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Abstract

Background The renal risk score (RRS) is a useful tool to predict end-stage renal disease (ESRD) in patients with anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV). The current study aimed to validate the predic-
tive performance of RRS and to further modify this model in Chinese AAV patients.

Methods Two hundred and seventy-two patients diagnosed with AAV confirmed by renal biopsies were retrospec-
tively enrolled from a single center. The RRS was calculated based on 3 categorical variables, i.e,, the proportion of
normal glomeruli, the proportion of interstitial fibrosis and tubular atrophy (IF/TA), and eGFR at biopsy, classifying
these patients into low-, medium-, and high-risk groups. In addition, a modified model was developed based on the
RRS and was further validated in another independent cohort of 117 AAV patients. The predictive performance of
each model was evaluated according to discrimination and calibration.

Results Patients were classified by the RRS into low- (26.5%), medium- (46.7%), and high-risk (26.8%) groups, with
120-month renal survival rates of 93.3%, 57.2%, and 18.4%, respectively (P<0.001). The RRS showed good discrimina-
tion but less satisfactory calibration. Therefore, a modified model with improved discrimination and calibration was
developed in Chinese AAV patients, with eGFR, proportion of normal glomeruli (both as continuous variables), and IF/
TA (<25%, 25-50%, > 50%) included. Internal and external validation of the modified model were performed. Finally,
an online risk prediction tool was developed based on the modified model.

Conclusions The RRS was an independent predictor of ESRD of AAV patients. The modified model could predict the
probability of ESRD for AAV patients with improved performance in Chinese AAV patients.

Keywords ANCA, Vasculitis, Renal risk score, End-stage renal disease

*Correspondence: 3 Renal Division, Department of Medicine, Peking University Shenzhen
Zhi-Ying Li Hospital, Shenzhen 518036, China

lee-zhiying@hotmail.com 4 Shenzhen Peking University-The Hong Kong University of Science

! Renal Division, Department of Medicine, Peking University First and Technology Medical Center, Shenzhen 518036, China

Hospital, Peking University Institute of Nephrology, Key Laboratory > Division of Nephrology, Peking University Third Hospital, Beijing 100191,
of Renal Disease, Ministry of Health of China, Key Laboratory of Chronic China

Kidney Disease Prevention and Treatment (Peking University), Ministry 5 peking-Tsinghua Center for Life Sciences, Beijing 100034, China

of Education, Research Units of Diagnosis and Treatment of Immune-
mediated Kidney Diseases, Chinese Academy of Medical Sciences,
Beijing 100034, China

2 Laboratory of Electron Microscopy, Pathological Centre, Peking
University First Hospital, Beijing 100034, China

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12916-023-02755-4&domain=pdf

Wang et al. BMC Medicine (2023) 21:45

Background
Antineutrophil cytoplasmic antibody (ANCA)-asso-
ciated vasculitis (AAV) comprises a group of autoim-
mune disorders, including microscopic polyangiitis
(MPA), granulomatosis with polyangiitis (GPA), and
eosinophilic granulomatosis with polyangiitis (EGPA),
characterized by necrotizing small-vessel vasculitis
with serum autoantibodies mainly against proteinase 3
(PR3) or myeloperoxidase (MPO). As one of the most
common manifestations of AAV, ANCA-associated
glomerulonephritis (ANCA-GN) presents in 80—100%
of patients with MPA and 38-70% with GPA, which is
typically characterized by pauci-immune necrotizing
crescentic glomerulonephritis in renal histology [1-3].
Left untreated, AAV is a life-threatening disease.
Immunosuppressive therapy, in particular, corticos-
teroids in combination with cyclophosphamide or
rituximab, has dramatically improved the outcome of
AAV patients, but a significant proportion of patients
still progress to end-stage renal disease (ESRD). In a
recent study with a training cohort of 115 patients and
a validation cohort of 90 patients, a renal risk score
(RRS) was developed by Brix et al. to predict renal
outcome for AAV patients [4]. The RRS was based on
a Cox model with clinical and pathological param-
eters at diagnosis, including proportion of normal
glomeruli (NO>25%, N1 10-25%, N2<10%), propor-
tion of interstitial fibrosis and tubular atrophy (IF/TA)
(TO<25%, T1>25%), and estimated glomerular filtra-
tion rate (eGFR) (GO > 15 ml/min per 1.73 m%, G1<15
ml/min per 1.73 m?). The RRS was calculated as the
sum of the assigned points for each parameter (N1=4,
N2 =6, T1 =2, G1 =3 points). This score was designed
to predict ESRD risk as low (0 points), medium (2 to
7 points), or high (8 to 11 points), and it proved to be
a clinically applicable tool for early risk prediction of
ESRD in ANCA-GN. Validation of the RRS was per-
formed in 11 cohorts worldwide, comprising 37 to 252
patients, and showed its predictive value [5-15]. How-
ever, regarding discrimination and calibration, the two
key aspects of a systematic assessment of predictive
performance for a model, most of the previous valida-
tion studies did not report discrimination [5, 6, 8, 9,
12-15], and none of them reported calibration [5-15].
In the current study, a systematic validation was per-
formed in Chinese AAV patients, which showed that the
RRS was an independent predictor for ESRD with good
discrimination but less satisfactory calibration. There-
fore, model modification was launched to improve the
predictive performance (including discrimination and
calibration) of the RRS. Furthermore, internal and exter-
nal validations were performed to assess the extent of
optimism and overfitting of the modified model.
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Methods

