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Background: Osteonecrosis of the femoral head (ONFH) is a severe
complication of systemic lupus erythematosus (SLE) and occurs more
frequently in SLE patients than in other autoimmune diseases, which can
influence patients’ life quality. The objective of this research was to analyze risk
factors for the occurrence of ONFH in female SLE patients, construct and validate
a risk nomogram model.

Methods: Clinical records of SLE patients who fulfilled the 1997 American
College of Rheumatology SLE classification criteria were retrospectively
analyzed. The Least absolute shrinkage and selection operator (LASSO)
regression and multivariate logistic regression analysis were used to summarize
the independent risk factors of ONFH in female SLE patients, which were used to
develop a nomogram. The predictive performance of the nomogram was
assessed using the receiver characteristic (ROC) curve, calibration curves and
decision curve analysis (DCA).

Results: 793 female SLE patients were ultimately included in this study, of which 87
patients (10.9%) developed ONFH. Ten independent risk factors including disease
duration, respiratory involvement, menstrual abnormalities, Sjégren’'s syndrome,
osteoporosis, anti-RNP, mycophenolate mofetil, cyclophosphamide, biologics,
and the largest daily glucocorticoid (GC) were identified to construct the
nomogram. The area under the ROC curve of the nomogram model was 0.826
(95% CI: 0.780-0.872) and its calibration for forecasting the occurrence of ONFH
was good (°= 5589, P = 0.693). DCA showed that the use of nomogram
prediction model had certain application in clinical practice when the threshold
was 0.05 to 0.95. In subgroup analysis, we found that the risk of ONFH was
significantly increased in age at SLE onset of < 50 years old, largest daily GC dose
of >50 mg and the therapy of GC combined with immunosuppressant patients
with menstrual abnormalities.

Conclusion: Menstrual abnormalities were the first time reported for the risk
factors of ONFH in female SLE patients, which remind that clinicians should pay
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more attention on female SLE patients with menstrual abnormalities and take
early interventions to prevent or slow the progression of ONFH. Besides, the
nomogram prediction model could provide an insightful and applicable tool for
physicians to predict the risk of ONFH.

KEYWORDS

risk factors, osteonecrosis of the femoral head, systemic lupus erythematosus,
menstrual abnormalities, nomogram, lasso regression analysis, female

1 Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease with a complex and diverse clinical presentations (1).
Osteonecrosis (ON), characterized by ischemia-induced necrosis
of bone cells, is a common and serious complication of SLE, with a
prevalence rate of 1.7% to 52% (2). Compared to the knee, elbow
and shoulder joints, the femoral head is the joint most commonly
affected by ON (ONFH) in SLE patients (3). ONFH commonly
begins with obscure symptoms and can progress to severe pain at
the site of the lesion and movement limitation, requiring joint
arthroplasty in the late stage (4), which not only seriously affects the
quality of life in SLE patients, but also imposes a heavy economic
burden on SLE patients. Therefore, early ONFH risk assessment
with SLE can contribute to early screening, prevention, and
intervention with ONFH.

The etiology of SLE-ONFH is multi-factorial. Over the years,
many studies have concluded that glucocorticoid (GC) use is the
predominant risk factor for ONFH, especially short-term, high-
dose GC (5, 6). Besides, current studies have indicated that the use
of immunosuppressants, SLE associated with clinical factors
including disease duration, osteoporosis, Sjogren's syndrome,
respiratory involvement and autoimmunity antibodies, are also
related with the risk of ONFH (7-9). Genetics is also contributed
to the risk of SLE-ONFH (10). A clinical study (11) found an
intronic WIPFI variant that could independently increase the
occurrence of ON risk in SLE patients. However, current studies
on risk factors for SLE-ONFH suffer from small sample sizes,
inconsistent results, and a lack of comprehensive and reliable
prediction models to guide clinical prevention of SLE-ONFH.
Besides, women are more susceptible to develop SLE than men
(12), especially women of childbearing age, which can cause
multiple organ damage in its early stages. Among organ damage,
menstrual abnormalities including abnormal menstrual cycle
frequency, irregular menstrual cycles, light menstrual bleeding,
heavy menstrual bleeding, and dysmenorrhea are common in SLE
patients (13-15). In clinical practice, when we took the menstrual
history of SLE patients, we found an interesting phenomenon that
female patients with SLE-ONFH often had menstrual
abnormalities. We suspected that female SLE patients with
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menstrual abnormalities may be more likely to occur ONFH.
However, there are no reports on the relationship between ONFH
and menstrual abnormalities in SLE patients. Exploring whether
menstrual abnormalities are one of the risk factors is worthwhile.

Therefore, the aim of our study was to identify the independent
risk factors for ONFH in female SLE patients by investigating
conventional clinical indicators and conduct a preliminary
exploration of whether menstrual abnormalities are one of risk
factors for SLE-ONFH, which would be more helpful in
understanding the risk factors of SLE-ONFH and it also was
beneficial for clinicians to take early interventions to prevent or
slow the progression of ONFH in female SLE patients. Besides, a
prediction model was developed and validated to provide an
insightful and applicable tool for physicians to predict the risk of
ONFH in female SLE patients.

