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Abstract
Background  Pediatric antineutrophil cytoplasmic antibody-associated vasculitis (AAV) is a life-threatening systemic vas-
culitis featured by liability to renal involvement. However, there are few studies on the risk factors and predictive models 
for renal outcomes of AAV in children.
Methods  Data from 179 AAV children in multiple centers between January 2012 and March 2020 were collected retrospec-
tively. The risk factors and predictive model of end-stage renal disease (ESRD) in AAV were explored.
Results  Renal involvement was the most typical manifestation (95.5%), and the crescent was the predominant pathological 
lesion (84.9%). The estimated glomerular filtration rate (eGFR) was evaluated in 114 patients, of whom 59.6% developed 
ESRD, and the median time to ESRD was 3.20 months. The eGFR [P = 0.006, odds ratio (OR) = 0.955, 95% confidence inter-
val (CI) = 0.924–0.987] and the percentages of global glomerulosclerosis (pGGS; P = 0.018, OR = 1.060, 95% CI = 1.010–
1.112) were independent risk factors for ESRD of renal biopsy. Based on the pGGS and eGFR at renal biopsy, we developed 
three risk grades of ESRD and one predictive model. The Kaplan‒Meier curve indicated that renal outcomes were signifi-
cantly different in different risk grades (P < 0.001). Compared with serum creatinine at baseline, the predictive model had 
higher accuracy (0.86 versus 0.58, P < 0.001) and a lower coefficient of variation (0.07 versus 0.92) in external validation.
Conclusions  Renal involvement is the most common manifestation of pediatric AAV in China, of which more than half 
deteriorates into ESRD. The predictive model based on eGFR at renal biopsy and the pGGS may be stable and accurate in 
speculating the risk of ESRD in AAV children.
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Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) is a rare autoimmune disease manifested by 
small vessel inflammation and cellulose necrosis [1]. As a life-
threatening systemic disease, AAV can cause multiple organic 
injuries [2, 3], and ANCA-associated glomerulonephritis 
(AAGN) is a crucial factor determining the final prognosis of 
AAV patients, which may lead to the continuous deterioration 

of renal function. Eventually, approximately 20% of them 
develop end-stage renal disease (ESRD) [4].

Although childhood-onset AAV is rarer, kidney damage 
deteriorates more rapidly in children than in adults [2, 3]. 
It has been reported that 55%–58% of children with AAGN 
developed chronic kidney disease (CKD), and 29%–32% 
of patients progressed to ESRD [1, 5, 6]. Therefore, early 
diagnosis and precisely individualized treatment are cru-
cial for improving renal function and reducing mortality in 
children. Berden’s classification categorizes the pathology 
of AAGN as focal, crescentic, sclerotic, or mixed lesions 
to predict renal outcomes from pathological lesions [7]. Extended author information available on the last page of the article
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Previous research indicated that the clinical manifestations 
of AAV varied with diverse regions, races, and ages [1–3, 8], 
which makes it more difficult to implement these categories 
in pediatric patients. To date, few studies on pediatric AAV 
and AAGN have been conducted due to the rarity of AAV.

We retrospectively analyzed the clinical manifestations, 
renal pathologies, and renal outcomes in 179 Chinese 
patients with AAV from multiple centers. The factors result-
ing in adverse renal outcomes were further analyzed, and 
the predictive model for the prognosis of ESRD in pediatric 
AAGN was preliminarily explored.

Methods

Patients

This study was a multicenter retrospective cohort study. The 
enrolled centers are tertiary referral hospitals with a neph-
rology department or rheumatology department. A total of 
179 children from 17 centers in China were recruited in the 
study from January 1st, 2012, to March 1st, 2020. Inclu-
sion criteria were as follows: (1) children ≤ 18 years at initial 
diagnosis; (2) patients who met the 2007 European Medi-
cines Agency classification [9] or 2012 Chapel Hill Con-
sensus Conference definitions [10]. Patients with vasculitis 
caused by systemic lupus erythematosus, drugs, infections, 
or tumors were excluded.

The study was approved by the Ethics Committee of 
the Children’s Hospital of Chongqing Medical University 
(approval number: 149/2022) and other enrolled centers. 
This study was registered at the Chinese Clinical Trial Reg-
istry (registered number: ChiCTR2000034203).

