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Purpose: To establish prediction models for 6-month prognosis in femoral neck–fracture patients receiving total hip arthroplasty (THA).
Patients and Methods: In total, 182 computed tomography image pairs from 85 patients were collected and divided into a training
set (n=127) and testing set (n=55). Least absolute shrinkage–selection operator regression was used for selecting optimal predictors.
A random-forest algorithm was used to establish the prediction models, which were evaluated for accuracy, sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), and area under the curve (AUC).
Results: The best model in this study was constructed based on demographic data, preoperative laboratory indicators, and three
preoperative radiomic features. In the random-forest model, activated partial thromboplastin time, a preoperative radiomic feature
(maximum diameter), and fibrinogen were important variables correlating with patient outcomes. The AUC, sensitivity, specificity,
PPV, NPV, and accuracy in the training set were 0.986 (95% CI 0.971–1), 0.925 (95% CI 0.862–0.988), 0.983 (95% CI 0.951–1.016),
0.984 (95% CI 0.953–1.014), 0.922 (95% CI 0.856–0.988), and 0.953 (95% CI 0.916–0.990), respectively. The AUC, sensitivity,
specificity, PPV, NPV, and accuracy in the testing set were 0.949 (95% CI 0.885–1), 0.767 (95% CI 0.615–0.918), 1 (95% CI 1–1), 1
(95% CI 1–1), 0.781 (95% CI 0.638–0.924), and 0.873 (95% CI 0.785–0.961), respectively.
Conclusion: The model based on demographic, preoperative clinical, and preoperative radiomic data showed the best predictive
ability for 6-month prognosis in the femoral neck–fracture patients receiving THA.
Keywords: prediction model, total hip arthroplasty, computed tomography, prognosis, femoral neck fracture

Introduction
Fractures of the femoral neck low-energy injuries associated with decreased quality of life and increased mortality.1

Currently, nearly 70% of patients with femoral neck fractures are treated with arthroplasty, which has been reported to be
superior than the traditional open reduction and internal fixation.2 In recent years, total hip arthroplasty (THA) has been
more frequently used.3 THA is reported to be associated with less pain, higher functional scores, and a lower risk of
reoperation.4 Some patients receiving THA may have poor prognoses. A high risk of dislocation has been identified in
patients receiving THA.5 Some patients are unable to regain their preinjury level of function after THA.6 Deficits in
lower-limb strength, balance, and gait may persist for months to years after surgery.7,8 Predicting the prognosis of these
patients undergoing THA is still of great importance to provide timely interventions for those at high risk of poor
outcomes after THA treatment and improve their prognoses.

Prognosis of THA patients has been reported to be influenced by age, body-mass index (BMI), comorbidities,9 and
time to operation.10 Maceroli et al reported that the health status of femoral neck–fracture patients was a critical factor
influencing outcomes following THA.11 Hematocrit (Hct) and coagulation function–associated biomarkers, including
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prothrombin time (PT) and activated partial thromboplastin time (APTT) are also important predictors of surgical site
infection or coagulation and reduction of bleeding, which further affects outcomes.12,13 At present, there is no prediction
model for predicting THA-patient prognosis.

Radiomics is a way comprehensive mining of quantitative standard-of-care medical image features to capture disease
characteristics that are difficult to identify by vision alone.14 Using radiomics can help improve diagnostic and/or
predictive performance in the clinic.15 Computed tomography (CT) is a diagnosis tool for femoral neck fractures and
provides preoperative evaluation for helping to choose the best treatment and provide better surgical and clinical
outcomes.16,17 Quantitative analysis of bone-texture features from CT scans has been actively applied to evaluate the
status, quality, or microarchitecture of bones.18 Park et al demonstrated the value of CT in prediction of avascular
necrosis after femoral neck fracture.19 Therefore, radiomic mining information from CT scans in femoral neck–fracture
patients might also be a vital predictor of prognosis in patients undergoing THA. This study was aimed at establishing
several prediction models for the Harris Hip Scale (HHS) scores 6 months post-THA based on preoperative clinical
characteristics, postoperative clinical characteristics, perioperative clinical characteristics, and CT characteristics based
on the data of 85 patients who received THA in the Third People’s Hospital of Mianyang. The predictive performances of
these prediction models were compared to identify the best model for predicting the prognosis of femoral neck–fracture
patients receiving THA.

