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ABSTRACT 

Background. The 2021 clinical guidelines of the Kidney Disease: Improving Global Outcomes emphasize the importance of the his- 
tological activity index (AI) in the management of lupus nephritis (LN). Patients with LN and a high AI have poor renal outcomes and 
high rates of nephritic relapse. In this study we constructed prediction models for the AI in LN. 

Methods. The study population comprised 337 patients diagnosed with LN using kidney biopsy. The participants were randomly 
divided into training and testing cohorts. They were further divided into high-activity (AI > 2) and low-activity (AI ≤2) groups. This 
study developed two clinical prediction models using logistic regression and least absolute shrinkage and selection operator (LASSO) 
analyses with laboratory test results collected at the time of kidney biopsy. The performance of models was assessed using 5-fold 
cross-validation and validated in the testing cohort. A nomogram for individual assessment was constructed based on the preferable 
model. 

Results. Multivariate analysis showed that higher mean arterial pressure, lower estimated glomerular filtration rate, lower comple- 
ment 3 level, higher urinary erythrocytes count and anti-double-stranded DNA seropositivity were independent risk factors for high 

histologic activity in LN. Both models performed well in the testing cohort regarding the discriminatory ability to identify patients 
with an AI > 2. The average area under the curve of 5-fold cross-validation was 0.855 in the logistic model and 0.896 in the LASSO 

model. A webtool based on the LASSO model was created for clinicians to enter baseline clinical parameters to produce a probability 
score of an AI > 2. 

Conclusions. The established nomogram provides a quantitative auxiliary tool for distinguishing LN patients with a high AI and 
helps physicians make clinical decisions in their comprehensive assessment. 
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GRAPHICAL ABSTRACT 

KEY LEARNING POINTS 

What was known: 

• Patients with lupus nephritis (LN) and high histopathological activity have poor renal outcomes and high rates of nephritic 
relapse.

• Clinical remission of LN is not consistent with renal histologic remission.
• The activity index (AI) is important in the management of lupus nephritis.

This study adds: 

• This study constructed a nomogram for predicting the pathohistological AI based on routine examinations results.

Potential impact: 

• Diagnostic or repeat kidney biopsy, intensive immunosuppressive therapy and disease surveillance are recommended for pa- 
tients with a high suspicion of high histologic activity.

• Avoid a repeat kidney biopsy in patients with low risk of active LN.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

Lupus nephritis (LN) is a common and serious complications of
systemic lupus erythematosus (SLE). Most patients are diagnosed
with LN within 5 years after diagnosis with SLE and ≈5–20% pa-
tients with LN progress to end-stage renal disease [1 , 2 ]. 

The ultimate therapeutic goal of LN is to preserve renal func-
tion as much as possible and a key factor in the management
of LN is to accurately determine the degree of renal histologi-
cal activity. The activity index (AI) and chronicity index (CI) of
the histopathological features of LN were proposed by Austin
et al . [3 ] and modified by the International Society of Nephrology
in 2018. It is recommended that the A, C and A/C parameters in
class III/IV be substituted by the AI and CI and the use of these
indices is not restricted to class III/IV but is applied to all classes
[4 ]. In 2021, AI and CI were listed in the Kidney Disease: Improv-
ing Global Outcomes (KDIGO) clinical guidelines for the first time,
and the guidelines pointed out that clinicians need to pay more 
attention to potentially reversible active lesions [5 ]; however, the 
treatment strategies for the AI still need further research. Based 
on previous literature on disease progression and renal pathol- 
ogy, LN patients with an AI > 2 have an increasing risk of poor
renal outcome and are predictive of LN relapse after withdrawal 
of maintenance immunosuppression [6 –10 ]. 

The induction treatment for LN mostly depends on pathologi- 
cal classification, which is then switched to maintenance treat- 
ment when complete clinical remission is achieved. However,
some studies have found that clinical remission, as evaluated by 
proteinuria and renal function, is not consistent with renal his- 
tological remission [7 , 11 –13 ]. Moreover, the changes and trans- 
formations in the histologic classification of LN over time have 
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Table 1: Demographic and clinical characteristics of the training and testing cohorts 

Characteristics 
Total 

( N = 337) 
Training cohort 

( n = 235) 
Testing cohort 

( n = 102) 