Data collection and definitions

The data from different centers were collected using a stand-
ard case report form from the electronic medical record 
system, and all collectors were finely trained. The clinical 
data included age, gender, manifestations, and laboratory 
investigations. Laboratory findings, including white blood 
cells, hemoglobin, platelets, C-reactive protein, albumin, 
immunoglobulin G, C3, and ANCA serological indicators 
were collected. ANCA-testing indicators included immuno-
fluorescence for p-ANCA or c-ANCA, and enzyme-linked 
immunosorbent assay (ELISA) for myeloperoxidase-ANCA 
(MPO-ANCA) or proteinase 3-ANCA. Data related to renal 
involvement were analyzed, including serum creatinine 
(Scr), blood urea nitrogen (BUN), urine composition, and 
estimated glomerular filtration rate (eGFR). The eGFR was 
calculated using the Schwartz formula [11]. The pathologi-
cal features of the kidney were collected retrospectively, 

including impairments of glomeruli, tubules, and interstit-
ium. Normal glomeruli were defined as no scarring, cres-
cents, or fibrinoid necrosis within the glomeruli. Sclerosis 
was divided into segmental glomerulosclerosis (< 50%) and 
global glomerulosclerosis (> 50%). The formula for percent-
age of normal glomeruli is the number of normal glomeruli/
number of all glomeruli, and the formula for percentage of 
global sclerosis is the number of global sclerosis glomeruli/
number of all glomeruli. The pediatric vasculitis activity 
score (PVAS) was used to assess initial vasculitis activity 
[12].

According to previous studies and PVAS, the definitions 
of AAGN are as follows [1, 12, 13]: (1) definite pathologi-
cal lesion of kidney; (2) when kidney pathology was una-
vailable, AAGN was defined as hematuria (> 3 cells/high-
power field, > 17 cells/μL on urinalysis, or red cell casts); 
proteinuria (≥ 0.15 g/24 hours, urine protein/Cr ≥ 2.0 mg/
mg, or positive in urinalysis); renal insufficiency (rise in 
creatinine > 10% or eGFR fall > 25%) and rapidly progres-
sive glomerulonephritis (RPGN). RPGN was defined as an 
eGFR decline of more than 50% in less than three months [1, 
13]. The indications for renal biopsy included increased Scr, 
decreased eGFR, and persistent proteinuria or hematuria.

The eGFR of the patient was evaluated at the last follow-
up to determine the stages of CKD according to the Kidney 
Disease: Improving Global Outcomes 2021 criteria [14]. 
Based on the eGFR at the endpoint, patients were divided 
into the ESRD (CKD stage 5) group and the non-ESRD 
(CKD stage 1–4) group. Further statistical analyses were 
performed to discover risk factors for ESRD.

The predictive model of ESRD in AAV was established 
with independent risk factors. Considering the impact of 
renal pathology on prognosis, the model was established 
according to both clinical data and pathological indexes. The 
study design is shown in Fig. 1.

Statistical analysis

Continuous variables were expressed as the mean ± standard 
deviation (SD) or median with interquartile range and were 
analyzed by independent-sample t tests, analysis of variance, 
and Mann–Whitney U tests for comparison after checking 
the normality of the distribution with the Kolmogorov‒
Smirnov test. Categorical variables were expressed as num-
bers or percentages and were analyzed with the Chi-squared 
test or Fisher’s exact test. Multivariate logistic regression 
analysis was performed to identify independent risk fac-
tors. Logistic regression results are shown with P values and 
odds ratios (ORs) with 95% confidence intervals (95% CIs), 
and a calculation formula for predicting probability was 
constructed with these independent risk factors. Kaplan‒
Meier (KM) analysis was used for survival analysis. The 
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area under the receiver operating characteristic (ROC) curve 
(AUC) was analyzed to assess the accuracy and to identify 
the cutoff point. A two-tailed P value < 0.05 was considered 
statistically significant. Multiple imputations were used to 
impute missing data. SPSS version 26.0 (IBM Corporation, 
Armonk, New York, USA) was used for statistical analy-
sis. Figures were created with GraphPad Prism version 8.0 
(GraphPad Software, San Diego, California, USA).

