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Development of a risk-predicting score
for hip preservation with bone grafting
therapy for osteonecrosis

Shengbao Chen,1 Kai Fu,1 Qianying Cai,1 Yong Feng,1 Haiyan He,1 Yun Gao,1 Zhenzhong Zhu,1 Dongxu Jin,1

Jiagen Sheng,1 and Changqing Zhang1,2,*
SUMMARY

Identification and differentiation of appropriate indications on hip preserving with bone grafting therapy
remains a crucial challenge in the treatment of osteonecrosis of the femoral head (ONFH). A prospective
cohort study on bone grafting therapy for ONFH aimed to evaluate hip survival rates, and to establish a
risk scoring derived from potential risk factors (multivariable model) for hip preservation. Eight variables
were identified to be strongly correlatedwith a decreased rate of hip survival post-therapy, and a compre-
hensive risk scoring was developed for predicting hip-preservation outcomes. The C-index stood at 0.72,
and the areas under the receiver operating characteristics for the risk score’s 5- and 10-year hip failure
event predictions were 0.74 and 0.72, respectively. This risk score outperforms conventional methods
in forecasting hip preservation. Bone grafting shows sustained benefits in treating ONFH when applied
under the right indications. Furthermore, the risk scoring proves valuable as a decision-making tool, facil-
itating risk stratification for ONFH treatments in future.

INTRODUCTION

Osteonecrosis of the femoral head (ONFH) is one of themost common limb-related disability globally. Most untreatedONFHs are associated

with progressively increasing pain, leading to collapse of articular cartilage and development of osteoarthritis within a few years.1,2 ONFH

mainly affects young andmiddle-aged adults.2,3 For youngerONFHpatients who have high activity demands, surgical procedures of hip pres-

ervation should be the main curative treatment for consideration.4

Hip-preserving procedures of various bone grafting play an important role in the treatment of ONFH, with pain relief, halting or delay-

ing progression.5 Appropriate surgical indication is the key factor for evaluating its clinical value on one hip-preserving procedure in

ONFH. However, the current evidence of surgical indications (such as according to imaging stages of ONFH, patient age, etc.) for hip

preservation is still insufficient and has rendered much debate.6–8 For example, some experts deemed that hip preservation with bone

grafting is not appropriate in situations where the collapse of the femoral head exceeds 2 mm or when any level of collapse is present5,8;

maybe this represents a predominate opinion, which is related to the trend of excessive use of hip replacement methods for management

of ONFH globally.9,10 However, some evidence has favored that bone grafting still benefits severely collapsed femoral head in young

adults or adolescents.11 Therefore, robust evidence on research on indications for hip preserving with bone grafting in ONFH is imperative

to break through the non-uniform treatment algorithm. To our knowledge, to date, there are just only imaging variables or imaging scores

derived from smaller samples for evaluating disease progression (mainly focused on predicting collapse) of ONFH.3,12–17 As a complex

disease, a comprehensive risk score derived from high-quality evidence on long-term hip preserving with bone grafting in ONFH is

currently lacking and imperative, which may play an important role in facilitating clinical strategic decision and prognosis prediction for

hip preservation.

As an important methed of bone grafting, free vascularized fibular grafting (FVFG) is considered one of the most promising procedures

to surgically salvage the hip in ONFH due to its advantages of biological reconstruction.18,19 In this study, FVFG therapy was used as a repre-

sentative sample of bone grafting for ONFH patients, to investigate the long-term effect on hip preservation, and to develop a comprehen-

sive risk score for surgical decision-making and predicting prognosis. We examined a large-scale longitudinal cohort of patients from a real-

world clinical practice with FVFG to treat ONFH, with long and full follow-up period adjusting the results for confounding by the known

potential prognostic factors.19–23
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Figure 1. Flowchart illustrating study population

Abbreviations: FVFG, free vascularized fibular grafting; ONFH, osteonecrosis of the femoral head; Hip failure, Converted to THA or need to THA.
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RESULTS

Baseline characteristic of patients

The final study population included 854 patients (1,206 hips) (Figure 1). Participants had a mean age G standard deviation, 35.5 G

10.4 years (ranged: 13–59 years); 72.4% (618/854 Patients) were male. Association Research Circulation Osseous (ARCO)

staging of ONFH with 1,206 hips was carried out as seen in preoperative images: 299 hips (24.8%) without collapse were

classified as stage II, and 907 hips (75.2%) with collapsed as stage IIIA to stage IV. The detailed baseline variables are presented in

