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Summary
Background  y           y
             
  

Methods     y           
            
        y     
              
      y     
  y        ≥%     
  y    y  y

Findings    y  y  y      
     p  ⋅       
 y y         
   ⋅ y %  ⋅–⋅ p  ⋅       
    −⋅ y %  −⋅  ⋅ p  ⋅   
      y   y ⋅% P  
       y    

             
 :   

  
             
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Interpretation  y          
       y     
     y          
  

Funding         y   
           P   y 
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Introduction
      
     
        
      
        
       
–      
      
        
     
      
     
 –    
       
       
     

      
       
     
     
      
      
    
     

     
      
      
       
     
      
     
       
 

      
      
      
     
       
     
     
       
       
      
     
 

     
       
     
     

Research in context

Evidence before this study
We searched PubMed, Web of Science, and arXiv using the
search terms “Individualized Treatment Effects OR “Causal
Machine Learning” AND “Corticosteroid” AND “IgA
Nephropathy” from database inception to June 11, 2026,
without language restrictions. Our search yielded 299 results.
Additionally, we used the bibliographies of the retrieved
articles for literature review. We found several studies
investigating histopathological scores or clinical parameters
to assess corticosteroid responsiveness in IgA nephropathy
(IgAN). However, we did not identify any study using
machine learning or implementing deep learning-based
image analysis to predict individualised treatment effects.

Added value of this study
Our study utilises causal machine learning to estimate
individualised treatment effects in glomerular diseases. We
incorporate a large international, retrospective cohort of
patients with IgAN and available digitised kidney biopsies,
allowing for the implementation of deep learning-based
histomorphological biomarkers.

Implications of all the available evidence
Our study demonstrates the importance of individualising
treatment decisions in IgAN for improving outcomes and
minimising overtreatment. The proposed causal machine
learning framework provides a scalable blueprint for precision
therapy in glomerular diseases.

Articles
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     
      
      
       
       
 

      
      
       
      
     
      
       
       
       
        
      
       
   

Methods
Study population and cohort refinement
      
     
     
        
    
      
       
       
      
     
    
      
    
     
      
    
     

        
      ≥
      
      
         
      
           
 

      
     
        
    
         
     
    
      
      

      
       
      
       
       
      
   ≤ ⋅ 

    
       

       
        
      
      
          
       
       
     
        
     
       
       

        
       
        
       
         
      
        
          
      
       
           
       
      
    
         
     
         
    

       
      
        
        
        
     
       
     
      
     
   

Study design
       
        
     
     

     
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Fig. : Overview of the proposed framework for individualised treatment effects prediction. Eight cohorts from Europe, North America
and Asia were used for derivation and validation with the cohort refinement flowchart shown in (A). (B) All patients from the eight cohorts
were analysed using the causal ML framework, including (1) pathomics-derived predictors obtained via digital image analysis and (2) baseline
clinical and histopathological descriptors. (3) Treatment heterogeneity based on included covariates was analysed using an X-learner algo-
rithm (4) which is a meta-learning approach to estimate counterfactual (unobserved) outcomes for each patient under both treatment and
control scenarios. Patient-level predictions of the individualised treatment effect are computed, informing the development of a personalised
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      
      
     
      
     
         
        
       
       
   
    
     
     
        
 ≥      
      
⋅       
         
       
      

      
      
        
     


Predictors
     
      
      
        
       
         
         
       
       
        
      
        
       
       
       
     
          
      
      
     
      ‘’
‘’ ‘ ’ ‘’ ‘’  ‘’
     
      

        
      
      
     
      

       
      

       
       
      
  ≥   
     ≥    
       
       
        
        
       
   –   
        
        
  ≥      
 

  ’    
    
      
    

      
      
       
      
       
    

     
       
     
     
     
       
       
      
     
      
       
     
    
       
        
     
