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Abstract

Background
Serial Richmond Agitation–Sedation Scale (RASS) assessments capture evolving arousal, but
neurological and treatment factors complicate their prognostic interpretation in neurocritical care. We
evaluated the association between early deep-RASS burden and subsequent in-hospital mortality.

Methods
We conducted a retrospective 72-h landmark study using the Medical Information Mart for Intensive
Care IV (MIMIC-IV) as the primary cohort and a semantically restricted eICU Collaborative Research
Database (eICU-CRD) cohort for directional replication. Deep-RASS burden was the proportion of valid 4-
h windows with RASS ≤ − 3 during the first 72 h; patients had to be alive and in the intensive care unit
(ICU) at 72 h. MIMIC-IV used component-level multiple-imputation logistic regression and eICU used
hospital-clustered generalised estimating equations. Sensitivity analyses examined landmark choice,
measurement density, non-linearity, bootstrap stability, and hospital influence.

Results
The MIMIC-IV cohort included 2,252 patients and 541 deaths. Each 10-percentage-point increase in
deep-RASS burden was associated with higher mortality odds (adjusted odds ratio [OR] 1.335, 95%
confidence interval [CI] 1.289–1.382). Estimates were similar in sensitivity analyses; all 500 bootstrap
estimates exceeded 1, with no clear evidence of non-linearity. The eICU cohort included 250 patients, 46
deaths, and 12 hospitals. The hospital-clustered association was directionally consistent (OR 1.269, 95%
CI 1.212–1.329); leave-one-hospital-out ORs ranged from 1.238 to 1.302.

Conclusions
Early deep-RASS burden was associated with subsequent mortality in MIMIC-IV and was directionally
consistent in the smaller, semantically restricted eICU cohort. It may support risk recognition but does
not estimate the causal effect of modifying sedation therapy.

Background
Sedation and arousal assessment guide care for mechanically ventilated adults. The Richmond
Agitation–Sedation Scale (RASS), ranging from + 4 (combative) to − 5 (unarousable), provides a
reproducible bedside measure [1, 2]. Serial measurements capture changes that a single assessment
cannot. This distinction is especially important in neurocritical care, where comfort and ventilator
tolerance must be balanced against neurological examination and, when needed, control of intracranial
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pressure or seizures [3]. Early deep-RASS burden may therefore summarise evolving arousal state, but it
should not be interpreted as sedative exposure alone.

Evidence from general intensive care supports a prognostic role for early and longitudinal RASS patterns.
Deep sedation during the first 48 h of mechanical ventilation has been associated with delayed
extubation and higher hospital and 180-day mortality [4]. Persistent low-RASS trajectories and lower
early RASS variability have also been linked to adverse outcomes [5, 6]. These observational findings do
not show that changing sedation depth changes mortality. Consistent with that distinction, a systematic
review of randomised trials found no clear mortality difference between lighter and deeper sedation
strategies [7]. Whether the same RASS patterns carry the same meaning in neurocritical care remains
uncertain.

Extrapolation to neurocritical care is difficult because a low RASS score may reflect the primary brain
injury, impaired motor or language responses, metabolic disturbance, seizures, or treatment for
intracranial hypertension, in addition to sedative and analgesic drugs [3]. Recent studies have shown
substantial between-centre variation in sedation intensity and drug choice after acute brain injury, while
adjusted mortality or functional differences between sedation strategies have been inconsistent [8–10].
Routine electronic health records add two methodological concerns: outcomes may occur during the
RASS ascertainment window, and similarly named sedation fields may not represent the same scale
across databases. A neurocritical study must therefore treat RASS as a mixed prognostic state marker
while explicitly addressing temporal ordering and measurement provenance.

We evaluated early deep-RASS burden (the proportion of valid assessment windows with RASS ≤ − 3) as
a continuous prognostic state marker in mechanically ventilated adults with neurocritical illness. A 72-h
landmark preserved temporal ordering, and record-level RASS source auditing preceded eICU directional
replication. We hypothesised that greater burden would be associated with subsequent in-hospital
mortality without implying a causal effect of sedation therapy.