2 Methods
2.1 Study design and patients

Clinical records of female SLE patients who fulfilled the
American College of Rheumatology 1997 revised classification
criteria for SLE (16) in The First Affiliated Hospital of Henan
University of Chinese Medicine were retrospectively analyzed from
January 2013 to December 2022 using an the electronic medical
record database. All patients were divided into ONFH and non-
ONFH groups based on the presence or absence of ONFH. The
diagnosis of ONFH was based on the clinical manifestation and
radiographic evidence including X-ray, computed tomography
(CT), or magnetic resonance imaging (MRI) (17, 18). The
following patients were exclude: (1) who had ONFH prior to
being diagnosed with SLE; (2) ONFH caused by alcohol misuse,
trauma, or the use of oral contraceptives; (3) who suffered from
malignancy, pregnancy, or any other immune system diseases like
rheumatoid arthritis; (4) did not have crucial initial data. Written
informed consent was not required as this was a retrospective study
utilizing clinical history data. The study has been approved by the
Medical Ethics Committee of the First Affiliated Hospital of Henan
University of Chinese Medicine (NO. 2023HL-285).
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2.2 Data collection

Medical records for all patients were collected by experienced
researchers, which included demographic data, clinical features,
laboratory results, and previous treatments. Demographic data
included age at SLE onset, disease duration at SLE onset, and
major comorbidities including hypertension, osteoporosis,
diabetes and hyperlipidemia. All of those complications occurred
after the diagnosis of SLE. The following clinical characteristics
including fever, skin rash, alopecia, oral ulcers, Raynaud's
phenomenon, arthritis, serositis, lupus nephritis (LN),
neuropsychiatric lupus, respiratory system involvement,
gastrointestinal symptoms, hematological disorder, Sjogren's
syndrome and menstrual abnormalities were documented at the
initial hospitalization. Menstrual abnormalities (19) were defined
as: 1) menstrual cycle frequency: frequent (<21 days), infrequent
(>35 days), amenorrhea; 2) menstrual cycle regularity: irregular (>7
days); 3) prolonged or shortened menstrual periods; 4) light
menstrual bleeding or heavy menstrual bleeding; 5) blood stasis,
and dysmenorrhea. Besides, disease activity was evaluated using the
Disease Activity Index 2000 (SLEDAI-2K). At the time of diagnosis,
laboratory records including routine blood analyses, lipid profile,
complement levels were recorded. Autoantibody profiles were also
documented including anti-double stranded DNA antibody (anti-
dsDNA), anti-Smith anti-body (anti-Sm), anti-ribonucleoprotein
antibody (anti-RNP), anti-ribosomal ribonucleoprotein antibody
(anti-rRNP), anti-Sjogren Syndrome A antibody (anti-SSA), anti-
Sjogren Syndrome B antibody (anti-SSB), anti-histone antibody
(AHA), Anti-nucleosome antibody (anti-AnuA), and perinuclear
anti-neutrophil cytoplasmic antibody (P-ANCA). The treatment
information of GC exposure was documented, including whether or
not receiving pulses of intravenous methylprednisolone (pulse MP,
typically ranging from 125 to 1000 mg/day for 3-5 days) and the
largest daily dose of GC that was converted to an equivalent amount
of prednisolone according to the ratio of methylprednisolone:
prednisone 4 to 5 (20). The immunosuppressive treatments
included cyclophosphamide (CYC), methotrexate (MTX),
mycophenolate mofetil (MMF), cyclosporine A (CsA), and
tacrolimus (TAC). In addition, the use of biologics (belimumab
or rituximab) and hydroxychloroquine (HCQ) were also collected.

2.3 Statistical analysis

For continuous variables adhering to a normal distribution, the
mean + standard deviation (SD) was used, whereas for non-
normally distributed variables, the median along with the
interquartile range (IQR) was used. For contrasting the two
groups, either the t-test or the Mann-Whitney U test was
employed. Variables of a categorical nature were displayed in
terms of frequency (percentages) and underwent analysis through
either the y” test or Fisher's exact test. LASSO regression was
utilized to optimize the screening variables related to ONFH in
SLE patients, with the independent predictors subsequently
identified through multivariate logistic regression analysis.
Subsequently, the rms package was used to create the nomogram,
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relying on the independent predictors. The model's ability to
differentiate was assessed by measuring the areas beneath the
receiver operating characteristic curve (AUROC). To evaluate the
calibration of the model, both the calibration curve and the
Hosmer-Lemeshow goodness of fit test were employed. Decision
curve analysis (DCA) was used to assess clinically effective.

All Statistical analyses were performed with IBM SPSS (version
25.0) and R software (version 4.3.2.) with rms, ramd, pROC, and
glmnet package. The difference was considered statistically
significant at P < 0.05.

3 Results
3.1 Study population

Of the 1034 patients initially identified with SLE at our hospital
from January 2013 to December 2022, 241 were excluded, and 793
female SLE patients were ultimately included in this study. Among
793 female SLE patients, 87 patients developed ONFH, representing
a prevalence rate of 10.9%.

3.2 Characteristics of ONFH in female
SLE patients

The mean age at ONFH onset was (35.46 + 13.08) years old.
Among the 87 SLE-ONFH patients, 78 (89.7%) patients were
reported with the symptom of pain or/and limited movement and
9 (10.3%) patients were reported asymptom. Besides, mostly
patients (73.6%) had bilaterally involved, while 24(27.4%)had
combined with knee joints (12.6%) or shoulders (2.3%) affected.
Most patients were diagnosed ONFH via MRI (64.3%) (Table 1).

