
École polytechnique de Louvain

Towards Semantic Interoperability
in Resource-Limited Settings: A
Free and Open-Source ICD-10
Coding Tool for OpenMRS

Authors: Nora DE VLEESCHOUWER, Emilie GOUTHIÈRE
Supervisor: Sébastien JODOGNE
Readers: Amaury FIERENS, Jean VANDERDONCKT
Academic year 2025–2026
Master [120] in Biomedical Engineering, Master [120] in Computer Sci-
ence and Engineering



Abstract

ICD            , 
  . I    ,  ,    -
; ,         -, , 
-. T    ICD-10-CM     :
     -  .
O   ,     . F    ,  
             2,567  -
  UMLS  MIMIC-IV,        . T 
  -       : SBERT  
M R R  0.477,   0.181    PMBERT  0.373 
   . F     ,      
  - PMBERT     ICD-10-CM    
 (, 3-,   ),       
   . D        , 
   -F1  0.123   @50  0.708   MIMIC-IV . T
 70%       -50 ,      
  - .
O   ,       OMRS : ICDH. T
      ONNX R,    
CIEL  ,         . I
     M P L 2       
  OMRS ,  P  H      CIEL .
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Disclaimer about generative AI
usage

AI          :  , , 
  (U),      .

AI    :    ,       ,
 ,   . A  , ,    
         .
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      . H     ,   
         .

F,       OMRS       ,  
                
.

F,             . W   
   N’   E’  C  A-M  .

C           U́
  L (CISM/UCL)   C  É  C I 
F́́ W B (CÉCI)    F   R S  B
(F.R.S.-FNRS)   2.5020.11    W R.
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Chapter 1

Introduction

T I C  D  R H P,   
 ICD,             , -
,   . E      W H
O (WHO), ICD           -
. I            
 1.

ICD         . I    -
,     . I     
  . ICD          
      [1]. I ,       -
    ICD          , 
  F 1.1.2

H,   , ICD         .
T       . I       
,          [3]. T 
   ICD            .
T            . I
             ,   
         .

F    ,  ICD       -
 -   . A   ,    ,
              [4]. T  
    . D   ,  
   ,   , , ,   -
    . T         
  . M       , ,
 ,   - . B   , ICD   
,           [5]. F, ICD
    . I         
   . T           .

B   ,         -
      - . E , 
 TF-IDF  CNN,       ,     -
 ,   ,       .
M     -   ,   BBERT, C-
BERT,  PMBERT,         
[6, 7, 8]. A   ,   ICD     -  
  . S        , 
 ,  -   [4]. T     
           

1World Health Organization. International classication of diseases (ICD). https://www.who.int/standards/
classifications/classification-of-diseases, 2026. Accessed: 2026-02-13.

2This illustration was inspired by a gure in an article from Kang et al. [2]
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  .

Input: clinical note

Discharge Summary

History of present illness:
This is a 54-year-old with a history of emphysema...

Discharge diagnosis:
1. Pulmonary embolism 2. Atrial brillation . . .

ICD Coding

Output: predicted ICD-10-CM codes

ICD-10-CM code Description

I26.99 Pulmonary embolism

I48.91 Atrial brillation

J43.9 Emphysema, unspecied

. . .

F 1.1: O   ICD-10-CM  .

C         :  I C  D
(ICD). O ,       . T  -
       . A     
  ICD-10  1990. I        -
 ICD-9 . B    , ICD-10     
  -  ,         .
T          [9]. T    ICD-10
(2019)   14,000  [10]. W ICD-10      
,  11 R (ICD-11)    2019. I       
,   ,          
 .

T   ICD-10        . I  ,  
       F 1.2. T     ,    22
  . A      3- ,     -
   . F,   ICD-10      ,
    [10].
A    ICD-10     N C  H S (NCHS)
     U S   [11]. I   ICD-10-CM,  C-
 M,          ,    
      U.S.  . T NCHS  
      ICD-10,      
. C  ICD-10,       O.
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(a) All the chapters in ICD-10 (b) Example of 3-char codes in
ICD-10

(c) Example of full codes in ICD-
10

F 1.2: T      ICD-10

T      . I     ICD-10-CM  
    MIMIC-IV  [12]. MIMIC-IV (M I M  I
C)        . I   , - 
     . I   ,  , 
         . T   
    . I        
    . I         -
      . B  ,    
     . T,         
OMRS  . OMRS        . I 
          
 . T           
   . B       OMRS ,
      . U,      
      .

T,      - PMBERT . S -
       W. B PMBERT   -
    ,           
. T        ICD-10-CM    
 . I  SBERT,  -   PMBERT   -
       . T      
     ,  . T,    
 -  . T      . I   
               ICD-
10-CM .

T        :

• A comparative evaluation framework for ICD code retrieval from short descrip-
tion. W        ICD-10 . T 
     ,         2 
 ,     ICD-10       
     .

• An ICD coding model handling full discharge notes. T    
      ICD-10  ,   -
   ICD-10      . T  
    -    --- 
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. T    , -      ,  
 .

• A new evaluation benchmark for MIMIC-IV ICD-10. E  
        ,      
. W   -       , 
9,685    -     .

• ICDHelper, an open-source OpenMRS module. M     
  J        ,     
 API    . T   ICD    ,
           .

T        . C 2      , 
         ,      
. C 3    ICD       
  . C 4        
           . C 5  
, ,       . C 6    
    . C 7      
 ICDH      OMRS. C 8    
         . C 9   .
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Chapter 2

State of the art

R   ICD         1990. E
           
. T     - ,   -  
B  [13, 14]. T    2017-2018      -
. R         
   ,   -      -
 [1, 15, 16].
I   ,             ICD .
W                -
.

2.1 Group of words to ICD codes

A     ICD            
 . T       ICD-10      .
I  ,            . T   -
         .
A            . A   -
        . T      
    ’ . B  ,     
        .

T          ,   -
  . L         
   . T        
SNOMED CT  UMLS       . T 
             ICD-10 . F,
     . T    
 . T        . T   
,              
 .

2.1.1 WHO coding tool

T WHO (W H O)        
 ,  ICD-11 C T. I       , 
    F 2.1.
F, P I           . I   
         ICD-11.
S,     D E,     . T  
 . S       ,      -
/  - (  ). M    
   ,            .
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F,      ,  F      . F
,          . A      
            [17].

F 2.1: E   WHO ICD-11  

T WHO    REST API        C T,
  ,  ,   . T    
  ICD-11;  API’ ICD-10         URI.1

T ICD-11 C T  API         -
 . T,             .

2.1.2 Lexical similarity

A          ICD  ,      
. R       ,      
    . T         . I
 ,  :            ? T
       .

O     L . T      
  (, ,  )       .
A     D-Sø . T     -
           . I ,  
  - . A -           
 . T      ,     ,  -   
   -1    . I           
   ,     (n = 2) [18]. T       
-    .

1World Health Organization. ICD API v2 Documentation (Swagger Index). https://id.who.int/swagger/
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A         L C S (LCS). R
   , LCS         
     ,      . T     
       .
A            ,
        -   (2017) [19].
T         W-LCS. T   
          ,    
   .

T   ,    2,036       .
T     ICD-10       . A 
             .
T          1,000 - .
T      ’           
 . T    :

• Classic LCS: A          . I
      0.60,       
   .

• Twofold LCS (T-LCS): A         . I 
    0.72,        .

• Weighted LCS (W-LCS): T ’  . I    
   0.78,        .

T  2.1    W-LCS    NLP. P
      (     ),    
   (      ). F-    ,
       . A       
   ,    1,     0 [19].

T 2.1: P     (F-)  2,036   
   

Method Precision Recall F-score
W-LCS 82,1% 80,2% 81,1%
B (=2)[18] 81,9% 79,3% 80,6%
W M (E) 78,1% 74,1% 76%

A   ,  W M     . T
  ICD       . C   ,
,         .
T B  (n = 2)    . H,     
       . T W-LCS  
         . I   
     ,     -
.

2.1.3 Terminology-guided normalisation

C         ICD-10. C    ,
 , ,  ,         
  . T-       
      ,   SNOMED CT2  UMLS  
    ICD . SNOMED CT     
         [20],  UMLS  
     [21]. B      

2SNOMED International. What is SNOMED CT. https://www.snomed.org/what-is-snomed-ct. Accessed:
2026-03-21.
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 ,             
    ICD-10.
T    N  . (2018)       
    SNOMED CT  UMLS,      ICD-10 
  NLM UMLS M  CSIRO I M [22].

T 2.2   ’          -
. M  SNOMED CT      UMLS. F  , 
 54.1%  41.9%. T      ,     
 . P    10%   3- 
. T            
  4  5 . F,     -   -
  F-. T           
 .

T 2.2: O    CAC (C   )  (E 
T 3  4)       G C H  H S (GCHHS) 
A

Model and Filter UMLS to ICD-10-AM SNOMED CT to ICD-10-AM
Precision Recall F1-score PPV Sens. F-mes.

Full codes
All stays 72,6% 36,5% 48,6% 69,6% 47,0% 56,1%
Complete Filter* 73,1% 41,9% 53,3% 70,2% 54,1% 61,1%

3-char codes
All stays 76,4% 46,0% 57,4% 73,2% 58,4% 65,0%
Complete Filter* 76,8% 51,9% 61,9% 73,7% 65,9% 69,6%

*Note : Full ltering includes Care Type, Length of Stay (LOS), and Admission Type. The baseline sensitivity for
manual validation is 76.3%.

2.1.4 Static word embeddings and semantic similarity

B    - ,     NLP  
   . T  ,   W2V (2013) [23]  
  GV (2014) [24],         ,    
 ,             .
I   ,            -
 . BWV (2019) [25]  BSV (2019) [26]     
 PM      MIMIC-III,     -
  . BSV    - ,
          .
H,      :       ,
  . T         , 
      . T     
, - .

2.1.5 SapBert

T-      . U  ,  -
             .
U -  [22],          -
  .
SBERT          (2021) [27]. I
           
     . C, SBERT     
  ,      . T     -
    .
SBERT         (2024) [28]. I  
      . W    SNOMED-CT,
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      ICD-10     .

O  350,000 SNOMED CT        SBERT, 
         . FAISS       
         [28]. T   
     ,      .
FAISS        M      . 3.
S,  IFL2         -  
     E .

R   ,    E 22 . T  
  . F  ,    F1-  58,2%  
 50,6% . I  (MCN),   35,3%  28%. T  
    D ,    F1-  87,1% [28].

T              -;  
    . SBERT  FAISS    , 
        . T     
   . O,    SBERT  FAISS 
          .

2.2 Discharge notes to ICD codes

T       :  ICD     .
A  ,     ,         
     . I   ’   ,   ,
  ,   ,     . T 
           .

F        ,      -
    . F  ,     -
:         . W   
             .

T    ICD   . T    .
T        . C     
,       . R      
    ,         . T 
               .

T         . ICD      -
. T            . T
   . A          
              
. M,              
. S           
       [15, 29, 30].
B           .

2.2.1 Early statistical approaches to automated ICD coding of discharge
notes

A           . O -
  TF-IDF (T F–I D F). I   
           [31]. I   
:  ,          ,  
 ,            
. T   TF-IDF          
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     . I           ,
 ,   . H,    , TF-IDF
             
ICD-10 .

Semantic shallowness. TF-IDF          
. T     . A  ,    
          [32].

Sensitivity to label skewness. ICD-10      :  ,
 80%       1%   . S TF-IDF    
 ,             
. I           
[32].

Insensitivity to document structure and negation. D   
,  . T        (..,
P D, P M H, S H). TF-IDF   
   . I          
(..,    ),         -
 .

T   ,       ,
  CNN, RNN  LSTM.

2.2.2 Neural networks

I 2016, N          
 (TF-IDF): L R (), F-F N, RNN, LSTM, 
GRU [33]. T  ,     ,      -
. T   20            
  . T     . T GRU (G R U)
   ,   F1-  0.42   10   ICD-9 
  MIMIC-III . B LSTM (L S-T M)  GRU   
            
  . T GRU       LSTM:    
     .

H,       :     
  10 ,    ICD    14,000 . GRU  
          . T   
       . D      
  . T           
 .
S    LSTM  GRU        . W
    ,       .

T                
[33]. I  ICD            
. I             . T 
    ,       ,   -
             
. T         , ,   ,
        .

I ,            
. CNN (C N N)         
 . T        , 
     . T  CNN      LSTM .
C-C H  . (2020)   ,  SVM, CNN, LSTM,
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GRU,  HAN [34]. CNN   . I   -F1  76%   -
- ,   57.5%  67.4%   -50   ICD-9   
 MIMIC-III,        LSTM  GRU.