Female, n (%) 279 (82.8) 201 (85.5) 78 (76.5) 
Age (years), median (IQR) 36 (25–46) 36 (26–45) 36 (26–45) 
BMI (kg/m2 ), median (IQR) 22.2 (19.8–24.0) 21.2 (19.8–24.0) 22.1 (19.6–23.9) 
MAP (mmHg), mean ± SD 100.5 ± 13.9 101.3 ± 13.7 98.7 ± 14.1 
LN classification, n (%) 
Ⅰ , Ⅱ 9 (2.7) 6 (2.6) 3 (2.95) 
Ⅲ , Ⅳ , Ⅲ / Ⅳ ± Ⅴ 201 (59.6) 142 (60.4) 59 (57.8) 
Ⅴ 50 (14.8) 35 (14.9) 15 (14.7) 
Ⅵ 5 (1.5) 3 (1.3) 2 (2.0) 
Post-treatment 72 (21.4) 49 (20.9) 23 (22.5) 

AI, median (IQR) 5 (2–7) 5 (2–7) 5 (2–7) 
AI > 2, n (%) 233 (69.1) 164 (69.8) 69 (67.6) 
CI, median (IQR) 3 (2–3) 3 (2–3) 3 (2–3) 
WBC count ( × 109 /l), median (IQR) 6.0 (3.6–7.5) 5.9 (3.6–7.2) 6.1 (3.9–8.0) 
Hb (g/l), median (IQR) 103.1 (87.0–117.0) 103.7 (87.0–117.0) 101.8 (87.8–116.5) 
Hct (%), mean ± SD 31.6 ± 6.0 31.7 ± 6.1 31.3 ± 5.8 
Plt ( × 109 /l), median (IQR) 183.8 (127.0–236.5) 185.6 (127.0–238.0) 180.0 (127.0–223.0) 
Serum albumin (g/L), mean ± SD 27.9 ± 6.8 27.6 ± 6.5 28.7 ± 7.4 
SCr ( μmol/l), median (IQR) 110.8 (60.0–122.0) 106.2 (60.0–115.0) 121.3 (58.8–151.0) 
BUN (mmol/l), median (IQR) 9.4 (4.8–11.4) 8.9 (4.8–11.0) 10.4 (5.1–12.3) 
UA ( μmol/l), median (IQR) 401.0 (315.0–486.0) 399.0 (314.0–481.0) 406.5 (313.8–512.1) 
eGFR (ml/min/1.73 m2 , median (IQR) 83.5 (53.5–114.7) 85.3 (57.7–114.1) 79.4 (42.9–116.3) 
ESR (mm/h), median (IQR) 36.1 (17.0–51.0) 37.4 (17.0–51.0) 33.0 (16.8–45.3) 
C3 (mg/dl), median (IQR) 52.2 (35.0–66.0) 52.5 (36.0–66.0) 51.6 (34.0–65.0) 
C4 (mg/dl), median (IQR) 9.7 (4.0–13.8) 9.5 (3.0–13.0) 8.8 (4.0–14.0) 
CRP (mg/l), median (IQR) 5.2 (1.4–5.1) 4.7 (1.3–4.8) 6.1 (1.5–6.4) 
logANA a , median (IQR) 2.3 (2.2–2.5) 2.3 (2.2–2.5) 2.3 (2.1–2.5) 
Anti-dsDNA seropositive, n (%) 196 (58.2) 137 (58.3) 59 (57.8) 
UPCR (g/g), median (IQR) 3.37 (1.52–4.34) 3.48 (1.54–4.42) 3.13 (1.44–3.83) 
log2 URBC b (/ μl), median (IQR) 6. 3(4.7–7.8) 6.1 (4.5–7.7) 6.5 (5.1–8.1) 
uCast positive, n (%) 125 (37.1) 91 (38.7) 34 (33.3) 

WBC, white blood cell; Hb, haemoglobin; Hct, haematocrit; Plt, platelet; UA, uric acid; ESR, erythrocyte sedimentation rate; CRP: C-reactive protein; ANA: antinuclear 
antibody; uCast, urinary cast. 
a Titre expressed as logANA after log transformed base 10. 
b The dispersion of URBC is large (the coefficient of variation of URBC is 3.79). The count of red cells in urea is expressed as log2 URBC after log transformed base 2. 
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een observed in ≈40–76% of patients [1 , 14 ]. There is no doubt
hat histopathological features are critical guidance for the man-
gement of LN, but it is an invasive procedure and its indications
emain controversial. Clinicians have been using a holistic assess-
ent of abnormal clinical manifestations and specific criteria and
uantitative evaluation tools for repeat kidney biopsies have been
acking until now. 
In this study we constructed a nomogram for the degree of

istologic activity using a series of blood and urine tests results,
hich helps physicians objectively evaluate histologic activity,
hereby helping to make clinical decisions about performing kid-
ey biopsy early and in a timely manner while avoiding unneces-
ary renal biopsies. 