Patients

Two hundred and seventy-two patients with biopsy-
confirmed ANCA-GN diagnosed in Peking University
First Hospital from 1998 to 2019 and followed up for at
least 12 months were retrospectively recruited. For the
external validation cohort of the modified model, 117
patients with biopsy-confirmed ANCA-GN diagnosed
from 2009 to 2021 were recruited from Peking University
Third Hospital and Peking University Shenzhen Hospital.
All patients met the Chapel Hill Consensus Conference
nomenclature for AAV [16]. Patients with secondary vas-
culitis or other coexisting renal diseases were excluded.
Patients with EGPA were excluded because compared
with MPA and GPA, EGPA was increasingly recognized
as a distinct type of AAV with different manifestations
and outcomes [17]. Patients with ESRD at diagnosis were
excluded as well. For eGFR calculation, Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation
has been widely used in recent years, while in the original
study of RRS by Brix et al. [4], eGFR was calculated with
Modification of Diet in Renal Disease (MDRD) formula.
So, in the current study, the eGFR was calculated accord-
ing to both the MDRD equation for Chinese individuals
[18] and the CKD-EPI equation [19]. The disease activity
of AAV was assessed according to the Birmingham Vas-
culitis Activity Score (BVAS) [20].

This research was in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee
of Peking University First Hospital (N0.2019yan217), the
Ethics Committee of Peking University Third Hospital
(N0.2022-171-01), and the Ethics Committee of Peking
University Shenzhen Hospital (N0.2020-044). Informed
consent was signed by patients or their guardians.

Renal histopathology evaluations

Renal histopathological evaluations were carried out by 2
independent pathologists, both of whom were blinded to
the patients’ information. When differences in the same
biopsy occurred, the biopsy was re-reviewed by the 2
pathologists until consensus was achieved. For adequate
evaluation, biopsies with fewer than 10 total glomeruli
were not included.

According to previous studies, the standardized defi-
nitions of renal pathological lesions were as follows
[21-26]. In brief, normal glomeruli were defined as glo-
meruli without vasculitic lesions or sclerosis. Glomeruli
with subtle changes because of ischemia or a minimum
number of inflammatory cells were also regarded as nor-
mal glomeruli. As a mixture of cells, fibrin, and fibrous
matrix, crescents referred to extracapillary lesions involv-
ing 10% or more of the circumference of Bowman’s cap-
sule. Cellular crescents referred to glomeruli with cellular
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components more than 10% of the crescents. When the
crescents were composed of more than 90% extracellu-
lar matrix, they were defined as fibrous crescents. Global
glomerulosclerosis referred to glomeruli consisting of
more than 80% sclerotic changes of the tuft. [F/TA was
scored semiquantitatively as <25%, 25-50% and >50%
according to the proportion of the affected tubulointer-
stitial compartment.

Renal risk score

According to Brix’s study, the RRS was based on 3 param-
eters with predictive cutoff values [4]: normal glomeruli
(NO>25%, N1 10-25%, and N2<10%), IF/TA (T0<25%
and T1>25%), and eGFR (GO>15 ml/min per 1.73 m?
G1<15 ml/min per 1.73 m?). Furthermore, each degree
of the parameters was assigned the same score point
as the primary study by Brix et al. [4] (N1=4, N2=6,
T1=2, G1=3 points), which were summed to attain
the risk score. Finally, based on the risk score, three risk
groups were defined as follows: low, 0 points; medium,
2-7 points; high, 8—11 points.

Outcomes

The primary outcome of the current study was progres-
sion to ESRD, defined as the need for maintenance dialy-
sis or kidney transplantation. The renal survival time for
each patient was calculated from the diagnosis of AAV to
ESRD or to the last follow-up or death.

Statistical analyses

Data analyses were performed with SPSS (version
22.0, IBM Corp, Armonk, NY) and SAS (version 9.4,
SAS Institute Inc., Cary, NC). Data were shown as the
mean £ SD (for data that were normally distributed) or
median and interquartile range (IQR; for data that were
in skewed distribution) for continuous variables and
number (%) for qualitative variables. The Mann-Whit-
ney U test or crosstabs were performed to compare
the baseline data of the training cohort and validation
cohort. Univariable and multivariable Cox regression
were performed as appropriate. Skewed-distributed
data were converted into natural-logarithm (In) form in
Cox regression analyses. Multiple imputation was per-
formed in the case of missing data. Kaplan-Meier anal-
ysis was employed to assess renal survival. P<0.05 was
considered statistically significant. The predictive per-
formance of the models was assessed by discrimination
(Harrell’s C-statistic) and calibration. Discrimination
level ranged from 0.5 to 1.0 and approached 1.0 in the
case of a perfect match. Calibration of the models was
assessed by the Hosmer and Lemeshow test, in which
P>0.05 indicated no significant difference between
the predicted probability estimated by the model and
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observed outcome frequencies during a certain period
of time. Internal validation was performed using the
one-shot method and presented as the 95% confidence
interval (CI) of Harrell’s C-statistic [27]. In order to
improve the performance of the original RRS in the set-
ting of our cohort and maintain the clinical informa-
tion suggested in Brix’s study [4], model modification
was performed by re-estimation of regression coeffi-
cients of all predictors in the primary model as previ-
ously described by Moons et al. [28]. Since categorizing
a continuous variable would cause loss of information,
eGFR and the proportion of normal glomeruli were
employed as continuous variates and IF/TA was still
included as a categorical variate.