Table 1.
Follow-up outcomes

At a median of 110.3 months (interquartile range [IQR]: 29.3 – 137.8 months, range: 3 – 214 months) of follow-up, 11 patients (16 hips)

died from diseases unrelated to the surgery treatment; of these 11 patients, a hip failure event had occurred in eight hips

and another eight hips were censored. A total of 275 hips (22.8%) had experienced hip failure; of these, 143 hips received total hip

arthroplasty (THA) and 132 hips needed THA. The median time of occurring hip failures was 68.2 months (IQR: 14.9 – 120.4 months)

after FVFG.

Overall, hip function improved significantly after bone grafting. Harris hip score (HHS) scores improved from a pre-FVFG mean score of

70.1G 16.4 points to 80.9G 14.0 points at the final follow-up for 1,161 hips of complete records (p < 0.001). In this study, thirty-nine patients

were involved, of which 66 hips received the surgery, and 45 hips of them converted to receive THA without a detailed HHS score in the final

follow-up were given a ‘‘poor’’ score by default. Of all 1,206 hips, preoperatively the percentage of recorded ‘‘poor’’ HHS scores was 45.1%

(544/1,206 hips), but postoperatively the percentage of ‘‘poor’’ HHS scores decreased significantly to 19.5% (235/1,206 hips) at the final follow-

up (p < 0.001).
2 iScience 27, 109332, April 19, 2024



Table 1. Baseline characteristics stratified by the outcome of hip failure events in ONFH patients treated with FVFG

Variables Case (%) Hips (%) No failure events Failure events p

Etiology (n = 854)a trauma-induced 217 (25.4%) 217 (18.0%) 170 (78.3%) 47 (21.7%) 0.005

steroid-induced 354 (41.5%) 583 (48.3%) 449 (77.0%) 134 (23.0%)

alcohol-induced 140 (16.4%) 216 (17.9%) 151 (69.9%) 65 (30.1%)

idiopathic 143 (16.7%) 190 (15.8%) 161 (84.7%) 29 (15.3%)

Gender (n = 854) male 618 (72.4%) 882 (73.1%) 675 (76.5%) 207 (23.5%) 0.363

female 236 (27.6%) 324 (26.9%) 256 (79.0%) 68 (21.0%)

Ethnicity (n = 854) Han Chinese 836 (97.9%) 1178 (97.7%) 913 (77.5%) 265 (22.5%) 0.099

ethnic minorities 18 (2.1%) 28 (2.3%) 18 (64.3%) 10 (35.7%)

Surgical age, years mean G SD 854 (100%) 1206 (100%) 34.3 G 10.2 39.5 G 10.0 <0.001

(n = 854) % 35 416 (48.7%) 593 (49.2%) 494 (83.3%) 99 (16.7%) <0.001

36 – 50 355 (41.6%) 504 (41.8%) 374 (74.2%) 130 (25.8%)

> 50 83 (9.7%) 109 (9.0%) 63 (57.8%) 46 (42.2%)

Preoperative smoking no/ceased 654 (77.1%) 914 (76.2%) 724 (79.2%) 190 (20.8%) 0.005

(n = 848) smoking 194 (22.9%) 286 (23.8%) 204 (71.3%) 82 (28.7%)

Heavy alcohol no/ceased 662 (78.1%) 926 (77.2%) 734 (79.3%) 192 (20.7%) 0.003

Consumption (n = 848) heavy drinking 186 (21.9%) 274 (22.8%) 194 (70.8%) 80 (29.2%)

Perioperative smoking no 818 (96.5%) 1156 (96.3%) 906 (78.4%) 250 (21.6%) <0.001

(n = 848) yes 30 (3.5%) 44 (3.7%) 22 (50.0%) 22 (50.0%)

Involved hip (n = 854) unilateral 414 (48.5%) 414 (34.3%) 335 (80.9%) 79 (19.1%) 0.026

bilateral 440 (51.5%) 792 (65.7%) 596 (75.3%) 196 (24.7%)

Occupational intensity low 456 (54.7%) 640 (54.1%) 518 (80.9%) 122 (19.1%) 0.001

(n = 833) moderate-to-high 377 (45.3%) 542 (45.9%) 396 (73.1%) 146 (26.9%)