Model validation included internal and external valida-
tion. For internal validation, the validation patients obtained 
through sampling of 0.4–0.5 proportional samples from 
the overall patients at each time were substituted into the 

predictive model to obtain accuracy, and 30 times random 
sampling was carried out to analyze the stability of model 
internal validation. The repeated sampling method of boot-
strap in internal validation was used to prevent overfitting of 
the predictive model by R 4.2.1, which can avoid bias due to 
the small sample size. For external validation, twenty chil-
dren with AAV, from the Children’s Hospital of Chongqing 
Medical University and the Children's Hospital of Nanjing 
Medical University, were included. The accuracy of the pre-
dictive model was obtained after substituting the prognostic 
data, and the stability of the model external validation was 
verified by randomly selecting 0.4–0.5 proportional patients 
on 30 occasions. The predictive accuracy of random sam-
pling was presented as the mean ± SD. The coefficient of 
variation (CV) was used to determine the discrete degrees 
of models and was calculated as SD/mean. The t test was 
used to compare the differences between the two models by 
MATLAB 2021a (Mathworks, New York, USA).

Results

Demographics, clinical manifestations, 
and laboratory characteristics at baseline

One hundred and seventy-nine children with AAV were 
included in this study, the number of cases from each center 
shown in Supplementary Table 1; 17.9% of patients were 
male, with a male-to-female ratio of 1:4.6. The median age 
at diagnosis was 10.1 (8.0–12.1) years. One hundred and 
thirty-six (76.0%) patients had microscopic polyangiitis 
(MPA; Supplementary Table 2), and most patients were 
MPO-ANCA (77.6%) and/or p-ANCA positive (60.3%, 
Table 1). Among 20 patients who had no ANCA results 
or were negative in ELISA, all of them had ANCA results 
in immunofluorescence (IF), and 16 patients had positive 
p-ANCA or c-ANCA. Four patients who had negative 
ANCA in ELISA and IF were diagnosed by renal biopsy, 
in which a renal pathology crescent was observed. A total 
of 114 patients had the last follow-up data, and the clinical 
manifestations of follow-up and missing follow-up patients 
were analyzed. Except for proteinuria and renal function, 
there was no significant difference in other clinical mani-
festations between the two groups, which also suggests that 
the missing follow-up patients had milder renal involvement 
(Supplementary Table 3).

Among 171 patients with renal involvement, the main man-
ifestations were hematuria (28.5% gross hematuria), proteinu-
ria (29.6% nephrotic syndrome proteinuria), edema (46.9%), 
and RPGN (32.4%) at baseline. Constitutional symptoms were 

Fig. 1   Flow chart of the study design. CHCC Chapel Hill Consen-
sus Conference, AAV antineutrophil cytoplasmic antibody-associated 
vasculitis, eGFR estimated glomerular filtration rate, ESRD end-stage 
renal disease, AAGN antineutrophil cytoplasmic antibody-associated 
glomerulonephritis



	 World Journal of Pediatrics

1 3

the most common extrarenal manifestation (37.9%), followed 
by cutaneous involvement (22.9%) and respiratory system 
involvement (17.9%, Supplementary Table 4).

Renal pathological characteristics and clinical 
features of renal biopsy

In this cohort, 106 patients with AAGN underwent renal 
biopsy, and there was no significant difference in clinical 
manifestations between children with and without renal 
pathology (Supplementary Table 5). As a retrospective 
study, 73 patients did not undergo pathological examina-
tion due to medical conditions or social factors. The median 

time from onset to diagnosis was 0.79 (0.33–2.24) months. 
Glomerular lesions were common, with a median normal 
glomerulus rate of 17.70% (0.00%–45.85%). The crescent 
was observed in 84.9% of patients, and the fibrocellular 
crescent was the predominant subtype. Renal tubulointer-
stitial damage was prevalent in AAGN patients, including 
interstitial inflammatory cell infiltration (87.7%), tubular 
atrophy (60.4%), and interstitial fibrosis (52.8%). Granu-
lomas and necrosis (2.8%) were observed (Supplementary 
Table 6). The clinical features at biopsy, including proteinu-
ria (94.3%), hematuria (92.8%), and decreased eGFR [36.93 
(15.24–112.32) mL/minute/1.73 m2], are shown in Supple-
mentary Table 6.

