Supplementary Table S1. Random-forest multiple imputation (RF-MI, m=5) sensitivity analysis: between-group comparisons of all secondary endpoints
	Block & Endpoint
	Time point
	β * / OR † (95% CI)
	P ‡

	Inflammatory markers
	
	
	

	IL-6 (pg/mL)
	
	
	

	
	T0
	−0.10 (−0.32, 0.11)
	0.364

	
	T1
	−0.11 (−0.36, 0.14)
	0.394

	
	T2
	−0.35 (−0.59, −0.11)
	0.004

	
	T3
	−0.39 (−0.61, −0.17)
	<0.001

	
	T4
	−0.43 (−0.67, −0.19)
	<0.001

	IL-10 (pg/mL)
	
	
	

	
	T0
	0.04 (−0.10, 0.18)
	0.575

	
	T1
	0.00 (−0.23, 0.23)
	1.000

	
	T2
	−0.29 (−0.48, −0.10)
	0.002

	
	T3
	−0.25 (−0.41, −0.09)
	0.002

	
	T4
	−0.88 (−1.27, −0.49)
	<0.001

	TNF-α (pg/mL)
	
	
	

	
	T0
	−0.03 (−0.12, 0.06)
	0.518

	
	T1
	−0.03 (−0.13, 0.07)
	0.536

	
	T2
	−0.27 (−0.37, −0.17)
	<0.001

	
	T3
	−0.26 (−0.36, −0.16)
	<0.001

	
	T4
	−0.12 (−0.22, −0.02)
	0.022

	Laboratory parameters
	
	
	

	CRP (mg/L)
	
	
	

	
	D0
	−0.30 (−0.53, −0.07)
	0.011

	
	D1
	−0.29 (−0.53, −0.05)
	0.014

	PCT (ng/mL)
	
	
	

	
	D0
	−0.07 (−0.16, 0.02)
	0.115

	
	D1
	−0.29 (−0.56, −0.02)
	0.030

	Creatinine (µmol/L)
	
	
	

	
	D0
	−0.04 (−0.12, 0.04)
	0.327

	
	D1
	−0.12 (−0.25, 0.01)
	0.081

	ALT (U/L)
	
	
	

	
	D0
	0.01 (−0.17, 0.19)
	0.913

	
	D1
	−0.36 (−0.61, −0.11)
	0.004

	AST (U/L)
	
	
	

	
	D0
	−0.12 (−0.25, 0.01)
	0.060

	
	D1
	−0.20 (−0.42, 0.02)
	0.075

	Clinical outcomes
	
	
	

	Hospital stay (d)
	—
	−0.16 (−0.32, 0.00)
	0.050

	Postoperative stay (d)
	—
	−0.17 (−0.34, 0.00)
	0.043

	ICU stay (h)
	—
	−0.22 (−0.48, 0.04)
	0.097

	Mechanical ventilation (h)
	—
	−0.28 (−0.56, 0.00)
	0.050

	Postoperative complications
	
	
	

	Pneumonia
	—
	0.670 (0.328, 1.370) ‡
	0.273

	ARDS
	—
	0.480 (0.179, 1.290)
	0.146

	Liver dysfunction
	—
	0.560 (0.191, 1.645)
	0.292

	Acute kidney injury
	—
	0.590 (0.259, 1.344)
	0.209

	Cardiac events
	—
	0.370 (0.141, 0.974)
	0.044


Notes
• ① For continuous endpoints, β (95% CI) denotes the mean difference between HA380 and control groups, pooled across 5 imputations using Rubin's rules after linear regression with random-forest multiple imputation (RF-MI, m=5) implemented via the missForest package.
• ② For binary complications, OR (95% CI) was obtained from logistic regression followed by RF-MI pooling.
• ③ P values are derived from the pooled t-test (continuous) or Wald test (binary).