ARCO imaging stage stage II 299 (24.8%) 268 (89.6%) 31 (10.4%) <0.001

stage IIIA 321 (26.6%) 249 (77.6%) 72 (22.4%)

stage IIIB 242 (20.1%) 177 (73.1%) 65 (26.9%)

stage IIIC 303 (25.1%) 215 (71.0%) 88 (29.0%)

stage IV 41 (3.4%) 22 (53.7%) 19 (46.3%)

Location inner or middle 154 (12.8%) 132 (85.7%) 22 (14.3%) 0.007

lateral 1052 (87.2%) 799 (76.0%) 253 (24.0%)

Size of necrosis lesion % 30% 381 (31.6%) 335 (87.9%) 46 (12.1%) <0.001

> 30% 825 (68.4%) 596 (72.2%) 229 (27.8%)

Status of collapse no depression 299 (24.7%) 268 (89.6%) 31 (10.4%) <0.001

< 2 mm 489 (40.6%) 378 (77.3%) 111 (22.7%)

R 2 mm 418 (34.7%) 285 (68.2%) 133 (31.8%)

Articular surface none or <15% 615 (51.0%) 511 (83.1%) 104 (16.9%) <0.001

involvement 15% – 30% 259 (21.5%) 193 (74.5%) 66 (25.5%)

> 30% 332 (27.5%) 227 (68.4%) 105 (31.6%)

Acetabular none or mild 1165 (96.6%) 909 (78.0%) 256 (22.0%) <0.001

Degeneration moderate-to-severe 41 (3.4%) 22 (53.7%) 19 (46.3%)

Preoperative hip function fair to excellent 662 (54.9%) 565 (85.3%) 97 (14.7%) <0.001

poor (< 70 points) 544 (45.1%) 366 (67.3%) 178 (32.7%)

aStudy population consisted of 854 patients (total data of 1,206 hips was analyzed).
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Identification of a multivariable risk factors model for hip survival

When comparing the outcomes of participants who had an event of hip failure and those who did not, we observed fifteen baseline variables

in the univariate analysis that were significantly different in the two groups (Table 1). Perioperative smoking was also significantly different

between the two groups (Table 1).
iScience 27, 109332, April 19, 2024 3



Table 2. Multivariable model analysis for hip survival after treated with bone grafting (FVFG) on ONFH

Variables

Fragile Cox modela

b Adjusted HR (95% CI) Risk score

Surgical age

% 35 years 1.0 (Ref) 0

36 – 50 years 0.436b 1.546 (1.105 – 2.163) 1

> 50 years 0.927 2.526 (1.547 – 4.125) 2

Status of collapse

No collapsed 1.0 (Ref) 0

Collapsed < 2 mm 0.459 1.583 (1.000 – 2.531) 1

Collapsed R 2 mm 0.769 2.158 (1.288 – 3.614) 2

Degeneration (moderate-to-severe) 0.802 2.229 (1.160 – 4.285) 2

Size (> 30%) 0.592 1.808 (1.201 – 2.723) 1.5

Hip involvement (bilateral ONFH) 0.671 1.956 (1.400 – 2.733) 1.5

Physical tensity (moderate-to-high) 0.601 1.823 (1.338 – 2.484) 1.5

Pre-HHS (< 70 points) 0.589 1.802 (1.318 – 2.464) 1.5

Peri-smoking 0.865 2.375 (1.255 – 4.496) 2

aFrom completed datasets of 1,179 hips.
bUsing theminimum b value as the scoring reference, and other values divided by theminimum b value to form a new risk score (based on the rounding principle).
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Results of further multivariable analyses for 1,179 hips that had complete data are shown in Table 2. Eight significant variables from this

analysis showed that older surgical age, more severe depression with collapse, moderate-to-severe degree of acetabular degeneration,

larger size of necrosis, moderate-to-high physical intensity, bilateral hip involvement, poor preoperative HHS, and perioperative smoking

were associated with increased hip failure after FVFG treatment (p < 0.05). The top four risk factors for predicting hip failure included the

following: surgical age (>50 years; hazard ratio [HR] 2.53, 95% confidence interval [CI], 1.55 – 4.13), peri-smoking (HR 2.38, 1.26 – 4.50), acetab-

ular degeneration (moderate to severe; HR 2.23, 1.16 – 4.29), and collapse status (depression R 2 mm; HR 2.16, 1.29 – 3.61) (Table 2).