3.3 Comparison of demographic
information, clinical features, laboratory
findings, and treatment histories of SLE
patients with and without ONFH

In the demographic information, there were significant
difference in disease duration (3.00 (0.50, 7.00) vs. 6.00 (2.00,
13.00), P < 0.01) and osteoporosis rates (17.2% vs. 5.8%, P < 0.01)
between the groups. In the clinical features, 35.8% of patients with
menstrual abnormalities. Significant differences in the frequency of
arthritis (67.8% vs. 55.9%, P = 0.034), respiratory symptoms
(51.70% vs. 29.60%, P < 0.01), gastrointestinal symptoms (37.9%
vs. 23.8%, P < 0.01), LN (59.80% vs. 42.80%, P < 0.01), Sjogren's
syndrome (19.5% vs. 4.4%, P < 0.01), and menstrual abnormalities
(64.40% vs. 32.3%, P < 0.01) were noted between the ONFH and
non-ONFH groups. Additionally, the score of SLEDAI-2K was
higher in the ONFH group compared to the non-ONFH group
(14.10 + 0.53 vs. 11.36 + 0.18, P < 0.01). The comparison of
laboratory findings between the ONFH and non-ONFH groups
revealed a significantly higher rate of positive anti-RNP in the
ONFH group (41.4% vs. 26.3%, P < 0.01). In the previous treatment
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TABLE 1 Characteristics of ONFH in female SLE patients.

Clinical features

Age at ONFH (years) 35.46 + 13.08
Joint pain or / and limited movement 78 (89.7%)
Asymptom 9 (10.3%)
Location of ONFH

Bilateral femoral heads 64 (73.6%)

Unilateral femoral head 24 (27.4%)

Combined with other lesion sites

of ON
Knee 11 (12.6%)
Shoulder 2 (2.3%)
Diagnostic tools
MRI 39 (44.8%)
CT 10 (11.5%)
DR 21 (24.2%)

MRI+DR 17 (19.5%)

strategies, the ONFH group showed a significantly higher median
daily GC dose (60.00 vs. 50.00, P < 0.01) and a higher proportion of
patients receiving treatment of pulse MP, CYC, MMF, and biologics
compared to the non-ONFH group (21.8% vs. 13.6%, P = 0.039,
41.4% vs. 19.3%, P < 0.01; 50.6% vs. 33.7%, P = 0.002; 13.83% vs.
6.1%, P = 0.008, respectively) (Table 2).

3.4 Development of a nomogram for
predicting ONFH in female SLE patients

Considering the inter-dependencies and multi-collinearity
among the included variables, LASSO regression analysis was
utilized to identify predictive variables. With the optimum A of
0.0260, eleven significant predictive variables with nonzero
coefficients were identified through 10-fold cross-validation
(Figure 1). Whether SLE patients have concurrent ONFH (no =
0, yes = 1) was used as the dependent variable, and eleven variables
including disease duration at SLE onset (continuous variables,
original value), respiratory involvement (no = 0, yes = 1),
menstrual abnormalities (no = 0, yes = 1), Sjogren's syndrome
(no = 0, yes = 1), osteoporosis (no = 0, yes = 1), Anti-RNP
(negative = 0, positive = 1), CYC (no =0, yes = 1), MMF (no = 0, yes
= 1), biologics (no = 0, yes = 1), SLADAI-2K (continuous variables,
original value), and the largest daily GC dose (continuous variables,
original value) screened by LASSO regression were used as
independent variables. Multivariate logistic analysis is then
performed using stepwise backward to identify independent risk
factors linked to SLE-ONFH. Results revealed that ten variables—
disease duration at SLE onset, respiratory involvement, menstrual
abnormalities, Sjogren's syndrome, osteoporosis, Anti-RNP, CYC,
MMF, biologics, and the largest daily GC dose—were significant
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risk factors for SLE-ONFH (Table 3). A nomogram (Figure 2) was
developed to forecast ONFH likelihood in female SLE patients,
using ten independent predictors that include disease duration at
SLE onset, respiratory involvement, menstrual abnormalities,
Sjogren's syndrome, osteoporosis, Anti-RNP, CYC, MMF,
biologics, and the highest daily GC dose. The process of the
multiple logistic regression analysis was visualized by the
nomogram that can facilitate the computation of scores for each
independent risk factor and the total score, predicting the likelihood
of ONFH in female SLE patients.

3.5 Validation and calibration of
the nomogram

The discriminative capacity of nomogram model was assessed
through ROC analysis. The AUC of nomogram model was 0.826
(95%CI: 0.780-0.872), with an optimal threshold of 0.147
(sensitivity 0.844, specificity 0.655), demonstrating its strong
predictive ability for ONFH occurrence in female SLE patients
(Figure 3). A calibration curve and Hosmer-Lemeshow test were
utilized to assess the calibration of the nomogram model. As
depicted in Figure 4, the calibration curve of model was nearly
matched the ideal one and Hosmer-Lemeshow test showed that the
model was well calibrated (y°= 5.589, P = 0.693), suggesting a strong
correlation between the observed and actual outcomes.