H,        . LSTM  
      . CNN      
       . I  ,    
               10   ,
        . T         
.

2.2.3 Attention

T               -
 . I    ,      ,  
        . C    
         .

A       . I    
,           ,   
         . I ,        
     . T         
             .
H,           
 . I  -   ICD ,   . A    
                 -
. L-       . E ICD    
  ,            

T        CAML (2018) [16]. I   CNN 
 - ,           
  .
A    , CAML      MIMIC-II  MIMIC-III.
O MIMIC-III (F),    M-F1  53,9%   M-AUC  89,5%.
B , CAML         
         . I   ,    -
 . A             
 , ,  . R       
           . T -
    CAML           
   .
LAAT (2020) [35]    . I   CNN,     LSTM
(BLSTM)          . I  -
      ,   ICD      .
T            . O MIMIC-III
(F), LAAT   M-F1  57.5%,  P@5  81.3%,   P@8  73.8%.

AXML [36]              :
         . I     
  -     CAML  LAAT. F,   -
        ,       
      . S,       , 
       . I    
   .
T,     ICD    . R   -
          ,      
      . T        
 ,         .
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2.2.4 Transformers

T   -        
   . I  . E    CAML  LAAT 
- ,        CNN  LSTM.
T       . A    
         . I  
           . T     
         ,     ,   
  .
O        BERT (B E R 
T),              
    W  .

A          . P   
   W2V (2013) [23]  GV (2014) [24],      
    . T   :   
           . A  
    

H,    ICD    . T  
  :    —      512 
   ;     — ICD-10   155,000 ,  
   ;     —      
    . T          .
T        . S  
 BERT       512 ,         
.
T       . T      
. T,         . T  
        L  BB. T 
     .
T            . I
           .

T-ICD (2021) [37]          . T
              . T
    . F,       CAML  LAAT
      . S,   
   :             .
T   MIMIC-III T-50   . A   T 2.3,   
   -F1   CAML. A    
   3%. T  TICD ,     LDAM     ,
 M-F1  64,4%,    . LDAM (L-D-A
M)               -
,          .

H, TICD      MIMIC-III,      
  . A             
    .

BERT-XML (2020) [38]         BERT . T
     AXML      [36],  S 2.2.3.
BERT-XML            
 . T       . E   
  BERT. T,   ,        
    .
A               .

T     . B   ,   -
          . F ,  
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            , BERT-XML   
        .

T 2.3: CAML  -   MIMIC-III T-50. M  
   ;           
   .

Models AUC F1 P@5
M M M M

CAML [16] 87,5% 90,9% 53,2% 61,4% 60,9%
T 85,2% 88,9% 47,8% 56,3% 56,5%
T + A 88,2% 91,1% 49,4% 59,3% 59,6%
TransICD (B) 89,4% 92,3% 56,2% 64,4% 61,7%

PLM-ICD (2022) [4]      . T     
             BERT. H,
        ,     -
           .
T             ,  
     . A          
          .
F    ,          LAAT. E 
         .

F   ,,     BERT    . A
      BBERT (2020),     BERT  -
 PM   PMC . T       [8].
CBERT (2019)  BERT     MIMIC-III  ,  
          [7].
PMBERT (2021)             
 . I         
[6]. RBERT (R O BERT P A)     BERT  
        ,  ,    -
   BERT  . T    
. RBERT-PM     RBERT    PM ,
     RBERT    .
PLM-ICD  PMBERT  RBERT-PM   . T    
  PLM-ICD  --- ,    T 2.4:  M-
F1  59.8%   P@5  84.4%  MIMIC-III F,   CAML  LAAT 
 .

T 2.4: E  ICD    MIMIC-III F (CAML, LAAT, PLM-ICD)

Model F1-score (%) Precision@k (%)
M M P@5 P@8 P@15

CAML (2018) 8,8 53,9 70,9 56,1 -
LAAT (2020) 9,9 57,5 81,3 73,8 59,1
PLM-ICD (2022) 10,4 59,8 84,4 77,1 61,3

M             
 . GKI-ICD (2025) [39]         -
      .
F   ,       . I   
    ICD ,     UMLS,   
      ICD . T      
    ,   .

T        PLM-ICD. T     
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 . I     ,      -
. T           . T   
      ,        -
    . T          
              .
T     . I        
 ,              -
. I,           ,  
         .

2.2.5 Pipeline

T       :         -
 ,             ICD .
A              
 . T      ,    -
    , ,  .

Direct classication. T            
         . M   PLM-ICD
   [4].
T     . T,     
    ,       . T  
        . I ,
               
  .

NER and NEL pipelines. A         .
N E R (NER)        , 
 , ,  . N E L (NEL)    
         ICD . NEL     
-    (S 2.1.3). T     
              
  . T     -   
     ,  NEL      -
  NER,           . T 
          . I    
  ,          . H-
 NER  NEL   -      
   (2023) [40].
M               (2025) [41].
R          ,       
,    2 ,        ICD-10 . T 
          . T   
   BM,       . T  
  BM    ,        
    [41]. T     -   
-- . T          
  . T  ,  INSGENEL,  . I    
       ICD      . I  
      . T        --  .
T       ,      
      ICD-10 . T     CE,  
 S     ICD-10 . F-   
   ,   -  66.85%    CE  IN-
SGENEL,              6-10%,
  ICD            .

H, NER  NEL           ICD . M ICD
          . A  
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    , , ,   . S
              --
 . T           
       [42].

Candidate generation and reranking. A        
  - . R         
,               . A
             
  . T      ICD        
   . M   ,        
.

A    (2024) [43]         
  9,000    1,300 . F,    
          . F ,    
 ,      . S, BM25,   
 ,         ICD  .

T       . C L,  -
      4,000 ,   BERT. I  
    . A     G, 
  ,        . F, -
              
         . T       
SBERT  FAISS    S 2.1.5,       
     .

T   MIMIC-III F      . T    P@15
 62.3%,   56.1%  CAML,         
        . T       C-
BERT (512 )  C L (4,000 )   ,
           .

T FLASH-ICD  (2023) [44]         -
 . T           .
T,             
    .
O MIMIC-III F,     M-F1  59%. T      
     . T      
,     .

Conclusion. T             
   ICD . D        
     .
NER  NEL          .
R            
         .
A   ,     :     
            . T
           -- .

2.3 Clinical deployment and integration

M            . H,
        . I , 
ICD              -
. T             
.
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A            . I
    ,      ,  
     .

OMRS   -    . I     2004
    R I  P  H,    -
        . I    -
   ,       40   -S A,
A,  L A. I      J S    H
 ,      API        
 [45]. I            
 . T          .

P  (2015)        OMRS  -
   [46]. T ICD-11 API       OMRS-
      R (2025) [47],   OMRS
        . A    
 ICD   OMRS  ,     OMRS  
      .
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Chapter 3

Problem statement

C             -
     . I       , ,
  . I , ,       .
I      , ,    . A    
      NLP.

T         . T     group
of words to ICD-10 codes. G    ,       
 ICD-10     . T         
 . I         ICD    
   ,          
 .
T ,   ,   automatic coding from full discharge notes. U
 ,    , ,       .
A        . T      -
      . T    ICD
,              
      .

A       ,          . Y
       ,     
         . B     
   .

W      . T       
   ,       ,   
 ,      ICD.
T    . W     open source system that operates
entirely oine,   API      . T  
   OMRS,        , 
      .
P        . I       
    .

I ,        :

•             ICD-10-CM ;

•        ICD    ,  
   ,   ,   ;

•       ICD    ;

•    ,      OMRS,   
      .

17



Chapter 4

Technical background

T           
  . W         ,  
 T         BERT- .
W        ,     
     .
B      ,       . S,
     B  W  TF-IDF      
  . W   ,       
   . S    W2V [48]    
         ,     
       . C   
          . T  
    ,   S 4.5.

4.1 TF-IDF

TF-IDF (T F–I D F)       
              , 
  [31].
I    :         , 
         . A  TF-IDF      
           .

Term frequency

T        t     d,   
     :

TF(t, d) =
nt,d

t′∈d nt′,d
(4.1)

 nt,d       t   d,      
     d,        .

Inverse document frequency

W     ,          
         . T 
  -        , 
:

IDF(t,D) = 
D

d ∈ D : t ∈ d+ 1
(4.2)

 D           d ∈ D : t ∈ d   
    t. T +1         
           .
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Combined score

T  TF-IDF     t   d      :

TF-IDF(t, d,D) = TF(t, d)× IDF(t,D) (4.3)

T                
,              .

I ,         TF-IDF matrix X ∈ Rn×v,  n 
     v    . E  Xi,j    TF-IDF
   j   i. T         
          . H, TF-IDF
             
,             
  (S 4.3).

4.2 Bidirectional GRU

T G R U (GRU) [49]        
          RNN. A
   t,  GRU     ht ∈ Rd     
    .

T reset gate rt             
 :

rt = σ(Wrxt +Urht−1 + br) (4.4)

T update gate zt            
   :

zt = σ(Wzxt +Uzht−1 + bz) (4.5)

A    h̃t           
:

h̃t = (Whxt +Uh(rt ⊙ ht−1) + bh) (4.6)

T           ,  
  :

ht = (1− zt)⊙ ht−1 + zt ⊙ h̃t (4.7)

 σ      ⊙    . W zt ≈ 1,  
  ;  zt ≈ 0,     .
T    GRU         .
A Bidirectional GRU (BGRU)   GRU      :   
       . A   t,     
:

hbi
t =

−→
h t ∥

←−
h t


∈ R2d (4.8)


−→
h t 

←−
h t        . T  

            .

4.3 Transformer architecture

N             -
. T       . I ,    
   ,        , -
     ,          
        (..     ICD
). T          . A  
    -       -      
 [50].
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T T [51]      BERT   . I 
   ,    . F,  T-
     X ∈ Rn×d    n  d     
 , . T,     Y = A(Q,K, V )  -
  S 4.3.1 . W      .

4.3.1 Scaled dot-product Attention

G    n ,       :   qi ∈ Rdk ,  
ki ∈ Rdk ,    vi ∈ Rdv . T        :

Q = XWQ (4.9)

K = XWK (4.10)

V = XWV (4.11)

 X ∈ Rn×d      WQ,WK ∈ Rd×dk , WV ∈ Rd×dv   
.
T      :

A(Q,K,V) = 


QK⊤
√
dk


V (4.12)

T   QK⊤         . D √
dk              .

T           , 
  A ∈ Rn×n:

Aij =



qi · kj

√
dk


n

l=1 

qi · kl

√
dk

 (4.13)

E           : zi =


j Aijvj . T
           ,   .

4.3.2 Multi-head Attention

R      ,  T  h   
,     - :

MH(Q,K,V) = C(1,    , h)W
O (4.14)

 i = A(QWQ
i ,KWK

i ,VWV
i )  WO ∈ Rhdv×d     .

E         : , , 
. T         . S
           , 
               
 [52].

4.3.3 Positional Encoding

S      ,  T    -
    . P          
     . T  ,  
         P ∈ Rn×d    
    :

X′ = X+P, (4.15)

 n      d   .
T   ,         
[51]:

Ppos, 2i = 
 pos

100002i/d


, (4.16)

Ppos, 2i+1 = 
 pos

100002i/d


, (4.17)
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 pos ∈ 0,    , n−1         i ∈ 0,    , d2−1 
    . E       ,
        ,   , -
   .

A  ,   BERT [50],      
:        Rn×d        
. W       ,   
   ,  ,      .

4.4 Transformer variants

T T      ,      
  . E     BERT [50]     
. E      ,    -
       . D-    GPT
[53]   (--) ,         .
T             
- . F, -    T5 [54]   -
. T     ,      
  ,           . T
             -
.

4.5 BERT

BERT (B E R  T) [50]   T 
-    .
BERT         -. E   
      . T  BERT    
             .

4.5.1 Pre-training and ne-tuning

BERT  -     - ,   M L-
 M (MLM),          
. T  BERT        
. A -, BERT   -        -
     .

4.5.2 Input representation

BERT   WordPiece [50]           .
R     , WP       
 . F ,          + ##,
 ##       . T      --
  ,         
  .

A  [CLS]    ,   [SEP]    . A
          ,      . T
                ,
  -    .
T           :

ei = etokeni + eposi + esegi (4.18)

 etokeni    , eposi    ,  esegi  
    .
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4.5.3 The [CLS] Token as a sequence representation

T [CLS]     . U  ,     
. H,  BERT    -,  [CLS]   
        . B   ,    h[CLS] ∈ Rd

            - -
.

A  l,    [CLS]    :

h
(l)
[CLS] = TL(l)


h
(l−1)
[CLS] , h

(l−1)
1 ,    ,h(l−1)

n


(4.19)

A  , [CLS]         . A L ,

h
(L)
[CLS]                

.

