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Editorial
IMPORTANCE Acute dysfunction of vital organs is the hallmark of critical illness. The Multimedia
Sequential Organ Failure Assessment (SOFA) score, the most widely adopted approach to
describe organ dysfunction, has not been updated in 30 years and therefore may not Supplemental content
appropriately capture current clinical practice and outcomes. Related article at

jamanetworkopen.com
OBJECTIVES To inform the data-driven component of an updated score (SOFA-2) in varied ! P

geographical and resource settings (stages 6-8) after expert input via a modified Delphi
process (stages 1-5).

DESIGN, SETTING, AND PARTICIPANTS A federated analysis was performed on data collected
from adult patients admitted to 1319 intensive care units (ICUs) in 9 countries (Australia,
Austria, Brazil, France, Italy, Japan, Nepal, New Zealand, United States) between 2014 and
2023. Four representative multicenter cohorts containing data from 2 098 356 patients were
used for data-driven score development and internal validation. External validation was
performed on 6 cohorts containing data from 1241114 patients.

MAIN OUTCOMES AND MEASURES Content validity for organ dysfunction identified through
the modified Delphi process should be reflected by predictive validity using the area

under the receiver operating characteristic (AUROC) curve of the score measured on the first
ICU day (higher scores indicate worse organ dysfunction).

RESULTS Of 3.34 million patient encounters, 270 108 (8.1%) died in the ICU (range, 4.5% to
20.5% across the 10 cohorts). SOFA-2 modified the 6 organ systems of the original SOFA
score (brain, respiratory, cardiovascular, liver, kidney, hemostasis), including new variables
and revised thresholds that better describe the organ dysfunction distribution from O to 4
points and their associated mortality (SOFA-2 AUROC, 0.79; 95% Cl, 0.76-0.81; SOFA-1
AUROC, 0.77; 95% Cl, 0.74-0.81). Evaluation of sequential SOFA-2 data from ICU day 1to
day 7 maintained its predictive validity. Insufficient data and lack of content validity
precluded incorporation of gastrointestinal and immune dysfunction scores into SOFA-2.

CONCLUSIONS AND RELEVANCE The SOFA-2 score, updated to include contemporary organ
support treatments and new score thresholds, describes organ dysfunction in a large,
geographically and socioeconomically diverse population of critically ill adults.
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he provision of intensive care has undergone many

changes in the past 30 years. New methods for ad-

vanced life support, avoidance of iatrogenic harm, and
closer monitoring have impacted the understanding and treat-
ment of organ dysfunction in critically ill patients.! However,
the measurement of organ dysfunction with the Sequential
Organ Failure Assessment (SOFA) score (now SOFA-1) has not
changed since 1996.%3

The SOFA-1score describes 6 organ systems—neurological,
cardiovascular, respiratory, hepatic, renal, and coagulation—
using clinical and biochemical variables in routine clinical use
during the 1990s, with a total score ranging from O to 24 (higher
scores indicate worse organ dysfunction). It fails to capture con-
temporary interventions (drugs and devices) that provide sup-
port for failing organs.*® Thresholds for organ support may also
be impacted by trends toward less invasive treatment, initia-
tion earlier in the disease trajectory, and ICU case mix.*>7°
On this backdrop, a new update to organ dysfunction mea-
surement in critically ill patients is needed, particularly one
that is generalizable to both high-income countries and low-
and middle-income countries.'©
An accompanying manuscript describes a modified Delphi

(mDelphi) procedure to generate the conceptual framework
and proposed score.!! This article describes the data-driven de-
velopment and validation of the final SOFA-2 score.

Methods

Overview of SOFA-2 Process

The update to the SOFA score occurred in 8 stages (Figure 1).
These stages included expert selection for mDelphi rounds, sys-
tematicreviews, and internal and external data validation. The
work included the assessment of 6 domains (reliability; con-
tent; construct; criterion; predictive validity; and clarity, mea-
surement burden, and timeliness) aligned to the appropriate
stages. The first 5 stages were completed and described in the
accompanying manuscript."! The results of the data-driven
stages (6-8) are reported herein. Findings are presented in ac-
cordance with the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) reporting guidelines.