3.6 Clinically effective of the nomogram

DCA was used to evaluate the clinical validity of the nomogram
model. As depicted in Figure 5, when the threshold probabilities
ranged from 0.05 to 0.95, the nomogram model demonstrated
higher net benefits than all intervention and no intervention,
showing that it has certain application in clinical practice.

3.7 Subgroup analysis

In order to further understand the impact of GC dosage and
different treatment therapies on ONFH, we divided it into groups
with largest daily GC dose < 50mg and > 50mg according to the
median of the largest daily GC dose. Meanwhile, based on different
combination therapy strategies, we divided them into GC combined
with immunosuppressants group, GC combined with biologics
group, and GC combined with immunosuppressants and biologics
group. Compared to the non-ONFH group, the ONFH group
showed a significantly higher proportion of patients receiving
treatment of largest daily GC dose = 50mg, GC combined with
immunosuppressants and GC combined with immunosuppressants
and biologics (73.6% vs. 56.2%, P = 0.002, 64.4% vs. 51.0%, P < 0.018;
11.5% vs. 4.0%, P = 0.002, respectively), while a lower proportion of
largest daily GC dose <50mg (26.4% vs. 43.8%, P = 0.002). (Table 4)

In addition, we conducted subgroup analysis in age at SLE
onset, disease duration, largest daily GC dose, and combination
therapy by using LASSO regressions and multivariate logistic
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TABLE 2 Comparison of demographic characters, clinical features, laboratory data and treatment history of total SLE patients between ONFH group
and non-ONFH group.

non-ONFH
group (N=706)

Patients’
characteristics

Total (N=793) ONFH group (N=87)

demographic characters

Disease duration (years)* 3.00 (0.50, 7.00) 6.00 (2.00, 13.00) 2.00 (0.50, 7.00) <0.01
Age at SLE onset (years) 3142 + 12.76 30.11 = 11.60 31.58 + 12.89 0.314
Residence 0.776

Rural 376 (47.4%) 40 (46.0%) 336 (47.6%)

Urban 417 (52.6%) 47 (54.0%) 370 (52.4%)
Family history of SLE 7 (0.9%) 6 (0.8%) 1(1.1%) 0.778

Comorbidities

Hypertension 130 (16.4%) 14 (16.1%) 116 (16.4%) 0.936

Diabetes 30 (3.8%) 4 (4.6%) 26 (3.7%) 0.673
Osteoporosis* 56 (7.1%) 15 (17.2%) 41 (5.8%) <0.01
Hyperlipidemia 350 (44.19%) 46 (52.9%) 304 (43.1%) 0.082

Clinical features

Fever 420 (53.00%) 50 (57.50%) 370 (52.40%) 0.372

Skin rash 506 (63.80%) 59 (67.80%) 447 (63.30%) 0.41
Alopecia 213 (26.9%) 27 (31.0%) 186 (26.3%) 0.352

Oral ulcers 113 (14.2%) 14 (16.1%) 99 (14.0%) 0.602
Raynaud's phenomenon 136 (17.2%) 18 (20.7%) 118 (16.7%) 0.353
Arthritis* 454 (57.3%) 59 (67.8%) 395 (55.9%) 0.034
Serositis 79 (10.0%) 9 (10.30%) 70 (9.90%) 0.899
Respiratory system* 254 (32.00%) 45 (51.70%) 209 (29.60%) <0.01
Gastrointestinal symptoms* 201 (25.3%) 33 (37.9%) 168 (23.8%) 0.004
lupus nephritis* 354 (44.60%) 52 (59.80%) 302 (42.80%) 0.003
Hematological disorder 582 (73.40%) 62 (71.3%) 520 (73.70%) 0.634
Neuropsychiatric lupus 36 (4.50%) 6 (6.9%) 30 (4.20%) 0.397
Sjogren's syndrome* 48 (6.1%) 17 (19.5%) 31 (4.4%) <0.01
Menstrual abnormalities* 284 (35.8%) 56 (64.40%) 228 (32.3%) <0.01
SLADAI-2K* 11.66 + 4.95 14.10 £ 0.53 11.36 + 0.18 <0.01

Laboratory findings

Low C3 443 (55.9%) 41 (47.1%) 402 (56.9%) 0.082
Low C4 325 (41.0%) 38 (43.7%) 287 (40.7%) 0.588
Anti-dsDNA (+) 405 (51.1%) 45 (51.7%) 360 (51.0%) 0.897
Anti-Sm (+) 261 (32.9%) 29 (33.3%) 232 (32.9%) 0.93
Anti-RNP (+)* 222 (28.0%) 36 (41.4%) 186 (26.3%) 0.003
Anti-rRNP (+) 483 (60.9%) 50 (57.5%) 433 (61.3%) 0.486
Anti-SSA (+) 172 (21.7%) 13 (14.9%) 159 (22.5%) 0.106
Anti-SSB (+) 227 (28.6%) 20 (23.0%) 207 (29.3%) 0218

(Continued)
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TABLE 2 Continued