Methods
Study Population
Data on 85 femoral neck–fracture patients receiving THA treatment and hospitalized in the Department of Orthopedics,
Third People’s Hospital of Mianyang from May 2018 to July 2020 were collected. Patients diagnosed with femoral neck
fractures via X-ray and CT and receiving THA were included. Patients were able to live independently and move freely
before the injury, and it was their first time undergoing THA. Patients with pathological fractures or intolerant to surgery
were excluded. Patients with infected wound or nerve and blood vessel damage were also excluded. CTs before and after
surgery were collected. Some patients had had more than one CT before or after surgery. Finally, 182 paired CT scans
(before and after surgery) were analyzed. This study was conducted in compliance with the Declaration of Helsinki.

Potential Predictors
Potential predictors included age, left vs right femur neck fracture, sex, surgery location (posterior upper, posterior
lateral, or anterior lateral), BMI, preoperative data (APTT, fibrinogen [Fib], international normalized ratio [INR], Hct,
plateletcrit [Pct], PT, and antithrombin [AT]), perioperative data (intraoperative blood loss and incision length), and
postoperative data (Hct, PT, APTT, Fib, AT, and thrombin time [TT]).

Outcome Variables
The HHS at 6 months postoperatively was used for evaluating hip function in patients. The HHS has a maximum of 100
points. Pain receives 44 points, function 47 points, range of motion 5 points, and deformity 4 points. Function is further
divided into activities of daily living (14 points) and gait (33 points). A higher HHS score indicates less dysfunction of
the hip. A total score of <70 is considered a poor result, 70–80 fair, 80–90 good, and 90–100 excellent.20 In this study, we
classified patients into HHS score ≥90 (patients with excellent prognosis) and <90 points (patients with referred to poor
prognosis).21

Radiomic-Feature Extraction
Preoperative and postoperative CTs were obtained 48 hours before and after THA surgery using a dual-headed gamma
camera (Infinia Hawkeye 4; GE Healthcare, Milwaukee, WI, USA) equipped with low-energy, high-resolution collima-
tors. CT acquisition was performed at 140 kVp and 2.5 mA using a 512×12 matrix and 5 mm slice thickness (pitch 10,
interval 2.95 mm). Then, a critical gray value of 60 was selected to remove irrelevant information, and the corresponding
mask was made. The Python package Pyradiomics was used for feature extraction of the pretreated CT pictures and
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mask.14 Radiomic features were extracted: 18 first-order features, ten two-dimensional features, 75 textural features, 24
gray-level co-occurrence matrix features, 16 gray-level run-length matrix features, 16 gray-level size-zone matrix
features, five neighboring gray tone–difference matrix features, and 14 gray-level dependence matrix features.
Definitions and names of radiomic features were in accordance with the Imaging Biomarker Standardization
Initiative.22 Details of the feature-extraction process are shown in Figure 1.

THA Procedure
THA surgery was performed by an experienced joint surgeon. General anesthesia or epidural anesthesia was used
according to the patient’s physical condition. After successful anesthesia, patients were placed in a standard lateral
decubitus position with the affected hip upward. Then, a 7–12 cm–long incision was cut and the tendon space between
the tensor fascia lata and gluteus medius explored by high-frequency electrosurgical hemostasis. After confirmation of
the clearance, blunt dissection was performed to expose and incise the joint capsule, and the first osteotomy was cut
below the femoral head. A wedge-shaped osteotomy at about 1 cm above the lesser trochanter was sawn and the femoral
head obtained. The cancellous bone of the femoral head was also collected for future use. Acetabular retractors were
placed on the anterior and posterior walls of the acetabulum to fully expose the acetabulum, and an acetabular file was
used to grind the bottom of the acetabulum until it oozed evenly.

Original Mask

MaskOriginal

Image
after
Mask

Image
after
Mask

CT before Surgery

CT after Surgery
Pyradiomics

Radiomics
Features  

before Surgery

Radiomics
Features 

after Surgery

Figure 1 Feature-extraction process used in this study.
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An appropriate acetabular test model was placed. When the test model matched the shape of the acetabulum, spare
autologous spongy bone was implanted on the acetabular side and proximal end of the femur, and the matching
acetabular prosthesis was placed. A bone hammer was struck until the acetabular prosthesis was firmly attached to the
bottom of the acetabulum, and the matching lining was placed and covered with wet gauze. The leg was externally
supinated, extended rearward, or adducted below the operating table to expose the proximal femur. The inner edge of the
greater trochanter was applied to open the proximal femur to confirm the femoral marrow cavity. The pulp was expanded
incrementally, and then the prosthesis was placed for model reduction. When the hip joint was found to be stable, the test
model was taken out and the corresponding prosthetic stem and femoral head prosthesis placed. The hip joint was then
restored. After confirming the tightness and stability of the prosthesis and equal length to the contralateral lower limb, the
joint capsule, deep fascia, gluteus maximus, and subcutaneous tissue and skin were sutured.