Summary of Findings of Stages 1 Through 5

A panel of 60 intensive care experts participated in 2 mDelphi
exercises to develop updated definitions of organ dysfunc-
tion and to propose routinely measured or clinical and labo-
ratory variables that reflect contemporary identification and
management of organ dysfunction (stages 1-3). The diverse
expert panel addressed evidence gaps and ensured clinical
relevance. These discussions were based on the theoretical
framework developed for Sepsis-3.1%!2 Organ dysfunction was
considered a scoreable construct defined by operational cri-
teria rather than a precise biological truth. Following the prin-
ciples underpinning SOFA,?* the update prioritized simplic-
ity, clinical usability, widespread applicability, and content
validity. This ensured that the score reflects meaningful cat-
egories of organ dysfunction severity with a stepwise in-
crease in mortality risk (Supplement 1).1 In stage 4, the sys-
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Key Points

Question Does an updated Sequential Organ Failure Assessment
(SOFA)-2 score describe organ dysfunction in critically ill patients
and its association with intensive care unit (ICU) mortality?

Findings The SOFA-2 score was developed and validated in 10
international multicenter cohorts of 3.3 million adult ICU patients.
SOFA-2 includes the original 6 organ systems with a total score
ranging from O to 24 (higher scores indicate worse organ
dysfunction). Possible inclusion of immune and gastrointestinal
systems was investigated but not added. The updated score now
incorporates commonly used drugs and mechanical organ
supports that were rarely or not used when the original version
was published in 1996. Some thresholds were modified to improve
predictive validity against ICU mortality.

Meaning The SOFA-2 score, updated to include contemporary
organ support treatments and new score thresholds, describes
organ dysfunction, supported by good predictive validity, in a
large, geographically and socioeconomically diverse population of
critically ill adults.

tematic reviews were used to match the ratio of arterial oxygen
tension (Pao,) to fraction of inspired oxygen (F10,) and arte-
rial oxygen saturation (Spo,) to Fi0, thresholds for when ar-
terial blood gas measurements are unavailable, to specify in-
dication criteria for commencing renal replacement therapy
and to characterize the associations of norepinephrine drena-
line dosage, total white cell count, lymphocyte count, and intra-
abdominal pressure with mortality risk. Stage 5 comprised a
second mDelphi round to secure agreement on proxy and fea-
sibility for a draft SOFA-2 proposal. Eight organ systems (brain,
respiratory, cardiovascular, liver, kidney, hemostasis, gastro-
intestinal, immune) were proposed for evaluation in subse-
quent internal and external validation stages.

Study Design, Setting, and Population for Stages 6 to 8

A federated analysis was performed using data from 10
multicenter, international cohorts, comprising encounters
from 1319 intensive care units (ICUs) in 9 countries (Australia,
Austria, Brazil, France, Italy, Japan, Nepal, New Zealand, United
States).

Data were extracted from 8 national ICU registries!®'*and
2 multicenter electronic health record-based datasets that ful-
filled predefined criteria for data completeness, feasibility, and
protocol adherence (eMethods in Supplement 2). Single-
center datasets were excluded.

We included critically ill adults aged 18 years or older ad-
mitted to ICUs between January 1, 2014, and December 31,
2023. We excluded ICU readmissions within the same acute
hospital stay, patients with missing ICU discharge status from
their index ICU admission, and admissions exclusively for
organ donation.

Inthe internal validation phase, 4 cohorts (Australian and
New Zealand Intensive Care Society [ANZICS],'® Austrian Cen-
ter for Documentation and Quality Assurance in Intensive Care
[ASDI],'® Kaiser Permanente Northern California [KPNC],'” and
Organizational Characteristics in Critical Care [ORCHESTRA]'®)
were analyzed. External validation used an additional 6
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Figure 1. SOFA-2 Update Stages and Methods

Stages 1-5:
First and second modified Delphi
Rationale and development of
SOFA-2 proposal for 8 organ systems
(brain, respiratory, cardiovascular, liver, kidney,
hemostasis, immune, gastrointestinal)

l

Stage 6: Internal validation

4 representative cohorts with
=2.1 million ICU admissions

Data-driven evaluation of thresholds

 Aim: Evaluate shape and potential nonlinear
association of continuous variables and ICU mortality