10.3389/fimmu.2024.1381035

Chaﬁggf:rtiztics Total (N=793) ONFH group (N=87) grgzg'&"i';'g o P-value
Laboratory findings
Anti-AHA (+) 242 (30.5%) 31 (35.6%) 211 (29.9%) 0.272
Anti-AnuA (+) 232 (29.3%) 24 (27.6%) 208 (29.5%) 0.717
P-ANCA (+) 271 (34.2%) 33(37.9%) 238 (33.7%) 0.434
Treatments
largest daily GC dose (mg)* 50.00 (30.00, 60.00) 60.00 (40.00, 75.00) 50.00 (30.00, 60.00) <0.01
Pulse MP* 115 (14.5%) 19 (21.8%) 96 (13.6%) 0.039
cycr 172 (21.7%) 36 (41.4%) 136 (19.3%) <0.01
MMEF* 282 (35.6%) 44 (50.6%) 238 (33.7%) 0.002
CsA 28 (3.5%) 4 (4.6%) 24 (3.4%) 0.792
TAC 33 (4.2%) 7 (8.0%) 26 (3.7%) 0.101
MTX 54 (6.8%) 6 (6.9%) 48 (6.8%) 0.973
HCQ 658 (83.0%) 69 (79.3%) 589 (83.4%) 0.335
Biologics* 55 (6.9%) 12 (13.83%) 43 (6.1%) 0.008

Data is presented with median (IQR), mean + SD, or absolute count (%). Respiratory system involvement included pulmonary infection, bronchitis, pneumonia, and pulmonary interstitial
fibrosis. Gastrointestinal symptoms included abdominal distension, abdominal pain, nausea, vomiting, diarrhea and anorexia. Hematological disorder include leucopenia (white blood cell count
<4.0x10%/L) or thrombocytopenia (platelet count <100x10%/L). Low C3 or low C4 was defined as C3 < 0.85 g/L or C4 < 0.14 g/L. (+), positive. Largest daily GC dose was converted to an
equivalent amount of prednisolone. Pulse MP, pulses of intravenous methylprednisolone. CYC, cyclophosphamide. MMF, mycophenolate mofetil. CsA, cyclosporine A. TAC, tacrolimus. MTX,

methotrexate. HCQ, hydroxychloroquine. Biologics, belimumab or rituximab.
* was represented the meaning of P < 0.05 or P < 0.01.

regression analysis to explore the effect of menstrual abnormalities
on the occurrence of ONFH in SLE. The results showed that,
compared with disease duration of >3 years, the SLE patients
with menstrual abnormalities in disease duration of < 3 years had
a greater risk of developing ONFH and the highest risk increase was
about 13.277 times. The risk of ONFH in SLE patients with
menstrual abnormalities is greater in age at SLE onset of <18 and
between 18-49 years old groups, especially in female patients
younger than 18 years old. At the same time, SLE patients with

menstrual abnormalities had a greater risk of developing ONFH in
those using largest daily GC dose of 250 mg and GC combined with
immunosuppressant groups. (Table 5)

4 Discussion

The pathogenesis of ONFH remains partially understood.
ONFH is characterized by bone death, which may stem from
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TABLE 3 Multivariate logistic regression analysis for risk factors of
SLE-ONFH.

Variables
M 1 1.903-
enstrua L16 0264 19359 <0001 3189 00
abnormalities* 5.347
. . 1.036-
Disease Duration* 0.07 0.017 15.984 <0.001 1.072 L1
Respiratory 1.246-
0.728 0.26 7.874 0.005 2.072
system* 3.446
Sjogren's 1.72-
1.289 = 0.381 11.452 0.001 3.629
syndrome* 7.656
. 1.514-
Osteoporosis* 1.194 | 0.398 9.013 0.003 33
7.197
. 1.177-
Anti-RNP* 0.694  0.271 6.567 0.01 2.001
3.402
1.525-
CTX* 0.962 | 0.276 12.195 <0.001 2.617
4.492
1.044-
MMF* 0.56 0.264 4.504 0.034 1.75
2.935
. . 1.013-
Biologics* 0.838 = 0.421 3.967 0.046 2312
5.275
Largest daily 1.004-
0.014 | 0.005 7.632 0.006 1.014
GC dose* 1.024

* was represented the meaning of P < 0.05 or P < 0.01.

lipid metabolism disorders, vascular coagulation disorders,
apoptosis, autophagy, genetic factors, and other blood supply-
related issues (21, 22). SLE is an autoimmune disease whose main
pathological change is vasculitis. Terminal vasculitis of the femoral
head can lead to vascular endothelial cell proliferation, perivascular

10.3389/fimmu.2024.1381035

inflammatory cell infiltration and embolism, while the collateral
circulation is difficult to establish, which ultimately leads to bone
ischemic necrosis (23). To date, numerous studies have evaluated
the clinical features and risk factors of ONFH in SLE patients (24-
26). However, there are fewer studies addressing these
characteristics in female patients, especially those with menstrual
abnormalities, and there is a lack of risk prediction models to
predict the development of ONFH in patients with SLE. In our
study, the risk factors for ONFH in female SLE patients were
screened by LASSO regression and multivariate logistic regression
and a nomogram model to predict ONFH occurrence was
developed. LASSO regression analysis can enhance the stability of
the model by penalizing the coefficients of all variables in the
regression so that the coefficients of the relatively unimportant
independent variables become zero. Nomogram prediction model
can present complex regression equations as simple and easy-to-
understand visual graphs, which it is not only easy to understand
and operate than traditional prediction model formulas, but also is
widely used in the demonstration of clinical prediction models for
disease risk factors and disease diagnosis (27, 28).. Finally, in our
study, ten variables including disease duration, respiratory
involvement, menstrual abnormalities, Sjogren's syndrome,
osteoporosis, anti-RNP, CYC, MMF, biologics, and the highest
daily GC dose were identified the risk factors of ONFH in female
SLE patients. Then, a nomogram prediction model was established
based on this ten independent predictors, which could easily
identify the risk of ONFH in female SLE patients by collecting
information on multiple variables on this nomogram to calculate a
total score for each patient. The predictive performance of the
nomogram was assessed using ROC analysis, calibration curves and
DCA. The area under the ROC curve of the nomogram model was
0.826 (95% CI. 0.780-0.872) and its calibration for forecasting the
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FIGURE 2
Nomogram for predicting the risk of ONFH in female SLE patients.
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ROC curve of nomogram prediction model.