Methods

Study design and data sources
We conducted a retrospective prognostic association study using two deidentified critical care
databases. The Medical Information Mart for Intensive Care IV (MIMIC-IV) version 3.1 was used for the
primary analysis. MIMIC-IV contains electronic health record data from Beth Israel Deaconess Medical
Center and is distributed through PhysioNet under a credentialed data-use agreement [11, 12]. The eICU
Collaborative Research Database version 2.0 (eICU-CRD), a multicentre database derived from United
States intensive care units, was used for directional replication [13, 14]. The analysis was reported in
accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
and REporting of studies Conducted using Observational Routinely-collected health Data (RECORD)
statements [15, 16]. Both databases contain deidentified data released under their respective
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institutional review and data-use frameworks. The investigators completed the required credentialing
and complied with the applicable data-use agreements.

Study population
The MIMIC-IV cohort included adults (≥ 18 years) with acute ischaemic stroke, intracerebral
haemorrhage, subarachnoid haemorrhage, traumatic brain injury, or status epilepticus, identified from
prespecified International Classification of Diseases, Ninth and Tenth Revisions, Clinical Modification
(ICD-9-CM/ICD-10-CM) code groups. For multiple eligible admissions, we retained the first neurologically
eligible ICU stay of the first eligible hospitalisation. Invasive ventilation was identified by procedure item
225792. We excluded neuromuscular disease, poisoning or overdose, and pregnancy. ICU admission age
was reconstructed from anchor_age, anchor_year, and admission year.

The eICU base cohort used the same disease groups, mapped from diagnosis-table ICD strings. Day-1
invasive ventilation was defined by ventday1 or oobintubday1 in apachePredVar and cross-checked
against respiratoryCare. Analyses were at unit-stay level because no verified person-level identifier linked
separate stays. Ages > 89 years were coded as 90 years. Replication was restricted to unit stays meeting
the strict RASS definition.

Landmark and risk-set definition
RASS measurements from the first 72 h defined exposure. The primary risk set comprised patients alive
and in the index ICU beyond the 72-h landmark; death or ICU discharge exactly at 72 h occurred before
risk-set entry. At least three valid RASS windows were required. The outcome was in-hospital death after
the landmark and before discharge.

A 48-h landmark analysis was prespecified as a sensitivity analysis. The primary 72-h window was not
selected on the basis of the observed effect estimate.

RASS provenance and exposure construction
The Richmond Agitation–Sedation Scale (RASS) is a 10-level bedside scale ranging from + 4 (combative)
to − 5 (unarousable) [1]. In MIMIC-IV, RASS was extracted from chartevents using item 228096. Values
outside the valid range of − 5 to + 4 were discarded. Measurements from ICU admission up to, but not
including, 72 h were assigned to 18 consecutive half-open 4-h windows. If more than one measurement
occurred within a window, the latest value was retained; no interpolation was performed across missing
windows.

Deep-RASS was defined a priori as RASS ≤ − 3. Burden was calculated as the number of valid windows
containing RASS ≤ − 3 divided by the total number of valid RASS windows and was modelled per 10-
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percentage-point increase. Valid-window count adjusted for measurement density; thresholds of at least
six and nine windows were examined in sensitivity analyses.

For eICU-CRD, RASS was reconstructed from nurseCharting records during the first 4,320 min. The strict
layer retained labels explicitly identifying RASS or SEDATION SCORE. A generic Sedation Scale pathway
was rejected because retained values were never negative and thus incompatible with RASS. Strict-layer
values were restricted to − 5 to + 4 and assigned to the same 4-h windows; where both layers
contributed, the latest record was retained. The source audit is shown in Additional file 1: Figure S1.

Covariates
The MIMIC-IV adjustment set included age at ICU admission, sex, body mass index (BMI), Charlson
comorbidity index without age points, number of valid RASS windows, any standardised vasoactive
infusion during the first 24 h, neurological disease group, MIMIC anchor-year group, and six traceable 0–
24-h organ-severity source variables: the worst ratio of arterial oxygen tension to inspired oxygen
fraction (PaO2/FiO2), minimum platelet count, maximum bilirubin, maximum creatinine, minimum mean
arterial pressure, and minimum Glasgow Coma Scale (GCS) motor score. BMI was reconstructed from
first-day height and weight measurements. Charlson comorbidities were derived using the Quan ICD-9-
CM/ICD-10-CM algorithm, with age points removed because age was modelled separately [17].