Supplementary Table S2  Detailed GAMM outputs for longitudinal secondary outcomes (available-case analysis, observed data)
(A) Inflammatory cytokines (T0–T4)
	Outcome & Parameter
	β (95% CI)
	P value

	IL-6 Intercept
	1.34 (1.18, 1.51)
	< 0.001

	Group (HA380 vs Control)
	-0.10 (-0.34, 0.13)
	0.385

	T2 (CPB end)
	3.18 (3.02, 3.34)
	< 0.001

	T3 (surgery end)
	3.56 (3.40, 3.72)
	< 0.001

	T4 (24 h)
	2.89 (2.73, 3.05)
	< 0.001

	Group × T2
	-0.24 (-0.47, -0.02)
	0.034

	Group × T3
	-0.28 (-0.51, -0.06)
	0.013

	Group × T4
	-0.32 (-0.54, -0.10)
	0.005

	Random effects σ² patient
	0.12
	—

	N observations
	645
	—

	IL-10 Intercept
	1.10 (0.93, 1.27)
	< 0.001

	Group HA380 vs Control
	0.04 (-0.20, 0.28)
	0.750

	T2
	4.84 (4.66, 5.02)
	< 0.001

	T3
	5.14 (4.96, 5.31)
	< 0.001

	T4
	3.01 (2.83, 3.18)
	< 0.001

	Group × T2
	-0.33 (-0.58, -0.08)
	0.010

	Group × T3
	-0.29 (-0.53, -0.04)
	0.024

	Group × T4
	-0.91 (-1.16, -0.66)
	< 0.001

	Random effects σ² patient
	0.18
	—

	N observations
	645
	—

	TNF-α Intercept
	0.57 (0.50, 0.64)
	< 0.001

	Group HA380 vs Control
	-0.03 (-0.13, 0.07)
	0.557

	T2
	0.61 (0.54, 0.67)
	< 0.001

	T3
	0.74 (0.67, 0.80)
	< 0.001

	T4
	0.33 (0.27, 0.40)
	< 0.001

	Group × T2
	-0.24 (-0.33, -0.15)
	< 0.001

	Group × T3
	-0.22 (-0.31, -0.13)
	< 0.001

	Group × T4
	-0.09 (-0.18, 0.00)
	0.055

	Random effects σ² patient
	0.02
	—



(B) Biochemical markers (D0 vs D1)
	Outcome & Parameter
	D0 (baseline) β (95% CI)
	D1 (24 h) β (95% CI)
	D1 Group × Time β (95% CI)
	P value (interaction)

	CRP (mg/L)
	-0.30 (-0.53, -0.07)
	2.47 (2.28, 2.66)
	0.06 (-0.21, 0.33)
	0.655

	PCT (ng/mL)
	-0.07 (-0.27, 0.14)
	1.60 (1.42, 1.79)
	-0.24 (-0.50, 0.02)
	0.077

	Creatinine (µmol/L)
	-0.04 (-0.15, 0.07)
	0.30 (0.22, 0.37)
	-0.08 (-0.18, 0.03)
	0.145

	ALT (U/L)
	0.01 (-0.20, 0.23)
	0.71 (0.52, 0.90)
	-0.38 (-0.64, -0.11)
	0.006

	AST (U/L)
	-0.12 (-0.29, 0.06)
	1.47 (1.30, 1.63)
	-0.09 (-0.31, 0.14)
	0.460

	Random effects σ² patient
	0.02–0.15
	—
	—
	—

	N observations
	248–260
	130
	—
	—


Notes: Gaussian identity-link GAMM; random intercept for patient; time treated as categorical (D0 vs D1); degrees of freedom estimated via REML; residual diagnostics showed no relevant deviation from normality or homoscedasticity.