Table 1   Laboratory parameters at baseline

ESRD end-stage renal disease, WBC white blood cell, IgG immunoglobulin G, ANCA anti-neutrophil cytoplasmic antibodies, ELISA enzyme-
linked immunosorbent assay, MPO-ANCA myeloperoxidase-ANCA, PR3-ANCA proteinase 3-ANCA, IF immunofluorescence, SBP systolic 
blood pressure, BUN blood urea nitrogen, Scr serum creatine, eGFR estimated glomerular filtration rate, PVAS paediatric vasculitis activity 
score, IQR interquartile range

Parameters All (N = 179) Follow-up patients 
(n = 114)

ESRD (n = 68) Non-ESRD (n = 46) P

WBC (× 109/L), median 
(IQR)

8.34 (6.63–10.97) 8.38 (6.73–11.04) 8.38 (7.03–9.93) 8.44 (6.58–11.96) 0.701

Hemoglobin (g/L), median 
(IQR)

86.50 (68.75–107.25) 84.00 (66.00–101.00) 76.00 (60.50–90.50) 93.50 (78.25–116.00)  < 0.001

Albumin (g/L), median 
(IQR)

32.80 (28.90–37.70) 32.05 (27.62–37.00) 30.30 (25.00–34.00) 36.90 (31.60–40.20)  < 0.001

IgG (g/L), median (IQR) 9.83 (7.33–13.4) 9.35 (7.39–13.48) 9.00 (6.12–12.53) 10.59 (7.80–14.20) 0.121
C3 (g/L), median (IQR) 0.96 (0.79–1.11) 0.91 (0.74–1.10) 0.90 (0.73–1.06) 1.01 (0.76–1.14) 0.284
ANCA by ELISA, n (%)
 MPO-ANCA 139 (77.6) 91 (79.8) 58 (85.2) 33 (71.7) Reference
 PR3-ANCA 15 (8.4) 8 (7.0) 3 (4.4) 5 (10.9) 0.351
 PR3-ANCA and MPO-

ANCA
5 (2.8) 4 (3.5) 2 (2.9) 2 (4.3) 0.500

 Negative 9 (5.1) 5 (4.4) 2 (2.9) 3 (6.5) 0.360
 Missing 11 (6.1) 6 (5.3) 3 (4.4) 3 (6.5) 0.394

ANCA by IF, n (%)
 p-ANCA 108 (60.3) 71 (62.3) 46 (67.6) 25 (54.3) Reference
 c-ANCA 8 (4.5) 5 (4.4) 1 (1.5) 4 (8.7) 0.067
 c-ANCA and p-ANCA 4 (2.2) 2 (1.8) 2 (2.9) 0 (0.0) 0.534
 Negative 19 (10.6) 11 (9.6) 6 (8.8) 5 (10.9) 0.520
 Missing 40 (22.3) 25 (21.9) 13 (19.1) 12 (26.1) 0.340

SBP, median (IQR) 120.00 (105.00–135.00) 123.00 (107.00–138.00) 132.00 (119.25–147.25) 110 (101.50–123.00)  < 0.001
24-h urinary protein (g/d), 

median (IQR)
1.31 (0.64–2.29) 1.49 (0.86–2.75) 1.80 (1.15–2.95) 1.10 (0.69–2.10) 0.055

BUN (mmol/L), median 
(IQR)

15.95 (5.47–30.03) 20.31 (8.58–31.66) 27.54 (17.65–37.23) 7.30 (4.21–16.15)  < 0.001

Scr (µmol/L), median 
(IQR)

195.00 (46.00–628.30) 426.40 (79.55–721.00) 651.00 (427.00–836.00) 76.80 (41.33–197.72)  < 0.001

eGFR (mL/min/1.73m2), 
median (IQR)

33.3 (11.2–135.6) 15.60 (10.45–77.20) 11.40 (8.20–15.30) 79.60 (27.03–159.03)  < 0.001

PVAS, median (IQR) 13.00 (12.00–18.00) 14.00 (12.00–18.00) 14.00 (12.00–18.00) 12.00 (12.00–17.25) 0.062
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Therapy and prognosis

Except for four patients who gave up treatment and one 
who received dialysis only, the therapeutic regimens of 174 
patients in remission-induction were collected. Glucocorti-
coids (GCs; 97.7%) were widely used, where cyclophospha-
mide (36.2%) was the most common immunosuppressant, 
whereas 12 (6.9%) patients were combined with rituximab 
(Fig. 2a). Forty-seven patients were lost during follow-up 
until March 2020. In 127 patients with remission-mainte-
nance, GC combined with mycophenolate mofetil (41.7%) 
was the most common therapy strategy, as only three 
patients received GC combined with azathioprine (Fig. 2b).