We did not calculate complete Sequential Organ Failure Assessment (SOFA) because available data did
not support the urine-output renal component or all official first-day dependencies. Six organ-severity
variables were retained separately; definitions and missingness are in Additional file 2: Table S1.

For eICU-CRD, the replication model adjusted for age, sex, Acute Physiology and Chronic Health
Evaluation IV (APACHE IV) score, number of valid RASS windows, and neurological disease group.
APACHE IV was used as the database-specific severity measure [18]. Because the intracerebral
haemorrhage subgroup contained five patients and no deaths, acute ischaemic stroke and traumatic
brain injury were retained as separate categories and intracerebral haemorrhage, subarachnoid
haemorrhage, and status epilepticus were combined as other neurological to avoid complete separation.

Missing data
Missing MIMIC-IV covariates were handled at the component level using 60 multiply imputed datasets
generated by fully conditional specification with posterior draws. The imputation model included the
outcome, deep-RASS burden, all adjustment variables, and indicator variables for disease and anchor-
year groups. Each imputation used fully conditional iterative regression with posterior sampling and a
maximum of 30 iterations. BMI was bounded to 10–80 kg/m2, the no-age Charlson index to 0–30, and
organ-severity source variables to non-negative values after imputation. The primary logistic regression
was fitted in every completed dataset, and coefficients and variances were combined using Rubin's rules.
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This approach followed the chained-equations framework while preserving uncertainty between
completed datasets [19].

In eICU-CRD, APACHE IV was missing for 15 of 250 patients (6.0%). Thirty posterior-draw iterative
imputations used the outcome and all replication-model variables; generalised estimating equation
(GEE) estimates were combined with Rubin's rules. A complete-case model was a sensitivity analysis.

Statistical analysis
Continuous variables are medians (interquartile ranges [IQRs]) and categorical variables counts (%).
Characteristics were described across deep-RASS burden quartiles without causal interpretation.

Primary MIMIC-IV associations came from multivariable logistic regression and are reported as odds
ratios (ORs) with 95% confidence intervals (CIs) per 10-percentage-point increase. A four-degree-of-
freedom natural cubic spline was compared with the linear term in each imputed dataset using
likelihood-ratio statistics; P values across imputations were summarized rather than selecting one.

Sensitivity models used a 48-h landmark and at least six or nine valid windows. Stability was assessed
with 500 patient-level bootstrap resamples of one deterministic completed dataset, retaining duplicate
patients; the Rubin multiple-imputation interval remained primary. Apparent Brier score and calibration
intercept/slope used predictions averaged across 60 datasets and were treated as in-sample
diagnostics.

The eICU replication analysis used a binomial generalised estimating equation (GEE) with an
exchangeable working correlation structure and hospital as the clustering unit [20]. The imputed model
was primary for replication, with APACHE IV complete-case analysis as a sensitivity analysis. To assess
whether the association was dominated by one centre, the 30 imputed models were refitted after
excluding each eligible hospital in turn; no hospital was removed from the primary analysis. Full model
specifications and sensitivity-analysis definitions are provided in Additional file 2: Table S2.

Exploratory two- to six-class trajectory models were assessed without using mortality to select classes.
Because the Bayesian information criterion improved through the upper boundary and persistent-deep
patterns were unstable across class counts and specifications, trajectory classes were supplementary
only.

Analyses followed statistical analysis plan (SAP) version 5.1 and used Python 3.12.7, DuckDB 1.5.5,
pandas 2.3.3, NumPy 2.4.6, scikit-learn 1.9.0, and statsmodels 0.14.6. We report two-sided 95% CIs and
interpret findings as prognostic associations. The analysis plan and code documentation are provided in
Additional file 3.

Manuscript preparation
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During manuscript preparation, the authors used ChatGPT (OpenAI) for language editing, manuscript
organisation, and document formatting. The authors reviewed and edited the content and take full
responsibility for the publication.