Supplementary Table S3. Pooled GAMM estimates for between-group differences across multiply imputed datasets (Rubin's rules, m = 5)
(A) Inflammatory cytokines (T2–T4)
	Outcome (log-scale)
	Time point
	β (95% CI)†
	SE
	
	P pooled

	IL-6 (pg/mL)
	T2 (CPB end)
	-0.25 (-0.47, -0.02)
	0.114
	
	0.030

	
	T3 (surgery end)
	-0.29 (-0.51, -0.07)
	0.114
	
	0.011

	
	T4 (24 h)
	-0.32 (-0.55, -0.10)
	0.114
	
	0.004

	IL-10 (pg/mL)
	T2 (CPB end)
	-0.33 (-0.58, -0.08)
	0.128
	
	0.008

	
	T3 (surgery end)
	-0.29 (-0.54, -0.04)
	0.128
	
	0.021

	
	T4 (24 h)
	-0.92 (-1.17, -0.67)
	0.128
	
	< 0.001

	TNF-α (pg/mL)
	T2 (CPB end)
	-0.24 (-0.33, -0.15)
	0.046
	
	< 0.001

	
	T3 (surgery end)
	-0.23 (-0.32, -0.14)
	0.046
	
	< 0.001

	
	T4 (24 h)
	-0.09 (-0.18, -0.00)
	0.046
	
	0.045


(B) Biochemical markers (D1)
	Outcome (log-scale)
	β (95% CI)†
	SE
	P value

	CRP (mg/L)
	0.02 (-0.26, 0.29)
	0.141
	0.92

	PCT (ng/mL)
	-0.23 (-0.48, 0.02)
	0.131
	0.08

	Creatinine (µmol/L)
	-0.08 (-0.18, 0.03)
	0.054
	0.14

	ALT (U/L)
	-0.38 (-0.64, -0.11)
	0.135
	0.005

	AST (U/L)
	-0.09 (-0.31, 0.13)
	0.115
	0.43


Notes:
• † β on natural-log scale; back-transformed ratio = e^β. 
• Negative β indicates lower value in HA380 group. 
• Pooled across 5 imputations using Rubin's rules after random-forest multiple imputation (RF-MI, m=5) implemented via the missForest package.


Supplementary Table S4. Sensitivity analysis of hemoadsorption and postoperative delirium (random-forest multiple imputation, m = 5)
	Model
	Subgroup
	OR (95% CI)*
	P value

	Adjust II§
	Age <70 y
	0.86 (0.58, 1.28)
	0.469

	
	Age ≥70 y
	0.11 (0.06, 0.20)
	<0.001

	
	Overall
	0.42 (0.28, 0.63)
	<0.001


Notes:
• Pooled across 5 imputations using Rubin's rules after random-forest multiple imputation (RF-MI, m=5) implemented via the missForest package; <0.3% missing data.
• *OR (95% CI) for HA380 versus Control.
• § SAP Model II sensitivity analysis: adjusted for hypertension and coronary artery disease (CAD).
• Age × Group interaction P < 0.001 (likelihood-ratio test, Rubin's rules).
• Exploratory subgroup analysis — not powered for definitive conclusions.
• The narrower confidence interval under MI reflects model-based variance with very low missingness (<2%) and is used only as a sensitivity check for robustness to missing data, not for primary inference.





Supplementary Table S5. Postoperative tracheal intubation status by day (CONSORT extension)
	Postoperative day
	Intubated n (%)
	Non-intubated n (%)
	Total
	Control / HA380

	Day 0
	130 (100.0)
	0 (0.0)
	130
	65 / 65

	Day 1
	27 (20.8)
	103 (79.2)
	130
	65 / 65

	Day 2
	15 (11.6)
	114 (88.4)
	130
	65 / 65

	Day 3
	8 (6.2)
	121 (93.8)
	129*
	64* / 65

	Day 4
	7 (5.4)
	122 (94.6)
	129*
	64* / 65

	Day 5
	6 (4.6)
	123 (95.4)
	129*
	64* / 65

	Day 6
	4 (3.1)
	125 (96.9)
	129*
	64* / 65

	Day 7
	3 (2.3)
	126 (97.7)
	129*
	64* / 65


* One patient in the control group died on Day 2; denominators for Days 3–7 are n = 129 (control: 64, HA380: 65). This patient and one patient in the HA380 group (excessive sedation on D0–D7) had no available CAM assessments and were excluded from the primary endpoint complete-case analysis (n = 128).
Notes
· Intubated = tracheal tube in place and connected to a mechanical ventilator at any time during the calendar day; non-intubated = successfully extubated (including subsequent high-flow or mask oxygen).
· Data are based on observed records without imputation (MI.ITER = 0).
· CAM-ICU was used for intubated patients and CAM for non-intubated patients. Two patients were unassessable for delirium due to critical illness (control) and excessive sedation (HA380), respectively.