ATERIALS AND METHODS 

tudy design and population 

he study population included patients with LN confirmed by
idney biopsy between January 2015 and June 2020 at the First
ospital of Zhejiang University School of Medicine (288 patients),
he First Affiliated Hospital of Ningbo University (73 patients) and
he Fourth Hospital of Zhejiang University School of Medicine
n China (11 patients). Patients with any of the following con-
itions were excluded: age < 18 years, any other types of re-
al disease and missing renal pathology reports or critical data
 Supplementary Fig. S1). 
In this study, 337 patients were included and randomly divided

n a ratio of 7:3 into training (235 patients) and testing (102 pa-
ients) cohorts. The baseline clinical characteristics of the study
ohorts are shown in Table 1 . Based on the results of previous
tudies on the AI [6 –8 , 13 ], the training cohort was divided into
wo groups: high (AI > 2) and low (AI ≤2). Logistic regression and
east absolute shrinkage and selection operator (LASSO) analyses
ere used to develop models to predict the activity of histology in
N if the AI is > 2. Details of the statistical analysis pipeline are
hown in Supplementary Fig. S2. 

linical data and definitions 
emographic information, history, renal pathology results and
lood and urine test results were obtained from the electronic
edical records of the three hospitals. Pathology reports for all

he cases were retrospectively analysed and the AI and classifica-
ion were re-evaluated according to modified activity and chronic-
ty indices and clarification of definitions [4 ]. In this study, some
atients underwent kidney biopsy after a period of treatment. The
enal pathology of these patients was evaluated by specialized
athologists, but it cannot be defined as a certain classification

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
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( Ⅰ –Ⅵ ), which was described as ‘post-treatment’. Laboratory test
data used to construct the prediction models were collected 1–
3 days before the kidney biopsy. Estimated glomerular filtration
rate (eGFR) was calculated using the Chronic Kidney Disease Epi-
demiology Collaboration equation [15 ]. To evaluate the treatment
response of the study population, therapy regimens and serum
creatinine (SCr) levels, eGFR and spot urine protein:creatinine ra-
tio (UPCR) were collected after 6 months of treatment. The treat-
ment response was defined based on the 2021 KDIGO guidelines.
Complete clinical renal response (CRR) was defined as a UPCR
< 0.5 g/g and improved or stable renal function (eGFR ±10–15%
of baseline). Partial renal response (PRR) was defined as a UPCR
< 3.0 g/g with at least a 50% reduction from baseline and improved
or stable renal function (eGFR ±10–15% of baseline). Failure to
achieve CRR or PRR was defined as no response (NR). This study
was approved by the Ethics Committee of the First Hospital of the
Zhejiang University School of Medicine (2020 IIT No. 571). 

Statistics 
Continuous variables are presented as mean ± standard devi-
ation (SD) or median and interquartile range (IQR), and groups
were compared using the t -test or Mann–Whitney U test. Cate-
gorical variables are presented as numbers and percentages, and
groups were compared using the χ2 test or Fisher’s exact test.
The correlation between AI as a continuous variable and other
factors was analysed using Spearman’s correlation. In the statis-
tical tests, continuous variables with large coefficients of varia-
tion were log-transformed to reduce variability. Logistic regres-
sion [stepwise regression according to the Akaike information cri-
terion (AIC)] and LASSO analyses were used to filter the clinical
variables and construct prediction models, respectively (logistic
model, LASSO model). The value of λ in the LASSO model corre-
sponds to one standard error greater than the minimum mean
squared error (MSE) (lambda.1se). Performance of the prediction
model was evaluated using the area under the curve (AUC) of the
receiver operating characteristics (ROC) curve and the calibration
curve. The optimal cut-off value of the ROC curve was determined
using the maximum Youden’s index. The average AUC of K-fold
cross-validation (k = 5) (cvAUC) was used to assess the general-
ization capability of the model. Both the models were validated in
the testing cohort. A nomogram was constructed based on the re-
gression equation of the preferable model. All statistical analyses
were performed using SPSS Statistics version 25 (IBM, Armonk, NY,
USA) and R version 4.2.2 (R Foundation for Statistical Computing,
Vienna, Austria). P -values < .05 were considered statistically sig-
nificant. 

RESULTS 

Baseline characteristics of the training and 

testing cohorts 
A total of 337 patients with LN were included in this study, includ-
ing 235 in the training cohort and 102 in the testing cohort; 82.8%
of the patients in this study were females and the median age was
36 years. Approximately 60% of the patients were diagnosed with
proliferative LN ( Ⅲ , Ⅳ and Ⅲ / Ⅳ + Ⅴ ). The AI in the study cohort
ranged from 0 to 17, with a median of 5, and 233 patients (69.1%)
had an AI > 2, while the CI ranged from 0 to 9, with a median of 3.
Approximately 20% of the patients underwent kidney biopsy after
treatment rather than at the time of initial diagnosis, and almost
all post-treatment patients had an AI > 0 ( n = 70); more than half
of these patients had an AI > 2 ( n = 37), while 74% of those with a
first LN diagnosis had an AI > 2. 