Fifteen (8.4%) patients died at the endpoint, with a 
median time to death of 46.03 (27.75–63.74) months. 
The causes of death included cerebral hernia, infection, 
cardiac failure, pulmonary hemorrhage, and respiratory 
failure (Fig. 2e). At the endpoint (March 2020), 114 of 
179 AAGN patients were followed up with renal func-
tion, of which 65 were lost. The median follow-up time 
was 11.7 (3.52–27.83) months. Among the 114 patients, 
ESRD increased gradually (Fig. 2c). At the end of fol-
low-up, 77 (67.5%) progressed to CKD stage 3–5, and 
68 (59.6%) patients reached ESRD (Fig. 2d). Patients 
showed rapid loss of kidney function in the first year, 
with a median time to ESRD of 3.20 (3.00–12.33) 
months (Fig. 2f).

Risk factors for renal outcomes

To identify the risk factors for ESRD, the variables of 
114 patients at baseline were analyzed. The logistic 
regression analysis showed that the age at diagnosis, 
edema, RPGN, hemoglobin, platelet, albumin, sys-
tolic blood pressure, diastolic blood pressure, Bun, 
Scr, and eGFR at baseline were significantly differ-
ent between the ESRD group (n = 68) and non-ESRD 
group (n = 46). Scr at baseline (P < 0.001, OR = 1.006, 
95% CI = 1.004–1.009) was an independent risk fac-
tor for ESRD through multivariate logistic analysis 
(Table 2). There was no significant difference in plasma 
exchange between the ESRD group and the non-ESRD 
group (P = 0.214, Fig.  2a). There were 32 patients 
with eGFR > 60 mL/minute/1.73 m2 at baseline, and 
five patients achieved ESRD at the end of follow-up. 
There was no significant difference between the ESRD 
group and the non-ESRD group (n = 27, Supplementary 
Tables 7–9).

Among 106 patients who underwent renal biopsy, 61 
patients estimated the renal prognosis with eGFR at the end 
of follow-up, of which 52.4% (32/61) reached ESRD. Logis-
tic regression analysis showed that edema, oliguria/anuria, 
hemodialysis, platelet count, BUN, Scr, eGFR, 24-hour 
urine protein, percentage of normal glomeruli, and percent-
age of global glomerulosclerosis (pGGS) on renal biopsy 

Fig. 2   Therapeutic strategies and prognosis in AAV patients. a Immu-
nosuppressive therapies for remission induction in 174 patients; b 
immunosuppressive therapies for remission maintenance in 127 
patients; c percentage of ESRD and non-ESRD patients at differ-
ent follow-up times; d numbers of patients in different CKD stages at 
the end of study; e Kaplan‒Meier curves of the time from diagnosis 

to death in 179 patients of the whole study; f Kaplan‒Meier curves of 
the time from diagnosis to ESRD in 114 patients. AAV antineutrophil 
cytoplasmic antibody-associated vasculitis, GC glucocorticoids, CYC​ 
cyclophosphamide, TAC​ tacrolimus, MMF mycophenolate mofetil, 
RTX rituximab, PE plasma exchange, IM immunosuppressor, AZA aza-
thioprine, ESRD end-stage renal disease, CKD chronic kidney disease
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were associated with ESRD (Table 3). The eGFR at renal 
biopsy (P = 0.006, OR = 0.955, 95% CI = 0.924–0.987) and 
the pGGS (P = 0.018, OR = 1.060, 95% CI = 1.010–1.112) 
were independent risk factors for ESRD via multivariate 
logistic analysis (Table 2).

Establishment and validation of the predictive 
model for ESRD in AAV

As an independent risk factor for ESRD, the optimal cut-
off value of Scr at baseline was 416.2 μmol/L, with an 

Table 2   Logistic regression analysis of risk factors of ESRD in childhood AAV

ESRD end-stage renal disease, AAV antineutrophil cytoplasmic antibody associated vasculitis, OR odds ratio, CI confidence interval, RPGN rap-
idly progressive glomerulonephritis, SBP systolic blood pressure, DBP diastolic blood pressure, BUN blood urea nitrogen, Scr serum creatine, 
eGFR estimated glomerular filtration rate

Variables P value in univariate 
logistic analysis

OR (95% CI) P value in multivariate 
logistic analysis

OR (95% CI)

