly predict the LOS after TKA using only preoperative and
intraoperative variables. Postoperative factors that may potentially prolong LOS (such as rehabilitation training,

complications, and knee function scores) were not collected.

Conclusion

In summary, this study investigated the correlation between preoperative and intraoperative variables and the prolonged
postoperative LOS in patients who have knee osteoarthritis undergoing primary total knee arthroplasty. Through LASSO
regression analysis and multivariate logistic regression analysis, four independent risk factors were ultimately identified:
age, knee flexion range of motion, operation time, and ASA. Based on these four risk factors, we constructed a
nomogram model for prolonged LOS, designed to accurately predict the risk of prolonged postoperative LOS in patients
who have knee osteoarthritis undergoing primary total knee arthroplasty. Future multicenter, prospective studies are
recommended to further validate and refine this model, ensuring its generalizability across diverse healthcare settings.
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