Statistical Analysis
The Shapiro–Wilk test was used to evaluate the normality of the measurement data. Continuous variables with normal
distribution are expressed as means ± SD, and t tests were used for comparisons between groups. Measurement data for
abnormal distribution were represented by M (Q1, Q3), and comparisons between groups were made using the Mann–
Whitney U test. Enumeration data are displayed as n (%), and χ2 tests or Fisher’s exact-probability method were
employed for comparisons between groups. Missing data were manipulated via multiple interpolation, and then
sensitivity analyses were conducted. All samples were randomly divided into a training set (n=127) and testing set
(n=55) at a ratio of 7:3 according to random seeding. Least absolute shrinkage–selection operator regression was used for
feature selection to select optimal predictors for the model. A random-forest algorithm was used to establish the
prediction model, which was evaluated by accuracy, sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and area under the curve (AUC; Figure 2). SAS 9.4 and Python were used for statistical analysis.
All statistical tests were two-sided, and P<0.05 was considered statistically significant.

Results
Sensitivity Analysis of Missing Data
Two patients had data on blood loss during the operation missing, accounting for 1.1%. Multiple interpolation was
applied for manipulation of the missing data. Difference in variables before and after filling was not statistically
significant (all P>0.05), indicating the results after manipulation were reliable (Supplementary Table 1).

Equilibrium Tests and Characteristics of Participants
The mean age of the patients was 68.65 years. Im sum, 99 had left femoral neck fractures and 83 right femoral neck
fractures. Among all subjects, 97 (53.3%) had HHS scores ≥90 and 85 HHS scores <90 at 6 months after THA.
Equilibrium tests revealed that there were no statistical differences between the data in the training set and the testing set
(all P>0.05; Table 1).

Construction of Prediction Models Based on Preoperative Data
Models 1 and 2 were constructed based on demographic and preoperative data. Model 1 was established based on age, left vs
right femur neck fracture, sex, surgery location, BMI, and preoperative APTT, Fib, INR, Hct, Pct, PT, and AT. Model 2 was
constructed based on age, left vs right femur neck fracture, sex, surgery location, BMI, preoperative APTT, Fib, INR, Hct, Pct,
PT, and AT, and preoperative radiomic features of maximum diameter, elongation, and sphericity. The AUC forModel 1 in the
training set was 0.925 (95% CI 0.880–0.969, Figure 3), sensitivity 0.836 (95% CI 0.747–0.925), specificity 0.917 (95% CI
0.847–0.987), PPV 0.918 (95% CI 0.849–0.986), NPV 0.833 (95% CI 0.743–0.923), and accuracy 0.874 (95% CI 0.816–
0.932; Table 2). The AUC for Model 1 in the testing set was 0.816 (95% CI 0.702–0.930), sensitivity 0.767 (95% CI 0.615–
0.918), specificity 0.800 (95% CI 0.643–0.957), PPV 0.821 (95% CI 0.680–0.942), NPV 0.741 (95% CI 0.575–0.906), and
accuracy 0.782 (95%CI 0.673–0.891; Figure 3, Table 2). InModel 2, AUC, sensitivity, specificity, PPV, NPV, and accuracy in
the training set were 0.986 (95% CI 0.971–1), 0.925 (95% CI 0.862–0.988), 0.983 (95% CI 0.951–1.016), 0.984 (95% CI
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0.953–1.014), 0.922 (95% CI 0.856–0.988), and 0.953 (95% CI 0.916–0.990), respectively, while in the testing set the AUC,
sensitivity, specificity, PPV, NPV, and accuracy were 0.949 (95%CI 0.885–1), 0.767 (95%CI 0.615–0.918), 1 (95%CI 1–1), 1
(95%CI 1–1), 0.781 (95%CI 0.638–0.924), and 0.873 (95%CI 0.785–0.961), respectively (Table 2). The confusion matrix of
each model is shown in Figure 3.