BERT’     512 . C     , ,
   :        , 
 , , ,  - . S ICD-10   
         ,   
    . T       
,   . E     [CLS]  ck ∈ Rd.
A  -     -    -
,       S 4.7.

4.6 Domain-specic BERT models

G- BERT   -      W  BC-
. H,            
    E. D- -     
     NLP .

4.6.1 PubMedBERT

PMBERT [6]  -     PM   PM C-
 - ,     - . I  
    ,        
    -      . PMBERT
  BERT : 12 T , 12  ,    
768,   110M [50].

4.6.2 Clinical ModernBERT

CMBERT   MBERT [55],      -
       BERT .

F,       R P E (RPE) [56],
           
   :

A(Q,K,V) = 


(RQ)(RK)⊤√

dk


V (4.20)

 R   -         . RPE
          .

S, MBERT       . L  
       ,       -
,      - . T   
    . MBERT    512- . I  
   -       8192 .
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CMBERT   -   ,     
        ,  ,
 - .

4.7 Aggregation strategies for long documents

W      K ,      BERT ,  
      (c1, c2,    , cK)  ck ∈ Rd. T   
      h ∈ Rd  . S    
 .
O     h         
,               ICD-10
. T             
C 5.

4.7.1 Mean pooling

T      :

h =
1

K

K

k=1

ck (4.21)

T      . I       
,           .

4.7.2 Recurrent aggregation

A              
. U  ,         . E
            .

A B GRU (S 4.2)      . T  
       ,         .
A   k,  GRU           ck
    . T       . T
             :

hbi
k =

−→
h k ∥

←−
h k


(4.22)

T             
:

hdoc =
−→
hK ∥←−h 1


∈ R2dGRU (4.23)


−→
hK         GRU    K , 

←−
h 1  

      GRU. T       
      .

4.7.3 Label-wise Attention

L   [16]          
   c. E         uc ∈ Rd,    
    :

αck =
(u⊤

c ck)K
j=1 (u

⊤
c cj)

(4.24)

 αck           ,     
    . T          
 :

hc =


k = 1Kαckck (4.25)
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R        hc,        
      :

yc = σ (WaRLU(Wb,hc)) (4.26)

 Wb ∈ Rd×d   -     , RLU
  ,  Wa ∈ Rd×1     ,    
  σ    . T       CAML 
[16]            .
T               . F
,             
   ,        
  . T           
       .

4.8 Evaluation metrics

ICD-10    -         
. S       :        
             .
T                ICD
  [16]. T        . W
     -  - F1    k,   
   k       ,      
      .

4.8.1 Precision, Recall and F1-score

F    c,      :

Pc =
TPc

TPc + FPc
, Rc =

TPc

TPc + FNc
(4.27)

 TPc, FPc,  FNc   ,  ,      c
.
P         .
R         . T F1-    :

F1c =
2 · Pc ·Rc

Pc +Rc
(4.28)

4.8.2 Micro and Macro Averaging

W   C  ,      .
Micro-F1  TP , FP ,  FN       :

F1micro =
2
C

c=1 TPc

2
C

c=1 TPc +
C

c=1 FPc +
C

c=1 FNc

(4.29)

M-F1     ,         
.
Macro-F1   F1-       :

F1macro =
1

C

C

c=1

F1c (4.30)

M-F1        . I     
   ,      ICD-10     -
   . A           
,      .

B      . M-F1      
,  M-F1             
  .
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4.8.3 Precision and Recall at k

I  ,           ,    
             . C,
     ICD-10      ,     
    -k . P  k (P@k)  R  k (R@k)  
  ,           -k
      .
G  -k     , P@k      
  :

P@k =
1

N

N

i=1

 Y(k)
i ∩ Yi

k
(4.31)

R@k           -k :

R@k =
1

N

N

i=1

 Y(k)
i ∩ Yi
Yi

(4.32)

 Y(k)
i     -k     i, Yi      ,  N 

   .
T    :           
  τ . R@k          
 ( )        .

4.8.4 Accuracy at k and Mean Reciprocal Rank

T   , P@k  R@k,     -    T
2,           . T 1     
-  :       ICD-10-CM    
     . T         .

Accuracy at k (A@k)     . I  1      
  -k  ,  0 . A   :

A@k =
1

N

N

i=1

1Ŷ(k)
i

[ci] (4.33)

 ci         i, Y(k)
i     -k  , 

1A[·]      . W     - , A@k 
  R@k    4.32:     1     
  . W     A@k   R@k   .

Mean Reciprocal Rank (MRR)         , 
         . F  ,     
          . O  :

MRR =
1

N

N

i=1

1

i
(4.34)

 i        ci       i. I ci   
  ,       0. A   MRR = 10   
  ; MRR = 05         .

MRR         . A   
                
       10       . MRR
   ,  A@k      -k .
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Chapter 5

Methodology

T             
P S (C 3):      ICD-10-CM   -
 ICD-10-CM     .
T     : S 5.1       . T
    UMLS MRCONSO.RRF ,     . A   
     . F   , 2      
,   MIMIC-IV. F,        MIMIC-IV 
,           .

S 5.2        ,    
 . T     :  - 
          BERT .

S 5.3        ,    -
 . W     ,    TF-IDF -
      . W  - 
    ,   , B-GRU,  - -
. W      ,  ,    .
F,           ICD-10 . T 
   -      . T     -
         . S 5.4 
   .

5.1 Datasets description

5.1.1 UMLS: MRCONSO.RRF

T U M L S (UMLS)          -
           
 [57, 21]. T MRCONSO.RFF    ,     
  . I      C U I
(CUI)    , ,      200  
.

5.1.2 Large patient records dataset: MIMIC-IV

MIMIC-IV (M I M  I C IV)    - 
       B I D M C  B. I
    2008  2022 [58]. A       
        PN.
T       . T    - ,
  , , ,  . T   
-           [58].
C         MIMIC-IV-N,   331
793 -    145 914  [12]. T    
     . D         
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ICD-9-CM  ICD-10-CM ,   diagnoses icd.csv . T    -
   - ICD  . A        MIMIC-IV
    T 5.1.

T 5.1: G    MIMIC-IV  (3.1) [58, 12]

Property Value

H B I D M C, B
C  2008 – 2022
T   546 028
U  223 452

MIMIC-IV-N ( )

T   331 793
P    145 914
A   ICD-9  ( ) 209 323
A   ICD-10  ( ) 122 288

A

C  ICD-9-CM  ICD-10-CM
A  P  
A PN ( +   )

Advantages for ICD coding MIMIC-IV       
    . F,      :  330 000  
        . S,     
  ,        . T, MIMIC-IV
        ICD  ,     
        .

Limitations for ICD coding D  , MIMIC-IV     
  . F,          U S. T
 ,  ,      B I D M C
     , ,   . A   
MIMIC-IV          .
S,    MIMIC-IV       ,
       ,    ,  
  . T      -  ,   
 , ,   .
T,    ICD-9-CM     2015  ICD-10-CM  
  . T        ,  
      ICD-10-CM  .

Benchmark setups in the literature based on MIMIC-IV

W MIMIC-IV         ,     
      . M    , 
   MIMIC-IV      ,  ,    
. S       50   ,      .
T        ,  -  
  .
T    ,          
       (C 6).

Setup A T    [59]    - . T   
         . T     -
    . T  S A     .
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Setup B T    [5, 60]   - ,  . H-
,            10 ,  
 7,942 . F,          
  :  0.5%          0.1%    ,
         .
T             ,  
  . T    ,    -  
  ,        3      ,
  -     .

Data preparation for our setup

Data construction T         MIMIC-IV. T 
      MIMIC-IV-N,        
 . T      ,    ICD   
 . O ICD-10-CM   ,  ICD-9     
      . T        
 (hadm id),           
  ICD-10 .

Code ltering ICD-10      :     
     . A          
     . A        . T
 ,            . T 
                 
     : , ,  .

Train, validation and test split T          
  [16]. T       . I   
       ,      -
     .
T                
 . C         .
F  ,            ,    
       . T  ,     
,      70/15/15 // . I ,
   - :   9,685  , 9,683     ,
9,678  ,  9,670  . A  15  (0.16%)      .

Text preprocessing T-    PMBERT     
     . T      
 :   , ,        .
N ,  ,     ,    
   .

Label encoding E         ICD-10 . T  
      MLB      . E
       ICD-10     . A   1 
       ,  0 .
T               ICD-10
.

Dataset statistics T    122,275  ,   75,133
 , 23,608  ,  23,534  . F   , 
    9,685  ICD-10 . T      16,155
      . T   :    
              
  , ,   . A     ,   
      ,    T 5.2.
T     ,    F 5.1. T   
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(I10, E H)  27,307     ,    
   . T -        ICD  .

T 5.2: D      (ICD-10-CM   ).

Property Value

F 

C   ICD-10-CM  
M   ≥ 3  
S  P-

L 

U ICD-10   MIMIC-IV ( ) 19,440
U ICD-10      16,155
U ICD-10     9,685

D 

T   122,275
T  75,133
V  23,608
T  23,534

N   

A    1,736
A ICD-10    14.09
M   () I10 – E  (27,307)

F 5.1: F   ICD-10      ( ).

5.1.3 Short clinical description generation

N              -
  ICD-10-CM . T,          
  (LLM). T      . F,   
 ICD-10-CM     ,     - . S,
       ,  ,  , 
 ,            .
T,        ,    
     ,      -
   .
W   ICD-10-CM        d icd diagnoses.csv

,    MIMIC-IV    . I  97,441 ICD .
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T       - LLM     ,  
  -          ICD 
. F,   L 3.1 8B,  - -   
 M    J 2024[61]. S,   B 7B,  - 
        -      -
 [62]. B   M ,    -  
  PM C O A     2024. T    -
    -     -    
       .

W      O. T       
 -  ,   -   API. T   
   ,         
 ICD - :

1 f"""

2 You are a medical expert.

3 ICD -10 Code: {code}

4 Official Description: {description}

5

6 Generate 5 distinct variations of this diagnosis as they might appear in a doctor ’s

clinical note.

7 Include:

8 1. A formal medical term (synonym)

9 2. A common abbreviation

10 3. A short , informal description of the condition

11 4. A version with a slight typo

12 5. A concise phrase (fast/sloppy note format)

13 Prefer challenging variations that are lexically distinct from the official

description.

14

15 CRITICAL FORMATTING INSTRUCTION:

16 - Output strictly as a JSON LIST OF STRINGS.

17 - Do NOT include the ICD code in the output.

18

19 Example Output:

20 [" Heart attack", "Acute MI", "Myocardial infarction", "AMI", "Severe chest pain (MI

)"]

21 """

W       . T      
           . W 
               
 . F      ,         
,     .

T      ,    F 5.2 :

1. Dictionary ltering T ICD   MIMIC-IV   ICD-10-CM 
ICD-9-CM . S     ICD-10-CM,         
     ICD-9. A    ,   
              .
T ,     - .

2. Stratied sampling: E       ICD-10-CM , 
     (     ) . W  , 
 (5, Ci) – ,  Ci        i,
     (random state=42)   . F   ,
        (10, Ci).

3. Generation of description variants: F   - ,  
       format=’json’     . T
 ,       ,     
   . D   .
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ICD-10-CM dictionary

1. Dictionary ltering

Retain ICD-10-CM only

Exclude previously sampled codes (iter. 2)

2. Stratied sampling by chapter

min(5, |Ci|) code-description pairs/chapter (iter. 1)

min(10, |Ci|) pairs/chapter (iter. 2)

Llama 3.1 8B

General-purpose LLM

BioMistral 7B

Biomedical LLM

3. Generation of descrip-
tion variants (×5 per pair)

JSON output, duplicates removed

4. Validation

Remove if ICD code appears in description

Remove if cosine similarity ≤ 0.45 (all-MiniLM-L6-v2)

5. Diculty classication (BM25Okapi)

Top-5 rank → easy, else dicult

Final synthetic dataset (iter. 1 & 2)

2,567 examples · 320 codes · all ICD-10-CM chapters

F 5.2: O      

4. Synthetic dataset validation: T        
  . F,        ICD   
   ,          . S,
     . B      
   all-MiniLM-L6-v2      S T
 [63],    MLM  [64]. T    -,
      - . W      
    0.45. T    ,    
            
  .

5. Diculty classication of codes: T       -
   (..   ,   )   
(..      ). F  ,    BM25O
   rank bm25  [65]. I        TF-IDF
 (    S 4.1),      . W -
           . I  
ICD     -5  ,      ;  
   .
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Iteration 1 Iteration 2 Combined

C    (5, Ci) (10, Ci) —
T   110 211 320
E  () 1,252 2,384 —

A ICD--  1,225 (-27) 2,336 (-48) —
A    910 (-315) 1,657 (-679) —

Final validated examples 910 1,657 2,567
R  (.  ) 72.7% 69.5% 72.7%
M   ( ) 0.742 0.749 0.747
D  ( > 5) 63.6% 62.2% 62.7%

T 5.3: S           
 .