Patients at baseline (n = 114)
 Age at diagnosis 0.043 1.127 (1.004–1.265)
 Edema  < 0.001 4.472 (2.001–9.995)
 RPGN 0.023 2.677 (1.145–6.261)
 Hemoglobin  < 0.001 0.968 (0.951–0.986)
 Platelet  < 0.001 0.993 (0.989–0.996)
 Albumin  < 0.001 0.828 (0.762–0.900)
 SBP  < 0.001 1.069 (1.040–1.100)
 DBP  < 0.001 1.082 (1.046–1.119)
 BUN  < 0.001 1.103 (1.058–1.148)
 Scr  < 0.001 1.006 (1.004–1.008)  < 0.001 1.006 (1.004–1.009)
 eGFR at baseline  < 0.001 0.963 (0.945–0.981)

Patients at renal biopsy (n = 61)
 Edema 0.035 3.382 (1.087–10.528)
 Oliguria/anuria 0.008 6.481 (1.620–25.927)
 Hemodialysis 0.005 4.773 (1.593–14.302)
 Platelet 0.006 0.992 (0.986–0.998)
 BUN 0.017 1.064 (1.011–1.120)
 Scr  < 0.001 1.005 (1.002–1.008)
 eGFR 0.004 0.960 (0.934–0.987) 0.006 0.955 (0.924–0.987)
 24-h urinary protein 0.082 1.781 (0.930–3.410)
 Percentage of normal glomerulus 0.001 0.948 (0.918–0.979)
 Percentage of global glomerulosclerosis 0.003 1.038 (1.013–1.063) 0.018 1.060 (1.010–1.112)

Table 3   Significant different clinical manifestations, laboratory parameters and pathological features of 61 patients at renal biopsy

ESRD end-stage renal disease, BUN blood urea nitrogen, Scr serum creatine, eGFR estimated glomerular filtration rate, IQR interquartile range

Variables Follow-up patients (n = 61) ESRD (n = 32) Non-ESRD (n = 29) P

Edema, n (%) 21 (34.4) 15 (46.9) 6 (20.7) 0.032
Oliguria/anuria, n (%) 17 (28.3) 14 (43.8) 3 (10.7) 0.005
Hemodialysis, n (%) 29 (48.3) 21 (65.6) 8 (28.6) 0.004
Platelet (× 109/L), median (IQR) 280.00 (195.00–348.00) 231.00 (170.00–288.00) 301.00 (234.00–403.00) 0.003
BUN (mmol/L), median (IQR) 16.60 (8.36–27.72) 26.40 (14.42–32.55) 8.82 (6.80–16.90) 0.001
Scr (µmol/L), median (IQR) 337.00 (97.10.00–543.66) 464.00 (347.30–683.50) 98.55 (57.60–226.00)  < 0.001
eGFR (mL/min/1.73 m2), median (IQR) 19.42 (13.10–72.36) 15.24 (11.04–18.16) 72.36 (29.93–121.67)  < 0.001
24-h urinary protein (g/d), median (IQR) 1.70 (1.10–2.22) 2.12 (1.46–3.38) 1.31 (0.84–1.71) 0.024
Normal glomerulus (%), median (IQR) 14.30 (0.00–38.80) 0.00 (0.00–11.63) 30.00 (16.70–56.50)  < 0.001
Global glomerulosclerosis (%), median (IQR) 11.60 (0.00–44.40) 33.15 (5.58–61.43) 2.00 (0.00–17.50) 0.002
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AUC of 0.885 in the ROC curve (Fig. 3a). Via the cutoff 
value, 114 children were divided into the high-Scr group 
and the low-Scr group, with a statistically significant dif-
ference in prognosis (P < 0.001, Fig. 3b). In addition, the 
cutoff value of eGFR at renal biopsy was 19.42 mL/min-
ute/1.73 m2 with an AUC of 0.842, and the cutoff value 
for the pGGS was 30.8% with an AUC of 0.734 (Fig. 3c, 
e). The prognosis was different between different eGFR 
groups and different pGGS groups (P < 0.001, Fig. 3d, f). 
According to the eGFR and pGGS, patients were divided 
into the low-risk group (no risk factor), the medium-risk 
group (1 risk factor), and the high-risk group (2 risk fac-
tors), with significant differences in the renal outcomes 
(P < 0.001, Fig. 3g).

