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Development and evaluation of a structured large language model-based pipeline for automated ICHI coding using neurosurgical request forms
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S1. Pipeline overview
The pipeline takes three input fields per case (surgery name, diagnosis, anesthesia type) and produces three ranked candidate ICHI stem codes plus a one-sentence rationale. Each case is processed in four sequential stages:
1. Target extraction — the anatomical entity or body function on which the action is carried out.
2. Action extraction — the deed performed on the target. Candidates are dynamically filtered to those that co-occur with the previously selected Target in the validated ICHI code set.
3. Means extraction — the approach or method used. Candidates are dynamically filtered to those that co-occur with the previously selected Target+Action.
4. Reranking — the top-20 candidate full ICHI stem codes assembled from the extracted axes are presented to the LLM, which returns the top-3 ranked codes followed by a one-sentence rationale.
The same four-stage process is run independently for each of three commercial LLMs (GPT, Gemini, Claude). An ensemble configuration additionally aggregates the outputs of the three models (Section S5).
S2. Models and inference parameters
Table S1. Inference parameters used in this study.
	Parameter
	GPT
	Gemini
	Claude

	Model identifier
	gpt-5.4-2026-03-05
	gemini-3-flash-preview
	claude-sonnet-4-6

	API access period
	26–31 Mar 2026
	26–31 Mar 2026
	26–31 Mar 2026

	API endpoint
	OpenAI Responses API
	Google generativelanguage (OpenAI-compatible)
	Anthropic Messages API

	Temperature
	0.0
	0.0
	0.0

	max_tokens (axis extraction)
	512
	512
	512

	max_tokens (reranking)
	1024
	1024
	1024

	Other sampling parameters (top_p, top_k, frequency/presence penalties)
	API defaults during access period
	API defaults during access period
	API defaults during access period

	Retry policy
	3 attempts, exponential backoff (1–8 s)
	3 attempts, exponential backoff (1–8 s)
	3 attempts, exponential backoff (1–8 s)

	Top-K candidate pool (reranking)
	K = 20
	K = 20
	K = 20


All API requests were issued with temperature explicitly set to 0.0 to maximize determinism. All other sampling parameters were left at the providers' API defaults in effect during the access period (26–31 March 2026); the studied models are commercial, and the providers do not publish a fixed snapshot of these defaults across versions. Retry policy used the tenacity library with three attempts and exponential backoff (minimum 1 s, maximum 8 s).
S3. Prompt templates
All prompts were issued in English. Curly braces { ... } denote runtime substitutions; reference tables for each axis were generated from the validated WHO ICHI dataset (10,229 valid stem codes), preserving the hierarchical [BLOCK] structure of the ICHI taxonomy. The rule blocks in Section S3.1 were derived from the WHO ICHI Reference Guide and encode the canonical coding conventions used by human ICHI coders, including the NEC/NOS rules, axis-specific selection rules (e.g., the "incision and drainage" → Action JB "Drainage" rule), and axis defaults (e.g., "AA — Open approach" as the default Means when the surgical approach is not specified).
S3.1 Common rule blocks
GENERAL RULES (used in all stages)
GENERAL RULES:
- The code MUST exist in the provided code list. Do NOT invent codes.
- NEC: use only when no more specific code exists.
- NOS: use when documentation lacks sufficient detail.
- Return ONLY the requested code(s). No explanation.
TARGET RULES
TARGET SELECTION RULES:
- TARGET = the anatomical entity or body function on which the action is carried out.
- You MUST return a code even if uncertain - pick the closest match.
ACTION RULES
ACTION SELECTION RULES:
- ACTION = the deed performed on the target.
- For 'incision and drainage': select Action JB 'Drainage'.
- Where multiple actions listed, select the most clinically significant one.
- You MUST return a code even if uncertain - pick the closest match.
MEANS RULES
MEANS SELECTION RULES:
- MEANS = the approach or method used to carry out the action.
- AA 'Open approach' is the DEFAULT when no approach is specified.
- You MUST return a code even if uncertain - default to AA.
RERANK RULES
FINAL CODE SELECTION RULES:
- Select codes ONLY from the candidate list below.
- ICHI stem code format: XXX.XX.XX
- Rank by best match to surgical info AND T/A/M axes.
- Return EXACTLY 3 DISTINCT codes, one per line, best first. No explanation.
RERANK EVIDENCE RULES
After the 3 codes, add EXACTLY ONE evidence line.
The evidence line MUST start with "Evidence:".
Write ONE short plain-English sentence only.
Do NOT output JSON. Do NOT output bullets. Do NOT output extra explanation.
 
You MUST follow this EXACT format - no deviation allowed:
XXX.XX.XX
XXX.XX.XX
XXX.XX.XX
Evidence: <one sentence>
 
Example output (copy this format exactly):
MAS.BA.BC
MAS.BA.BD
MAS.BA.BA
Evidence: Deep neck mass fits head/neck soft tissue imaging candidates best.
S3.2 Target extraction
System prompt
You are an expert ICHI coder.
{GENERAL RULES}
{TARGET RULES}
- Return exactly ONE TARGET axis code (3 characters). Not a full ICHI code.
 
TARGET REFERENCE LIST:
{full Target reference table from WHO ICHI}
User prompt
Select the single best ICHI TARGET code.
TARGET = the anatomical entity or body function.
 
{record fields: surgery_name, diagnosis_name, anesthesia}
 
Return ONLY the code.
S3.3 Action extraction
System prompt
You are an expert ICHI coder.
{GENERAL RULES}
{ACTION RULES}
- Return exactly ONE ACTION axis code (2 characters). Not a full ICHI code.
 