Results

General data of the training cohort

In the current study, 272 patients with ANCA-GN were
recruited for the training cohort, which was an exter-
nal validation cohort for the RRS as well. They were fol-
lowed up for a median duration of 54.5 (IQR 32.0-89.0,
range 12.0-246.0) months. Among these 272 patients,
125 were male, and 147 were female, with a median age
of 61.0 (IQR 51.0-68.0, range 17.0-83.0) years at renal
biopsy. Two hundred and fourteen (78.7%) patients were
classified as MPA, while 58 (21.3%) patients were classi-
fied as GPA. MPO-ANCA and PR3-ANCA were posi-
tive in 246 (90.4%) and 26 (9.6%) patients, respectively.
The median levels of serum creatinine and eGFR (cal-
culated with MDRD equation for Chinese) were 288.5
(IQR 175.2-556.0) pmol/L and 16.9 (IQR 7.6-31.8) ml/
min per 1.73m? at renal biopsy, respectively. Eighty-two
patients progressed to ESRD during a median follow-up
of 21.5 (IQR 3.0-40.0, range 2.0-115.0) months. In the 79
(29.0%) patients with newly started dialysis at diagnosis,
50 patients had renal function restoration after immuno-
suppressive therapy, while 29 patients remained dialysis-
dependent. Multiple imputation was performed in the
case of missing data. The baseline data of the patients
were presented in Table 1.

Histological features of the training cohort

Patients had a median of 26 glomeruli (IQR 19-36) per
biopsy. The proportions of normal glomeruli and glob-
ally sclerotic glomeruli were 25.0% (IQR 10.6—46.6%) and
14.8% (IQR 4.4-29.8%), respectively. Cellular crescents
accounted for 42.5% £ 22.8% of the total glomeruli, while
fibrous crescents accounted for 14.3% (IQR 4.5-29.5%) of
the total glomeruli. There were 153 (56.2%), 85 (31.3%),
and 34 (12.5%) patients with IF/TA<25%, 25-50%, and
>50%, respectively.
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Table 1 General data and outcomes of the training and validation cohorts
Parameters Training cohort (n=272) Validation Cohort (n=117) P
Age (years), median (IQR) 61.0 (51.0-68.0) 61.0 (56.0-66.5) 0.693
Gender 0.849
Male subjects, n (%) 125 (46.0) 55 (47.0)
Female subjects, n (%) (54.0) 62 (53.0)
ANCA subtypes 0.555
MPO-ANCA, n (%) 246 (90.4) 108 (92.3)
PR3-ANCA, n (%) 26 (9.6) 9(7.7)
Hb, g/dL, mean 4+ SD 9.6+ 2.1° 916+ 1.9 0.037
PLT, x 10%/L, median (IQR) 229.0(178.3-304.8) ° 242.0 (180.3-307.0) 0.790
eGFR (ml/min per 1.73m?), median (IQR) 16.9 (7.6-31.8) 144 (8.5-31.1) 0.859
Urinary protein, g/24 h, median (IQR) 14 (0.6-2.4)° 1.6 (0.6-2.5) 0.615
BVAS, median (IQR) 17 (14-22) 17 (15-26) 0.207
Histological data
Glomeruli, median (IQR) 26.0 (19.0-36.0) 28.0(18.0-37.0) 0.800
Normal glomeruli (%), median (IQR) 25.0(10.6-46.6) 25.0(10.7-54.6) 0.860
Cellular crescents (%), mean 4 SD 425+ 228 415+ 253 0.722
IF/TA <0.001
<25%, n (%) 153 (56.2) 36 (30.8)
25-50%, n (%) 85(31.3) 43 (36.7)
>50%, n (%) 34(12.5) 38(32.5)
C3 deposition > 1+, n (%) 88 (324) 41 (35.0) 0.717
Treatment
Corticosteroids combined with CTX or RTX, n (%) 246 (90.4) 108 (92.3) 0.555
IV methylprednisolone pulse, n (%) 184 (67.6) 76 (65.0) 0.605
Plasma exchange, n (%) 58(21.3) 27 (23.1) 0.701
Renal risk score, median (IQR) 5.0 (0.0-8.0) 5.0(2.0-9.0) 0.142
Risk group 0.06
Low, n (%) 72 (26.5) 19(16.2)
Medium, n (%) 127 (46.7) 57 (48.7)
High, n (%) 73 (26.8) 41 (35.0)
ESRD, n 82 33 0.486

Abbreviations: ANCA anti-neutrophil cytoplasmic antibodies, BVAS Birmingham Vasculitis Activity Score, C3 complement 3, CTX cyclophosphamide, eGFR estimated
glomerular filtration rate, ESRD end-stage renal disease, GPA granulomatosis with polyangiitis, Hb hemoglobin, IF/TA interstitial fibrosis and tubular atrophy, IQR
interquartile range, IV intravenous, MPA microscopic polyangiitis, MPO myeloperoxidase, PLT platelet, PR3 proteinase 3, RTX rituximab, Scr serum creatinine

@ Multiple imputation was performed in the case of missing data, including hemoglobin (n=4), platelets (n =8) and urinary protein (n = 20)

Validation of the RRS in the training cohort

The RRS was calculated in accordance with the previ-
ous study by Brix et al. [4]. The eGFR, the proportion
of normal glomeruli, and IF/TA were included in this
scoring system. All these three factors were signifi-
cantly associated with renal outcome in univariable
analyses. Specifically, Fig. 1 (a, b, ¢) demonstrated the
discriminatory effect of each parameter in the RRS on
renal survival.