Construction of Prediction Models Based on Perioperative and Postoperative Data
Models 3 and 4 were established using demographic, perioperative, and postoperative data. Model 3 was built using age,
left vs right femur neck fracture, sex, surgery location, BMI, intraoperative blood loss and incision length, and
postoperative Hct, PT, APTT, Fib, AT, and TT. Model 4 was constructed using age, left vs right femur neck fracture,
sex, surgery location, BMI, intraoperative blood loss and incision length, postoperative Hct, PT, APTT, Fib, AT, and TT,
and the postoperative radiomic feature mask-volume number. The AUC for Model 3 in the training set was 0.883 (95%
CI 0.826–0.940, Figure 4), sensitivity 0.896 (95% CI 0.822–0.969), specificity 0.600 (95% CI 0.476–0.724), PPV 0.714
(95% CI 0.618–0.697), NPV 0.837 (95% CI 0.727–0.948), and accuracy 0.756 (95% CI 0.681–0.831; Table 2). The AUC
for Model 3 in the testing set was 0.819 (95% CI 0.700–0.937, Figure 4), sensitivity 0.800 (95% CI 0.657–0.943),
specificity 0.680 (95% CI 0.497–0.863), PPV 0.750 (95% CI 0.600–0.830), NPV 0.739 (95% CI 0.560–0.919), and

Total Sample:
n=182

Training Data
n=127

Testing Data
n=55

Random Seed 2021
Random Split

Demographic + Clinical Data CT Radiomics
Features

Before Surgery Data After Surgery Data

Demographic + Clinical Data CT Radiomics
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Lasso: Feature
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Part 1:
Only Before
Surgery Data

Part 2: Only
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Data
Part 3

Model 1:
Demographic+Clinical

Data

Model 2:
Demographic+Clinical
Data+CT Radiomics

Features(Final Selected)

Model 3:
Demographic+Clinical

Data

Model 4:
Demographic+Clinical
Data+CT Radiomics
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Figure 2 Flowchart of study process.
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accuracy 0.745 (95% CI 0.630–0.861; Table 2). In Model 4, the AUC was 0.915 (95% CI 0.868–0.962), sensitivity 0.851
(95% CI 0.765–0.936), specificity 0.850 (95% CI 0.760–0.940), PPV 0.864 (95% CI 0.781–0.933), NPV 0.836 (95% CI
0.743–0.929), and accuracy 0.850 (95% CI 0.788–0.912) in the training set, while in the testing set the AUC was 0.772
(95% CI 0.648–0.896), sensitivity 0.667 (95% CI 0.498–0.835), specificity 0.760 (95% CI 0.593–0.927), PPV 0.769
(95% CI 0.607–0.922), NPV 0.655 (95% CI 0.482–0.828), and accuracy 0.709 (95% CI 0.589–0.829; Table 2). The
confusion matrix of each model is shown in Figure 4.

Table 1 Equilibrium tests

Total (n=182) Testing Set
(n=55)

Training Set
(n=127)

Statistical
magnitude

P

Age (years), mean ± SD 68.65±13.80 69.02±15.10 68.50±13.26 t=0.23 0.815

Femur neck fracture, n (%) χ2=1.612 0.204

Left 99 (54.40) 26 (47.27) 73 (57.48)
Right 83 (45.60) 29 (52.73) 54 (42.52)

Location, n (%) χ2=5.029 0.081

Posterior upper 56 (30.77) 12 (21.82) 44 (34.65)
Posterior lateral 89 (48.90) 27 (49.09) 62 (48.82)

Anterior lateral 37 (20.33) 16 (29.09) 21 (16.54)
Sex, n (%) χ2=0.127 0.721

Female 93 (51.10) 27 (49.09) 66 (51.97)

Male 89 (48.90) 28 (50.91) 61 (48.03)
BMI, mean ± SD 22.25±3.09 22.09±2.91 22.33±3.17 t=−0.48 0.632

Preoperative laboratory
indicators
APTT 30.24±3.49 30.50±3.65 30.12±3.43 t=0.68 0.498

Fib 3.50 (2.92–4.44) 3.34 (2.93–4.11) 3.53 (2.92–4.50) Z=0.026 0.979

INR 0.97±0.08 0.97±0.08 0.98±0.08 t=−0.86 0.392
Hct 36.43±6.05 36.16±6.00 36.55±6.09 t=−0.40 0.687