Additionally, we retrospectively analysed the relationship be- 
tween induction therapy and the rate of clinical renal remission 
at 6 months after kidney biopsy in the study cohort. There were
68 patients in the low-activity group and 114 in the high-activity
group after excluding missing data, and the CRRs were 61.8% 

and 71.9%, respectively. There were no significant differences in 
the rates of CRR and PRR between the two groups; however, in
the high-activity group, glucocorticoids combined with immuno- 
suppressive therapy was the most common regimen versus glu- 
cocorticoids alone (immunosuppressive agents referring to cy- 
clophosphamide, calcineurin inhibitors and mycophenolic acid 
analogues, etc.) ( χ2 = 5.240, P = .029). 

Factors affecting the degree of histologic activity 

Among all the clinical variables in our study, only SCr showed a
significant correlation with AI ( r > 0.4, P < .05). The results of the
univariate and multivariate logistic regression analyses are pre- 
sented in Table 2 . Multivariate logistic regression analysis showed 
that higher mean arterial pressure (MAP) {odds ratio [OR] 1.037 
[95% confidence interval (CI) 1.012–1.063], P = .003], lower eGFR 
[OR 0.975 (95% CI 0.965–0.984), P < .001], lower complement 3 
(C3) level [OR 0.964 (95% CI 0.949–0.978), P < .001], higher uri-
nary erythrocytes counts (URBC) [log2 transformed, OR 1.182 (95% 

CI 1.031–1.265), P = .019] and anti-double-stranded DNA (anti- 
dsDNA) seropositive [OR 3.998 (95% CI 2.160–7.578), P < .001] were 
independent risk factors for high histologic activity in LN. The 
AUCs for these factors indicated a poor discriminatory ability with 
respect to the degree of histologic activity ( Supplementary Fig. S3).
The sensitivities and specificities of these individual parameters 
were low. 

The training cohort was divided into low- and high-activity 
groups, according to the AI, and the differences in variables at 
baseline between the two groups are presented in Table 3 . There
were significant differences in pathological category (Fisher’s 
test, P < .001); the major classification in the low-activity group 
was class V, whereas it was proliferative LN in the high-activity
group. Compared with the low-activity group, patients in the high- 
activity group had more impaired renal function, including higher 
levels of SCr, blood urea nitrogen (BUN), uric acid (UA), URBC and
UPCR ( P < .001). There were no differences in sex or age between
the groups. 

Development of prediction models 
The correlation coefficients between the variables screened by 
univariate analysis are presented in Supplementary Fig. S4 and 
the collinearity diagnostics of these variables were performed be- 
fore the logistic regression analysis ( Supplementary Table S1).
A logistic model was established based on MAP, serum al- 
bumin, haematocrit, eGFR, URBC, UPCR, C3 and anti-dsDNA 

(AIC = 185.15). The AUC of the logistic model was 0.902 (95%
CI 0.852–0.952, P = .025). This model could identify patients 
whose AI was > 2 with a specificity of 80.3% (risk score > 0.562)
( Supplementary Fig. S5a and Tables S2 and S3). 

We have to choose a threshold to select the variables based 
on the logistic regression analysis model. This process could be 
arbitrary. However, LASSO analysis can select important vari- 
ables by penalizing the absolute value of the regression coeffi- 
cient and removing non-influential covariates. Therefore, we fur- 
ther applied the LASSO regression coefficients to construct the 

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
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Table 2: Correlation analysis of the AI and multivariate logistic regression analysis of factors associated with AI > 2 