      
      


treatment recommendation. Abbreviations: VALIGA, European Validation Study of the Oxford Classification of IgA Nephropathy; NURTuRE-
CKD, National Unified Renal Translational Research Enterprise-Chronic Kidney Disease; CureGN, Cure Glomerulonephropathy; IgAV, IgA
vasculitis; IgAN, IgA nephropathy; eGFR, estimated glomerular filtration rate; KF, kidney failure; CS, corticosteroid; RASi, renin-angiotensin-
system inhibitor; ML, machine learning.
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X-learner framework
       
       
     
     
     
   

       
        
   

μ(X) =E[Y|T= ,X],

       

μ(X) =E[Y|T= ,X],

         
      
       
    
      
      


τ(X) =Y()−μ(X),

       
     

τ(X) = μ(X)−Y().

      
        
        
        
  τ      
        
      
       
      


    
        
       
     
      
  

      
     
       
      
μ  μ    
        
      
      
   

        
       
     
      
      
      
     
         
          
      
        
     

Model assessment
      
     
      
      
       
     
      
       
     
  á 

Qini coefficient
      
      
       
      
     
       
       ’ 
        
      
      
  

Rank-weighted average treatment benefit (RATE)
       
       
       
        
  á    
       
       
       
     

Concordance statistic for benefit (C-for-benefit)
    ’  
      
      
       
        
      
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       
  á  
  ⋅      
       
    

       
      
      
       

Sensitivity and robustness analyses
      
       
      
      
        
       
       
     
       
       
     
      
       
      
      
      
        
      
      
       
      
         
       
       
       
      
      
   

      
      
        
      
       
      
       
     
         
       
        
        
       
      

Scoring of tubulointerstitial inflammation
       
     

       
     
       
     
         
      
  –    
    –  
      
      
         
          
      
         
           
       
         
           
      
         
  ≥     
      
       
      
        
      
    

Statistics
       
       
      
        
      
      
  á    
      
       
        
     
     
       
      
        
      
      
        
       
      
     
     
     
     
   – 

    
       
     
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     
       
       
     ⋅    
   

Ethics
        
       
        
      
       
       
      
     

      
      
       
       
      
     
        
     
      

       
       

     
    

Role of funders
          
      
  

Results
Patient characteristics and outcomes
       
        
         
           
        
       
      
       
       
    ⋅    
⋅      ⋅
    ⋅       
⋅     ⋅      
       
      

Derivation Validation

n 464 558
Follow-up (years) 4⋅6 (6⋅1) 5⋅0 (6⋅0)
Age (years) 35⋅9 (21⋅1) 36⋅7 (20⋅9)
Sex: male 316 (68⋅1%) 364 (65⋅2%)
Sex: female 148 (31⋅9%) 194 (34⋅8%)
eGFR (ml/min/1⋅73 m2) 82⋅6 (50⋅1) 76⋅8 (52⋅1)
Proteinuria (g/24 h) 1⋅0 (1⋅8) 1⋅1 (1⋅6)
MAP (mmHg) 96⋅7 (16⋅7) 93⋅8 (17⋅3)
M [0|1] 0: 316 (68⋅1%) | 1: 148 (31⋅9%) 0: 246 (44⋅1%) | 1: 312 (55⋅9%)
E [0|1] 0: 389 (83⋅8%) | 1: 75 (16⋅2%) 0: 424 (76⋅0%) | 1: 134 (24⋅0%)
S [0|1] 0: 98 (21⋅1%) | 1: 366 (78⋅9%) 0: 190 (34⋅1%) | 1: 368 (65⋅9%)
T [0|1|2] 0: 369 (79⋅5%) | 1: 87 (18⋅8%) | 2: 8 (1⋅7%) 0: 383 (68⋅6%) | 1: 164 (29⋅4%) | 2: 11 (2⋅0%)
C [0|1] 0: 401 (86⋅4%) | 1: 63 (13⋅6%) 0: 441 (79⋅0%) | 1: 117 (21⋅0%)
Tuft circularity 0⋅36 (0⋅09) 0⋅36 (0⋅1)
Tuft eccentricity 0⋅68 (0⋅09) 0⋅67 (0⋅1)
Tuft area (μm2) 6207⋅01 (8548⋅22) 5652⋅7 (9686⋅48)
Tubular diameter (μm) 27⋅73 (6⋅73) 28⋅6 (6⋅75)
Tubular distance (μm) 2⋅13 (1⋅03) 2⋅26 (1⋅14)
RASi (y/n) y: 372 (80⋅2%) | n: 92 (19⋅8%) y: 451 (80⋅8%) | n: 107 (19⋅2%)
Corticosteroids (y/n) y: 159 (34⋅3%) | n: 305 (65⋅7%) y: 112 (20⋅1%) | n: 446 (79⋅9%)
CS therapy duration (years) 1⋅1 (1⋅1) 0⋅6 (0⋅6)
Outcome (y/n) y: 40 (8⋅6%) | n: 424 (91⋅4%) y: 49 (8⋅8%) | n: 509 (91⋅2%)