T 5.3    ,        
 . T     :    ,  
        . A 7%   
       ICD      , 
         . T     
 -    . T     2,567
,  320     . I       
A E.

F 5.3, 5.3  5.3         ICD-10-CM
. I     :      
 ,   all-MiniLM-L6-v2,      .

A   F 5.3,        ,   
  100  150     15 ICD . T  
 C XXII (S P),    37 . T    
         (    ),   
   . T          -
  .

(a) Examples count per Chapter. The dataset is relatively balanced across chapters, even if some domains
have more generated examples than others. Chapter XXII has very few examples, because the chapter
itself contains only 5 codes.

F 5.3: P C      
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(b) Semantic diculty per Chapter. The proportion of dicult examples are broadly consistent. For the
majority of chapters, more than half examples are complicated ones.

(c) Semantic score distribution per Chapter. No chapter has an abnormally low median semantic score,
almost all falling between 0.70–0.75. The exclusion of examples with semantic score lower than 0.4 was
correctly performed.

F 5.3: P C      

F 5.3            -
. M        ,   
  [0.68, 0.78],          
   . C XXII     , 
      .

F, F 5.3           .
D      ,    0.5  0.75,  
           
. C XX (E C)  C XIX (I, P, .)  
  ,  C XVII (C)  X (R)  -
    BM25 . N        
 .

V,              -
             .
T    ,          -
. A   ,    S  ,    
. I            
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    ,       . T    -
 ρ = −0154 (p = 0493),     . T 
          - ,
   BM25-           .

H,     -     . W  
P-B           ,  
       . I  rpb = −0559 (p < 0001), 
      . D     
        ,    . T
             
       ,    
        .
T            ,  -
   :  -        
 .

A         BM   
    L 3    (  0.91 . 0.87),
     -    (  0.69  ).
G             ,  
             .

5.2 Group of words to ICD codes methodology

T         . G    
q     ,  ,     ,     
  ICD-10-CM  c∗      C      
ICD-10-CM    MIMIC-IV. T   97,441 , 
        (S 5.1.3). E    
    C,     c∗     k 
  .

W       :  - 
— L , D-Sø , T-LCS,  W-LCS —   -
  — PMBERT, SBERT,  CMBERT. T   -
          ,    --
-  .

5.2.1 Lexical baselines

F -       - . A 
   ,           ICD-10-CM
. T             -
. T        . T    
,            
     .

Levenshtein distance A    S    (S 2.1.2),  L
      -  (, ,  -
)       . I     
. T          ,     
   0  1. A  ,       
  C        ( L -
).

Dice-Sørensen coecient T D-Sø       
  . F   s1  s2,        :

B(s) = s[i : i+ 2]  i ∈ 0,    , s − 2 (5.1)
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     

D(s1, s2) =
2 · B(s1) ∩ B(s2)
B(s1)+ B(s2)

(5.2)

C  L ,  D-Sø       -
   - ,          
     . T         
,    L      . C  
     L .

Longest Common Subsequence T        
L C S (LCS),    S 2.1.2. T T LCS (T-LCS)
   LCS          
(LCSL):             . T
    :

T-LCS(s1, s2) =
2 · LCSL(s1, s2)

s1+ s2
(5.3)

T W LCS (W-LCS)        LCSL   
                . I 
 :

W-LCS(s1, s2) =
(LCSL(s1, s2) + 1) · LCSL(s1, s2)

s1 · LCSL(s1, s2) + s2
 s1 ≤ s2 (5.4)

P,             
             . A
 mij            i− th   s1 
 j − th   s2. LCSL   m|s1||s2|.
B T-LCS  W-LCS       0  1,  
     . C      .

5.2.2 Neural embedding-based models

W       BERT - . A    
 :   ICD-10-CM          
    ,   FAISS [66]. S,  IndexFlatIP 
   L2-   ,       
 .             -k 
 . F  ,  [CLS]         
   .

SapBERT SBERT        ,      
    /. T     
 S    C,   S 2.1.5. T  
cambridgeltl/SapBERT-from-PubMedBERT-fulltext    HF. D
         25 ,    
   . F    ,     ICD-10-CM
    128.

SapBERT reimplementation W  SBERT  ,   
PMBERT      - -   
   [27]. T    :   
        ICD ,       
,        -  .

F,       ,   MRCONSO.RFF  
UMLS. A       CUI,       
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  :   . T      -
    ,           50.

T    microsoft/BiomedNLP-PubMedBERT-base-uncased-abstract-fulltext, 
 HF. T     M-  (epsilon=0.1)  -
      ( ,           -
 ),   M-  (alpha=2, beta=50, base=0.5)   
       . T     AdamW

(lr=2e-5, weight decay=0.01),      64       -
  40 . E        PMBERT , 
    ,            
CUI . T         .
A  ,         SBERT  
.

PubMedBERT P PMBERT       . I  
     SBERT 
(microsoft/BiomedNLP-PubMedBERT-base-uncased-abstract-fulltext),    -
  -. I          
    - :     PMBERT  S-
BERT       -      
  . T         , -
  [CLS]    FAISS ,       
SBERT .

Clinical ModernBERT C MBERT,      S
4.6.2,            MBERT
        . T   -    -
               
   BERT . T   Simonlee711/Clinical ModernBERT

   HF. D        
  64 . T         GPU  
    .

5.2.3 Evaluation protocol

A          2,567    S
5.1.3. S         ,  /
  ;       . T    
  SBERT,    UMLS        
     . E    ,   
      ( . ,     5.1.3). W 
  k ∈ 1, 5, 10.

5.3 Full discharge note to ICD codes methodology

T              ICD-10 
 . R       ,     -
      ,      ICD-10 . F 
,          :  
, 3   ,   ICD-10  . A   
    MIMIC-IV    S 5.1.2

W    ,            
  ,  F 5.4. W     TF-IDF     
. I        ,       ,
,  .
W    -    PMBERT,   
            . W
     ,         PMB
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      . F  - ,      
 :   ,   3- ,     ,   
     .
B  ,      ,   
      . W    B-GRU  
 ,           
    . W       
  . T    ,       ,
        ,   
        . W   PMBERT
 C MBERT,      ,     
    ,  F 5.5.
F,              .
T        ,     
 , 3- ,    ,     
        . T    
.

→ →

−→

K × 512

· ·

F 5.4: O   ICD-10  . S 1      
     . S 2     PMBERT. S 3
     ICD-10     .
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A     O,      
       [67]. T       
    P  . T      
   . T   ,    
     .
S     T  P E (TPE),    
            . T 
 , O’  S H (ASHA)   -
       . I     
     - . T     
        .
H,    ,        
,             ,  ,
  . I  , O       ,
             .
F  ,          
. T            A B

5.3.1 Baseline : TF-IDF

W            , 
F 5.4. T         TF-IDF. W 
     -  ,  S 4.1.

T TF-IDF       . T F (TF)  
       . I D F (IDF)   
      . T      . T
 ,               95 %
 . W    TF ,       1 + (tf),
            .

Hyperparameter optimisation T        , 
    O  15    , 
M-F1. T    . F,  - ,   (1,1), (1,2),
 (1,3),              
  . T          
     . S,       
20,000  80,000 . T   ’       
          . T,  
  C        0.1  10.0. T 
             .

Multi-label classication T      ICD-10   -
. E          . T 
,    O-V-R (OR) . T     
    . F  ,    9,685  L
R . E       ICD-10 . I  
   Y  N    . B      -
,          . T    
           .

5.3.2 PubMedBert + mean pooling

T          TF-IDF ,    P-
MBERT. T    -       
 4.6.1.
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Handling long documents via chunking S BERT      -
  512   . H,         . T
             TF-IDF , 
     . E        512 .
F  ,     [CLS]        
 .

Mean pooling aggregation T         , 
      [CLS]  4.7.1. T      
      ICD-10 . T     
     . I        
TF-IDF        . W   
  modelB mean      .

Hyperparameter optimisation T    AW,    
      1 × 10−5  5 × 10−5. T   
    128, 256, 384 ,        
 4, 8, 12, 16,         8,000 . B  
  4, 6, 8,   GPU. W  30 O     
  5   3-    30     . W 
M-F1    3-  ,  R@10    .

5.3.3 Chunk aggregation: from mean pooling to Bi-GRU and label At-
tention

A               
      . T     ,   .
H,          . A  
    . I       
   . A         
 ,       . T  
  ICD ,          14 ,  -
        . P      
           [68].

Bi-GRU aggregation

T  ,       BGRU (B-GRU)    
4.2. I     ,  B-GRU     ,
            . T   
       ,      . A
              -
    . D        ,
    .
T       :     B-GRU -
     BERT-         
             
    [69].

T            . I   ,
         512 ,     -
     . PMBERT     
  [CLS] .

I   ,    CLS      B-GRU. T  
     ,        . T 
      ,     
             4.2. T 
          ICD-10 . W     
model gru      .
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Hyperparameter optimisation W  15 O     3- 
B  (TPE),             -
. I         . T       
  1 × 10−5 5 × 10−5. T GRU      128, 256, 512 , -
      . S    128, 256, 384  
   4, 8, 12. B     4, 6     
    . T   ,      
   1.0.

D    ,  B-GRU       
      . F  ,      
   3-  ,     ICD-10  .

Label-wise chunk Attention aggregation

B    B-GRU       
    ICD  . Y     ,   
        ,      
. C              
  .
T  ,    -      , 
  CAML [16]     PLM-ICD [4] ( S 2.2.3  S 2.2.4).
A      4.7.3,  ICD       
      ,   - 
   . T         
     ,       
    . T          B-GRU 
.
T            . T 
       512 ,     PMBERT,
  [CLS]      . T -    
     . W      modelC cls attention

     .

Hyperparameter optimisation W  15 O      B
 (TPE),  4   . T         
1× 10−5  3× 10−5. S    256, 384 ,     
8, 12, 16,     4, 6. F   3-     
M-F1. F       R@10.

Word-level Attention aggregation

A -        [CLS]       . W
,     -    . T [CLS] 
        512 ,       
          . T   
        ,     
   -  . I     [CLS]  
 ,           PMBERT.
T K            
    K × 512 ,    -   . T
     -    S 4.7.3,  hk

           [CLS] . E 
          ,    
 - . T       - 
.
T        ,       
         . F  ,    
 4, 8. W      modelC cls allword      .
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Hyperparameter optimisation W  25 O       10  3-
    B  (TPE),  2   . T   
      1×10−5  5×10−5. S    128, 256, 384
       4, 8, 12, 16. F   3-  
   M-F1;        R@10.

5.3.4 Semantic chunking with LangChain

A         -  . T  
           . W  
,       ,      ,
       . E        
  ,        [CLS]  
 PMBERT.
T          ,   
    LC’ RecursiveCharacterTextSplitter. R 
    ,         ,  
 ,     ,     - 
 . T             
  . T             
 512 ,       -   .
T             
   ,          
  . W      modelC cls langchain    
 .

Hyperparameter optimisation W  10 O      B
 (TPE),  3   . T         -
 1 × 10−5  3 × 10−5. T      128, 256, 384 ,  
     10, 12, 14, 16. B     4, 6. F 
 3-  ,    M-F1;     ,   R@10.

5.3.5 Clinical ModernBERT

A       PMBERT   . W PMBERT  
   ,        -  
   . T         , 
 PMBERT  C MBERT ( S 4.6.2)     
 ,  F 5.5.

Setting 1: 512-token chunks with label-wise attention

I   ,         -  
 . T  -   ,   [CLS] , 
  -    PMBERT    C M-
BERT. T   ,      . A 
               
. W      modelC ModernBert      .

Setting 2: Long-context chunks

T         CMBERT  PM-
BERT:        8192  ( S 4.6.2). R  
    512- ,     . T  
        ICD-10 . I  ,  
    ,          -
       . T     
 .
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Replace PubMedBERT
with Clinical ModernBERT

Two evaluation settings

Setting 1
512-token chunks

+ label-wise attention

Setting 2
Long-context chunks

up to 8192 tokens

Identical architecture
Sliding window + [CLS]

encoder swap only

Larger chunks
Fewer, richer segments

chunk size = hyperparameter

F 5.5: O  C MB   

Hyperparameter optimisation — Setting 1

W  5 O      B  (TPE),  2   .
T          1 × 10−5  5 × 10−5. S 
  128, 256, 384 ,      4, 8, 12, 16,   
 2, 4, 6,       PMBERT     
  CMBERT.