Thus, based on eGFR at renal biopsy and the pGGS, 
we developed a model to predict the probability of ESRD. 
In this model, the probability of ESRD of renal biopsy 
is P = 1/[1 + exp(0.997–0.046 × eGFR + 0.058 × pGGS)
], and the cutoff value for the model was 0.585 with an 
AUC of 0.871 (Fig. 3h). Furthermore, we compared the 
accuracy and stability of Scr at baseline and the model 
of renal biopsy in predicting ESRD. The Scr at baseline 
of 114 patients was used for internal validation to assess 
the accuracy of Scr in predicting prognosis, and 45–60 
patients were randomly selected. Among 61 patients with 

renal pathology, 10–35 patients were randomly selected 
for the predictive model internal verification, and the sta-
bility of model internal verification was obtained through 
30 random sampling. Twenty patients with complete fol-
low-up and pathological data, from the Children’s Hospi-
tal of Chongqing Medical University and the Children’s 
Hospital of Nanjing Medical University, were enrolled 
in external validation, and 8–13 patients were randomly 
selected 30 times for verification to analyze the stability 
of model external verification. The clinical characteris-
tics were similar in the internal and external validation 
cohorts (Supplementary Tables 10–11). Through 1000 
repeated samples, the results of bootstrap showed no severe 
overfitting of either Scr (AUC = 0.89, sensitivity = 0.80, 
specificity = 0.80) or the predictive model (AUC = 0.88, 
sensitivity = 0.71, specificity = 0.84). Furthermore, the 
accuracy of Scr was higher in internal validation than in 
external validation (P < 0.001, Fig. 4a), while there were 
no differences in the model (P = 0.071, Fig. 4b). Regard-
ing stability, both Scr and the model were stable in inter-
nal validation by random sampling (Scr P = 0.756 versus 
model P = 0.996). In internal and external validation by 
random sampling, there was no difference in the accuracy 
of Scr (P = 0.238, Fig. 4c), while the accuracy of the model 
in external validation was higher than that in internal 

Fig. 3   Receiver operating characteristic (ROC) curves and Kaplan‒
Meier (KM) curves of survival analysis of risk factors in AAV chil-
dren. a ROC of Scr at baseline for predicting ESRD in 114 AAV 
patients; b KM curve of the time to ESRD in patients with different 
Scr levels at baseline; c ROC of eGFR at renal biopsy for predict-
ing ESRD 61 AAV in patients; d KM curve of the time to ESRD in 
patients with different eGFR levels at renal biopsy; e ROC of percent-
age of global glomerulosclerosis at renal biopsy for predicting ESRD 

61 AAV in patients; f KM curve of the time to ESRD in patients with 
different pGGS at renal biopsy; g KM curve of the time to ESRD in 
patients with different risk groups; h ROC of P value of ESRD in 
the predictive model. Scr serum creatinine, ESRD end-stage renal 
disease, eGFR estimated glomerular filtration rate, AAV antineutro-
phil cytoplasmic antibody associated vasculitis, AUC​ area under the 
receiver operating characteristic curve, pGGS percentages of global 
glomerulosclerosis
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validation (P < 0.001, Fig. 4c). In external validation, the 
CV of model 2 (CV = 0.07) was lower than that of Scr 
(CV = 0.92).

Discussion

AAV is a systematic severe autoimmune vasculitis with 
multiorgan involvement, categorized as granulomatosis with 
polyangiitis (GPA), MPA, and eosinophilic GPA [10]. To 
date, there have been a few large studies of pediatric AAV, 
and even fewer studies have focused on AAGN [1, 8, 15, 16].

One hundred and seventy-nine AAV patients from 17 
centers in China were enrolled in our study. Similar to pre-
vious studies, our study showed that pediatric AAV usu-
ally occurred in adolescence, which was more common in 
females and more prevalent in MPA [8, 16–18]. Compared 
with 45%-80% in other studies [1, 8], only 17.9% of the chil-
dren in our study had respiratory tract involvement, probably 
due to respiratory involvement limited AAV patients might 
be misdiagnosed, or the lower incidence of respiratory tract 
involvement in MPA.

AAGN is a substantial characteristic of multisystem dam-
age in AAV [15, 16], and the proportion of renal involvement 
was also significantly higher in previous MPA-predominated 
research [8, 15] than in GPA-predominated research [16]. 
We also found that up to 95.5% of children with AAV had 
AAGN, presenting various types of renal damage. It has 
been reported that pediatric AAGN has severe initial renal 