Pct 0.20 (0.17–0.27) 0.20 (0.16–0.26) 0.21 (0.17–0.27) Z=−0.422 0.673

AT 96.02±15.86 94.75±16.92 96.57±15.41 t=−0.71 0.479
PT 11.13±0.98 11.01±0.94 11.18±1.00 t=−1.10 0.274

Perioperative data
Bleeding, M (Q1, Q3) 80 (50, 100) 80 (50, 100) 80 (50, 100) Z=0.417 0.676
Incision length (cm), mean ± SD 11.25±2.47 11.44±2.53 11.17±2.45 t=0.68 0.499

Postoperative laboratory
indicators
Hct 31.58±5.46 31.38±6.13 31.67±5.16 t=−0.33 0.744

PT 11.78±1.54 11.88±2.14 11.73±1.20 t=0.50 0.618

APTT 29.99±3.67 30.30±3.78 29.85±3.62 t=0.76 0.449
Fib 4.20±1.25 4.02±0.94 4.28±1.35 t=−1.50 0.135

AT 90.75±13.20 90.60±13.56 90.82±13.10 t=−0.10 0.918

TT 14.53±1.64 14.46±1.56 14.56±1.68 t=−0.39 0.7
Outcomes
Harris score at 6 months 89.44±2.88 89.67±2.50 89.34±3.03 t=0.72 0.474

Harris score at 6 months χ2=0.049 0.824
Good prognosis 97 (53.30) 30 (54.55) 67 (52.76)

Poor prognosis 85 (46.70) 25 (45.45) 60 (47.24)

Abbreviations: BMI, body-mass index; APTT, activated partial thromboplastin time; Fib, fibrinogen; INR, international normalized ratio; Hct, hematocrit; Pct, plateletcrit;
PT, prothrombin time; AT, antithrombin; TT, thrombin time.
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Construction of Prediction Models Based on Preoperative, Perioperative, and
Postoperative Data
Models 5–7 were constructed based on preoperative, perioperative, and postoperative data. Model 5 was established
using age, left vs right femur neck fracture, sex, surgery location, BMI, preoperative APTT, Fib, INR, Hct, Pct, PT, and
AT, intraoperative blood loss and incision length, and postoperative Hct, PT, APTT, Fib, AT, and TT. Model 6 was
constructed based on age, left vs right femur neck fracture, sex, surgery location, BMI, preoperative APTT, Fib, INR,
Hct, Pct, PT, and AT, intraoperative blood loss and incision length, postoperative Hct, PT, APTT, Fib, AT, and TT, and
the postoperative radiomic feature mask-volume number. Model 7 was built based on age, left vs right femur neck
fracture, sex, surgery location, BMI, preoperative APTT, Fib, INR, Hct, Pct, PT, and AT, intraoperative blood loss and
incision length, postoperative Hct, PT, APTT, Fib, AT, and TT, preoperative radiomic features of maximum diameter,
elongation, and sphericity, and the postoperative radiomic feature mask-volume number.

A B

C D

Figure 3 Continued.
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In Model 5, the AUC was 0.877 (95% CI 0.819–0.935), sensitivity 0.970 (95% CI 0.929–1.011), specificity 0.517
(95% CI 0.390–0.643), PPV 0.691 (95% CI 0.598–0.610), NPV 0.939 (95% CI 0.858–1.021), and accuracy 0.756
(95% CI 0.681–0.831) in the training set. In the testing set, the AUC was 0.812 (95% CI 0.697–0.927), sensitivity 0.867
(95% CI 0.745–0.988), specificity 0.640 (95% CI 0.452–0.828), PPV 0.743 (95% CI 0.598–0.785), NPV 0.800 (95%
CI 0.625–0.975), and accuracy 0.764 (95% CI 0.651–0.876; Figure 5, Table 2). In Model 6, the AUC was 0.927 (95% CI
0.883–0.970), sensitivity 0.925 (95% CI 0.862–0.988), specificity 0.750 (95% CI 0.640–0.860), PPV 0.805 (95% CI
0.717–0.838), NPV 0.900 (95% CI 0.817–0.983), and accuracy 0.843 (95% CI 0.779–0.906) in the training set, while in
the testing set the AUC was 0.839 (95% CI 0.731–0.946), sensitivity 0.833 (95% CI 0.700–0.967), specificity 0.760
(95% CI 0.593–0.927), PPV 0.806 (95% CI 0.667–0.899), NPV 0.792 (95% CI 0.629–0.954), and accuracy 0.800 (95%
CI 0.694–0.906; Figure 5, Table 2). In Model 7, the AUC was 0.927 (95% CI 0.882–0.972), sensitivity 0.981 (95% CI