Hyperparameter optimisation — Setting 2

W  10 O      1   . T    
     1 × 10−5  5 × 10−5. T      512, 1024,
2048 ,    256, 512, 1024 ,       2, 4, 6,
8,     1, 2, 4. T         
. F      ,    M-F1   
3-  ,  R@10    .

5.3.6 Leveraging the ICD-10 hierarchy

A          . Y  ICD-10
        :      I21.0 
   3-  I21,     C IX. I  
            . T 
  . W       :   
        .

Top-down hierarchical masking

T        ,    , 
  -     . G    ,
  3-           . S,
         3-   . T 
             . C 
      ,      . P
          ,   -
      . T     
 :          
   [39].
T            ,  
 :        τchap,  -   
  . T      3- . A   
        O  50 ,  M-F1.
W      modelD masking      .
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T           - -
. R          ,   
PMBERT      . W   -  
  , 3- ,    . M-   
          ICD  [70, 71],      
             .
B     ,      
   . T    - ,    
        ,        
     . T       
 fchap,          . T 
      . T         
. T    -       
               3- 
 :

hcat3 = h+ B1(fchap) (5.5)

T       3-  - :

hfull = hcat3 + B2(fcat3) (5.6)

E          . T  
 ,   -    ,        
       . T        
  - :

L = wchap · Lchap + wcat3 · Lcat3 + Lfull (5.7)

 wchap  wcat3    ,   -     
1.0      . T    ,     
 ,    O. W      modelD hierarchy  
   .
T   -         
          -  -
  [72]. I   ,  PMBERT    ,  
       ,      
     . T        
 ,              -
         (1 × 10−6  2 × 10−5)    
     (5 × 10−5  5 × 10−4). T    
    . A      ’ -
. T            [73].T
            
.

Hyperparameter optimisation W  40 O    TPE  10
 ,  R@20      5   ,   -
   4     15 . T    
    BERT  (1×10−6  2×10−5)      (5×10−5

 5 × 10−4),     BERT  (2  6),  (0.0  0.4),   (4,
8),      ,     wchap  wcat3.
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Discharge note chunks
n × 512 tokens

PubMedBERT encoder
h ∈ Rn×768

Label-wise attention — chapter
22 labels

h

Chapter pred.
lchap

Bridge1 — Linear + LayerNorm

fchap

hcat3 = h + Bridge1(fchap)

Label-wise attention — 3-char
1 454 labels

hcat3

3-char pred.
lcat3

Bridge2 — Linear + LayerNorm

fcat3

hfull = hcat3 + Bridge2(fcat3)

Label-wise attention — full code
7 936 labels

hfull

Full code pred.
lfull

F 5.6: F   modelD hierarchy. A  PMBERT    
   . E    ICD-10    
( → 3- →  ). T,      (fchap, fcat3)   
 . T          .

5.4 Hardware and environment

A      L ,    CÉCI  (C
 É  C I). A        
 A A. CÉCI  B      -
 (HPC) .
A    SSH    CÉCI  [74]. L    ULB. I  
  M L, AI,  H-T C .
T    40   . E    NVIDIA RTX 6000
ADA GPU (48 GB GDDR6, 18,176 CUDA ), 32 CPU  (AMD EPYC G),  128
GB  RAM. T       5 . Y         CECI
1.
L     CÉCI     . F,    
GPU   ,      - . S,  GPU-
    H2  D2    GPU,  GPU , 
    /SMP . C   L4  NIC5  
GPU  . F ICD-10      , GPU   
. T   GPU   .

T P            .
T    PT 2.9.1,   H F Transformers 4.57.3 
Tokenizers 0.22.1   , -,  . H  

1CÉCI Consortium. Documentation and User Guide for High-Performance Computing resources. https://

support.ceci-hpc.be/doc/, 2026. Accessed: 2026-03-28. The CÉCI is funded by the F.R.S.-FNRS and the Walloon
Region.
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  O 4.8.0. S     NP 2.3.5, P 2.3.3,
 - 1.7.2. S       F1-  
.
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Chapter 6

Model performance analysis

T             
    .

F, S 6.1       ICD   . I  
          
 ICD-10-CM . T    -   - 
      .

S, S 6.2   - -  . W  
   D   ---    -
    . T        ,
     -. I      
 ,  -    L-O-O - .

6.1 Group of words to ICD codes results

T            S 5.2. E
        2,567    S 5.1.3,
  ICD-10-CM . R     :   (
. ),   ( . ),    (k ∈ 1, 5, 10). W 
  -           
       . W     -
 .

6.1.1 Global retrieval performance

Accuracy@1 Accuracy@5 Accuracy@10 MRR

L 0.219 0.297 0.330 0.252
D-Sø  0.314 0.454 0.517 0.373
T-LCS 0.231 0.334 0.374 0.274
W-LCS 0.219 0.308 0.347 0.258

Original SapBERT 0.379 0.610 0.687 0.477
R SBERT 0.368 0.596 0.673 0.467
PMBERT 0.147 0.226 0.266 0.181
CMBERT 0.181 0.288 0.337 0.227

T 6.1: O          

T 6.1  A@k  M R R (MRR)       -
  . T     :  -  ,
  ,    SBERT .

T     T 6.1  PMBERT  CMBERT. Both
pretrained neural models fall well below the lexical baselines. A   
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,     . W  - ,  [CLS]

          . T 
-  (     )    -
,           
      ,         . T
              , 
    SBERT    . I     
      MBERT    
,   MRR   25%  PMBERT.

L       . A ,  D-Sø 
     . I MRR (0.373)   40%   L (MRR
0.252), T-LCS (0.274),  W-LCS (0.258),       .
T           . T   LCS  
  L   :        
    . I  ,  -  
    ,  D’  ,   ,  
  .
W    W-LCS  T-LCS     . T 
   : W-LCS           
  ,             -
. A            
         ,     . T
           
   .

T    SBERT     ,  MRR 
 0.477  0.467 . T    ,     
,   ICD-10-CM         . T 
     (D-Sø )   10  . I  
     ,   -    , 
    . T  SBERT   1–2 
       ,      
   S 5.2.2.

T     ,    /   
S 5.1.3,   BM25       . F 6.1  
 MRR    (, , )      
.

O  ,         . T  
D        15–20  ,     
  10     . T        D’
. O  ,         
    . D’ -       
     . A        
    L  LCS- ,  D   
. W    ,      
 -  ,   D     
.
W    SBERT        ,    -
   D-Sø. W    CMBERT    
   PMBERT,            
      . B      
  ,          -.

T     : PMBERT  CMBERT   -
      . T SBERT   MRR   
0.271–0.293,  D      0.15. T      -
          ,   
      ICD . S    
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   .

F 6.1: M R R (MRR)       . U
        . D-    
     ,      . T   SBERT
     ,   .

F,      (L 3 . BM)    
        ,    
    . T        -
    . T        
 A C.1.

6.1.2 Near-miss analysis

W           ,     
      . T      
  ICD-10-CM:            3-
   ,             
         -k.
F 6.2       ,   -  3- -
    ,  k ∈ 1, 5. P     
            . P 
              
   .

A k = 1 ( ),          ,    
        . C   (-
),        ,      
SBERT . O SBERT       18.8%   
 T-1,        82.5%   . I    
   SBERT’    ,        
. L          0.47–0.58,  
 -    -     .

A k   5 ( ),   ,        . A 
  ,          -
 - ,       . A T-5, SBERT
      0.904–0.919. T   for almost every
hard example, SapBERT retrieves at least one code from the right chapter in its rst
ve suggestions. T       ,   20 
,    -       T-1.
W       T-5. A       ,
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    A C.2. T      SBERT (0.768),   
    0.42–0.55 . T    (D )   
            T-5,   
   SBERT.

F 6.2: N-           . T
-       -       :
 ICD-10-CM  ( )   3-  ( ),  k = 1 ()
 k = 5 (). A      ,    - 
  . T     SBERT .

W       ,      
     ,   L  LCS-   -
   T-1   T-5,        D .
T    MLM         
    ,       -    
 .

T 3-   ( )       . A
,              
 ,       3- . A T-1, SBERT 
     0.572–0.602      0.188,   
 - . T D         k .
PMBERT  CMBERT       ,  
 -    3- .
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6.1.3 Chapter-level error analysis

F 6.3  6.3      22 ICD-10-CM    S-
BERT  D-Sø  . T       T-5,
         . T    -
           . W     
 - ,        . T 
         A C.

F  SBERT  (6.3),         . O-
   ,          -
. T        . F , C
XVII (C)       C XIV (G,
61 )  C XIII (M, 45 ),   ICD-10 :
         , 
  . C XXI (H S C)    C
V (M B, 50 ), C XIX (I, P,  C O C-
  E C, 120 ),  C XVII (C, 79 ). T 
 H S C      ,     
 :        ,   
  ,   . A      C XII
(S)  C XIII (M): S    M 109 , 
    . S        -
   ,      . F,    C
XXII (S P)      ,       
         .

(a) Original SapBERT
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(b) Dice coecient

F 6.3: C-     SBERT ()  D  (-
)    . R   ,    . SBERT’
   ,    . D’   
,   -  C XIX     .

F  D  (6.3),       ,   -
     . W        -
   ,      (..   C
VIII (E)   C VII (E, 156 ):     , -
           ,  
    ).
A     misclassication of examples from unrelated chapters
into Chapter XIX (Injury, Poisoning, and Certain Other Consequences of External
Causes). T     II N, III B I, VII E,  XIII
M,    100   . A     
 SBERT,       D  . T     -
 -    , ,  ,    
          C XIX.

T ,           . S-
BERT’          ,  D’
     ,         
. F  ICD ,     :      
      .

6.2 Full discharge note to ICD codes results

T           ---ICD-10 
 . W            
. W        -   
      - . F,   -
   ,          
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        .

6.2.1 External validation and Rened training protocol

T  modelD hierarchy   ,      S B
(  S 5.1.2). T     ,    
          MIMIC-IV    .
V        10−6         -
 BERT-   ICD   [75]. F     PLM-ICD
[4],        -. T      
  ,       .
T 6.2             S B. T
  . F, -F1   ( 0.41-0.42),   
      ,    . S, -F1  
        . T    
            
. T          . F 6.4
         . T   
               .

Training stage Micro-F1 Macro-F1 P@5 P@8 R@10 R@50

Fixed LR (ep. 3) 0.412 0.068 0.576 0.505 0.354 0.667

+ Linear scheduler (ep. 7) 0.416 0.114 0.620 0.543 0.380 0.703

+ Linear scheduler (ep. 10) 0.415 0.123 0.627 0.550 0.385 0.708

T 6.2: E  modelD hierarchy    S B     
 . A      τ = 085,     .
M-F1      ,  -F1     
,          .

F 6.4: L    4-10   S B. T    
   (0.3123 → 0.2924 → 0.2742),       .

6.2.2 Comparison with State of the art models

A   S 5.1.2,  ICD        
    ,  ,   . H    -
  S B (S 6.2.1),    modelD hierarchy   .
T 6.3     ,  T 6.4    .
Micro-F1 (0.415 on Setup B, 0.428 on our setup). M-F1    
,             . O 
(0.415–0.428)       . T      
   :     12 - [CLS]   
   . B , LAAT  PLM-ICD     . CAML 
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    RST-ICD  -   
   . A      -    -
.
A   S 6.2.1, -F1         
 ,            . T
 -  :    35×   PLM-ICD   (S-
 6.2.6),      .

Setup A Setup B Our Setup
[59] [5, 60] 5.1.2

Dataset MIMIC-IV MIMIC-IV MIMIC-IV
Train / Val / Test 110,442 / 4,017 / 7,851 88,969 / 13,310 / 19,999 75,133 / 23,608 / 23,534
Unique ICD-10 codes 25,230 7,942 9,683
Split strategy Random Patient-level Patient-level
Code guarantee in all splits No Partial (∼0.5% missing in val) Near-complete (<0.16%)
Code type Diagnosis only Diagnosis + Procedure Diagnosis only
Code ltering — ≥ 10 occurrences ≥ 3 patients

T 6.3: C   . A   MIMIC-IV ICD-10    
      ,  ,   . S A   
 -  . S B      - ;
     22%      -  
  .