Continuous variables are reported as median (interquartile range) while categorical variables are reported as absolute (n) and relative (%) frequencies. The primary
outcome was defined as a composite of ≥50% eGFR reduction and kidney failure within five years of kidney biopsy. Abbreviations: m, male; f, female; eGFR, estimated
glomerular filtration rate; map, mean arterial blood pressure; M, mesangial hypercellularity; E, endocapillary hypercellularity; S, segmental glomerulosclerosis; T, tubular
atrophy and interstitial fibrosis; C, crescents; y, yes; n, no; RASi, renin-angiotensin-system inhibitor; CS, corticosteroid.

Table : Characteristics of the derivation and validation cohort.
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     
   ⋅     ⋅
       
     ⋅    
⋅         
⋅  ⋅     
≥       
   ⋅       
 ⋅        
      
  ⋅      
     
      
  ⋅   

Individualised treatment effects
      
      
       
      
    
       
     ⋅      
       
 

      
     
     
      
      
     
        
       
    
    
        
      
      
    ⋅ 
  ⋅–⋅]     ⋅  ⋅
   ⋅–⋅]     ⋅  
       
        
     
 −⋅    −⋅  ⋅] 
   ⋅  −⋅    −⋅ 
⋅]     ⋅     
    
     ⋅  ⋅ 
         
      
        
      

Model performance
          
     

     
     
   
      
     
       
      ⋅
  ⋅–⋅     ⋅  
⋅–⋅       
       
    
     ⋅  
⋅–⋅  ⋅   ⋅–⋅ 
 ’      
        
  ⋅   ⋅–⋅    
⋅   ⋅–⋅    

        
      
       
   

Treatment-covariate interactions
     
     
    
     
      
      
      
     
        
        
   ’    
        
      
  

      
      
       
     
      
      
     

   
        
      
     
       
       
      
       
         
        
      
     
     
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      
      
     
    
       
      
      
         
         
      
      ⋅  
     ⋅  
       
     –

   ⋅      
–        

Sensitivity and robustness
       
     
       
      
      
           
   ⋅   ⋅–⋅   
 ⋅     ⋅  
   ⋅   ⋅–⋅    
⋅     ⋅   
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Fig. : Predicted individualised treatment effects and individual treatment recommendations. (A) Illustration of average treatment
effect and individualised treatment effect. (B) Line plot showing the change from the cohort-level average treatment effect to predicted
patient-based individualised treatment effects based on the sequential addition of the most-important predictors. Each line represents one
patient randomly chosen from each percentile from the 95% distribution of the predicted individualised treatment effect in the validation
cohort (n = 100). Based on the distribution of the predicted individualised treatment effect (C) patients were grouped into tertiles (red
(n = 186): upper tertile, high predicted benefit; light blue (n = 186): middle tertile, medium predicted benefit; blue (n = 186), lower tertile,
low predicted benefit) and compared with the doubly robust estimated treatment benefit, error bars denote 95% bootstrap confidence
intervals (D). (E) Implementation of a treatment recommendation for the individuals with highest predicted benefit (red): individualised
treatment recommendations were then retrospectively compared to the observed outcomes (with corticosteroid therapy vs. without
corticosteroid therapy) during follow-up. (F) Kaplan–Meier curves comparing patients in the validation cohort (n = 558) who received the
recommended treatment versus those who did not. Abbreviations: eGFR, estimated glomerular filtration rate; C, crescents; E, endocapillary
hypercellularity; CS, corticosteroids.
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      
  ⋅   ⋅–⋅  
     