Results

Cohort assembly
Among 28,173 MIMIC-IV admissions with eligible neurological diagnoses, 12,133 first adult eligible ICU
stays remained; 4,616 had invasive ventilation. After clinical exclusions, 4,217 remained. Of these, 2,252
were alive, in the index ICU at 72 h, and had ≥ 3 valid RASS windows (Fig. 1a); 541 (24.0%) died
subsequently.

In eICU-CRD, 3,983 patients met the neurological diagnosis and day-1 ventilation criteria and 3,479
remained after clinical exclusions. The record-level audit identified 365 patients with at least three strict
explicit RASS or SEDATION SCORE windows. Of these, 250 patients from 12 hospitals remained in the
ICU at the 72-h landmark and formed the replication cohort; 46 (18.4%) subsequently died (Fig. 1b).
APACHE IV was complete for 235 patients from 11 hospitals, including 42 deaths.

RASS burden and cohort characteristics
MIMIC-IV patients had median age 65 years (IQR 52–77), 1,326 (58.9%) were male, and median valid
RASS windows were 15 (IQR 13–17). Median deep-RASS burden was 31.3% (IQR 7.7–78.6%; Additional
file 1: Figure S2). Disease groups comprised 721 acute ischaemic stroke, 465 intracerebral haemorrhage,
314 subarachnoid haemorrhage, 675 traumatic brain injury, and 77 status epilepticus; Table 1 presents
characteristics by burden quartile.
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Table 1
Characteristics of the MIMIC-IV landmark cohort by deep-RASS burden quartile

Variable Overall Q1 Q2 Q3 Q4

Patients, n 2252 578 559 561 554

Age at ICU admission,
years

65.0 (52.0–
77.0)

65.5 (52.0–
77.0)

64.0 (53.0–
76.5)

66.0 (52.0–
78.0)

63.0 (49.3–
75.0)

Male sex, n (%) 1326
(58.9%)

332 (57.4%) 333 (59.6%) 326 (58.1%) 335 (60.5%)

BMI, kg/m2 25.2 (19.1–
30.0)

25.0 (17.6–
30.0)

25.2 (18.6–
29.8)

25.4 (19.8–
30.0)

25.6 (19.3–
30.4)

Charlson comorbidity
index, no age points

3.0 (1.0–
4.0)

2.0 (1.0–
4.0)

3.0 (1.0–
4.0)

3.0 (1.0–
5.0)

3.0 (1.0–
4.0)

Minimum GCS motor
score, 0–24 h

4.0 (1.0–
5.0)

5.0 (4.0–
6.0)

4.0 (1.0–
5.0)

3.0 (1.0–
4.0)

1.0 (1.0–
4.0)

Deep-RASS windows,
%

31.3 (7.7–
78.6)

0.0 (0.0–
5.9)

18.8 (12.5–
23.5)

53.3 (41.7–
66.7)

100.0
(92.9–
100.0)

Subsequent in-
hospital death, n (%)

541 (24.0%) 55 (9.5%) 71 (12.7%) 141 (25.1%) 274 (49.5%)

Continuous variables are presented as median (interquartile range); categorical variables as n (%).
Quartiles were defined by the proportion of valid 4-h RASS windows with RASS ≤ − 3 during the first
72 h and are descriptive only. APACHE IV, Acute Physiology and Chronic Health Evaluation IV; BMI,
body mass index; GCS, Glasgow Coma Scale; ICU, intensive care unit; RASS, Richmond Agitation–
Sedation Scale; Q1–Q4, deep-RASS burden quartiles.

In the eICU replication cohort, median age was 57 years (IQR 38–69), 144 patients (57.6%) were male,
and the median number of strict RASS windows was 18 (IQR 14–18). Median deep-RASS burden was
22.9% (IQR 5.6–65.6%). The cohort included 73 patients with acute ischaemic stroke, 5 with intracerebral
haemorrhage, 17 with subarachnoid haemorrhage, 136 with traumatic brain injury, and 19 with status
epilepticus (Additional file 2: Table S3).