Development of a comprehensive risk scoring for hip preservation

A comprehensive risk score was developed to predict the effect of hip survival using the eight variables in the final fragile Coxmodel. Theme-

dian score was 5.0 (IQR: 4.0 to 6.5); scores ranged from 0 to 14.0 in this cohort.We stratified the risk scores into four levels (by the 25th,median,

and75th): low-risk (score%4.0),medium-risk (scorebetween4.5 and5.0), high-risk (scorebetween5.5 and6.5), andultra-high-risk (scoreR 7.0)

(Table 3). The estimated annual hazard of a hip failure was 0.5% (95%CI: 0.3% – 0.6%) in patients with a low-risk level, 1.0% (0.7% – 1.3%) with a

medium-risk level, 1.7% (1.4% – 2.0%) with a high-risk level, and 3.9% (3.3% – 4.5%) with an ultra-high-risk level. And the estimated cumulative

survival or failure rates between these four risk score levels were calculated as well (p < 0.001, see Table 3, and Figure 2). The relationship be-

tween risk score and predicting the probability of hip failure at 5-, 10-, and 15-year after FVFG was shown directly in Figure 3A.

Evaluation of risk scores with a nomogramplot showed an acceptable performance in predicting 5- and 10-year incidence of hip failure event.

TheC-indexwas 0.72 (95%CI: 0.68 – 0.75), and theareaunder the receiver operating characteristics (AUROC)of the risk score for ahip failureevent

predictionat 5, 10, and15yearswas, respectively, 0.74 (95%CI: 0.72 – 0.76), 0.72 (0.70 – 0.74), and0.68 (0.62 – 0.73) (Figure 3B). Calibrationcurvesof

the model for 5-, 10-, and 15-year hip failure risk showed that these predicted probabilities were close to the observed incidences (Figure 3C).

Internal validation for predicting score model

The original data were randomized into two parts (validation split), and then they were evaluated by discrimination and calibration, again using

1,000 bootstrap samples. The validation of C-index was 0.74 (0.70 – 0.78); the AUROCs for predicting accuracy of hip failure risk at 5, 10, and 15

years in internal validation set are shown inFigure S1.All of themshowedan acceptablepredictioneffect. The calibrationplotsof the scores for 5-,

10-, and 15- year hip failure risk in the validation set are shown in Figure S1. Calibration was also done by testing for agreement between the

observed andpredicted hip failure in the validation/entire cohort sets using theNam-D’Agostino test. TheNam-D’Agostino test of the risk-score

model indicated that there was appropriate agreement between the observed and predicted hip failure in the validation and entire cohort sets

(see Figure S2). All the aforementioned results on internal validation indicated that the risk-score model is reliable and feasible.

Outperforms conventional methods in forecasting hip preservation

Due to scarcity of other comparable risk-score models in predicting risk for hip failure, we compared the performance of the risk model

against previously identified methods or key risk variables. Preoperative ONFH stage (i.e., ARCO imaging stage), collapse status of the
4 iScience 27, 109332, April 19, 2024



Table 3. Relationship between risk-score levels and estimated hip survival/failure event with bone grafting for ONFHs

Risk-score

level

Hips

(n)

Failure event Estimate survival time Estimated cumulative survival rate Estimated annual hazard of failure rate

(n, %) (means, M) mean (95% CI) mean (95% CI)

Low risk

(%4.0)

409 32 (7.8%) 184.9 93.4% (91.4% – 95.5%) 0.5% (0.3% – 0.6%)

Medium risk

(4.5 – 5.5)

215 36 (16.7%) 178.5 87.3% (84.1% – 90.6%) 1.0% (0.7% – 1.3%)

High risk

(6.0 – 6.5)

301 82 (27.2%) 154.8 81.4% (78.5% – 84.3%) 1.7% (1.4% – 2.0%)

Ultra-high risk

(R 7.0)

254 116 (46.1%) 117.4 71.3% (67.8% – 74.8%) 3.9% (3.3% – 4.5%)

Overall 1179 267 (22.6%) 165.5 79.2% (77.1% – 81.3%) 1.9% (1.7% – 2.1%)

Results of Kaplan-Meier survival analysis; there were significant differences between each score level (p < 0.01).
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femoral head, and surgical age were compared with our risk-scoremodel using AUROCs. The AUROCplots indicated that the area under the

curve (AUC) value for predicting 5-, 10-, and 15-year hip failure risk with the scoremodel was superior to any of the other threemethods during

the same follow-up periods (Figure 4).
Sensitivity analysis

The sensitivity analysiswasperformedusing the subgroup samplesofpatients (age%50years, collapseof the femoralhead<2mm) fromthe risk-

score model. Of the cases analyzed, 15.6% (108/691 surgical hips) presented at their last follow-up with hip failure events with a median of