E F

G H

Figure 3 ROC curves for (A) the training set in Model 1, (B) testing set in Model 1, (C) training set in Model 2, and (D) testing set in Model 2. Confusion matrices for (E)
the training set in Model 1, (F) testing set in Model 1, (G) training set in Model 2, and (H) testing set in Model 2.
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Table 2 Predictive value of prediction model

Cutoff Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) AUC (95% CI) Accuracy (95% CI)

Preoperative

Clinical training data only 0.545 0.836 (0.747–0.925) 0.917 (0.847–0.987) 0.918 (0.849–0.986) 0.833 (0.743–0.923) 0.925 (0.880–0.969) 0.874 (0.816–0.932)

Clinical testing data only 0.537 0.767 (0.615–0.918) 0.800 (0.643–0.957) 0.821 (0.680–0.942) 0.741 (0.575–0.906) 0.816 (0.702–0.930) 0.782 (0.673–0.891)

Clinical + radiomic training data 0.552 0.925 (0.862–0.988) 0.983 (0.951–1.016) 0.984 (0.953–1.014) 0.922 (0.856–0.988) 0.986 (0.971–1) 0.953 (0.916–0.990)

Clinical + radiomic testing data 0.552 0.767 (0.615–0.918) 1 (1–1) 1 (1–1) 0.781 (0.638–0.924) 0.949 (0.885–1) 0.873 (0.785–0.961)

Perioperative and postoperative

Clinical training data only 0.500 0.896 (0.822–0.969) 0.600 (0.476–0.724) 0.714 (0.618–0.697) 0.837 (0.727–0.948) 0.883 (0.826–0.940) 0.756 (0.681–0.831)

Clinical testing data only 0.500 0.800 (0.657–0.943) 0.680 (0.497–0.863) 0.750 (0.600–0.830) 0.739 (0.560–0.919) 0.819 (0.700–0.937) 0.745 (0.630–0.861)

Clinical + radiomic training data 0.519 0.851 (0.765–0.936) 0.850 (0.760–0.940) 0.864 (0.781–0.933) 0.836 (0.743–0.929) 0.915 (0.868–0.962) 0.850 (0.788–0.912)

Clinical + radiomic testing data 0.519 0.667 (0.498–0.835) 0.760 (0.593–0.927) 0.769 (0.607–0.922) 0.655 (0.482–0.828) 0.772 (0.648–0.896) 0.709 (0.589–0.829)

Preoperative, perioperative, and postoperative

Clinical training data only 0.500 0.970 (0.929–1.011) 0.517 (0.390–0.643) 0.691 (0.598–0.610) 0.939 (0.858–1.021) 0.877 (0.819–0.935) 0.756 (0.681–0.831)

Clinical testing data only 0.500 0.867 (0.745–0.988) 0.640 (0.452–0.828) 0.743 (0.598–0.785) 0.800 (0.625–0.975) 0.812 (0.697–0.927) 0.764 (0.651–0.876)

Clinical + radiomic data after surgery training only 0.500 0.925 (0.862–0.988) 0.750 (0.640–0.860) 0.805 (0.717–0.838) 0.900 (0.817–0.983) 0.927 (0.883–0.970) 0.843 (0.779–0.906)

Clinical + radiomic data after surgery testing 0.500 0.833 (0.700–0.967) 0.760 (0.593–0.927) 0.806 (0.667–0.899) 0.792 (0.629–0.954) 0.839 (0.731–0.946) 0.800 (0.694–0.906)

Clinical + radiomic data before + after surgery training 0.519 0.981 (0.803–0.958) 0.883 (0.802–0.965) 0.894 (0.820–0.958) 0.869 (0.784–0.954) 0.927 (0.882–0.972) 0.882 (0.826–0.936)