Correlation analysis Univariate Multivariate 

Variables Spearman’s r P -value OR (95% CI) P -value OR (95% CI) P -value 

CI a 0 .167 .002 – –
Female 0 .010 .853 1.209 (0.645–2.268) .553 
Age (years) −0 .008 .881 0.999 (0.981–1.017) .916 
BMI (kg/m2 ) −0 .086 .115 0.965 (0.905–1.029) .278 
MAP (mmHg) 0 .239 < .001 1.048 (1.029–1.068) < .001 1.037 (1.012–1.063) .003 
WBC ( × 109 /l) 0 .040 .465 1.008 (0.936–1.086) .835 
Hb (g/l) −0 .317 < .001 0.966 (0.954–0.978) < .001 
Hct (%) −0 .370 < .001 0.874 (0.836–0.914) < .001 
Plt ( × 109 /l) −0 .182 .001 0.994 (0.991–0.997) < .001 
Serum albumin (g/l) −0 .288 < .001 0.924 (0.890–0.959) < .001 
SCr ( μmol/l) 0 .405 < .001 1.018 (1.011–1.025) < .001 
BUN (mmol/l) 0 .357 < .001 1.225 (1.139–1.318) < .001 
UA ( μmol/l) 0 .277 < .001 1.006 (1.004–1.008) < .001 
eGFR (ml/min/1.73 m2 ) −0 .382 < .001 0.971 (0.962–0.979) < .001 0.975 (0.965–0.984) < .001 
ESR (mm/h) −0 .057 .301 0.993 (0.984–1.003) .164 
C3 (mg/dl) −0 .346 < .001 0.958 (0.947–0.970) < .001 0.964 (0.949–0.978) .001 
C4 (mg/dl) −0 .203 < .001 0.942 (0.914–0.971) < .001 
CRP (mg/l) 0 .034 .540 1.004 (0.977–1.031) .798 
logANA 0 .156 .004 1.253 (0.764–2.054) .372 
Anti-dsDNA positive 0 .313 < .001 3.891 (2.391–6.332) < .001 3.998 (2.160–7.578) < .001 
UPCR (g/g) 0 .138 .011 1.103 (0.998–1.218) .054 
log2 URBC (/ μl) 0 .294 < .001 1.390 (1.236–1.563) < .001 1.182 (1.031–1.265) .019 
uCast 0 .283 < .001 3.186 (1.849–5.490) < .001 

a CIs were excluded in the multivariate analysis. 
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able 3: Clinical characteristics of low- and high-activity groups 

haracteristics 
Low ac

(

N classification, n (%) 
Ⅰ , Ⅱ 4 (5.6
Ⅲ , Ⅳ , Ⅲ / Ⅳ ± Ⅴ 10 (14
Ⅴ 32 (45
Ⅵ –
Post-treatment, n (%) 25 (35
I, median (IQR) 2.2 (2.0–
emale, n (%) 62 (87
ge (years), median (IQR) 36.3 (28.0
MI (kg/m2 ), median (IQR) 22.6 (19.9
AP (mmHg), mean ± SD 95.7 ± 1
BC count ( × 109 /l), median (IQR) 5.9 (3.6–
b (g/l), median (IQR) 115.2 (102.0
ct (%), median (IQR) 35.4 (31.9
lt ( × 109 /l), median (IQR) 210.9 (166.0
erum albumin (g/l), median (IQR) 30.2 (24.0
Cr ( μmol/l), median (IQR) 71.0 (50.0
UN (mmol/l), median (IQR) 5.9 (4.1–
A ( μmol/l), median (IQR) 345.4 (285.0
GFR (ml/min/1.73 m2 ), median (IQR) 107.6 (98.1
SR (mm/h), median (IQR) 38.7 (16.0
3 (mg/dl), median (IQR) 69.8 (50.0
4 (mg/dl), median (IQR) 10 (5–1
RP (mg/l), median (IQR) 3.7 (1.0–
ogANA, median (IQR) 2.3 (2.2–
PCR (g/g), median (IQR) 3.20 (1.02
og2 URBC/( μl), mean ± SD 4.87 ±
nti-dsDNA seropositive, n (%) 25 (35
Cast positive, n (%) 14 (19
e time of kidney biopsy 

 (AI ≤2) 
1) 

High activity (AI > 2) 
( n = 164) P -value 
) 2 (1.2) < .001 
.1) 132 (80.5) 
.1) 3 (1.8) 

3 (1.8) 
.2) 24 (14.6) 
3.0) 2.8 (2.0–3.0) .133 
.3) 139 (84.8) .690 
–43.0) 35.8 (25.0–46.0) .680 
–24.3) 22.0 (19.7–23.7) .414 
3.2 103.8 ± 13.2 < .001 
7.1) 5.9 (3.5–7.4) .600 
–127.0) 98.7 (84.3–109.8) < .001 
–38.1) 30.1 (25.6–33.4) < .001 
–251.0) 174.7 (117.5–214.5) < .001 
–34.4) 26.5 (22.6–30.5) < .001 
–70.0) 121.5 (65.0–133.3) < .001 
6.7) 10.2 (5.6–13.9) < .001 
–391.0) 421.8 (332.1–502.8) < .001 
–124.2) 75.7 (44.9–108.7) < .001 
–62.0) 36.8 (18.0–49.8) .767 
–86.0) 45.0 (33.0–55.8) < .001 
7) 6 (3–11) < .001 
3.2) 5.2 (1.5–5.1) .007 
2.5) 2.3 (2.2–2.5) .617 
–4.12) 3.60 (1.85–4.48) .032 
2.1 6.69 ± 2.3 < .001 
.2) 112 (68.3) < .001 
.7) 77 (47.0) < .001 
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Figure 1: ROC curves and calibration curves of the LASSO model in the training cohort. (a) ROC curves. (b) Calibration curves. Grey line: nomogram 