Model Micro-F1 Macro-F1 P@5 P@8 P@10 R@10 R@20 R@50

Setup A — MIMIC-IV-ICD benchmark (25,230 codes, 110k/4k/8k split)

CAML 0.527 0.041 – 0.644 – – – –

LAAT 0.554 0.045 – 0.670 – – – –

PLM-ICD 0.570 0.049 – 0.695 – – – –

Setup B — MIMIC-IV ICD-10 (7,942 codes, 122k docs, patient-level split)

CAML 0.554 0.160 – 0.668 – – – –

LAAT 0.579 0.203 – 0.689 – – – –

PLM-ICD 0.585 0.211 – 0.699 – – – –

RoSimTail-ICD 0.593 0.293 – 0.713 – – – –

modelD hierarchy† 0.415 0.123 0.627 0.550 0.508 0.385 0.535 0.708

Our setup — MIMIC-IV ICD-10 (9,685 codes, 122k docs, patient-level split)

modelD hierarchy 0.428 0.068 0.615 0.534 0.492 0.394 0.539 0.700

† Trained on Setup B label space following the dedicated training protocol (Section 6.2.1).

T 6.4: P      ( T 6.3)  
 4.8. O    - [CLS]  (12   512 )
  - . T       . A  
    @k: R@50 = 0.708  S B  0.700   , 
70%      -50 .

Macro-F1 (0.123 on Setup B, 0.068 on our setup). M-F1    
  ,        - . O S
B,  -F1  0.123  CAML (0.160)      
   T 6.2. T       
  - . F          
      3- . T   RST-ICD (0.293) 
    . RST-ICD       
(SSDC  MATR),         ICD-10 ,
    - .
Top-k precision (P@5, P@8, P@10). O P@8  0.550  S B   
(0.668-0.713),     -  -  .
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Recall (R@10, R@20, R@50). T         
. R 70%         50     
   --- ,       .
O     ,        
         . T     . R@50
 0.700     0.708  S B. N      
@,           .

Inference time and architectural trade-os

T 6.5          NVIDIA RTX 6000 A
G GPU. A - , our model (modelD hierarchy) is the
fastest,  35×   PLM-ICD  21×   RS-T   
 PMBERT . T       
 T 6.6. F,     (12 . 32). S,    
- [CLS]       ,   
    . RS-T        
(SSDC  MATR).
CAML  LAAT        CNN/LSTM  (15M  37M
 . 125M+  ),          -
.
T           ,      
—  ICD-10  —    ,  - ,  
 . I    ,       -
 ICD , ,    - ,    
    .

Model Mean (ms/doc) P95 (ms/doc) Throughput (doc/s)
CAML 3.1 3.1 317.1
LAAT 20.7 31.6 46.3
ModelD hierarchy * 53.3 55.3 16.7
RS-T * 114.7 — 8.7
PLM-ICD * 184.4 185.6 5.4

T 6.5: I    (RTX 6000 A). A -  (*), 
D    . T           
   [CLS]       .

6.2.3 Overview of model congurations

F 6.5      . E       -
. T          :  ,
- ,    - . T    
T 6.5  -F1, -F1,  @20     ,   
. A              
  -F1 ( T 6.7). Y          
 ,   -F1, -F1,  @20  A D

T        . M-F1    
        (0.39–0.46),     .
M-F1  @20   . T        
 . T            . T 
     -  .
T      . M-F1   0.024  0.068  @20 
0.49  0.54,   D    . A   0†  
       O .
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Feature CAML LAAT PLM-ICD
RoSimTail

-ICD
modelD
hierarchy

Encoder

Pre-trained language model No No Yes Yes Yes

Biomedical domain No No Yes Yes Yes

Word embeddings (Word2Vec / fastText) Yes Yes No No No

Recurrent encoder (BiLSTM) No Yes No No No

Convolutional encoder (CNN) Yes No No No No

Long document handling

Chunking strategy No No Yes Yes Yes

Chunk size (tokens) — — 128 128 512

Max chunks — — 24 32 12

Max sequence length (tokens) — 4000 3072 4096 6144

Attention input: token-level Yes Yes Yes Yes No

Attention input: chunk [CLS] only No No No No Yes

Classication head

ICD hierarchical modelling No No No No Yes

Long-tail specic mechanism No No No Yes Part.

Semantic alignment correction (SSDC) No No No Yes No

Multi-stage tail renement (MATR) No No No Yes No

T 6.6: A   . O modelD hierarchy    
  (ICD-10 )     12 [CLS] ,  
-   32   PLM-ICD  RS-T,    
SSDC  MATR .

F 6.5: A      -F1, -F1,  @20  
-  (   ,    ). M-F1  @20
   ; -F1        . Mod-
elD hierarchy leads on both and is selected for deployment. M  0† 
    O .

Model Threshold (Full)
TF-IDF 0.19
MB  0.22
MC   0.23
MC   0.50
MC   0.18
MC MBERT 0.30
MD  0.22
ModelD hierarchy 0.88

T 6.7: O    ,     
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Progressive improvements. TF-IDF     (@20 = 0.524, -F1 =
0.039). W  PMBERT     B      -
   (@20 = 0.490, -6.5%),      . I
 ,       B-GRU   ,    
   -          
    3- . R    - 
(C  )   (@20 = 0.519, -1% . ). W  
 LC    (modelC cls langchain),     
       . T     modelC cls attention

      

S    CMBERT (C MBERT)   
-  (@20 = 0.527, -F1 = 0.042),     
 ;    PMBERT. A   
CMBERT’         , 
S 5.3.5. T       O  
  . T       .

Cascaded masking (ModelD masking). T        ICD .
T   :            
   . C,     3- ,  
     -. T           
C  . I  @20  0.533 (+1.7% . )  -F1 
 (0.033, -15% . ),       .

Multi-task hierarchy (ModelD hierarchy). O D    
        - :    
      , 3- ,   . H-
    - ,    . T  -F1
= 0.068 (+106% . D , +74% . )  @20 = 0.539 (+1.1% .
D , +2.9% . ),         -F1 (0.429 . 0.446).
I          .

6.2.4 Performance across granularity levels

F 6.6  -F1, @20,  -F1       -
  . All metrics decrease as granularity increases: -F1  
0.55-0.74      0.13-0.28  3-,    0.02-0.07   .
T   -   ICD-10  :       -
        .

Higher granularity levels are more reliable. C  3-   
    . T    :   
   ,       . T    
   D  :       (, 3-,
 )    ,          . T
    -F1     (0.74)  -  (0.068, +74% .
TF-IDF),         .

Strong intermediate-level performance does not guarantee full-code performance. O
C      3- @20 (0.78)  -F1 (0.28),  -
   -     . T       -
     .

6.2.5 Impact of training imbalance

F 6.7    ICD-10      ,    : 
 (<10 ),  (10–50),  (50–500),   (>500). T  
 -F1, -F1, @10,     @10  -F1.
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F 6.6: P       . A  
 ,   -   ICD-10  .

All our models collapse on rare codes. M-F1  0.48     
 0.02    . M-F1            ,
       . T       - -
: 5,244          ,  366 
  .

ModelD hierarchy is our only model that actually learns rare codes. W   -
   : -F1  0.0001  0.0002    ,  D 
 0.0062,   . O    ,     :
0.0768  0.0116-0.0235 . H      
    - ,            
  .
T gap panel (@10 - -F1)       
  . A             10 
     . T   ,      
  . T       (10-50)   ,  0.32 
TF-IDF   0.27   ,         
   . This suggests that the bottleneck is not in how the
model ranks codes, but in how condently it scores them. A    
               
,        .
F, TF-IDF     @10     (0.146), 
  . S        
 :            . N 
 ,           
 . T     D     
 .

6.2.6 Computational cost

Training time

T      NVIDIA RTX 6000 AGGPU. M C  
 2013  5     ,     . MBERT -
  2   5      3- ,   
   M C   (1   15    ).
M D ()   10   2625,      
        : , 3-,     
  . I , M D’  2625      
   ,     -     
   .
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F 6.7: P        . A 
   ; MD    ,      
 -F1. T   (@10 - -F1)       
  ,      .

Inference time

T 6.8     200 . A     50-67 /.
T   MD  (183.6 /),      
:    . MD         
,    (53.3 /). TF-IDF     403.5 /,   
 CPU     .

Model ms/doc doc/s
TF-IDF (CPU) 403.5 2.5
MB  49.9 20.0
MC   51.3 19.5
MC MBERT 67.2 14.9
MD  183.6 5.4
ModelD hierarchy 53.3 16.7

T 6.8: I       NVIDIA RTX 6000 A G
GPU  200 . TF-IDF   CPU (-)     .
MD     - -    .

6.2.7 Attention heatmap

F 6.8           . E    
 ICD-10     . T -     D 
    (✓)    (×). E        . E 
              
: the brighter the cell, the more the model relies on that chunk. T  
                 .
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F 6.8: A        . E     ICD-10 
(✓ , × );      . C      
   . S,      ;  
    .

When attention is sharp, predictions are correct. F   ,  
    . I2510 (CAD/  , =0.99)    C0
(: 0.49),    /  ,       
        .
K259 ( , =0.98)    C7 (: 0.43),   -
:     . I  ,      
    .

When attention is diuse or misallocated, predictions fail. F I5023 ( ,
=0.28),       :   ,  
     (C2  : 0.006, C3  : 0.291,
C4  : 0.326)      . T       
    :          
.
F E118 (T 2 D M  , =0.15),    . A
      ,      
    70/30 . T        
 . T    -  ,    
’  (0.33%  ).

6.2.8 Leave-One-Out token analysis

T L-O-O (LOO)          
    . A        modelD hierarchy, 
    . C,        ,  
     : ∆p = pbase−pwithout token. A   ∆p 
    :       (  ). A  ∆p
     :       (  ). E
   30      . N     
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     ;  LOO      
’ ,      .
W     (F 6.9  6.13)     
   .

Single dominant token. T           
-      I2510  K259. T LOO  :   
   . F I2510,      (∆p ≈ +0023, F 6.9);
 K259,    ∆p ≈ +0170 (F 6.10). O    
     .

F 6.9: LOO    I2510 (CAD)   C0,  6.2.8   . T
      (∆p ≈ +0023),      
     .

Vocabulary is not the bottleneck. F I5023 ( ),     N 2
(=0.99)       ,        
(=0.28)         (F 6.11). T   
      N 1       .

Failed prediction. F E118 (T 2 D M  , =0.15),  
  C4       : , ,    -
     (F 6.12). I  C10,     
 ,   C10   ,       
 (F 6.13). T    :      
 ,        - .
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F 6.10: LOO    K259 ( )   C7.   
 (∆p ≈ +0170). T         : 
 -      .

F 6.11: LOO    I5023 ( )   C5  N 2 (=0.99). E
      . C       (=0.28), 
       :     , 
.
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F 6.12: LOO    E118 (T 2 D M  )  
C4 (  , : 0.33). T       ; -
, ,      ,    

F 6.13: LOO    E118 (T 2 D M  )  
C10.        ,    
       

Key takeaways from the interpretability analysis. T    LOO 
    :

• Distributed evidence (I5023):         : 
         .

• Attention misallocation (E118,  C4):      
     ,         
.

62



• Chunk-level interference (K259):   -    
       .

C,              
. T           
- .
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Chapter 7

Integration into OpenMRS

T                   
  . I       -   -
, OMRS       S 7.1. F,    
          ,   -
          . T    ICDH
,    https://github.com/tinyhuman-png/openmrs-module-icdhelper

  M P L 2.0     H , -
       OMRS . T    
-       . I     
     , ,   . M-
,             
 .

T          OMRS  -
   . S 7.1        OMRS 
,             . S-
 7.2          ,  
      . S, S 7.3    
 . T    S 7.4      
 .

7.1 OpenMRS as the target platform

A   S 2.3, OMRS   -   . I  
   -       8,100  .
B      ,       
      ICD  :      
.

7.1.1 Concept dictionary and CIEL

T        OMRS. I       
  . E         ,  ,
  ,  , .
A                
   ,   SNOMED CT, ICD-10  ICD-11, LOINC. E
              
  . F ,           (SAME-AS), 
   (BROADER-THAN),   (NARROWER-THAN),    .

T       ICDH ,      
 ICD-10-CM     OMRS  . W  AI  
  ,            
   ICD-10-CM  ICD-10-WHO . I    ,   
      OMRS ,   . T  

64



             .

I ,  OMRS     CIEL (C I H L-
)       [76]. CIEL    
   D  B I  C U. I  
       ICD-10, ICD-11, SNOMED CT,   
. I     OCL (OCL) ,   OCL 
 OMRS         .1

W   OMRS     CIEL   ICDH
,          ICD-10-WHO. I   
    ICD-10-CM      CIEL,    
     ,          
    .

T  CIEL          :  1284,
 P   C D,  161602,  D  , -
  N-C D,   162169  T   . T
                .

7.1.2 Modular architecture

T      OMRS      . I-
       , UI , REST ,  
       . D    
OMOD ,   JAR         OMRS 
     . T         
-  :  ICDH .

A        config.xml  . T    
’ ,   ,        .
T OMRS            
   .