Clinical + radiomic data before + after surgery testing 0.519 0.700 (0.536–0.864) 0.800 (0.643–0.957) 0.808 (0.656–0.951) 0.690 (0.521–0.858) 0.856 (0.758–0.954) 0.745 (0.630–0.861)
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0.803–0.958), specificity 0.883 (95% CI 0.802–0.965), PPV 0.894 (95% CI 0.820–0.958), NPV 0.869 (95% CI 0.784–
0.954), and accuracy 0.882 (95% CI 0.826–0.936) in the training set. In the testing set, the AUC was 0.856 (95% CI
0.758–0.954), sensitivity 0.700 (95% CI 0.536–0.864), specificity 0.800 (95% CI 0.643–0.957), PPV 0.808 (95% CI
0.656–0.951), NPV 0.690 (95% CI 0.521–0.858), and accuracy 0.745 (95% CI 0.630–0.861; Table 2). The confusion
matrix of each model is shown in Figure 5.

Selection of Final Predictive Model
The AUC in Model 2 was significantly higher than Model 1 (P=0.041), Model 4 (P=0.011), and Model 5 (P=0.036).
Although the AUC in Model 2 was not significantly higher than Model 3 (P=0.053), Model 6 (P=0.077), or Model 7
(P=0.109), specificity in Model 2 was significantly higher than Model 3 (P=0.005), Model 6 (P=0.005), and Model 7
(P=0.013). Model 2 was chosen as the final prediction model. As shown in Supplementary Figure 1, the learning curve
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showed that the model had good fitting ability. Spearman correlation analysis between clinical indicators and preopera-
tive radiomic features showed that the preoperative radiomic features were closely associated with the inflammatory
index Hct, as well as the coagulation indices Fib and Pct (Figure 6). As shown in the random-forest variable-importance
diagram, APTTwas the most important variable correlated with the outcomes of femoral neck–fracture patients receiving
THA, followed by preoperative radiomic feature (maximum diameter) and Fib (Figure 7).

Discussion
The results showed that APTT, a preoperative radiomic feature (maximum diameter), and Fib were the most important
variables correlating with the outcomes of femoral neck fractures. Model 2 displayed the best predictive value. Our
findings might help identify patients at high risk of poor prognosis at 6 months after THA surgery and provide timely
interventions to improve this. Research has indicated that uncontrolled bleeding is correlated with poor prognosis and
mortality in patients undergoing hemiarthroplasty.23 Bleeding, transfusion, and postoperative anemia have been reported

E F

G H

Figure 4 ROC curves for (A) the training set in Model 3, (B) testing set in Model 3, (C) training set in Model 4, and (D) testing set in Model 4. Confusion matrices for (E)
the training set in Model 3, (F) testing set in Model 3, (G) training set in Model 4, and (H) testing set in Model 4.
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Figure 5 ROC curves for (A) the training set in Model 5, (B) testing set in Model 5, (C) training set in Model 6, (D) testing set in Model 6, (E) training set in Model 7, (F)
and testing set in Model 7. (G) the confusion matrix of the training set in Model 5. Confusion matrices for (H) the testing set in Model 5, (I) training set in Model 6, (J)
testing set in Model 6, (K) training set in Model 7, (L) and testing set in Model 7.
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to increase the risk of poor prognosis in hip-fracture patients receiving hemiarthroplasty.24 APTT, Fib, PT, and AT levels
reflect coagulation functions in patients, and are vital biomarkers of bleeding during the operation.25 The preoperative
level of ATTP is an index for hypercoagulability, which may be implicated in development of thrombus.26 Different
levels of ATTP affect medication use during operations, and individualized anticoagulant therapies, such as preoperative
administration of rivaroxaban, may be associated with the prognosis of patients.27,28 Fib has been reported to be involved
in activating and mediating the inflammation process, and may serve as a predictor for persistent periprosthetic hip
infection before reimplantation in two-stage exchange arthroplasty.29 In addition, Changjun et al identified that reduction
in Fib in THA may be associated with recovery after surgery.30 These support our findings of APTT and Fib being
important predictors of 6-month outcomes in femoral neck–fracture patients undergoing THA. Extra caution should be
applied to patients with abnormal levels of ATTP or Fib, and appropriate procoagulant measures should be taken.