AI = observed AI; blue line: actual calibration; red line: adjusted curves with bootstrapping samples (1000 repetitions). 
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Figure 2: Cross-validation of the LASSO model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

prediction model ( λ = lambda.1se). The LASSO model comprised
seven parameters, which were similar to those in the logis-
tic model, excluding the UPCR (AIC = 186.3). This model also
showed good discrimination [AUC = 0.896 (95% CI 0.848–0.949),
P = 0.026], with a specificity of 84.5% (risk score > 0.644) (Fig. 1 a
and Supplementary Tables S4 and 5). The calibration curve of two
models in the training cohort is shown in Supplementary Fig. S5b
and Fig. 1 b, respectively. 

Validation of prediction models 
The cross-validation was developed by 5-fold cross-validation
(Supplementary Fig. S8 and Fig. 2 ) and the cvAUCs of the lo-
gistic and LASSO models were 0.855 and 0.896, respectively, in-
dicating that the generalization capability of the LASSO model
was superior to that of the logistic model. The performances of
the two models in the testing cohort were evaluated using the 
ROC curves and calibration curves ( Supplementary Fig. S9 and 
Fig. 3 ). Both the logistic and LASSO models indicated satisfac- 
tory discriminatory abilities [AUC = 0.830 (95% CI 0.747–0.914),
P = .043; AUC = 0.831 (95% CI 0.748–0.914), P = .042]. Our com-
plementary analyses revealed that both models presented ideal 
discrimination in patients with normal C3 concentrations or anti- 
dsDNA seronegativity or both in the testing cohort. However, the 
small sample size was not statistically significant; notably, both 
models showed a specificity of > 80% in different clinical contexts 
( Supplementary Tables S2–5). 

Constructing a nomogram for individual 
assessment 
The purpose of the predictive models developed in this study is to
assist physicians in making clinical decisions, including perform- 
ing kidney biopsy or avoiding unnecessary punctures, especially 
for non-specialists. Therefore, the model results should be fairly 
objective. We prefer using the LASSO model, as this method can be
used for both variable selection and regularization, meanwhile, it 
has higher specificity and generalization power than the logistic 
model. A nomogram was constructed for individual assessment 
based on the regression equation of the LASSO model (Fig. 4 ). And
an initial version of a simple online webtool called ‘AI calculator’ 
was built ( https://ln-ai-calculator.com). 

The curves for the specificity and negative predictive value 
(NPV) of the LASSO model at different thresholds are presented 
in Fig. 5 . Physicians can choose different thresholds depending 
on the purpose of the application. The cut-off can be adjusted 
to achieve 90% specificity (risk score > 0.702) if the purpose is to
perform a biopsy or strengthen immunosuppressive therapy and 
disease surveillance. If the goal is to avoid an unnecessary kidney
biopsy, the threshold is adjusted to achieve a 90.0% NPV (risk score
< 0.507), but this reduced the specificity to 50.7%. 

To show the application of the nomogram more clearly, we pro- 
vide the specific applications of two cases that both have some 
abnormal clinical parameters ( Supplementary Table S6–5 and 

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://ln-ai-calculator.com
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
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(b) Calibration cuves of LASSO model in testing cohort.
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Figure 4: A nomograms of the LASSO model. 
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igs. S12 and S14). Case 1 was a patient having atypical clini-
al manifestations (normal C3 and anti-dsDNA seronegative) with
igh renal histologic AI. Case 2 presented a clinical scenario in
hich a kidney biopsy could be avoided based on the result of the
redictive model. The pathological features of these two patients
re also provided in Supplementary Figs. S13 and S15. 

ISCUSSION 

n this study we developed and validated two models to deter-
ine the degree of histologic AI. Both models performed well

n terms of their discriminatory ability and clinical utility. The
ASSO model was further presented as a nomogram for individ-
al assessment. This nomogram can be used as a quantitative
uxiliary tool to predict AI in comprehensive clinical assessments
nd assist physicians in making clinical decisions. It is possible to
dentify patients with atypical clinical manifestations of high his-
ologic activity and vice versa. Moreover, it is a potentially feasible
ool for reducing consistency in evidence-based medical studies
elated to lupus. 
The clinical manifestations of SLE involving the kidney are

ighly variable and because of the low correlation between lab-
ratory tests and histopathology, there is always uncertainty re-
arding when or whether LN recovers [16 –19 ]. Specific criteria and
uantitative evaluation tools for repeat kidney biopsy have been
acking until now. Moreover, repeat kidney biopsy has the deci-
ive advantage of estimating activity and classification shifts, but
he optimal timing of repeat kidney biopsy has been controversial
20 ]. The International Society of Nephrology issued a modified AI
nd the KDIGO affirmed its significance; however, there is still a
ack of guidance on the practical application of AI. Marcel et al.
7 ] found that in patients with LN, those with complete clinical