     
     ⋅   
  ⋅   ⋅    
    
      
      
      
       ⋅
    
        
  ⋅     
      
      
        
        
       ⋅ 
       
      

     
      
        
     
       
      
  ’    
     
 

Discussion
      
        
     
      
       
       
         
       
        
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Fig. : Derived Shapley Additive Explanations (SHAP) from the validation cohort (n = 558). (A) Aggregation of global feature importance
with 95% confidence intervals (error bars) via bootstrapping with 1000 iterations and influence of the nine most important clinical, his-
topathological, and pathomics-based predictors on the individualised treatment effect on patient-level (B–J). Higher SHAP values correspond
to a greater predicted treatment benefit of corticosteroid therapy. Abbreviations: eGFR, estimated glomerular filtration rate; C, crescents; E,
endocapillary hypercellularity.
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Fig. : Identification of a tubulointerstitial pathomics pattern representing tubulointerstitial inflammation. (A) Partial dependence plot
of tubular distance and tubular diameter depicting the combined effect of tubulointerstitial pathomics features on the predicted treatment
benefit. Box plots for pathologist scoring demonstrated that interstitial inflammation (i, B) and tubulitis (t, C) occurred more often in
representative patients with higher predicted treatment benefit (n = 30) compared to those with lower benefit (n = 30). Patients with high
predicted benefit displayed more acute inflammatory IgAN disease activity (D) and acute tubular injury, while patients with low predicted
benefit exhibited more chronic changes (E) such as tubular atrophy and interstitial fibrosis. (F, G) Representative images for cases with high
and low predicted benefit. Arrows show tubulitis while stars highlight areas with increased interstitial inflammation. Scale bar: 50 μm.
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       
     
       
    ⋅   
        


       
     
      
      
      
    
     
    
      
     
     
         
      
     
     
        
      
       
     
      
      
       
     
      
       
  
       
    
      
     
     
       
          
 

    
      
        
       
       
     
     


      
     
      
     
       ’
       
       
 ’    
    

      
       
       
      
      
       
       
      
      
     
       
       
        
         
       
     
         
       
       
      
     
      
         
    ’ 
        
       
      
       
     
      
     
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        
       
         
           
        
      
       
       
      
       
        
        
      
          
  

         
           
         
           
         


         
    “  ’  ” 
        
        
        
          
          
    

         
        


       
       
    

         
          
          
         

       
   

         
        
        

      
    
          
 

           
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       
       
    –

           
      –

           
       
    –

             
       
  –

         
          
      
     –

             
         
 –

           
      
        
        
    –

          
      
    –

 ü  ö       
        
 

          
         
 –

             
         
–

            
       
     –

          
       
        
–

            
        
        
     
 –

           
        
     –

            
         
  –

            
       
  –

           
        
       –

          
      
–

           
      
   –

          
        
      

         
        
–

            
       
     –

            
        
 –

   ñ        
         
–

           
       
       
–

            
      
    

      


          
        
      
–

          
      ()
–

        
          
      
     
–

        
       

 ö        
      
 

          
        
       
–

 ö          
        
  

 ü         
     
        –

        
   –

         
        
    –

           
 

         :  
 4    ] 

          
     –

          
 –

           
        
      

           
       
    –

            
      
        
–

      Ø ø   
        
      
       

          
       
     
  –

           
      
        
   –

            
        
     
    –
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