In the clinic, CT is widely applied in femoral neck–fracture patients to determine the size of the medullary cavity and
acetabulum accurately before surgery. It improves accuracy in fracture classification, which helps in selecting the best
treatment for patients with fractures.16 CT can scan the transverse and longitudinal sections, which is more conducive to
discovering fractures and helps in diagnosing occult femoral neck fracture or microfractures to avoid missed diagnosis or
the wrong choice of surgical procedure.31,32 A better understanding of the status of femoral neck fractures is essential for

Figure 6 Thermal diagram of correlations between preoperative radiomic features and clinical indices. *P<0.1; **P<0.05; ***P<0.01.
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preoperative evaluation and is associated with a better surgical and clinical outcome.33 Exploring detailed information
from CTs through mathematical analysis of the distribution of pixels in the images can reveal a series of quantitative
texture parameters unable to be picked up by sight alone.34 These findings align with the results in the current study,
showing that preoperative radiomic features were important factors influencing the prognosis of THA patients. Prediction
models incorporating preoperative radiomic features improved predictive ability. In addition, Spearman correlation
analysis demonstrated that preoperative radiomic features had close associations with the inflammatory index Hct and
the coagulation indices Fib and Pct. Several studies have identified that CT radiomic parameters are associated with
inflammation states and pathological grading in some diseases, including cancers and anterior mediastinal lesions.35–37

Bone radiomic score has been used as a predictor of hip fracture in older women.38 This might provide backing for our
results.

In the current study, the prediction models were constructed based on preoperative or postoperative data in the
femoral neck–fracture patients receiving THA. Predictive performances were compared and the best model elected. The
model constructed based on age, left vs right femur neck fracture, sex, surgery location, BMI, preoperative APTT, Fib,
INR, Hct, Pct, PT, and AT, and the preoperative radiomic features of maximum diameter, elongation, and sphericity
displayed the best predictive value, with high AUC, sensitivity, specificity, PPV, NPV, and accuracy in both the training
set and the testing set, indicating good predictive ability. Kunze et al constructed five prediction models and compared
their performance for outcomes of patients undergoing primary THA for end-stage degenerative osteoarthritis of the
hip.39 The models were constructed according to patient-reported health state. Although the predictive value was very
good (AUC 0.87–0.97), the patient-reported health state can be inaccurate and cause bias. Our model was established
based on preoperative data and radiomic features, which more objectively reflected the health status of patients.
Radiomic data were different between preoperative and postoperative CT. Preoperative data could identify patients
with poor prognosis before surgery and might help clinicians to make timely changes before surgery to prevent the
occurrence of poor prognosis.

   

     

   

  

Figure 7 Variable-importance diagram of the selected random-forest model.
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Radiomic features provide more quantitative information than visual analysis to expert radiologists for better under-
standing of disease states.40 Texture analysis based on CT images can provide numerous pixel-level texture parameters
and more objectively depict lesions via mathematical algorithms, which reflect more stable patient information.19,41

Accuracy, sensitivity, specificity, PPV, and NPV were measured to comprehensively evaluate the performance of the
model, and were all good in our selected model. This indicated that a radiomic-based approach for CT scan femoral neck
images with machine-learning algorithms can help mine valuable texture features related to femoral neck fracture,
suggesting the potential utility and extensibility of a radiomic-based approach for predicting the prognosis of femoral
neck–fracture patients receiving THA. However, poor data reproducibility, particularly regarding segmentation, high
dimensionality (more features than observations) leading to overfitting, and strong correlation among features are
challenges in the radiomic modeling process.42 The prediction model in this study might be a useful method for
clinicians to make more targeted surgery plans for patients at high risk of a poor prognosis as early as possible. This
model was uploaded to GitHub with free access for everyone (https://github.com/zxfgit1/THAclinicalefficiancy). We
welcome more clinicians to use our model to validate the results of our study.

The strengths of this study were that the missing data were managed and no bias was obtained, which increases the
reliability of our results. Internal validation was also performed to verify the results. There were several limitations.
Firstly, the sample was small and collected from a single center, which might decrease statistical power. Secondly,
external validation of the findings was not conducted. Thirdly, the patients were followed up for only 6 months. Follow-
up will continue for these patients for further analysis. Fourthly, preoperative HHS scores were not evaluated, which
might affect patient outcomes. In future, well-designed studies with large samples from multiple centers and external
validation will be required to validate the results of this study.

Conclusion
In the current study, several random forest-prediction models were constructed based on preoperative or postoperative
data in femoral neck–fractures patients receiving THA. The model based on demographic, preoperative clinical, and
preoperative radiomic data showed the best predictive ability for 6-month prognosis. This model might help to identify
femoral neck–fracture patients receiving THAwho are at high risk of poor prognosis and offer appropriate interventions
to prevent these.
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