occurrence of ONFH was good, which was nearly matched actual
observation results (;(2 = 5.589, P = 0.693). DCA showed that the
use of nomogram prediction model had certain application in
clinical practice when the threshold was 0.05 to 0.95. Therefore,
based to this nomogram model, high-risk groups could be early and
timely identified by clinical staff, and take early interventions to
prevent or slow the progression of ONFH.

In line with previous studies (7, 29) our analysis revealed that
the disease duration of SLE in ONFH group was longer compared to
the non-ONFH group. An Egyptian retrospective study (7) revealed
that a disease duration exceeding 5 years independently correlated

=
Hosmer-Lemeshow P= 0.693
o0
®
2
3 o |
T o
e
[
T o«
)
c | s Apparent
PR —— Bias—corrected
---- Ideal
e
S 1.
I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Predicted Probability
FIGURE 4

Calibration curve of nomogram prediction model
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with ON development in SLE patients. Tselios et al. (29) observed a
gradual increase in ON incidence when SLE patients' disease
duration surpassed 10 years. This may be attributed to the fact
that prolonged SLE duration leads to more accumulated organ
damage and increased cumulative exposure to drugs like GC and
immunosuppressants. But in subgroup analyses, we found that the
risk of ONFH in SLE patients with menstrual abnormalities is
greater in disease duration of <3 years. The underlying mechanisms
still need further study.

The SLADAI-2K is the global and reliable score index to
comprehensively access the disease activity of SLE including
central nerve, vascular, renal, and musculoskeletal damage (30,
31). Several clinical studies and meta-analyses have demonstrated
that SLE patients exhibiting higher SLADAI-2K scores possessed a
significantly heightened risk of ONFH (24, 32). This association
may be attributable to increased disease activity and severity, which
subsequently necessitates the administration of higher doses of GC
for disease management. Although the ONFH group had a higher
SLADAI-2K score in this study, the results of multivariate logistic
analysis did not support that SLADAI-2K was one of the
independent risk factors of SLE - ONFH.

As crucial medications for SLE treatment, GCs effectively
control inflammatory factor release, exerting anti-inflammatory
effects (33). However, long-term application of GC in large
quantities can impair endothelial cells, enhance intravascular
coagulation, induce apoptosis of bone cells, promote intraosseous
adipocyte hypertrophy and fat conversion of red marrow, which
may increase risk of developing ONFH through reducing blood
flow, oxygen delivery and increasing bone marrow pressure (34, 35).
At present, there is a widespread consensus that the incidence of
ONFH in SLE patients is linked to GC therapy. However, there is
still controversy over whether the risk of ONFH is increased by
mean or cumulative GC dosage, average daily dosage, maximum
daily dosage, and pulse MP with concurrent ONHF in SLE (36-39).
In our study, compared with the non-ONFH group, the maximum
daily dose of GC in the ONFH group was significantly higher,
especially largest daily GC dose of =50 mg, indicating that the
higher the daily dose of GC was closely related to the occurrence of
ONFH, which is also consistent with a multi-center Chinese SLE
cohort by Cheng et al. (40). A prospective study of Kallas et al. also
determined that the risk of ONFH with a daily GC dose greater than
60mg was 10.12 times higher than those who received a daily dose
less than 20 mg (39). But, our study did not identify pulse MP as a
risk factor for ONFH in SLE. Our study also found that
immunosuppressants, especially CYC and MMF, were risk factors
of ONFH in SLE patients. What is more, ONFH group showed a
significantly higher proportion of patients receiving treatment of
GC combined with immunosuppressant, especially in SLE patients
with menstrual abnormalities. Previous study also showed that GC
plus immunosuppressants could increase the risk factor of the
development of AVN in SLE patients (7). Immunosuppressants
directly prevent cell division of preosteoblasts, reduce the number of
osteoblasts on the bone surface and inhibit bone formation, which
may lead to the development of ONFH (41). Despite several
previous studies reporting an association between the use of
immunosuppressants and ONFH in SLE patients (42-44), the
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underlying mechanism remains elusive. Since immunosuppressive
agents have been recommended to SLE patients, particularly those
with more serious disease manifestations or high disease activity
(45), it is challenging to isolate the impact of the high disease
activity or its complications on the development of ONFH.
Furthermore, a Japanese retrospective study found that the
incidence of ON in SLE patients decreased from the previous 41%
to 26.4% because immunosuppressant agents reduced the
dependence of SLE patients on GC (38). Therefore, the impact of
immunosuppressants on ONFH warrants further scrutiny.