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad191#supplementary-data
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renal remission at least 12 months but with an AI > 2 relapsed
within 24 months after discontinuing immunosuppression. His-
tologic activity upon cessation of immunosuppressive therapy is
a major risk factor for LN recurrence [7 ]. Parodis et al. [8 ] found
that an AI > 2 in a repeat kidney biopsy after 24 months of mainte-
nance treatment was significantly associated with LN recurrence.
Alsuwaida et al. [6 ] reported that the 10-year renal survival rate
of patients with LN was only 44%, which was significantly lower
than that in patients with an AI ≤2 (100% and 80%) . Based on the
above research results, we believe that LN patient with an AI > 2
have a high rate of nephritic flares even after achieving complete
clinical remission and a poor long-term renal prognosis, and their
immunosuppressive regimens should be adjusted depending on
renal histopathological manifestations. Our study found signifi-
cant differences in most laboratory tests between the high- and
low-activity groups, and similar CRRs but different treatments in
the two groups. This suggests that the management of LN patients
with an AI > 2 should pay more attention to histopathological fea-
tures. 

Multivariate regression analysis suggested that MAP, eGFR,
C3, URBC and anti-dsDNA were independent risk factors for
histologic activity in LN. The anti-dsDNA titre is more suitable as
a continuous variable than a dichotomous variable for develop-
ing a prediction model. But in this retrospective cohort, specific
values of anti-dsDNA titres from the hospitals involved were
not available before 2020. It has been reported that up to 74% of
patients with SLE have elevated arterial blood pressure (BP) and
are at a significantly higher risk of cardiovascular events [21 ], and
hypertension is one of the major risk factors for poor renal prog-
nosis in LN [22 , 23 ]. BP fluctuates considerably in patients with
LN, primarily because of systemic inflammation, glucocorticoids
and renal involvement. The pathophysiology of hypertension in
LN includes an impaired BP–natriuresis relationship due to renal
vasoconstriction, alterations in the function of renal tubular and
vascular endothelial cells and activation of the renin–angiotensin 
system. The incidence of hypertension increases the severity of 
renal histologic activity and the loss of renal function [21 , 24 ].
Considering the numerous factors influencing BP and its complex 
pathophysiological mechanisms, persistent exposure to hyper- 
tension (standard measurement) is more reliable than a single BP.

Male patients with SLE have a higher incidence of nephritis 
than females and they are more likely to develop renal failure
[25 ]; these differences are more pronounced in Caucasians than in
African Americans [26 ]. However, a survey that included 1790 pa- 
tients from China with SLE showed no sex differences in renal in-
volvement [27 ]. In our study cohort, there was no statistically sig-
nificant relationship between sex and AI. Both racial differences 
and our small cohort size may account for these statistically in-
significant differences. 

Evaluation of haematuria is commonly used in the assessment 
of glomerular disease, but studies on the role of haematuria in
monitoring and predicting adverse outcomes have shown incon- 
sistent results, possibly due to the failure to consider dysmorphic 
RBCs or RBC casts [28 ]. The occurrence of haematuria patients 
with SLE is highly correlated with short-term renal and non-renal 
disease activity [29 , 30 ]. In a Mexican study cohort, the number
of erythrocytes and acanthocytes in urine collected before biopsy 
positively correlated with the AI and CI, showing good discrimina- 
tory ability for detecting proliferative LN [31 ]. However, according 
to long-term data from the Euro-Lupus Nephritis Trial, the diag- 
nostic accuracy and sensitivity for good long-term renal outcomes 
were undermined by the addition of URBCs ( ≤5/HFP) to protein- 
uria as a composite predictor [32 ]. In this study, we analysed the
association between AI and URBC in routine urine tests. Before 
developing the prediction model, we found that the coefficient of 
variation of URBC was 3.79, which was much higher than that of
other clinical variables; thus it was log2 -transformed to reduce 
the dispersion. Although the results of the present study suggest 
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hat URBC is strongly associated with high histologic activity, the
eliability remains questionable, owing to the lack of analysis of
rythrocyte morphology. However, it should be emphasized that
aematuria can provide valuable information to clinicians when
onfirming its glomerular nature. 
Proteinuria remains a widely used index for evaluating treat-
ent responses. In this study, UPCR positively correlated with the
I ( r = 0.138, P = .011) but not with high histologic activity [OR
.103 (95% CI 0.998 −1.218), P = 0.054], and UPCR was excluded
hen constructing the prediction model using LASSO analysis.
ne possible reason is that the pathophysiological mechanism of
roteinuria in LN is complex, whereas the AI criteria only cover
artial features. Another reason may be the basis of grouping; we
ivided the training cohort into two groups using the AI with a
ut-off value of 2 based on the results of previous studies. Notably,
roteinuria remains an important indicator for the management
f patients with LN, as it is a strong prognostic factor [33 ]. The
enal prognosis of patients with a > 50% reduction in proteinuria
fter 6 months of treatment and proteinuria < 0.7 g/24 hours after
2 months of treatment was good [34 , 35 ]. 
This study has some limitations. The study population included