Primary MIMIC-IV association
In the component-level multiple-imputation model, each 10-percentage-point increase in deep-RASS
burden was associated with higher odds of subsequent in-hospital death (adjusted OR 1.335, 95% CI
1.289–1.382; Table 2 and Fig. 2). Figure 3 shows the observed burden distribution and the adjusted
linear exposure-response function. This estimate describes the association of a higher proportion of
deep-RASS assessment windows with mortality among patients who survived and remained in the ICU
to the 72-h landmark.
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Table 2
Associations between deep-RASS burden and subsequent in-hospital mortality

Analysis OR 95% CI
lower

95% CI
upper

Model or handling

MIMIC-IV, 72-h
primary

1.335 1.289 1.382 60 component-level imputations;
traceable organ-severity source
variables

MIMIC-IV, 48-h
landmark

1.318 1.278 1.358 60 component-level imputations

MIMIC-IV, ≥ 6 RASS
windows

1.333 1.288 1.381 60 component-level imputations

MIMIC-IV, ≥ 9 RASS
windows

1.330 1.283 1.378 60 component-level imputations

eICU, complete-
case GEE

1.262 1.188 1.341 235 complete APACHE IV cases; 11
hospitals

eICU, APACHE IV
MI GEE

1.269 1.212 1.329 30 imputations; 12 hospitals

The exposure was the proportion of valid 4-h RASS windows with RASS ≤ − 3 during the first 72 h;
ORs are reported per 10-percentage-point increase. The MIMIC-IV model used component-level
imputation of traceable 0–24-h organ-severity source variables and did not use a complete SOFA
score. The eICU model used hospital-clustered GEE. All estimates are observational prognostic
associations and do not represent a causal effect of sedation depth. OR, odds ratio; CI, confidence
interval; GEE, generalized estimating equations; MI, multiple imputation; APACHE IV, Acute
Physiology and Chronic Health Evaluation IV. SOFA, Sequential Organ Failure Assessment; RASS,
Richmond Agitation–Sedation Scale; ICU, intensive care unit.

MIMIC-IV sensitivity and model-stability analyses
At 48 h, the OR was 1.318 (95% CI 1.278–1.358; n = 2,696; 674 deaths; Fig. 2). Requiring ≥ 6 or ≥ 9 valid
windows gave ORs of 1.333 (95% CI 1.288–1.381; n = 2,231; 536 deaths) and 1.330 (95% CI 1.283–
1.378; n = 2,136; 508 deaths), respectively.

Across 60 datasets, the median likelihood-ratio P value for non-linearity was 0.111, with none < 0.05; this
indicated no clear evidence of non-linearity. All 500 bootstrap models converged (median OR 1.339;
2.5th–97.5th percentile interval 1.301–1.392), and all estimates exceeded 1.

eICU directional replication and hospital influence
In the multiply imputed model, after adjustment for age, sex, APACHE IV, RASS measurement density,
and disease group, each 10-percentage-point increase in strict-layer deep-RASS burden was associated
with higher odds of subsequent in-hospital death (GEE OR 1.269, 95% CI 1.212–1.329; Table 2 and
Fig. 2). The complete-case estimate was similar (n = 235; 42 deaths; OR 1.262, 95% CI 1.188–1.341).
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Eleven hospitals were eligible for leave-one-hospital-out refitting. The pooled ORs after individual
hospital exclusion ranged from 1.238 to 1.302, and all 11 estimates were greater than 1 (Additional file 1:
Figure S3 and Additional file 2: Table S4). The positive direction did not disappear after exclusion of any
single assessed hospital, but this analysis did not eliminate hospital-level confounding.

Auxiliary model diagnostics and trajectory assessment
The apparent MIMIC-IV model diagnostics were as follows (Brier score 0.1399; mean predicted and
observed risk 0.2402; intercept approximately 0; slope 1.007; Additional file 1: Figure S4) and describe in-
sample performance rather than independent validation.

Trajectory screening did not yield a stable primary class structure: model fit improved from two through
six classes and persistent-deep patterns were specification-sensitive. Trajectories were therefore
retained only as supplementary findings (Additional file 1: Figure S5).