The median RRS in the training cohort was 5.0 (IQR
0.0-8.0, range 0.0-11.0). Seventy-two (26.5%), 127
(46.7%), and 73 (26.8%) patients were classified into
low-, medium-, and high-risk groups, respectively.

During the 120-month follow-up, 2, 29, and 51 patients
in the low-, medium-, and high-risk groups progressed
to ESRD, respectively. The renal survival of patients in
each group was shown in Fig. 1d. The renal survival
rates at 36-month follow-up were 100%, 85.5%, and
36.5% for the low-, medium-, and high-risk groups,
respectively (P<0.001), with 60-month renal sur-
vival rates of 97.8%, 80.2%, and 28.0% for the three
groups, respectively (P<0.001) and 120-month renal
survival rates of 93.3%, 57.2%, and 18.4%, respectively
(P<0.001). As a continuous variable, the RRS could
predict renal survival in the univariable analysis (HR
1.36, 95% CI 1.27-1.46, P<0.001).
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Fig. 1 Renal survival curves for the primary model. Kaplan-Meier curves for a the proportion of normal glomeruli, b the area of IF/TA, ¢ the eGFR at

diagnosis, and d the renal risk score

The predictive value of the RRS was further evaluated
in a multivariable Cox analysis. First, univariable Cox
regression was performed to select potential risk fac-
tors for ESRD. The clinical parameters that showed dis-
criminatory power on renal survival included age, eGFR,
hemoglobin, platelet count in peripheral blood, and
urinary protein at diagnosis. Regarding renal pathologi-
cal parameters, in addition to the proportion of normal
glomeruli and IF/TA as mentioned above, the propor-
tion of glomeruli with cellular crescents, that with fibrous
crescents, and that with global sclerosis, as well as C3
deposition, also showed a significant association with
renal survival. Then, in the multivariable Cox regression
model, the difference among the three risk groups was
still significant after adjusting for other candidate predic-
tive factors (P<0.001) (Table 2, model 1). Moreover, as a
continuous variable, the RRS was an independent predic-
tor for ESRD in multivariable Cox analysis after adjusting
for the abovementioned factors (HR 1.30, 95% CI 1.20—
1.40, P<0.001) (Table 2, model 2).

The predictive performance of the primary model by
Brix et al. [4] was further assessed based on discrimina-
tion and calibration in this training cohort, which was

an external validation cohort for the RRS as well. Har-
rell’s C-statistic for renal survival at 36 months was 0.832
and 0.855 in the training cohort (n=115) and validation
(n=90) cohort of Brix’s study, respectively [4]. Har-
rell's C-statistic calculated in the current training cohort
(n=272) according to Brix’s Cox regression model
was 0.8545. However, the Hosmer and Lemeshow test
showed less satisfactory calibration of the primary model
(P<0.0001, g=5), which indicated that the predicted
outcome by this model was not quite consistent with the
observed outcome. In addition, there were a number of
patients with preserved renal function after long-term
follow-up in the high-risk group (36.5%, 28.0%, and 18.4%
for 36, 60, and 120 months, respectively), while there
were a number of patients progressing to ESRD in the
medium-risk group (14.5%, 19.8%, and 42.8% for 36, 60,
and 120 months, respectively), suggesting that obvious
heterogeneity existed among patients within the same
group. Therefore, model modification was launched to
improve the predictive performance of the RRS.
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Table 2 Multivariable Cox analyses for ESRD
Parameters Model 1 (n=272) Model 2 (n=272)
HR 95% Cl P HR 95% ClI P
Age (per 10 years) 0.80 0.67-0.96 0.016 0.78 0.65-0.94 0.008
Sex (male subjects vs. female subjects) 136 0.86-2.14 0.187 1.28 0.81-2.02 0.284
Urinary protein (g/24 h, expressed as In) 1.10 0.84-1.44 0.502 1.17 0.89-1.53 0.268
Hb (g/dL) 0.88 0.78-1.00 0.050 0.88 0.79-1.00 0.041
PLT (x 10%/L) 0.98 0.95-1.00 0.031 0.98 0.95-1.00 0.028
C3 deposition (> 14 vs. < 1+4) 1.31 0.82-2.11 0.259 1.20 0.75-1.91 0454
RRS <0.001 1.30 1.20-1.40 <0.001
High Ref.
Medium 0.27 0.16-0.46 <0.001 - - -
Low 0.03 0.01-0.15 <0.001 mmn — -