112.5 months follow-up. The AUC values for predicting accuracy of hip failure risk at 5-, 10- year, and 15- year were 0.71, 0.73, 0.63, respectively

(see Figure S3).
Figure 2. Cumulative failure rate of 1,179 hips with four risk score levels determined by Kaplan-Meier survival curves

iScience 27, 109332, April 19, 2024 5



Figure 3. Plots of the new risk score associated with predicting 5-, 10-, and 15-year hip failure after FVFG therapy

(A) Plot of the risk score associated with predicting 5-, 10-, and 15-year probability of hip failure after FVFG.

(B) The AUROCs of the risk score for a hip failure event prediction at 5, 10, and 15 years.

(C) Calibration plots for the risk-score model for predicting 5-, 10-, and 15-year hip failure risk.
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DISCUSSION

Toour knowledge, thepresent study assembledoneof the largest cohorts of patients inwhichbonegrafting (FVFG)was used to treatONFHwith

the aim of preserving hip(s). Most of ONFHs (75.2% hips) were post-collapsed, having an ARCO stage of IIIA to IV (Table 1). HHS at long-term

follow-up showed that bone grafting significantly improveddisabling symptoms ofONFH.Only 22.8%hips converted toor neededTHA (hip fail-

ure) after amedian follow-up of 110.3months. The results of the present study reconfirmed that FVFGhas significant positive effects in improving

hip function, relieving pain, maintaining femoral head stability, or delaying disease progression under appropriate indications.19,37,38

According to those potential factors reported with the ability to affect the prognosis of ONFH,4,14,19,20,23,39 we performed a multivariable

analysis to control the influence of potential confounding factors and identified eight key variables that are closely associated with hip survival

after the surgery. Besides the status of collapse, surgical age, and extent of hip joint degeneration, those aforementioned variables are key

risk factors commonly emphasized; in this study, five other risk factors are also identified that influenced hip-preservation prognosis: larger

size (more than 30%) of necrosis lesion, (degree of moderate-to-high) intensity of occupational or daily activity, presence of bilateral ONFH,

low preoperative hip function (i.e., poor HHS), and perioperative smoking. Our result confirmed that the larger size of necrosis lesion remains

one of important risk factors for hip-preservation prognosis, which is similar to the previous reports.14,40 Bilateral involvement and occupations

requiring moderate-to-high intensity physical labor may increase the burden on the affected hip due to long-term and repeated weight

bearing;19 perioperative smoking is identified to be a key risk factor for hip survival with FVFG therapy. As we all know, in terms of microvas-

cular surgery, perioperative smoking could cause circulatory crisis, arterial spasm, and thrombosis, which will increase the failure rate in micro-

vascular tissue transfer.41,42 The possible mechanisms of the harmful substance nicotine in tobacco on vascular microcirculation have been
Figure 4. Comparison of AUROC plots of integrated risk-score model and three methods conventionally believed to be dominant risk-prediction

variables for 5-, 10-, and 15-year hip failure

Plots of (A), (B), and (C) show AUC values of the score model for 5-, 10-, and 15-year predicting of hip failure risk compared with three methods (age at surgery,

degree of collapse, and ARCO stage), respectively. Integrated risk-score model shown in blue.
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studied.43,44 So, the importance of educating patients to avoid smoking perioperatively for this surgery should be re-emphasized. And low

HHS is also confirmed to be associated with poor prognosis on hip preservation for ONFH, which is consistent with previous literature.45

Compared to previous studies,4,20,37–39 this study included a good representation of bone grafting for ONFH cases with non-collapsed

and collapsed femoral heads. Firstly, comprehensive variables between baseline (demographic, characteristic of clinical and imaging, etc.)