ACTION REFERENCE LIST:
{Action reference table, filtered to entries compatible with the previously
 selected Target}
User prompt
Select the single best ICHI ACTION code.
ACTION = the deed performed on the target.
 
{record fields}
 
[Target] {target_code} - {target_title}
 
Return ONLY the code.
S3.4 Means extraction
System prompt
You are an expert ICHI coder.
{GENERAL RULES}
{MEANS RULES}
- Return exactly ONE MEANS axis code (2 characters). Not a full ICHI code.
- DEFAULT to AA (Open approach) if approach is unclear.
 
MEANS REFERENCE LIST:
{Means reference table, filtered to entries compatible with previously
 selected Target + Action}
User prompt
Select the single best ICHI MEANS code.
MEANS = the approach or method used.
 
{record fields}
 
[Target] {target_code} - {target_title}
[Action] {action_code} - {action_title}
 
Return ONLY the code. Default to AA if unclear.
S3.5 Reranking
System prompt
You are an expert ICHI coder performing final code selection.
{GENERAL RULES}
{RERANK RULES}
{RERANK EVIDENCE RULES}
User prompt
Surgical information:
{record fields}
 
Identified Target : {target_code} - {target_title}
Identified Action : {action_code} - {action_title}
Identified Means  : {means_code} - {means_title}
 
Candidate ICHI codes (choose ONLY from these):
{enumerated list of top-20 candidate stem codes with titles}
 
Return EXACTLY 3 DISTINCT codes, one per line, best first.
Then the evidence line.
S4. Constraint and validation logic
The pipeline enforces structural validity through three mechanisms:
(a) Reference-list constraint. At each axis-extraction stage, the prompt includes only the entries from the validated WHO ICHI reference dataset (10,229 valid stem codes). Action candidates are dynamically filtered to those that co-occur with the previously selected Target; Means candidates are filtered to those that co-occur with the previously selected Target+Action.
(b) Output validation. Each model output is parsed and matched against the regular expression ^[A-Z0-9]{3}\.[A-Z0-9]{2}\.[A-Z0-9]{2}$ for full ICHI stem codes, and against the appropriate per-axis valid-code set for individual axis codes.
(c) Fallback mechanisms. If a model output fails validation, the pipeline applies in order: (1) prefix-validity check against the candidate set; (2) token-sort fuzzy similarity match (rapidfuzz library) between the case description and the per-axis reference titles, restricted to codes that yield a structurally valid combination; (3) for Means specifically, default to “AA — Open approach” if all preceding fallbacks fail.
Candidate pool construction (Top-K = 20)
The candidate pool for reranking is constructed by scoring each full ICHI stem code in the reference set as follows:
• +30 for a Target match between the code and the extracted Target;
• +20 for an Action match;
• +10 for a Means match;
• +15 for a Target+Action prefix match;
• +5 for a Target prefix match.
An exact (Target.Action.Means) match, when present in the reference set, is prioritized with a score of 999 so that it always appears at the top of the candidate pool. Ties are broken by code order. If fewer than three valid candidates remain after scoring, the pool is supplemented in order of priority by (i) fuzzy-similarity matches against the full ICHI Code sheet, then (ii) any remaining valid stem codes, until the pool contains at least three entries; the final pool is truncated to the top-20.
S5. Ensemble strategy
The ensemble configuration aggregates the outputs of the three single-model pipelines (GPT, Gemini, Claude) in two stages.
Stage 1 — Axis-level majority voting
For each axis (Target, Action, Means), the most frequent code across the three models is selected as the representative axis value. If all three models disagree (no majority), the first non-missing axis code in the order GPT → Gemini → Claude is used.
Stage 2 — Parallel reranking with rank aggregation
Using the consensus axes from Stage 1, a fresh candidate pool of the top-20 stem codes is constructed (Section S4). Each of the three models then independently reranks this candidate pool, returning its own top-3 ordered list. The final ensemble outputs are derived as follows:
• Top-1 selection: majority vote across the three models' top-1 picks (with ties broken by candidate-pool order).
• Top-2 / top-3 selection: rank-based aggregation in which each non-top-1 candidate accumulates a weight of (3 − rank) across the three models' top-3 lists, after which the two highest-scoring distinct candidates are taken; if fewer than two such candidates exist, the next highest-scoring candidates from the candidate pool are added.
This rank-aggregation procedure is conceptually equivalent to a Borda-count variant restricted to the top-3 candidates per model, with the global top-1 fixed to the majority vote.
Reported timings
For each case, two distinct latency measurements are recorded: (i) per-model elapsed time, computed as the sum of the four stage-level latencies (Target + Action + Means + reranking) for that model; and (ii) ensemble wall-clock time, measured from the start of parallel single-model execution to the end of ensemble reranking. Inference times reported in the main text correspond to (i) for single-model rows and to (ii) for the ensemble row.
S6. Reproducibility statement
All three models were accessed only through their official APIs (OpenAI, Google Generative Language, Anthropic) under a fixed temperature of 0.0; remaining sampling parameters were left at the providers' defaults in effect during the access period (26–31 March 2026). Because the studied models are commercial and closed-source, exact replication of the specific model snapshots may become difficult once any of these versions is deprecated. We therefore documented the precise model identifiers (Table S1), the access period, the prompt templates (Section S3), and the deterministic candidate-construction logic (Section S4) to maximize reproducibility within the period in which the model snapshots remain available.
The validated ICHI reference dataset (10,229 codes) used by the pipeline was derived from the publicly available WHO ICHI dataset (https://icd.who.int/dev11/downloads, accessed 8 March 2026) using the inclusion/exclusion criteria described in the main text Methods.
De-identified case-level inputs and outputs supporting this study are available from the corresponding author on reasonable request and subject to institutional approval, as stated in the main text Declarations.
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