Abbreviations: Cl confidence interval, C3 complement 3, ESRD end-stage renal disease, Hb hemoglobin, HR hazard ratio, In natural logarithm, PLT platelet, RRS renal risk

score

Model modification

As shown in Table 3, a modified model was developed
based on Brix’s model [4]. Similar to the primary model
of Brix, eGFR (expressed as In), proportion of normal glo-
meruli and IF/TA were included in the modified model,
with the former two parameters as continuous variates
and IF/TA as a categorical variate (< 25%, 25-50%, > 50%).
In the modified model, Harrell’s C-statistics were 0.8936,
0.8786, and 0.8655 for renal survival at the follow-up of
36, 60, and 120 months, respectively. The Hosmer and
Lemeshow test of the modified model showed P=0.2070,
P=0.0092, and P <0.0001 (g=5) for renal survival of the
follow-up of 36, 60, and 120 months, respectively, indicat-
ing no significant disagreement between model predic-
tion and observed outcomes during 36-month follow-up
(Fig. 2a, b, and c). Furthermore, we compared Harrell’s
C-statistic of the modified model and Brix’s model in the
current training cohort (n=272). There was a significant
difference in the C-statistic at the 36-month follow-up
(0.8936 vs. 0.8545, P=0.0005) (Fig. 2d). Re-analysis with

Table 3 The modified model established by Cox regression (n=272)

eGEFR calculated using CKD-EPI equation showed similar
results with those of MDRD-calculated eGFR (Additional
file 1: Figure S1).

Internal validation of the modified model

Internal validation was performed for the modified
model. Internal validation was commonly performed by
randomly splitting the dataset into a training group and
a validation group. However, this approach could “waste
data” because not all available cases in the cohort were
employed to develop a prediction model [29]. Addition-
ally, it could result in “replication instability” in different
random splits of the total cohort [29]. Therefore, in the
current study, internal validation of our modified model
was performed in the training cohort through the one-
shot method, with the results presented as the 95% CI
of Harrell's C-statistic [27]. The study of Kang L et al.
showed that the one-shot method compared favora-
bly to the bootstrap method [27]. Harrell's C-statistics
were 0.8936 (95% CI 0.8595-0.9277), 0.8786 (95% CI

Parameters 36 months 60 months 120 months
HR 95% Cl P HR 95% Cl P HR 95% Cl P
eGFR (ml/min per 0.37 0.25-0.56 <0.001 0.45 0.31-0.65 <0.001 0.55 0.40-0.77 <0.001

1.73 m?, expressed

as In)

IF/TA - -—-- 0.056 - - 0.012 - - 0.036
IF/TA <25% Ref. Ref. Ref.
IF/TA 25-50% 1.40 0.77-2.55 0.268 1.60 0.91-2.80 0.100 1.26 0.76-2.09 0374
IF/TA >50% 234 1.17-4.68 0016 266 1.39-5.08 0.003 217 1.20-3.93 0.010

Proportion of normal  0.00 0.00-0.01 <0.001 0.00 0.00-0.02 <0.001 0.01 0.00-0.03 <0.001

glomeruli

Abbreviations: Cl confidence interval, eGFR estimated glomerular filtration rate, HR hazard ratio, IF/TA interstitial fibrosis and tubular atrophy, In natural logarithm
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0.8433-0.9139), and 0.8655 (95% CI 0.8298-0.9012) for
renal survival at the 36-, 60-, and 120-month follow-ups,
respectively. The above data suggested that our modified
model had good discrimination and performed well in
internal validation.

External validation of the modified model

For external validation of the modified model, an inde-
pendent cohort of 117 patients with ANCA-GN was
recruited from two other hospitals, i.e., Peking Uni-
versity Third Hospital and Peking University Shenzhen
Hospital. The median follow-up period was 40 (IQR
22.5-62.5) months, and 33 patients developed ESRD dur-
ing a median follow-up of 12 (IQR 3.0-25, range 1.0-79)
months. Treatment protocols were similar between train-
ing and validation cohorts. The general data of these
patients was also shown in Table 1. As for discrimina-
tion, Harrell’s C-statistic was 0.8681 for renal survival
in the external validation cohort, which was comparable
to that (0.8936) in the training cohort. The Hosmer and
Lemeshow test of the modified model showed P=0.1202
(g=>5) for renal survival in the external validation cohort,
indicating no obvious disagreement between predicted
and observed outcomes.

For clinical use, an online risk prediction tool was
developed based on the modified model [30], which can
calculate the probability of an individual AAV patient
progressing to ESRD in the percentage form (Fig. 3).

Discussion

Renal involvement in AAV, namely, ANCA-GN, was
associated with ESRD and poor outcome [31-33]. In
China, AAV was an important cause of secondary glo-
merular diseases and the leading cause of acute kidney
injury in elderly patients who received renal biopsy [34,
35]. Although the outcome of AAV has been dramatically
improved by immunosuppressive therapy, a large number
of patients still progressed to ESRD. Accordingly, it was
of interest to establish and validate tools to predict renal
outcome in patients with ANCA-GN.

The study of Berden et al. emphasized the significance
of histological injury for renal outcome and demon-
strated the ascending probability of progressing to ESRD
from the focal to crescentic, mixed, and sclerotic catego-
ries [22]. However, such a sequence of the probability of
progressing to ESRD was inconsistent among different
studies, which indicated that the predictive significance
of the classification may not be quite stable in different
cohorts and its clinical application was limited to some
extent [36, 37]. In addition, the histopathological clas-
sification was not predictive in the multivariable model
involving eGFR, IF/TA and age [4, 38]. To establish a
more reliable predictive model, Brix et al. developed and
validated an RRS system to predict renal survival in Ger-
man cohorts [4], and this model has been further vali-
dated in different cohorts worldwide [5-15]. However,
the systematic assessment of predictive performance,
including discrimination and calibration, was limited in
these studies. Therefore, in the current study, a systematic
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evaluation of the predictive performance of the RRS in a
Chinese cohort of AAV was launched.