Discussion
Greater deep-RASS burden during the first 72 h was associated with subsequent in-hospital mortality in
MIMIC-IV, where adjusted death odds increased by 33.5% per 10-percentage-point increase. The
estimate was similar at the 48-h landmark, with higher measurement-density thresholds, spline
assessment, and bootstrap analyses. The eICU association remained directionally consistent after
APACHE IV imputation and hospital exclusion. These results support deep-RASS burden as a prognostic
marker among ventilated neurocritical patients alive and in the ICU at the landmark.

Our findings are consistent with, but add a distinct neurocritical-care perspective to, previous work in
general critical care. Shehabi and colleagues linked deep sedation during the first 48 h of mechanical
ventilation to delayed extubation and higher mortality [4]. Hyun et al. identified persistent low-RASS
trajectories associated with adverse outcomes, and Liao et al. reported an association between lower
early RASS variability and 28- and 90-day mortality [5, 6]. Effect estimates cannot be compared directly
because the populations, exposure summaries, and follow-up periods differed. The present study
focused on heterogeneous neurocritical illnesses, used a continuous deep-RASS burden, separated
exposure ascertainment from subsequent mortality with a landmark risk set, and audited RASS
semantics before cross-database replication. Contemporary ICU guidance emphasizes individualized
sedation targets, whereas evidence on implementation strategies and outcome effects remains
heterogeneous [21, 22].

In neurocritical care, deep-RASS burden is broader than sedation depth alone. A persistently low score
may reflect brain injury, impaired responses, metabolic dysfunction, seizures, sedative and analgesic
treatment, and therapies for intracranial hypertension [3]. Recent neurocritical studies support this
interpretation: TRACK-TBI reported centre-level variation in sedation and intracranial pressure-directed
treatment [8], the ENIO cohort documented heterogeneous sedative practice with neutral adjusted
mortality comparisons [9], and a smaller intracranial haemorrhage study found no clear outcome
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differences by sedation exposure [10]. Deep-RASS burden is useful because it captures this integrated
bedside state. A high burden should prompt assessment of neurological deterioration, seizures,
metabolic disturbance, treatment targets, and medication exposure, rather than an automatic label of
excessive sedation. Recent TRACK-TBI work similarly evaluated early sedative exposure alongside
clinical and functional outcomes, underscoring the observational nature of treatment-selection
comparisons [23].

The landmark and semantic audit addressed different sources of bias: temporal ordering and
measurement validity. For exposures accumulated over time, landmark or time-dependent approaches
preserve the ordering of exposure and outcome [24]. The 72-h landmark therefore estimated prognosis
among patients alive and still in the index ICU after RASS ascertainment. The eICU audit showed that
similarly named electronic health record fields did not necessarily encode the same scale. Excluding a
generic pathway with no negative values reduced sample size but improved construct validity, in line with
RECORD principles for transparent derivation of routinely collected variables [16]. Replication in this
stricter layer indicates that the association was not confined to the MIMIC implementation.

Exploratory trajectory analyses did not identify a stable class structure across candidate specifications
[25]. We therefore retained trajectory patterns as descriptive findings and used continuous deep-RASS
burden as the primary exposure, summarising cumulative low-arousal observations without relying on
uncertain class assignment. This measure yields an effect estimate that is directly interpretable per 10-
percentage-point increase in burden (Additional file 1: Figure S5).

Clinically, the finding is useful for risk recognition, not for imposing a universal sedation target. Repeated
deep-RASS observations identify patients with higher subsequent mortality risk and can be calculated
from routine bedside assessments. A high burden may justify earlier clinical review of neurological
status, treatment indications, sedative and analgesic exposure, and the documented RASS target.
Randomised evidence has not established a mortality advantage for lighter over deeper sedation
strategies [7], and the present association does not determine whether changing sedation would
improve outcome. Prospective studies should collect actual and target RASS, time-varying drug doses,
intracranial pressure and seizure indications, and functional outcomes to distinguish modifiable sedation
burden from low arousal caused by the underlying neurological condition.