and perioperative period were collected for screening the potential risk factors. Secondly, the participants were followed up for a suffi-

ciently long time; we clearly defined the criteria for recruiting and enrolling patients into the large-scale real-world follow-up cohort

and outlined a reliable endpoint event. Thirdly, confounding factors were well controlled using a new Cox model (considering the random

effect of individual hip(s) in cases), and a reliable internal verification and subgroup analysis was conducted. The aforementioned advan-

tages demonstrate that this research has avoided or reduced selection bias and confounding bias as much as possible, and it also en-

lightens that the constructive risk model is more robust and reliable for risk predicting of long-term hip preservation in ONFH when

compared to previous models.46,47

Themost important advance of this study was that, we proposed a comprehensive quantitative risk scoring for predicting hip-preservation

prognosis and preliminarily verified its performance in comparison with conventional methods used for evaluation of ONFH. In our knowl-

edge, maybe it is the first time that, based on large-scale sample of population, an integrated predictive risk scoring has been reported

to be closely related to long-term hip-preservation effect for ONFH. The risk-scoremodel added value for predicting prognosis of hip survival

and facilitated the management of decision-making for future ONFHs. We had a stratified risk score that indicated different treatment op-

tions. For example, an ONFH with a score ofR7 should be considered a contraindication for bone grafting treatment in future, as this score

level of patient will likely not benefit. Since ONFH is a complex refractory disease, multi-factor comprehensive evaluation has become an

increasingly useful trend.14 Therefore, the quantitative risk scoring developed from this study may bring positive value in stratification for

ONFHmanagement, due to itsmore precise surgical indications for hip preservation than those using conventionalmethods (such as imaging

stages or degree of collapse, patient age) in previous studies.2,3,5,14,23

In conclusion, the study confirmed that bone grafting shows sustained benefits in treatingONFHwhen applied under the right indications.

The developed risk-scoring system proves valuable as a decision-making tool, facilitating risk stratification for ONFH treatments. Future

external validation is warranted.

Limitations of the study

This study has some limitations. First, we failed to analyze some variables (e.g., BMI, laboratory indicators, date of weight bearing after

surgery) because of incomplete or missing data. These variables might have influenced the multivariable model if included. Second, the

receiver operating characteristic (ROC) and calibration plot for the risk-score model for predicting 15-year THA risk is relatively unsat-

isfied or unstable due to the limited number of patients with long-term follow-ups of > 15 years. However, we obtained satisfactory

results for internal validation of the risk-score model. Third, related few cohorts have had long-term follow-ups with bone grafting

for treating ONFH globally; this requires large and qualified sample sizes to develop a stable model with external data verification.

We recommend conducting similar studies or applying this method to test its rationality, feasibility and reliability. Therefore, caution

is needed when extending the conclusion of the risk score associated with hip preservation to other bone grafting methods for treating

ONFH.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and subjects

The prospective cohort study was conducted at a single medical center in China, and the aforementioned data was sourced from our offline

registration system specifically designed for hip preservation with bone grafting (FVFG) for treating ONFH. From April 2001 to December

2010, sequentially screened and enrolled in-patients who met the criteria for receiving FVFG treatment from the data registration system.

This study is part of a real-world cohort study on bone transplantation for hip preservation in the treatment of ONFH. The study complied

with the ethical principles regarding human experimentation in the Declaration of Helsinki and was approved by the ethics committee of

Shanghai Sixth People’s Hospital (no. 2013-45-(1)). Each participant provided written informed consent.

All participants included in the studymet the following criteria: (1) had a preoperative diagnosis of ONFH rated at stage II - IV according to

Association Research Circulation Osseous (ARCO) international classification of osteonecrosis;24 and (2) were younger than 60 years old on

admission for FVFG surgery. Patients were excluded when any of the following criteria were met: (1) declined to sign the informed consent

form or explicitly refused to participate; (2) participants who were censored for less than six months after discharge and (or) those who lacked

key outcome variables, such as hip failure or the latest hip function scores, were also excluded. A total of 970 patients (1360 hips) who had

received FVFG treatment were screened for inclusion/exclusion 938 patients (1321 hips) of ONFH were eligible for this study. The final study

population included 854 patients (Female / Male= 236/618) with 1206 hips (Figure 1); 97.9% of the participants (836/854) in this study are Han

Chinese, and the other 2.1% are ethnic minorities in China.

METHOD DETAILS

Collection of variables

Baseline demographic characteristics (gender, surgical age, ethnicity), health history (etiology), lifestyle (smoking,25 heavy alcohol consump-

tion,26,27 physical activity28,29), ONFH laterality, ONFH imaging data, preoperative hip-function status, and perioperative smoking were

collected.