atients who underwent kidney biopsy and pathological diagno-
is of LN, no patient underwent procedural biopsy, and we focused
nly on the clinical features at the time of the puncture, including
atients with a variety of clinical conditions, such as those with an
nclear diagnosis, those with a multiyear history of SLE and those
uring follow-up. The course of the disease and progression of fi-
rosis are unknown, even in patients with a suspected diagnosis
f LN at the initial visit. A sufficiently large sample size contain-
ng multiple clinical scenarios may improve the predictive power
f the model. The total AI score was 24, but in fact, the maximum
I of the participants in this study was 17, and very few cases
ad an AI > 12. Moreover, a cut-off value of 2 was used to classify
he low and high histologic activity groups based on the results
f previous studies. Whether other thresholds are clinically sig-
ificant needs to be confirmed by large-sample studies with long-
erm follow-up. According to Parodis et al. [8 ], both an AI > 2 and
 3 predict nephritic relapse in proliferative LN. 
Additionally, reassessment of the AI in this study was based

n pathological reports. Ideally, the re-evaluation of histopatho-
ogical specimens would be an optimal protocol. But there are
ractical difficulties in re-evaluating the slides of this retrospec-
ive cohort, such as the loss of information from slides stored
or long periods and the lack of sufficient tissue samples for
e-evaluation in some cases. Furthermore, the original pathology
f all the participants in this study was independently evaluated
y two pathologists and discussed with supervising clinicians,
fter which a standardized, uniformly formatted formal report
ontaining sufficient quantitative information for reassessing 
he AI was issued. Taking all these into consideration, after con-
ulting with the pathologists, it was decided that re-evaluate the
I based on the written reports by two pathologists. In addition,
he chronic features and other special pathophysiology, such
s thrombotic microangiopathy (TMA) and anti-phospholipid
yndrome nephropathy (APSN), were not discussed because of
he lack of long-term prognostic renal outcomes and no patient
as diagnosed with TMA and APSN in this study. A CI > 3 was
hown to be associated with poor long-term outcomes in small
ample studies [8 , 11 ]. The co-occurrence of TMA and APSN also
egatively affects the renal prognosis of patients with LN [36 ]. Li
t al. [37 ] found that TMA was associated with more severe clinical
nd histologic activity in LN, and the AI and CI were higher in LN
atients with renal TMA than in LN patients without TMA. This is
onsistent with the conclusions of Song et al. [38 ]. In another study,
 similar phenomenon was observed in which SLE patients with
PSN had higher AIs and CIs than those without APSN [39 ]. Fi-
ally, all study populations were from China, thus the application
f the nomogram is limited, owing to ethnic differences in SLE/LN.
The prediction models in this study were not validated in an

xternal independent cohort but in a testing set randomly drawn
rom the original cohort. The source of the study samples was lim-
ted and the independence of the validation cohort was weak. But
ur research provides a new perspective for estimating the degree
f renal histologic activity in patients with LN, thereby assisting
n making clinical decisions. We have built an initial version of
he web calculator for the AI and plan to optimize it in subse-
uent studies by collecting more information, including test re-
ults such as anti-dsDNA titres, URBCs of different morphology
nd novel biomarkers such as genes and metabolites. In addition
o the AI, other important pathological features such as chronic-
ty, TMA and catastrophic APSN will also be taken into account.
 variety of clinical scenarios could be categorized and analysed,
uch as the diagnosis of patients with suspected LN, repeat kid-
ey biopsies to evaluate disease activity and procedural biopsies.
oreover, in website applications, the predictive model can be up-
ated through continuous training using increasing amounts of
ew data. 

ONCLUSION 

n this study we developed a nomogram to evaluate the renal his-
ological AI in patients with LN, based on blood and urine labora-
ory tests. This model is comparatively accurate and quantitative
n distinguishing patients with a high histologic AI and possesses
ood external applicability. Additionally, a web tool based on this
omogram for individual evaluation could be used as an auxil-
ary tool in comprehensive assessment to help physicians make
linical decisions. 

UPPLEMENTARY DATA 

upplementary data are available at ndt online. 
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