Compared with previous studies for validation of RRS in
ANCA-GN [5-15], the sample size of our study is the larg-
est, with 272 patients. In addition, these 272 patients had a
median of 26 (IQR, 19-36) glomeruli per biopsy, which was
so-far the highest among these studies for the RRS, making
the histopathological results more reliable and accurate. It
was found in the current study that renal survival was sig-
nificantly different among the high-, medium-, and low-risk
groups, and Harrell’s C-statistic was satisfactory. Multivari-
ate Cox analysis showed that the RRS was an independent
predictor for ESRD after adjusting for other parameters,
including age, sex, and urinary protein. Therefore, the RRS
proved to be prognostic and practical in Chinese AAV
patients and facilitated its clinical prognostication.

However, despite the satisfactory discrimination,
the calibration assessment showed that the predicted
outcomes by the RRS were not quite consistent with
the observed outcomes (Hosmer and Lemeshow test,
P <0.0001). In addition, as mentioned above, obvious het-
erogeneity existed among the patients within the same
group. Accordingly, based on Brix’s model, we further
developed a modified model in Chinese AAV patients.
Compared with the primary model, the modified model
had improved discrimination and calibration for renal
outcome. There were only 3 parameters in this model, i.e.,
proportion of normal glomeruli, IF/TA and eGFR, mak-
ing it easily available in biopsy-proven ANCA-GN. The
internal and external validation showed good discrimina-
tion and no significant disagreement between predicted
and observed outcomes for a follow-up of 36 months. To
facilitate clinical application, an online risk prediction
tool based on the modified model was developed for phy-
sicians. Once the proportion of normal glomeruli, IF/TA
and eGFR are entered, the website will quantify the prob-
ability of an individual AAV patient progressing to ESRD.

There were some limitations in our study. First, since
this was a study in Chinese AAV cohorts with pre-
dominant MPA and MPO-ANCA patients, considering
the heterogeneity of ANCA status in different popu-
lations, it might limit the extrapolation of this modi-
fied model. Validation of the modified model deserved
further investigation in international cohorts. Second,
patients in the training cohort were retrospectively
recruited from a single center, and therefore, our modi-
fied model was not comparable with the original score
designed from a multicenter prospective cohort. Third,
the calibration was improved with the modified model
at 36-month follow-up (Hosmer and Lemeshow test,
P=0.2070) but still showed a significant difference of
prediction at 60-month (Hosmer and Lemeshow test,
P=0.0092) and 120-month follow-up (Hosmer and
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Lemeshow test, P<0.0001). ESRD risk calculated by the
modified model might be overestimated for high-risk
patients in models of 60- and 120-month follow-up.

Conclusions

In conclusion, a validation of the RRS was performed in
our study, which demonstrated that the RRS was prog-
nostic for ESRD but not fully satisfactory in Chinese
AAV patients. Therefore, a modified model was estab-
lished based on the RRS, with improved discrimination
and calibration. Despite the not fully satisfying calibra-
tion of the modified model, this was an important inves-
tigation of the improvement for prediction of renal
survival in Chinese AAV patients. Internal and exter-
nal validation of the modified model showed good per-
formance in Chinese AAV patients. An online risk tool
derived from this model was developed, which may be
practical to physicians.

Abbreviations

ANCA Antineutrophil cytoplasmic antibody

AAV Antineutrophil cytoplasmic antibody-associated vasculitis
MPA Microscopic polyangiitis

GPA Granulomatosis with polyangiitis

EGPA Eosinophilic granulomatosis with polyangiitis

PR3 Proteinase 3

MPO Myeloperoxidase

ANCA-GN  ANCA-associated glomerulonephritis

ESRD End-stage renal disease

RRS Renal risk score

IF/TA Interstitial fibrosis and tubular atrophy

eGFR Estimated glomerular filtration rate

CKD-EPI Chronic Kidney Disease Epidemiology Collaboration
MDRD Modification of Diet in Renal Disease

BVAS Birmingham Vasculitis Activity Score

IQR Interquartile range

a Confidence interval

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-02755-4.

Additional file 1: Figure S1. Confirmation of the modified model with
eGFR calculated using CKD-EPI equation. Calibration and discrimination
of the modified model at 36 months (a), 60 months (b) and 120 months
(). Comparison of discrimination for the modified model and the primary
model (d).

Acknowledgements
Not applicable.

Authors’ contributions

RXW collected the patients’data, analyzed statistics, and drafted the manu-
script. JWW provided statistical guidance. SFC, ZYL, MC, and MHZ designed
the study and participated interpretation of data. XJY and SXW performed

the histological examination of the kidney. FZ, ZYX, SHB, and YW provided
assistance in the external validation of modified model. ZYL had full access to
the data and took responsibility for accuracy in the process of data analysis. All
authors read and approved the final manuscript.


https://doi.org/10.1186/s12916-023-02755-4
https://doi.org/10.1186/s12916-023-02755-4

Wang et al. BMC Medicine (2023) 21:45

Funding

This study was supported by grants from National High Level Hospital Clinical
Research Funding (Multi-center Clinical Research Project of Peking University
First Hospital [grant number 2022CR52]), Capital’s Funds for Health Improve-
ment and Research [grant number 2020-2-4073], National Natural Science
Fund [grant numbers 82270754, 81870477, 82090020/82090021, 81900640],
and CAMS Innovation Fund for Medical Sciences (2019-12M-5-046).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This research was approved by the Ethics Committee of Peking University First
Hospital (N0.2019yan217), the Ethics Committee of Peking University Third
Hospital (N0.2022-171-01), and the Ethics Committee of Peking University
Shenzhen Hospital (N0.2020-044). Informed consent was signed by patients or
their guardians.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 6 September 2022 Accepted: 26 January 2023
Published online: 08 February 2023