I ,         . T  -
      BaseModuleActivator      
     . W  ICDH ,  started()   -
          ,   AI
,      CIEL        .
T          ,  
  .

S         S    ,

moduleApplicationContext.xml. T        O-
MRS  . O ,         
  Context.getService(ICDHelperService.class),     
   OMRS . T      S
  TransactionProxyFactoryBean,       
      ’  .

F OMRS 2,         OMRS UI F, 
  --, - . T UI   
P,       ,  F,    -
UI . B P  F     J     GET
 POST      ,       G S P
(GSP)   . W GSP       UI F  
    ,     O W A (OWA)   -
S P A    R  A     
   REST API,     JSP     .

1Rafal Korytkowski. Open Concept Lab. https://openmrs.atlassian.net/wiki/spaces/docs/pages/

25474980/Open+Concept+Lab Accessed: 2026-05-08
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T      ’  UI     
     URI,     . T 
      ,      -
                
.

7.1.3 OpenMRS data model

T    ICDH     ,     
       OMRS  . T    
     -   (F 7.1).

T Patient       :         ,
  . W           
 ,      Visit. V   -    
 . A Encounter      ,     
        . E  
  ,       . F,  Observation (Obs)

      ,     . O
      :         
  ,         (, , , )
    .

T ICDH     Observations     Visit 
    V N  162169. P     
Observations         :     
   1284,         161602.
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Visit Type

Encounter

Encounter Type

Observation (Obs)
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Coded Value
(one possible answer)
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F 7.1: S OMRS  
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7.2 Architecture and implementation of the proposed mod-

ule

O     OMRS    ,   
   ,  API ,   OMOD     .

7.2.1 Prediction layer

F   ,          
C 6     . S, SBERT      
  BERT, D ,    

A         AI     , 
          . T 
      . OMRS   - -
           ,  
              -
 .
F  ,   ONNX Runtime2. ONNX (O N N E)  
        . I   
 M  F,       L F AI & D. I 
            P-
T, TF, -, .         ONNX-
,      . ONNX R   -
    . I  -,  CPU  GPU , 
  API  J  P,  . I     
     ,     P  
  .

I  ICD H ,        PT  ONNX
   torch.onnx.export() . B  O  17  IR  8.
T J API  ONNX R          JVM,
     . O    ,  
    OMRS  ,    . T
    :         
     .
I      -        :
 ONNX            .
U    M’    . W   -
 MAVEN OPTS="-Xmx3072m -Xms512m -XX:+UseG1GC".

SapBertPredictor  HierarchicalPredictor       -
    ONNX R. B    :  initialize()

   ONNX           
,  predict()     ,   close()   
  .
T      : BertWordPieceTokenizer,   J -
   HF BertTokenizer  do lower case=True. I   
   ,    J     H-
F
(ai.djl.huggingface:tokenizers)   LinkageError     OMRS
 . T      : ,
  ,  ,  WP  . T 
 BertWordPieceTokenizer         AI,  EPL
,     ,    S 7.3.

T         S 5. T 
    SBERT :  -    FAISS
       OMRS. I       

2ONNX Runtime developers. ONNX Runtime. https://onnxruntime.ai/, 2021. Version: 1.14.0.
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,       9̃,000  ICD-10-CM - .
T       ,        
   ,            . B 
  -         ,    
k = 20 -.

T   ONNX ,          
  ,      GH . 3 W    
 download models          
   . T   ,     
    OMRS .

7.2.2 API layer

T       ICDHelperService,      S
             . I 
, ICDHelperServiceImpl,    AI ,   
,         .

F,    getVisitNotes()        
      . T       
162169 (V ). T    O    OMRS API
  getObservationsByPersonAndConcept,        
.

T        getPredictionFromNote(). I   
    ,     ,     
      . T      
: SBERT   ,     BERT   .
T             :  
  1,000        BERT,     -
   ’’ ( 50-   SBERT      
).

C     getConceptByICD10Code(),    - 
. T     ICD-10-CM        . M
    ,    SAME-AS > BROADER-THAN > NARROWER-THAN, 
     ID. T       :
                
    .
I    ,      ICD-10-WHO     -
 . F ,     S82.001A    -,   S82.001, 
S82.00,       -  . W  SAME-AS   
   ,      BROADER-THAN    , 
          . D  
,  SAME-AS   ,         
  .

E      ICDResult ,     ICD-10-CM
,  ,       ,     , 
 OMRS     .

W          ,  saveSelectionToEncounter()

           - ,    
      . T       -
          .
T      OMRS   ,   , 
     1284 C D      
 . W      (BROADER-THAN  NARROWER-THAN),  

3https://github.com/tinyhuman-png/openmrs-module-icdhelper/releases/latest/
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ICD-10-CM       ’       
.
N- ,          ,   
-    161602 (N-C D),   <code>:

<description>.

B    :     ,   
   -       . I  
,        ,       
      .

7.2.3 OMOD layer

T OMOD         :   ,  GSP
,  S   ,       ’
 . T    API  OMOD M   
          . I     
        .

T        GSP ,       
patientDashboard.visitActions  . T  , IcdHelperPageController,
  POST : predict,         -
 ,  save,     .

A   F 7.2,              
      . O    ,     
    . I           .
T      ,   selection      
 . R        ICD-10-CM ,  ,
     ,     ,     
  . E        ,    
.

Integration in the clinical workow F  ’   ,  ICDH 
             , 
      . T ,    F 7.3,  -
:              
  . W           
       .
T     . T    ,      
 ,    ,   AI ,    ,
     . T        , -
      . S     
OMRS           . T  
         ,     
 .

7.3 Testing and validation

T          --  . T   
    ,    OMRS . T -- , 
  ,    - ,      
 .

7.3.1 Unit tests

T       JU  M . I     
       OMRS ,    
  . T       .
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F 7.2: E     
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F 7.3: T     

Prediction layer. R  HF   J    
          . T
BertWordPieceTokenizerTests           
. T        - ,  
         ID     -
    P HF BertTokenizer.
I ,     P  –    –    
            ONNX
. T            . T
N             ONNX
        .4

API layer. T       ICDHelperServiceTest. T   
  ICDHelperServiceImpl:           
   ,        -   
 ,       - ,    
    ,    . T OMRS  
    XML   ,   AI     
,         .

OMOD layer. T           ;  GSP -
   UI      -- . ICDHelperPageControllerTest
    ICDHelperService   OMRS     Patient
 Visit,     GET  POST . T     -
    ,    ,  -
  PageModel             
GSP  .

T 7.1         ,    JCC.
T          . T     -

4Lutz Roeder. Netron: Visualizer for neural network, deep learning and machine learning models. https:

//netron.app/
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  (ICDHelperServiceImpl  IcdhelperPageController)     
  84%  91% . T   -   (96%),
            
 P .

T    HierarchicalPredictor  SapBertPredictor ( 1%  )
          . T    
  P    ,  --   P 
     . ICDHelperActivator     
       OMRS .

T  57%     API        .
T              
  . W       ,  
 84%.

T 7.1: U     ,    JCC

Layer Class Class, % Method, % Line, % Branch, %

API 
S  ICDHelperServiceImpl 75 76 84 84
T BertWordPieceTokenizer 100 100 96 86
P HierarchicalPredictor 33 9 1 0
P SapBertPredictor 50 8 1 0
DTO ICDSearchResult 100 91 90 100

OMOD 
C IcdhelperPageController 100 100 91 85

Overall (API) 61 57 57 64

7.3.2 End-to-end tests

A  --      P  T,  
  OMRS    D C    -. T 
        ,      
 .

E      Patient, Visit, Encounter,   Obs  
 OMRS REST API   ,      -
 . O   ,       ,
          . A     
 setup.ts ,    OMRS        
storageState . A      ,     
  .

T            ,   
    ,        , 
  . T          
,      ,     .

7.3.3 CI pipeline

T       GH A     
        . I         
. I   , OMRS     D     
    . O      ,  --   
  ,    C        . T
-             
  .
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T      OMRS        CI
 . T      https://github.com/tinyhuman-png/

openmrs-module-icdhelper.

7.4 Community feedbacks

W        OMRS T . 5. W 
    ,      
   OMRS. W       :  
,     ,      ,    -
.

Oine design T          
   . R,  E B  P I H ( 
 H, S L,   - )    
     . A        
             .
I   ,          
    . A         
      ,       
OCL     .

ICD-10-CM versus ICD-10-WHO T      
  ICD-10-CM     . S    ICD-10-CM
    U.S.       OMRS ,  ICD-10-WHO
 . M, CIEL    ICD-10-CM  . D. A K-
,    C I H L (CIEL),   ,  OMRS
  OCL- ,        -
         ICD-10  SNOMED CT, 
    ICD        .

T   ICD-10-CM     : MIMIC-IV,     -
   ,      ICD-10-CM ,   
  -,      ICD-10-WHO    -
. P   , . F   ,   ICD-10-CM 
ICD-10-WHO      - SBERT   
WHO   ,    . F       
,        ,     . A
K   IMOH         ,  
    ICD-10-WHO  . T      -
    ,          
S 8.3.

Observation persistence model A      ICD-10 ,
   -    ICD-10-CM,    
 OMRS Visit Diagnosis       . T  
         ,     
   1284. A   V D      
   .

User interface A           
     . T   :   -
           ,     
         .

5https://talk.openmrs.org/t/new-icdhelper-module-released/49292 and https://talk.openmrs.org/t/

new-icdhelper-module-release/49293
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Usability survey T    ,      
        . T    S U-
 S (SUS)  [77]      ICD  ,  
   ,   AI- ,    
  . W     LS,    - 
       FOSS    U, OO, 
GNOME. I    https://egouthiere.limesurvey.net/796197?lang=en&newtest=Y.

U,   ,      . T   
     ,         
. C           
        . I     
           .

7.4.1 OpenMrs Virtual Showcase

W    OMRS V C S,     A 29th 
30th. I             
   OMRS . W   ICDH    5-
 ,   ICD  ,      
    . I            
      . T      
        OMRS T ,   
. A          OMRS 
      ,      
       ,      
  .
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Chapter 8

Future work

8.1 Future works on group of words to ICD codes task

T           . S     
     ,         ,
-  .

Real-world evaluation on clinical note fragments T      
           ,   
   ICD    . W    -
  ,      SBERT    
     ,         -
.

S        MIMIC-IV,     -
   ICD          . T 
        ,       -
  ( ,  ,    )        ICD
     . T          
 ,             
   14      . I   - 
 . S           
MIMIC-IV  . I ,  D D     
, -       . A, 
      (NER) ,      GLNER2
[78],            .

Alignment training on ClinicalModernBERT T     
   SBERT- -   CMBERT. T   
        -       
,     . CMBERT   
 PMBERT,         ,
       . T   -   UMLS , 
    SBERT     CMBERT   
PMBERT,           ,
  (  ,   ),  -
  .
O   SBERT        ,
         . T    
  UMLS         .

Addressing the Injury Poisoning attractor in lexical models T D-Sø -
’  -  C XIX     . A  TF-
IDF-            
    . S,      
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        ,     
  .

Exploring other promising models W         -
      . T      
  ,               .
T      KRISSBERT [79]  BS [80],    
      . A      
     --  [81].

Synthetic dataset as a ne-tuning signal A       
       -    ,   
-  . E   ,      ICD
,     :      ,   
        . F- SBERT   ,  
   -     ,      LLM-
          UMLS 
. T , ,         .
I            LLM,   
             
.

8.2 Future works on our best model : modelD hierarchy

modelD hierarchy       ,  
    . N,    
,             
    .

Retrieve and Re-rank pipeline O     @20   
  ---  [43],   -     .
I  ,               
 EHR  (DRG , CPT ,  )   BM25
 . A -       C L 
 ,  G   - - ,  
        ICD     .
W       . O ’ -50  -100  
     . GLNER [82]   . I   - 
  . I          
  . T          
     , , ,  . S,  BGE
-            
      ICD  . T     
    ::  = (1− α)× (BERT ) + α× (R ).
D    ,        
 D  @20. T    . F,   -
   GLINER  ,      
    . S,  BGE       ICD  -
,            .
A     - ,      --
 [43],       .

Focal loss for class imbalance O       - 
    pos weight          
(5.0  , 15.0  3- ,  30.0   ). W   
    ,         .
T       :      
       ,   [83]. I  ,  14
       9 685,       
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     .
F L        (1 − pt)

γ    -
: FL(pt) = −αt(1− pt)

γ (pt) W     ( ),     0 
   -. W     ( ),     1    
. W γ = 2,       = 0.9    100×   
BCE,        = 0.1      0.81. U pos weight, 
         ,  
    .