Preoperative imaging characteristics of the ONFH, including the size of lesions; location; degree of collapse; extent of a crescent sign or

surface collapse; degree of acetabular degeneration; and imaging stage. For the femoral head was collapsed apparently, only X-ray images

(anteroposterior and frog-leg lateral view) were needed for assessment. If suspected collapse or no collapse, joint images were assessed by

using X-ray, CT, and (or) MRI. The detailed method of imaging measurement was referred to previously described,24 which gave an overview

how to evaluate or measure the necrosis location (medial, central, lateral), necrosis extent (minimal or < 15%, moderate or 15% - 30%, exten-

sive or > 30%), percent of surface collapse (< 15%, 15% – 30%, > 30%) and dome depression (< 2 mm, 2 - 4 mm, > 4mm), and classified the

ARCO imaging (stage I to IV). Participants’ hip function was assessed using the Harris hip score (HHS) scale.30
10 iScience 27, 109332, April 19, 2024
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Definition of variables

Preoperative smoking statuses were classified as no smoking, ceased smoking (cessation of smoking for more than 6 months) and currently

smoking (at least one cigarette per day) before two weeks admission in this study.25

Perioperative smokingwas defined as smoking during the time from2 - 3 weeks prior to admission for surgery to four weeks after operation

in this study.

Heavy alcohol consumption was defined as alcohol intake ofR 15 grams per day (female) andR 30 grams per day (male),26 (early) cessa-

tion of heavy drinking was defined as reporting no heavy drinking days in the past threemonths and drinking with weekly limits, or abstinence

at one year.27

Our two daily occupational exertion intensity categories were derived using a two-step reclassification according to the nine International

Standard Classification of Occupations of 1988 (ISCO - 88). First, using the nine ISCO - 88 categories, we assigned the participants’ daily exer-

tion intensity into one of three groups: (1) low intensity, which includedmanagers, scientists, and office workers; (2) moderate intensity, which

included technicians, service workers, and machine operators; or (3) high intensity, which included farmers or agricultural workers, craftsmen,

and laborers.28,29 Second, participants were assigned to one of two intensity categories based on their individual answers on a questionnaire.

Thus, the two categories used for analysis were low intensity and moderate-to-high intensity.

The degree of acetabular degeneration was defined as follows:Mild degeneration was characterized by sclerosis of the joint surface;mod-

erate-to-severe degeneration was characterized by the presence of osteophytes and/or joint stenosis.

Harris hip score (HHS) scale. HHS is themain tool for evaluating individual hip disabilities and outcomes of treatment, especially in hip-joint

preservation studies.30 HHS has domains that measure pain; walking function (gait, assistance when walking, walking distance); daily func-

tional activities; deformity; and range of motion. It categorizes hip function into four grades: excellent (90 - 100 points); good (80 - 89 points);

fair (70 - 79 points); and poor (< 70 points).31
Surgical technique

The surgical technique we used for bone grafting (FVFG) has been described in detail previously.32 All operations were performed by the

same group of senior surgeons (CZ, JS, DJ). The surgical technique, which in overview, comprises the vascularized fibular harvest (a lateral

approach at themidportion of the leg wasmade to harvest the fibular graft, and the length of the fibular graft was 6-8 cmon average), removal

of the necrotic tissue from the femoral head, hip debridement, fibular implantation and fixation, and vascular anastomosis (anastomosis of the

peroneal vessels to the ascending branch of the lateral femoral circumflex vessels was performed).
Postoperative management, follow-ups and endpoints

At hospital discharge following FVFG surgery, we orally instructed participants about active and passive functional exercises for their lower

extremities and about the schedule we wanted them to follow for progressively increasing weight-bearing; this information was also given to

them in writing. In general, our approach to postoperative weight-bearing is tailored to the individual needs of each patient, guided by their

specific clinical presentation and surgical findings. patients are told to avoid bearing weight on the extremity for six weeks to three months

according to individual status. For patients diagnosed with early-stage avascular necrosis of the femoral head (ARCO II or earlier), who

demonstrate intraoperative stability, we advocate a cautious progression to weight-bearing. Typically, this begins with light weight-bearing

exercises at about 6 weeks post-surgery, with a gradual increase to full weight-bearing by 3 - 4 months, contingent on the patient’s response

and recovery. In contrast, patients withmore advanced necrosis (ARCO III or later), or those with intraoperative instability, are advised to delay

the start of weight-bearing exercises until approximately 3 months post-surgery. The goal for these patients is to advance to full weight-

bearing by the 5 - 6 months mark, again depending on individual progress and stability.