References

1. Holle JU, Wieczorek S, Gross WL. The future of ANCA-associated vasculitis.
Rheum Dis Clin N Am. 2010;36(3):609-21.

2. Chung SA, Seo P. Microscopic polyangiitis. Rheum Dis Clin N Am.
2010;36(3):545-58.

3. Lionakis, Blyth ER, Hogan SL, Hu'Y, Senior BA, Jennette CE, et al. Classifica-
tion of antineutrophil cytoplasmic autoantibody vasculitides: the role of
antineutrophil cytoplasmic autoantibody specificity for myeloperoxidase
or proteinase 3 in disease recognition and prognosis. Arthritis Rheum.
2012,64(10):3452-62.

4. Brix SR, Noriega M, Tennstedt P, Vettorazzi E, Busch M, Nitschke M, et al.
Development and validation of a renal risk score in ANCA-associated
glomerulonephritis. Kidney Int. 2018;94(6):1177-88.

5. LiAS,Saleh C, Denley H, Patel M, Brix SR. ANCA renal risk score predicts
outcome in the Manchester cohort. Kidney Int. 2019;96(1):246-7.

6. Gercik O, Bilgin E, Solmaz D, Cakalagaoglu F, Saglam A, Aybi O, et al.
Histopathological subgrouping versus renal risk score for the prediction
of end-stage renal disease in ANCA-associated vasculitis. Ann Rheum Dis.
2020;79(5):675-6.

7. Mejfa-Vilet JIM, Martin-Nares E, Cano-Verduzco ML, Pérez-Arias AA,
Sedano-Montoya MA, Hinojosa-Azaola A. Validation of a renal risk score in
a cohort of ANCA-associated vasculitis patients with severe kidney dam-
age. Clin Rheumatol. 2020;39(6):1935-43.

8. van Daalen EE, Wester Trejo MAC, Goceroglu A, Ferrario F, Joh K, Noél LH,
et al. Developments in the histopathological classification of ANCA-asso-
ciated glomerulonephiritis. Clin J Am Soc Nephrol. 2020;15(8):1103-11.

9. You X, Zhang J, Ding X, Zhang J, Zhou Q, Lu G. Predictors of renal out-
comes in crescentic and mixed class of ANCA-associated glomerulone-
phritis. Clin Nephrol. 2021;95(2):81-6.

10. An XN, Wei ZN, Yao XY, Xu J, Qian WT, Pan XX, et al. Evaluating renal outcome
of ANCA-associated renal vasculitis: comparative study of two histopatho-
logical scoring systems. Clin Exp Rheumatol. 2021;39 Suppl 129(2):39-45.

11. Boudhabhay |, Delestre F, Coutance G, GnemmiV, Quéméneur T, Vanden-
bussche C, et al. Reappraisal of renal arteritis in ANCA-associated vascu-
litis: clinical characteristics, pathology, and outcome. J Am Soc Nephrol.
2021,32(9):2362-74.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 10 of 11

. Jebali H, Khadhar M, Mami |, Beji S, Sellami M, Hassen M, et al. Predictors

of renal outcomes in anti-neutrophil cytoplasmic antibody glomerulone-
phritis. Saudi J Kidney Dis Transplant. 2020;31(1):182-90.

. Tan PG, O'Brien J, Pusey CD, McAdoo SP. Validation of the ANCA renal risk

score in a London cohort: potential impact of treatment on prediction
outcome. Kidney Int. 2021;99(2):488-9.

. Villacorta J, Diaz-Crespo F, Guerrero C, Acevedo M, Cavero T, Fernandez-

Juarez G. Long-term validation of the renal risk score for vasculitis in a
Southern European population. Clin Kidney J. 2021;14(1):220-5.

. Kant S, Costigliolo F, Brix SR, Fenaroli P, Rosenberg A, Geetha D. Applica-

tion of the ANCA renal risk score in the United States: a single-center
experience. Kidney Med. 2021;3(4):686-8.

. Jennette JC, Falk RJ, Bacon PA, Basu N, Cid MC, Ferrario F, et al. 2012

revised International Chapel Hill Consensus Conference Nomenclature of
Vasculitides. Arthritis Rheum. 2013;65(1):1-11.

. Abril A, Calamia KT, Cohen MD. The Churg Strauss syndrome (allergic

granulomatous angiitis): review and update. Semin Arthritis Rheum.
2003;33(2):106-14.

. MaYC, Zuo L, Chen JH, Luo Q, Yu XQ, LiV, et al. Modified glomerular filtra-

tion rate estimating equation for Chinese patients with chronic kidney
disease. J Am Soc Nephrol. 2006;17(10):2937-44.

. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman Hl,

et al. A new equation to estimate glomerular filtration rate. Ann Intern
Med. 2009;150(9):604-12.

Lugmani RA, Bacon PA, Moots RJ, Janssen BA, Pall A, Emery P, et al.
Birmingham Vasculitis Activity Score (BVAS) in systemic necrotizing
vasculitis. QJM. 1994,87(11):671-8.