* Method 1: GAM with penalized smoothing spline

¢ Method 2: CART

Derivation of proposed SOFA-2 score options

 Aim: Evaluate group proposals, thresholds aligned
to mortality risk, and uncertainties with data

* Method 1: Score as proposed

* Method 2: Score modified by data-driven evaluation

* Method 3: Score modified by using CART thresholds

Stage 7: Third modified Delphi
SOFA-2 score approved by a Delphi vote
Immune and gastrointestinal systems deemed unsuitable

l

Stage 8: External validation
SOFA-2 and SOFA-1 scores derived in the 4 internal
validation cohorts and an additional 6 cohorts
with =1.2 million ICU admissions

SOFA-1 and SOFA-2 distribution

« Aim: Evaluate scores (domain and total) distribution

* Method 1: Meta-analysis of score distribution

« Method 2: Alluvial plot showing shift in distribution
between SOFA-1 and SOFA-2

* Method 3: Heatmap of cross-tabulation between
SOFA-1 and SOFA-2

SOFA-1 and SOFA-2 predictive validity
» Aim: Evaluate predictive validity of scores (domain
and total) against ICU mortality
* Method 1: Meta-analysis of ICU mortality by score points
* Method 2: Meta-analysis of AUROCs against ICU mortality
* Method 3: AUROC against ICU mortality and comparisons
using combined aggregated data
* Method 4: Mixed logistic regression for increased odds

Original Investigation Research

Stages 1-8 were aligned with
Sequential Organ Failure Assessment
(SOFA) principles and with 6 score
utility domains: stages 1-5and 7,
reliability; content; construct;
criterion validity: and clarity
measurement, burden, and
timeliness. Stages 6 and 8: construct
and predictive validity.

Further details on rationale and
Delphi methodology are provided in a
companion article."

AUROC indicates area under the
receiver operating characteristic
curve; CART, classification and

of a 1-point increase in total SOFA-2 and SOFA-1 scores
and ICU mortality

regression tree; GAM, generalized
additive model; ICU, intensive care

unit.

cohorts (eICU [electronic Intensive Care Unit Collaborative
Research Database],'® GiViTI-PROSAFE [Gruppo Italiano per
la Valutazione degli Interventi in Terapia Intensiva-Product
Safety Forum of Europe],2° JIPAD [Japanese Intensive Care
Patient Database],?! GiViTI-MargheritaTre,?? Nepal Intensive
Care Registry Foundation [NICRF],%% and OutcomeRea
[OutcomeRéanimation]?*). Databases were required to have
key variables for each organ system (ie, Glasgow Coma Scale
[GCS]; Pao,:FI10, ratio; mean arterial pressure and vasopres-
sor dosage; and bilirubin, creatinine, and platelet values,
eTable 1in Supplement 2). Values outside the plausible range
for continuous variables, defined by group consensus
(eTable 2 in Supplement 2), were considered missing.

Methods for Stages 6 to 8

First, the internal validation of the proposed SOFA-2 domains
was conducted, evaluating the distributions of candidate
variables, threshold values for SOFA cut points, and predic-
tive validity for ICU mortality. ICU mortality was chosen by con-
sensus as the primary outcome because it was consistently
available across all registries.*?> Continuous distributions were
evaluated with generalized additive models (GAMs) using the
mgcv R-package with penalized smoothing splines.2® Thresh-

jama.com

old values proposed for continuous variables (ie, GCS; Pao,:
FI10, ratio; and bilirubin, creatinine, and platelet levels) were
compared against those generated using a classification and
regression tree (CART) model.?” Four cutoffs for each continu-
ous variable were obtained in the CART models when pos-
sible, and 10-fold cross validation was used (eMethods in
Supplement 2).2”

Next, the third mDelphi reviewed results in stage 7. When
data-driven results conflicted with expert consensus, deci-
sions were made through structured committee discussions,
guided by the SOFA protocol rules (eg, content validity taking
precedence over predictive validity; Supplement 1). Finally, ex-
ternal validation of the final SOFA-2 score was performed
(stage 8). These analyses focused on predictive validity for ICU
mortality, longitudinal measurement in the first 7 days of in-
tensive care, and sensitivity analyses (see Supplement 1 for
more detail).