Extension to French clinical notes A    ,     
    OMRS,  -      
 -    . S   ,  S, C ’I,
  D R  C  F       
1. T          ,    
  E  . E   F,    
  CBERT- [84]  DBERT [85],      -  .
T         F     MIMIC,
     .

Multimodal integration C -     EHR  -
 ,  ,         
ICD   [86]. T       ’  .
A     ,         
         ,      
 . E         
            .

8.3 ICDHelper module perspectives

W      ICDH     -
       OMRS,    
      . T    -
            .

Prediction of ICD-10-WHO codes and extension to ICD-11 A   S 7.4,
ICD-10-CM       OMRS : ICD-10-WHO   ,
 CIEL    ICD-10-CM . A  OMRS-   
   CIEL   ,   ICD-10    
,     OCL . T      
       ,       
      ,        CIEL.
E,       ,      
ICD-11           MIMIC    
.
F   ,       :  -
      ICD-10-WHO    CIEL  
    ICD-10-CM. F    , ,    
         ICD-10-WHO   CIEL .
N      MIMIC-IV     ,  -
       .

Dependency on clinical note structure T       MIMIC-IV -
 ,          
  U S. I ,      , ,  
   . N       OMRS
   ,     -       ,
       .
A      -        
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 ,         OMRS . T
    ,          .
T  ,            
 ,              
,       .

Visit Diagnosis persistence model I   ,   
   OMRS    1284 (C D)  
161602 (N-C D). A    ,  ICD-10 
       Visit Diagnosis     emrapi

. T         OMRS,   
       . T emrapi      
   coreapps,        . I 
       ICDHelperServiceImpl   
UI         ,   V D
  .

Integration into the OpenMRS billing ecosystem A    
 ICD-10       OMRS  . I 
ICDH      V D   ,   
        -. T   
          ICD     
      .

Explainability in the user interface T       
      . H,       
   . F    ,     
              
   . T         
,    S 6.2.7,      . W    
    ,           
      .

Automated model update mechanism I   ,   AI  
          . A   
             
 ,         ,   
    OCL     . T  
    SBERT  ,      
ICD-10-CM   .

Platform evolution T         OMRS R-
 A 2.12.0,            
 ,  ,  ,    . A
OMRS 3 (O3)        ,    
      . F,  2      -
. S,   D   2.12.0       .
T,  GSP/UI F           J- 
      . M  O3,   
       R- ,      
  . G  O3   ,      
  -       OMRS .
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Chapter 9

Conclusion

C           
. I      ,  ,  ,
           . T -
  -, ,    . T      
      ICD         -
   - . T        ,  
              .

T       . T     -
  . W           
,             
 2,567            . T  -
   -     ,   SBERT
  MRR  0.477   0.373       0.181  
PMBERT.
F     ,         MIMIC-IV, -
  D . I    - PMBERT    
ICD-10-CM       (, 3-,   ).
I              
 . O          
. modelD hierarchy   F1 = 0.068 (+74% . TF-IDF )  @50
= 0.700,     70%        50 . T
          . T
           ,  
                .

T    . B     ICDH,  OMRS
      JVM  ONNX R,    API  
 . T   AI-     CIEL , 
       ’ ,   
       ’ . ICDH  
   M P L,    OMRS ,  
  ,  P  H      CIEL .

T          . T    
 . T     ICD-10-CM  MIMIC-IV    -
         ,  ICD-10-WHO 
    OMRS . F   ,   ICD-10-WHO
     ;      ,    
       .
T     . W       , 
      OMRS      
   . T           .
T           ,  
        .
A      . D     
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,         . T   70%   
   50 . W        , 
50          . T  -
      . F,   ,  
         . S,  
   ,        . A
       ,   ,   
       .

T    ICD        -
,  API,    P . A - J , 
      EHR,    ,     -
  ,          . W  
            . N, 
   ,   ,       
.
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Appendix A

Lyra

T               L .
T  CÉCI 1       .

A.1 Connecting to the cluster

L    SSH  lyra.ulb.be   22. A CÉCI      
   CÉCI  . A   CÉCI    SSH 
,              .
T         CÉCI .
O ,      . N     . I   
  ,  ,   .

A.2 Managing storage

S      ,       .
F,        100 GB. I    ,  ,
  .

F        ,       
,     5 TB  . T -      
. A      :

1 mkdir -p $GLOBALSCRATCH/ndevlees_data

T       ,      :

1 ln -s $GLOBALSCRATCH/ndevlees_data ~/ data_scratch

F,            ,  
  . I      I/O   ,      
  .

T       ,     scp. F   
 :

1 scp path/to/file/on/local/computer ceci_username@cluster_name:destination/path/on/

cluster

A.3 Setting up a Python environment

I              
     . O CÉCI , P    
       . T module purge   
  ,  module load    . T    

1CÉCI Consortium. Documentation and User Guide for High-Performance Computing resources. https://

support.ceci-hpc.be/doc/, 2026. Accessed: 2026-03-28. The CÉCI is funded by the F.R.S.-FNRS and the Walloon
Region.
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  .
T         :

1 module purge

2 module load Python /3.11.3 - GCCcore -12.3.0

3 python -m venv ~/. venv

4 source ~/. venv/bin/activate

5 pip install torch transformers accelerate peft sentence -transformers

O ,         S   
  P ,      .

A.4 Submitting jobs with Slurm

L  S    . R    ,   
. T          . S 
              . J
  :

1 sbatch my_script.sh

Anatomy of a job script

A     B      #SBATCH    S  
. T         ,    .
T       :

1 #!/bin/bash

2 #SBATCH --job -name=ModernBERT_train

3 #SBATCH --output=logs_%j_%x.txt

4 #SBATCH --error=errors_%j_%x.txt

5 #SBATCH --partition=batch

6 #SBATCH --ntasks =1

7 #SBATCH --cpus -per -task=8

8 #SBATCH --mem =80G

9 #SBATCH --time =2 -00:00:00

10 #SBATCH --gpus=1

11 module purge

12 module load Python /3.11.3 - GCCcore -12.3.0

13 source ~/. venv/bin/activate

14

15 export JOB_DIR =~/ data_scratch/job_$SLURM_JOB_ID
16 mkdir -p $JOB_DIR
17

18 cd ~/ modelC

19 srun python -u train_modelC_cls.py --output_dir $JOB_DIR
20

21 FINAL_DESTINATION =~/ modelC/results_$SLURM_JOB_ID
22 mkdir -p $FINAL_DESTINATION
23 cp $JOB_DIR /* $FINAL_DESTINATION/
24 rm -rf $JOB_DIR

E        :

• --job-name        ,   squeue .

• --output  --error          .
T %j      S  ID  %x    ,   
       .

• --partition=batch     L  GPU   . T
  (debug)   30          .

• --ntasks=1         . T    
GPU P  .

• --cpus-per-task=8  8 CPU    ,     PT’
  (num workers).

• --mem=80G    RAM    . T        .
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• --time=2-00:00:00        D-HH:MM:SS . T 
      .

• --gpus=1   GPU. T      L;  GPU  
   .

T srun            . A
       ,          
    .

A    CECI ,         
  . T       ,     
     . I      ,      
 .

Monitoring and cancelling jobs

O ,   ID   . J    :

1 squeue --me

A    PD ()     ; R    . T  
         (.., Resources    
 , Priority  -      ). T   :

1 scancel <job_id >

Checking available resources

B   ,  sinfo         
.
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Appendix B

Hyperparameters of our models
for the full note task

Model LR Stride Max Chunks Batch Size Epochs pos weight

TF-IDF‡ — — — — — —
MB  4.87-5 256 16 8 5 —
MC  2-5 256 12 6 5 —
MC  1.14-5 384 12 4 5 —
MC   2-5 256 12 6 5 —
MC MBERT 1.61-5 256 12 2 5 —
MD  — 256 12 4 5 —
ModelD hierarchy BERT: 5-6 / : 2-4 256 12 4 10 :5, 3:15, :30†

T B.1: H     . †MD     -
 : L = 03Lchap + 05Lcat3 + 10Lfull.

‡TF-IDF :  =(1,3),
 =20,000, C=9.97 ( ,   -).
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Appendix C

Additional plots regarding the
short excerpts task

F C.1: P   LLM   . R    
L 3  BM      ,      
      .
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F C.2: N-            =1 
=5. E    . P       
            ,  
. P@           
 k . I          
      .
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F C.3: C-    L      (T-5
). T         ,  
   . T   C XIX (I, P,
.)    C XX (E ), C II (N),  C XIII
(M). T        C X (R).

F C.4: C-    T-LCS     (T-5 ).
C        L ,   
    .
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F C.5: C-    W-LCS     (T-5 ).
T       C XIX (I, P, .):  
   100 ,  150-200,  C XIX.

F C.6: C-    PMBERT     (T-5 -
). C   , PMBERT    .
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F C.7: C-    C MBERT     (T-5
). T        PMBERT. H, C M-
BERT      C XIX (I, P, .)

F C.8: C-     SBERT     (T-5
). T           , 
   MRR        SBERT. R 
     . E  C X (R) 
C XVII (C)     .
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Appendix D

Results of our models on our
dataset for the full note task

T D.1: O   —   ( F ICD )

Model Micro-F1 Macro-F1 R@5 R@10 R@15 R@20 R@50 P@5 P@10 P@20

TF-IDF 0.4564 0.0394 0.2634 0.3922 0.4711 0.5242 0.6748 0.6425 0.5069 0.3553
MB   0.4290 0.0238 0.2514 0.3679 0.4402 0.4899 0.6400 0.6214 0.4791 0.3323
MGRU — — — — — — — — — —
MC    0.0000 0.0000 0.0641 0.0992 — 0.1435 0.2181 0.1774 0.1391 —
MC   0.4334 0.0313 0.2633 0.3904 — 0.5187 0.6665 0.6343 0.4968 —
MC   0.3793 0.0137 0.2242 0.3288 — 0.4435 0.5941 0.5576 0.4276 —
MC    0.4452 0.0415 0.2663 0.3977 0.4752 0.5269 0.6683 0.6440 0.5085 0.3528
MD  0.4462 0.0332 — 0.4009 — 0.5327 0.6682 0.6425 0.5073 —
ModelD hierarchy 0.4285 0.0677 0.2598 0.3942 — 0.5386 0.6999 0.6145 0.4923 —

T D.2: O   — 3  ( F 3    ICD )

Model Micro-F1 Macro-F1 R@5 R@10 R@15 R@20 R@50 P@5 P@10 P@20

TF-IDF 0.5928 0.1933 0.3465 0.5253 0.6295 0.6980 0.8574 0.7740 0.6299 0.4439
MB   0.5777 0.1286 0.3452 0.5211 0.6212 0.6836 0.8329 0.7779 0.6295 0.4365
MGRU 0.5440 0.0752 0.3469 0.5206 0.6170 0.6766 0.8228 0.7804 0.6278 0.4301
MC    0.6814 0.2759 0.3837 0.5952 — 0.7812 0.9080 0.8441 0.7095 —
MC   0.6349 0.2084 0.3680 0.5657 — 0.7371 0.8696 0.8108 0.6742 —
MC   0.5918 0.1372 0.3522 0.5349 — 0.6949 0.8379 0.7865 0.6410 —
MC    0.6289 0.2209 0.3568 0.5458 0.6526 0.7155 0.8533 0.7883 0.6500 0.4535
MD  0.6358 0.2080 — 0.5666 — 0.7364 0.8622 0.8115 0.6749 —
ModelD hierarchy 0.5838 0.2407 0.3420 0.5301 — 0.7091 0.8634 0.7507 0.6248 —

T D.3: O   —   ( ICD )

Model Micro-F1 Macro-F1 R@5 R@10 R@15 R@20 P@5 P@8 P@10 P@20

TF-IDF 0.8166 0.6606 0.6453 0.9086 0.9891 0.9998 0.8548 0.7274 0.6472 0.3657
MB   0.8411 0.7077 0.6630 0.9260 0.9924 0.9998 0.8735 0.7455 0.6600 0.3657
MGRU 0.8472 0.7195 0.6651 0.9277 0.9927 0.9999 0.8756 0.7484 0.6614 0.3657
MC    0.8596 0.7386 0.6709 0.9347 — 0.9999 0.8830 — 0.6674 —
MC   0.8460 0.7185 0.6656 0.9267 — 0.9996 0.8762 — 0.6604 —
MC   0.5606 0.4405 0.3882 0.6227 — 0.9280 0.5236 — 0.4372 —
MC    0.8285 0.6909 0.6514 0.9119 0.9895 0.9996 0.8605 0.7323 0.6491 0.3656
MD  0.8459 0.7184 — 0.9267 — 0.9996 0.8762 — 0.6604 —
ModelD hierarchy 0.8349 0.7379 0.6580 0.9222 — 0.9999 0.8670 — 0.6565 —
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