After the occurrence of ON, the necrotic tissues and cells in the
femoral head release various cytokines and a large number of
inflammatory cells that the inflammatory response is activated
and the original immune balance is destroyed, which can lead to
bone destruction greater than bone production, and ultimately
makes the femoral head irreversibly to the collapse (46). While, in
SLE patients, B cells play a central role by participating in the
production of autoantibodies, antigen processing and presentation,
recruitment of autoreactive T cells, interaction with antigen-
presenting cells, and cytokine secretion, leading to inflammation
and tissue damage, which may further exacerbate the progression of
ONFH (47, 48). A research indicated that ONFH patients had
varying degrees of B-cell subpopulation imbalance and differences
in cytokine levels, including elevated activated B-cells and decreased
memory B-cells (49). Concurrently, osteogenic-osteoblastic
imbalance is a prominent characteristic during ONFH onset and
progression (50), and OPG/RANK/RANKL is an important
signaling pathway involved in bone metabolism (51). The
significantly lower mRNA expression levels of RANKL and OPG
genes in patients with primary SLE may be related to the abnormal
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expression of RANKLx and OPG genes due to the abnormal
function of T and B cells, which in turn caused the reduction of
bone mass in SLE patients (52). Meanwhile, under physiological
conditions, B cells play a protective role by promoting OPG
production and inhibiting osteoclast formation. However, in
inflammatory environments, they secrete a large number of
inflammatory factors such as RANKL and TNF-o to promote
osteoclast differentiation and maturation, which promotes bone
resorption (53). Rituximab and belimumab, as novel B-cell-targeted
therapies, can effectively inhibit B-cell proliferation and
differentiation, and have good efficacy in reducing SLE disease
activity and inflammatory factors (54). Consequently, they are
recommended as first-line drugs for SLE in the latest guideline
(31). Surprisingly, we found that use of biologics (rituximab or
belimumab) was an independent risk factor of ONFH in SLE,
potentially attributable to the limited number of patients using
these biologics. At present, the relationship between biologics and
ONFH has not been reported. Further explorations are needed to
investigate the underlying mechanisms.

SLE patients commonly experience damage to the skin, kidneys,
nervous system, blood system, respiratory system, and digestive
system. In previous studies, LN, gastrointestinal symptoms, and
arthritis have been reported as one of the risk factors for ONFH
(55). Although LN, gastrointestinal symptoms, and arthritis
occurred more frequently in ONFH group, the results of
multifactorial analysis suggested that them did not increase the
risk of developing ONFH.

Our study found that respiratory system involvement and
Sjogren's syndrome were risk factors for ONFH. SLE often
involves the respiratory system and can lead to pulmonary
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TABLE 4 Grouping situation of disease duration, age at SLE onset,
largest daily GC dose and combination therapy.

ONFH
group
(N=87)

non-ONFH P-

group (N=706) value

Disease duration (years)

<3t 395 (49.8%) 26 (29.9%) 369 (52.3%) <0.01

23 | 398 (50.2%) 61 (70.1%) 337 (47.7%) <0.01
Age at SLE onset

<18 132 (16.6%) 15 (17.2%) 117 (16.6%) 0.874

18-

1o | 577 (728%) 67 (77.0%) 510 (72.2%) 0.345
249 84 (10.6%) 5 (5.8%) 79 (11.2%) 0.120
Largest daily GC dose (mg)
<50% | 332 (41.9%) 23 (26.4%) 309 (43.8%) 0.002
>50¢ | 461 (58.1%) 64 (73.6%) 397 (56.2%) 0.002
Combination therapy
A 416 (52.5%) 56 (64.4%) 360 (51.0%) 0.018
B 17 (2.1%) 2 (2.3%) 15 (2.1%) 0.916
(o0 38 (4.8%) 10 (11.5%) 28 (4.0%) 0.002

A: GC combined with immunosuppressants group. B: GC combined with biologics group. C:
GC combined with immunosuppressants and biologics group.
* was represented the meaning of P < 0.05 or P < 0.01.

infection, bronchitis, pneumonia, pulmonary interstitial fibrosis,
pulmonary arterial hypertension, acute respiratory distress
syndrome and other lung diseases (56, 57). Chen et al. (58)
reported that pulmonary arterial hypertension was one of the risk
factors for SLE-ONFH, which may be due to the combined effects of
multiple factors resulting in vascular endothelial cell dysfunction.
Besides, most SLE patients with respiratory system involvement
were more likely to be treated with high-dose GC (59). Sjogren's
syndrome is one of the common complications of SLE and is
characterized by the triad of sicca symptoms, fatigue and
musculoskeletal pain (60). A meta-analysis conducted by
Nevskaya et al. showed that SLE patients with Sjégren's syndrome
could increase the risk of ONFH (9). In addition, a study reviewed
retrospectively the records of 868 SLE patients demonstrated that
Sjogren's syndrome were higher incidence in SLE patients with
ONFH (61).

Additionally, our study was the first found that menstrual
abnormalities were risk factors for ONFH. Menstruation,
originating from the cyclic shedding of the endometrium, is often
regulated and influenced by the hypothalamic pituitary ovarian
system (HPOA). Previous studies indicated that SLE patients were
susceptible to irregular menstruation, potentially due to the disease
itself and the adverse effects of immunosuppressants and GC on the
ovaries (13-15). In SLE patients, long-term chronic inflammation
and elevated cytokine levels disrupt HPOA function and various
ovarian-targeting mechanisms (15). GC, especially high-dose GC,
may cause ovarian dysfunction, menstrual disorders and even
amenorrhea, which may be related to the inhibition of the HPOA
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TABLE 5 Subgroup analyses of the effect of menstrual abnormalities on
ONFH in disease duration, age at SLE onset, largest daily GC dose and
combination therapy.