Several design safeguards strengthen the interpretability of our findings. We reconstructed exposure
timing from source-level records, separated the 72-h exposure-ascertainment period from subsequent
outcome follow-up using a landmark estimand, handled covariate missingness at the component level
with multiple imputation, conducted targeted sensitivity analyses, audited eICU RASS semantics at the
record level, and accounted for within-hospital correlation in the replication analysis. These procedures
are consistent with established guidance for routinely collected health data and with accepted
approaches to landmark analysis, multiple imputation, and correlated outcomes [15, 16, 19, 20, 24, 26].

Residual confounding by neurological severity and treatment indication remains possible because
detailed imaging, pupillary findings, electroencephalography, target RASS, and time-varying drug doses
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were unavailable. This limitation is particularly relevant in neurocritical care, where low RASS values may
reflect both treatment exposure and the underlying neurological condition [3, 8–10]. A complete urine-
output-based SOFA score could not be constructed because the required source data were unavailable;
although traceable organ-severity variables were adjusted separately, this should not be interpreted as
equivalent to full SOFA adjustment [27].

The strict eICU semantic definition improved construct validity but reduced sample size and hospital
coverage. With 12 hospitals, cluster-level inference and transportability remain limited. The estimand
applies only to patients alive and in the ICU at 72 h, and the outcome was in-hospital mortality rather
than long-term neurological function.

Future prospective studies should pair serial RASS assessments with treatment targets, time-varying
drug doses, neurological examination findings, and physiological indications to distinguish potentially
modifiable sedation burden from low arousal caused by the underlying neurological condition. A recent
neurocritical-care review also emphasizes that sedation interruption should be individualized and
balanced against patient-specific risks [28].

Conclusions
Early deep-RASS burden was associated with subsequent in-hospital mortality in ventilated neurocritical
patients and was directionally consistent in eICU. The framework combines continuous burden,
landmark risk-set definition, and source auditing for prognostic assessment of repeated RASS.
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https://doi.org/10.17605/OSF.IO/VWQT9 and in Additional file 3. No restricted patient-level data are
included in that package.
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Figure 1

Cohort assembly and 72-h landmark restriction. a, MIMIC-IV cohort assembly from neurological-
diagnosis hospital admissions through the first adult neurologically eligible ICU stay, invasive
mechanical ventilation, clinical exclusions, and at least three RASS windows to the 72-h landmark risk
set. b, eICU-CRD cohort assembly from the neurological diagnosis plus day-1 ventilation cohort
(n=3,983), through clinical exclusions (n=3,479), to the strict layer with at least three records explicitly
labelled RASS or SEDATION SCORE (n=365), the 72-h risk set (n=250), and APACHE IV complete cases
(n=235). The generic Sedation Scale pathway was excluded because it contained no negative values.
Screening counts refer to admissions or ICU stays, as applicable; eICU replication was conducted at the
unit-stay level. ICU, intensive care unit; RASS, Richmond Agitation–Sedation Scale; APACHE IV, Acute
Physiology and Chronic Health Evaluation IV.
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Figure 2

Associations between deep-RASS burden and subsequent in-hospital mortality.Forest plot of MIMIC-IV
primary, 48-h landmark, and RASS measurement-density analyses, together with strict-layer eICU
replication. Points denote odds ratios and horizontal lines 95% confidence intervals; the left axis marks
OR=1. The exposure was the proportion of valid 4-h windows with RASS ≤−3, reported per 10-
percentage-point increase. MIMIC-IV models used 60 component-level imputations. eICU estimates
show complete-case and APACHE IV-imputed hospital-clustered GEE models. OR, odds ratio; GEE,
generalised estimating equation; APACHE IV, Acute Physiology and Chronic Health Evaluation IV; RASS,
Richmond Agitation–Sedation Scale.
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Figure 3

Deep-RASS burden distribution and adjusted exposure-response. a, Distribution of the proportion of
deep-RASS windows during the first 72 h, stratified by survival status after the landmark. b, Adjusted
odds ratios and 95% confidence intervals from the linear MIMIC-IV primary model, shown relative to the
median deep-RASS burden. The horizontal dashed line denotes OR=1 and the vertical dotted line the
median reference. This figure displays exposure distribution and model form; it does not estimate a
causal effect of sedation. OR, odds ratio; RASS, Richmond Agitation–Sedation Scale.
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