Hauer HA, Bajema IM, van Houwelingen HC, Ferrario F, Noél LH,
Waldherr R, et al. Renal histology in ANCA-associated vasculitis: dif-
ferences between diagnostic and serologic subgroups. Kidney Int.
2002;61(1):80-9.

Berden AE, Ferrario F, Hagen EC, Jayne DR, Jennette JC, Joh K, et al. His-
topathologic classification of ANCA-associated glomerulonephritis. J Am
Soc Nephrol. 2010;21(10):1628-36.

Bajema IM, Hagen EC, Hansen BE, Hermans J, Noel LH, Waldherr R, et al.
The renal histopathology in systemic vasculitis: an international survey
study of inter- and intra-observer agreement. Nephrol Dial Transplant.
1996;11(10):1989-95.

Bajema IM, Hagen EC, Hermans J, Noel LH, Waldherr R, Ferrario F, et al.
Kidney biopsy as a predictor for renal outcome in ANCA-associated
necrotizing glomerulonephritis. Kidney Int. 1999;56(5):1751-8.

Bajema IM, Wilhelmus S, Alpers CE, Bruijn JA, Colvin RB, Cook HT, et al.
Revision of the International Society of Nephrology/Renal Pathology
Society classification for lupus nephritis: clarification of definitions, and
modified National Institutes of Health activity and chronicity indices.
Kidney Int. 2018;93(4):789-96.

Roberts IS, Cook HT, Troyanov S, Alpers CE, Amore A, Barratt J, et al. The
Oxford classification of IgA nephropathy: pathology definitions, correla-
tions, and reproducibility. Kidney Int. 2009;76(5):546-56.

Kang L, Chen W, Petrick NA, Gallas BD. Comparing two correlated C
indices with right-censored survival outcome: a one-shot nonparametric
approach. Stat Med. 2015;34(4):685-703.

Moons KG, Kengne AP, Grobbee DE, Royston P, Vergouwe Y, Altman DG,
et al. Risk prediction models: II. External validation, model updating, and
impact assessment. Heart. 2012;98(9):691-8.

Moons KG, Kengne AP, Woodward M, Royston P, Vergouwe Y, Altman
DG, et al. Risk prediction models: I. Development, internal validation,
and assessing the incremental value of a new (bio)marker. Heart.
2012;98(9):683-90.

ESRD risk tool for ANCA-associated glomerulonephritis. https://www.
aavesrdrisk.com. Accessed 15 Jan 2023.

Mukhtyar C, Flossmann O, Hellmich B, Bacon P, Cid M, Cohen-Tervaert
JW, et al. Outcomes from studies of antineutrophil cytoplasm antibody
associated vasculitis: a systematic review by the European League
Against Rheumatism systemic vasculitis task force. Ann Rheum Dis.
2008;67(7):1004-10.

Booth AD, Almond MK, Burns A, Ellis P, Gaskin G, Neild GH, et al. Outcome
of ANCA-associated renal vasculitis: a 5-year retrospective study. Am J
Kidney Dis. 2003;41(4):776-84.


https://www.aavesrdrisk.com
https://www.aavesrdrisk.com

Wang et al. BMC Medicine

33.

34

35.

36.

37.

38.

(2023) 21:45

Flossmann O, Berden A, de Groot K, Hagen C, Harper L, Heijl C, et al.

Long-term patient survival in ANCA-associated vasculitis. Ann Rheum Dis.

2011;70(3):488-94.

Chen M, Yu F, Zhang Y, Zhao MH. Clinical [corrected] and pathologi-

cal characteristics of Chinese patients with antineutrophil cytoplasmic
autoantibody associated systemic vasculitides: a study of 426 patients
from a single centre. Postgrad Med J. 2005;81(961):723-7.

Zhu P, Zhou FD, Zhao MH. The renal histopathology spectrum of elderly
patients with kidney diseases: a study of 430 patients in a single Chinese
center. Medicine (Baltimore). 2014;93(28):e226.

Chang DY, Wu LH, Liu G, Chen M, Kallenberg CG, Zhao MH. Re-evaluation
of the histopathologic classification of ANCA-associated glomerulone-
phritis: a study of 121 patients in a single center. Nephrol Dial Transplant.
2012;27(6):2343-9.

Chen YX, Xu J, Pan XX, Shen PY, Li X, Ren H, et al. Histopathological clas-
sification and renal outcome in patients with antineutrophil cytoplas-
mic antibodies-associated renal vasculitis: a study of 186 patients and
metaanalysis. J Rheumatol. 2017;44(3):304-13.

Tanna A, Guarino L, Tam FW, Rodriquez-Cubillo B, Levy JB, Cairns TD,

et al. Long-term outcome of anti-neutrophil cytoplasm antibody-asso-
ciated glomerulonephritis: evaluation of the international histological
classification and other prognostic factors. Nephrol Dial Transplant.
2015;30(7):1185-92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A modified renal risk score for Chinese patients with antineutrophil cytoplasmic antibody-associated vasculitis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patients
	Renal histopathology evaluations
	Renal risk score
	Outcomes
	Statistical analyses

	Results
	General data of the training cohort
	Histological features of the training cohort
	Validation of the RRS in the training cohort
	Model modification
	Internal validation of the modified model
	External validation of the modified model

	Discussion
	Conclusions
	Acknowledgements
	References