95%ClI

Disease duration (years)

1.980-
<3* 1.671 10.988 0.001 5316
14.277
2.043-
>3* 1.375 16.658 <0.01 3.954
7.651
Age at SLE onset
2.281-
<18* 2.634 8.14 0.004 13.924
85.114
18-49* 1.026 10.427 0.01 2.789 1496-
5.197
>49 NA
Largest daily GC dose (mg)
<50 NA
2.287-
>50% 1.507 18.885 <0.01 4.512
8.904
Combination therapy
1.782-
A* 1.228 13.696 <0.01 3414
6.542
B NA
C NA

A: GC combined with immunosuppressants group. B: GC combined with biologics group. C:
GC combined with immunosuppressants and biologics group.
* was represented the meaning of P < 0.05 or P < 0.01.

system and alteration of circulating gonadotropin levels (62).
Additionally, immunosuppressants, like CYC, can impair gonadal
function in SLE patients, increasing the risk of amenorrhea and
ovarian insufficiency (63). Notably, SLE disease itself,
immunosuppressants and GC are also risk factors for the
development of ONFH in SLE. In subgroup analyses, we found
that the risk of ONFH in SLE patients with menstrual abnormalities
is greater in age at SLE onset of < 18 years old, disease duration
of <3 years, largest daily GC dose of 250 mg and the therapy of
GC combined with immunosuppressant. And possible mechanisms
to explain the higher risk in age at SLE onset of < 18 years old
include estrogen changes that increase the procoagulant effects
and the red to yellow marrow conversion that can increase
susceptibility to ischemic injury during puberty (26). This also
suggested that personalized treatment strategies to prevent ONFH
needed to be taken in advance when encountering SLE patients with
menstrual abnormalities who are young, have a short course of
disease, and have high doses of GC or GC combined with
immunosuppressant in the clinic. But there are fewer reports on
the association between ONFH and menstrual abnormalities.
Consequently, further investigation is required to elucidate the
specific mechanisms.

Moreover, osteoporosis also presented a risk factor for ONFH
in SLE. Osteoporosis and ONFH are both bone metabolic
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abnormalities complicating SLE, and both can be mediated by
inflammation and involved by various cytokines (64).
Osteoporosis creates high pressure in the bone, which leads to the
reduction of bone trabeculae and their strength, resulting in
microcirculatory disorders such as decreasing the number of
microvessels in the bone and the permeability of the vascular
wall, which in turn leads to the development of ONFH (65).

Among laboratory data in this study, only positive anti-RNP
antibodies were found significantly associated with ONFH, which
was in accordance with previous studies (40, 66). Anti-RNP
antibodies are expressed in SLE patients and are closely linked to
mixed connective tissue disease (MCTD) (67). Additionally, anti-
RNP can upregulate adhesion molecule expression, impact
endothelial cells, and boost pro-inflammatory cytokine
production, which may promote the development of ONFH (68).

While our study was the first to identify menstrual
abnormalities and biologics as risk factors for female SLE-ONFH
and establish a nomogram model, several limitations needed to be
acknowledged. Firstly, as a retrospective study, it may have inherent
selection biases. Besides, the subjects of this study were only female
patients in Chinese Han population and could limit the
generalizability of research findings. Secondly, since our study
was based on reviewing the clinical medical records and there
may be other reasons for this such as patient changed medication
and dosage themselves, we only included the largest daily GC dose
and pulse MP as variables to be analyzed and the impact of the
cumulative duration of GC use, the cumulative GC dose and the
average GC dose on ONFH were not analyzed. In order to further
understand the impact of GC on ONFH risk, we divided the largest
daily GC dose range and conducted subgroup analysis. At the same
time, we explored the impact of different treatment strategies on the
occurrence of ONFH. But, in future studies, there is still a need for
more detailed documentation of GC use, dosage increase and
decrease. Another limitation of our study is lack of external
validation to further assess the predictive efficacy of the model.
And due to the small number of ONFH events, the dataset was not
split proportionally into a modeling set and a validation set for
modeling and validation, respectively. In the future, we will collect
more sample data to externally validate this nomogram model,
conduct prospective, multi-center, large-sample studies to improve
the predictive accuracy and generalizability of the model and
explore the mechanisms underlying the association between
menstrual abnormalities or biologics and ONFH in female
SLE patients.

In conclusion, this study found that disease duration of SLE
onset, respiratory involvement, menstrual abnormalities, Sjogren's
syndrome, osteoporosis, Anti-RNP, CYC, MMF, biologics and
largest daily dose of GC are risk factors for ONFH in female SLE
patients. Besides, the risk of ONFH in SLE patients with menstrual
abnormalities is greater in age at SLE onset of < 18 years old, disease
duration of <3 years, largest daily GC dose of >50 mg and the
therapy of GC combined with immunosuppressant. Meanwhile, a
prediction model for the risk of ONFH in female SLE was
established, which had good predictive ability and clinical utility
that could provide decision-making basis for clinicians to make
early and effective diagnosis.
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