damage and rapid deterioration of renal function [1, 5, 6]. In 
this cohort, 32.4% of patients were diagnosed with RPGN at 
baseline, and more than 40% were carried out on hemodialy-
sis as initial therapy, which is similar to previous reports. We 
considered that the inconsistencies between the number of 
cases of edema and the number of cases of proteinuria with 
nephrotic syndrome in children with AAV may be attributed 
to edema due not only to protein loss but also to decreased 
eGFR. Unexpectedly, the incidence of ESRD in pediatric 
AAGN is significantly higher both in our study and in several 
single-center studies in China than in other studies, which is 
up to 59.6% [18, 19]. On the one hand, based on a French ret-
rospective multicenter study in pediatric AAV that indicated 
that non-Caucasian ethnicity was correlated with a higher 
risk of ESRD compared with Caucasian ethnicity [15], we 
presume that the high incidence of ESRD in Chinese children 
may also be caused by ethnic specificity. On the other hand, 
we speculate that the rapid progression of ESRD in Chinese 
children was due to the universality of crescent lesions.

To find applicable models to predict renal outcomes, 
we explored the risk factors for ESRD at the time of onset 
and renal biopsy. Ultimately, Scr at baseline, eGFR at 
renal biopsy, and pGGS were confirmed as independent 
risk factors for ESRD via multivariate logistic analysis. 
Through the cutoff value of the independent two risk fac-
tors for renal biopsy, patients were divided into different risk 
groups (Table 4). The KM curves in AAV showed different 
renal outcomes in different risk groups (Fig. 3), indicating 
the importance of the independent risk factors. As direct 

Fig. 4   Comparison results of serum creatinine (Scr) at baseline and 
the predictive model. a The accuracy and stability of Scr at baseline 
in internal validation and external validation; b the accuracy and sta-

bility of the predictive model in internal validation and external vali-
dation; c the accuracy and stability between Scr at baseline and the 
predictive model in internal validation and external validation
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indicators of renal function, previous studies have shown 
that eGFR and Scr could affect renal prognosis [1, 15, 20]. 
Although Burden classification of AAGN cannot accurately 
predict renal prognosis [1, 21], renal pathology still plays an 
essential role in renal outcomes, including the percentages 
of normal glomeruli, the extent of interstitial fibrosis, and 
tubular atrophy [20, 22]. Our study showed that the pGGS 
was an independent risk factor for ESRD. GGS is character-
istic of chronic kidney disease [23]. Excessive GGS means 
irreversible changes in the kidney.

Due to the poor renal outcome of AAGN in children, 
there are few reliable models to predict ESRD. Brix et al. 
found that eGFR at diagnosis, percentage of normal glo-
meruli, tubular atrophy, and interstitial fibrosis could predict 
the renal outcome of AAV in adults [24]. We established a 
model to predict the risk of ESRD in pediatric AAV based 
on eGFR at renal biopsy and the pGGS with high accuracy 
(AUC = 0.871). AAV patients with a probability of more than 
0.585 in the model were ascertained as high risk for ESRD. 
Since some patients were lost to follow-up or did not undergo 
renal biopsy, random sampling in the external validation and 
bootstrap in internal validation were used to prevent overfit-
ting of the predictive model, which can avoid bias due to the 
small sample size. Compared with Scr at baseline, the predic-
tive model had higher accuracy and stability in external verifi-
cation. Thus, we confirm that the model is better at predicting 
the incidence of ESRD than Scr at baseline, suggesting that 
renal histology is helpful for predicting renal prognosis.

As a multicenter retrospective study, there are some 
limitations in our work. Despite no significant difference in 
clinical manifestations between patients with and without 
pathology, patients without renal pathological examination 
may cause bias in the prediction model. Due to the rarity 
of pediatric AAV, its sample size may not be large enough 
to effectively evaluate the predictive model, while the risk 
factors are limited to clinical and pathological indicators. 
Our team intends to design prospective, larger-scale studies 
and novel prognostic biomarkers to modify or develop more 
suitable models. Based on the available data, we established 
a predictive model of renal outcomes in AAGN rather than 
a model of risk of kidney injury in AAV. Considering that 

early diagnosis and early intervention are crucial for improv-
ing pediatric AVV, we should design prospective research to 
develop suitable models to predict renal injury in AAV using 
multiomics methods, artificial intelligence algorithms, and 
novel prognostic biomarkers, such as soluble CD206 [25].

In summary, this study describes the characteristics of 
the largest pediatric AAV cohort thus far, in which the inci-
dence of renal involvement is over 90%, and more than half 
of patients developed ESRD. We also propose a predictive 
model of ESRD in AAV children based on the percentage of 
global glomerulosclerosis and eGFR at renal biopsy to fulfill 
the precise therapeutic strategy.
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