Supplementary Table S6
Missing patterns of daily CAM assessments across postoperative days
	D0
	D1
	D2
	D3
	D4
	D5
	D6
	D7
	Delirium
	Frequency

	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	2*

	A
	NA
	A
	A
	A
	A
	A
	A
	A
	1

	A
	A
	NA
	A
	A
	A
	A
	A
	A
	2

	A
	A
	A
	A
	A
	A
	A
	A
	A
	125


Abbreviations: CAM, Confusion Assessment Method. "A" indicates an available CAM assessment; "NA" indicates a missing assessment.
This table describes the availability patterns of daily CAM assessments and is provided for transparency regarding missing data. It does not define analytic populations for outcome analyses.
* Two patients had no available CAM assessments: one in the control group (critically ill on D0–D2, died on D2) and one in the HA380 group (excessive sedation on D0–D7). These records were not eligible for random-forest multiple imputation. The primary endpoint complete-case analysis included n = 128.


Supplementary Table S7. Exploratory non‑parametric comparison of postoperative delirium duration between groups among patients with delirium
	Outcome
	Group
	N
	Median (Q1–Q3)
	P value†

	Max consecutive delirium days
	Control
	34
	4 (3–5)
	

	
	HA380
	18
	3 (2–3)
	0.0208

	Total delirium days
	Control
	34
	4 (3–5)
	

	
	HA380
	18
	3 (2–3)
	0.0208


Notes:
· † P values were derived from two-sided Mann–Whitney U tests. This exploratory analysis was restricted to patients with assessable delirium duration data (n = 52). Two patients were excluded due to missing assessments: one in the control group (critically ill and died on Day 2) and one in the HA380 group (excessive sedation). Data are presented as median (Q1–Q3) using observed outcome data.





Supplementary Table S8. Surgical grade classification criteria
	Grade
	Description (Procedural Complexity & Invasiveness)

	Grade 0 (Low Trauma)
	• Isolated single valve procedures without additional procedures

	
	o Single valve replacement (MVR, AVR, TVR)

	
	o Single valve repair (MVP)

	
	• Minimally invasive approaches

	
	o Partial sternotomy AVR

	
	o Right/left small incision valve procedures

	
	o Parasternal small incision procedures

	Grade 1 (Moderate Trauma)
	• Single valve with additional procedures

	
	o Single valve + maze procedure

	
	o Single valve + TVP

	
	o Single valve + simple concomitant procedures (e.g., ASD repair)

	
	• Isolated Wheat's procedure

	Grade 2 (High Trauma)
	• Multiple valve procedures

	
	o Double valve replacement/repair (DVR/DVP)

	
	o Multiple valve with maze/TVP

	
	• Aortic procedures

	
	o Bentall procedure and variants

	
	o Ascending aorta replacement

	
	o Wheat's procedure + arch replacement

	
	• Complex combined procedures

	
	o Valve procedures + CABG

	
	o Multiple valve + additional procedures

	
	o Complex cardiac tumors requiring multiple procedures

	
	o Procedures with extensive tissue dissection or multiple surgical sites


This grading system reflects both the technical complexity and the potential physiological impact of the surgical procedures, which may influence postoperative outcomes.



[image: ]
Supplementary Figure S1. Forest plot of complete-case adjusted odds ratios for postoperative delirium (MI = 0). Estimates derive from Table 3 (overall) and Table 5 (subgroups). OR, odds ratio; CI, confidence interval.









Supplementary Figure S2. GAMM-adjusted cytokine trajectories by group with 95% confidence bands (available-case analysis)
[bookmark: _GoBack]Shaded areas represent 95% confidence bands; lines indicate group means.
Time 0–4 correspond to T0 (baseline), T1, T2, T3 and T4 post-operation.
Concentrations were log-transformed (log1p) before modeling.
Estimates derive from available-case analysis (observed data without multiple imputation).
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