Participants were followed up with radiographic and clinical examinations every three months for the first postoperative year and semi-

annually for the second year. Afterwards, annual follow-up was required, but the actual frequency of follow-up visits was relatively intermittent

due to patients’ causes. In this study, the most recent follow-up took place through outpatient evaluation or through remote video interview.

During the follow-up period, changes in HHS, baseline characteristic of ONFH imaging and radiographic progression, hip survival status,

death, and the time of hip failure or death was recorded. A team (YF, DJ, JS) was responsible for reviewing the radiographic images and radio-

graphic progression of hip joint (osteoarthritis and its severity), when disputes arose regarding the judgment and interpretation of certain

radiographic images, the team members persevered in their discussions until they reached a consensus. The evaluation of HHS scores at

baseline and follow-up was guided and assisted by the investigators, the patient filled out or reported verbally; and the verification of

HHS information was completed by a team (SC, ZZ, HH).

Follow-up endpoints or cut-off was set as follows: censored any time after 6 months post-FVFG surgery, date of diagnosis or occurrence of

a hip failure, death, or the phased study end date (i.e., December 31, 2019), whichever came first.
Outcomes and definitions

The primary outcome was the cumulative rate of hip failure. Hip failure was defined as target hip(s) needing hip replacement or converted to

total hip arthroplasty (THA). At follow-up, needing hip replacement was judged if the femoral head (hip joint) had progressively occurred se-

vere osteoarthritis (Kallgren-Lawrence grade III - IV), with a concomitant of poor (< 70 points) in HHS score (including increasing pain despite

medication, unacceptably severe limitations in hip joint function).
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Categorical variables were summarized using frequency distribution and percentage, while continuous variables were summarized as

mean G standard deviation (SD) or median and interquartile range (IQR), as appropriate. Categorical variables between groups were

compared using the Chi-square test. Continuous variables were compared using an independent-samples t test or pair-samples t test, or

nonparametric test, where appropriate according to distribution pattern. The cumulative incidence of hip failure was calculated using the

Kaplan-Meier survival method, and differences between groups were evaluated using the log-rank test. For consideration of unequal number

between subjects of patient and hip (s) and modifying the potential baseline hazard function, a Cox proportional hazards regression model

with a random effect (frailty Coxmodel)33,34 was used to identify independent risk factors and calculate their hazard ratios (HRs) and 95% con-

fidence intervals (CIs). The forward stepwise method of partial likelihood ratio test was used. Covariates selection for entering multivariable

model were based on the results of univariate analyses, except for the imaging stage (as a composite imaging variable); A criterion of prob-

ability was then set for the forward stepwise method, with aentry = 0.05 and aremoval = 0.1. Independent risk factors were selected that had

effects on development of hip failure(s). Missing data was not subjected to multiple imputation when conducting multivariable analysis.

Following described strategies,35,36 the risk-prediction score (model) was calculated. First, we calculated a ratio for each variable by

dividing each beta coefficient by the smallest coefficient from the final frailty Cox model, and then rounded that number of ratios to the near-

est integer or half integer and assigned this number as the variable’s score.35,36 Second, we generated a score for each individual based on the

sum of the variable scores; this score was incorporated into the final model. As with previous study,36 the model scores in this cohort were

stratified into four risk levels based on the distribution of the median and IQR. Harrell’s C-index and area under the receiver operating char-

acteristic (ROC) curves (AUROCs) were used to evaluate the prediction model’s discrimination at 5-, 10-, and 15-year. The prediction model

was calibrated using calibration curves and Nam-D’Agostino test. Internal validation was performed according to a 1:1 holdout (validation

split) cross validation using 1000 bootstrap samples. The C-index, AUROCs, calibration plots, andNam-D’Agostino test were used for internal

validation.

The ROC curve was also used to evaluate the difference in prediction accuracy between the comprehensive index (risk score) and some

conventional variables (such as imaging stage, collapse status of preoperative femoral head, and surgical age). Additionally, we performed a

sensitivity analysis (or subgroup analysis) to assess the predicting effect of a given AUC value when adjusting the samples for surgical age (%

50 years) and limited collapse < 2 mm. The level of significance was set at P < 0.05 (two-sided test). All statistical analyses were conducted

using SAS version 9.4 (SAS Institute) and the R statistical package (version 4.2.0, http://www.r-project.org).

ADDITIONAL RESOURCES

� This study did not generate or contributed to a new website/forum.
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