Statistical Analyses

Descriptive statistics were generated using mean (SDs), me-
dian (IQRs), and proportions. The proportion of ICU deaths
were illustrated for each SOFA-1 and SOFA-2 scores, as well as
for each SOFA domain. Data were pooled using a multilevel
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meta-analysis model, applying a logit transformation, a ran-
dom intercept for each database, and categorical points as
covariates.?®2° Pooled proportions and 95% CIs estimating
marginal means were derived from the meta-analytic model
for each point category. Cohorts were entered into the mod-
els for each organ system when at least 2 organ systems with
2 consecutive point categories were available for that cohort
(Supplement 1). For total SOFA, only cohorts with fully avail-
able scores were included.

To assess predictive validity, the area under the receiver op-
erating characteristic (AUROC) curves were estimated (1) in a
single stage combining the number of patients with a given score
and associated deaths in mixed-effects logistic models, with a
random intercept per cohort, and (2) in 2 stages, pooling esti-
mates extracted from each cohort using random-effects meta-
analysis models, with logit transformation for the AUROC and
its standard error.®° Standard errors for the area under the curve
in each cohort were estimated using the DeLong method.>!
Restricted maximum likelihood was used for meta-analyses.
Generalized mixed models with alogit link evaluated the asso-
ciation between a 1-point increase in total SOFA score and ICU
mortality, including random intercepts for each database.

Multiple sensitivity analyses were conducted. First, we
tested whether findings using normal value imputation were
mirrored by analyses limited to complete-case data only. Sec-
ond, we tested assumptions about the time window to pro-
file organ dysfunction on day 1, performing an analysis com-
paring cohorts with the worst values recorded within the first
24 hours of ICU admission vs cohorts with both first-hour and
first 24-hour worst values. Third, we tested whether partial or
full data availability for each system impacted the pooled re-
sults; meta-analyses were then performed leveraging data from
the 10 cohorts. Fourth, we assessed whether the magnitude
of association between a 1-point increase in each organ dys-
function score and ICU mortality could vary between co-
horts; this included a random slope for score points in the meta-
analyses and mixed models.

To understand how the SOFA-2 score reclassified pa-
tients into different score categories compared with SOFA-1,
a reclassification heat map was used with patient-level data
from eICU, an open access database.'®

In thelongitudinal analysis, the daily, domain-specificand
total SOFA-2 scores were measured on ICU days 1to 7, report-
ing both mean and maximum values, when available.

Missing data were primarily handled using normal value
imputation®%3234 and alternative approaches®>=7 described
in Supplement 1 and the eMethods section and eTable 3 in
Supplement 2.

All analyses were performed using R version 4.2.1
(R Foundation).

. |
Results

Patients

In internal validation data (4 cohorts, total n = 2 098 356 pa-
tients; mean age, 63.1 years [SD, 18], 44.6% female) most ICU
admissions were for medical diagnoses (n = 1129 428, 53.9%),
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and ICU mortality ranged from 4.5% to 10.1% (Figure 2 and
Table 1). External validation data (6 cohorts, n = 1241114 pa-
tients) were similar, noting that patients were older (mean age,
65.1years [SD, 161, 40.7% female) and ICU mortality ranged from
4.0% to 20.5%. Distributions varied between databases (n = 7)
with respect to illness severity within the first day of ICU ad-
mission (range, 12.4%-31.2% of predicted in-hospital mortality
using varied scoring systems; eTable 4 in Supplement 2).

Stage 6, Internal Validation

The distributions for candidate variables for the SOFA-2 score
were consistent across cohorts (eFigures 1-6 in Supplement 2).
When evaluated using GAM and CART models, candidate vari-
able thresholds ratified those proposed from the second mDelphi
process (eTable 5 in Supplement 2). For example, for the respi-
ratory system, the new Pao,:Fi0, ratio thresholds are 300, 225,
150, and 75. For the liver system, thresholds based on bilirubin
levels were adjusted to 1.2, 3, 6, and 12 mg/dL (to convert biliru-
bin from mg/dL, multiply by 17.104). Changes in cutoffs in other
organ systems are shown in eTable 6 in Supplement 2.

The proposed gastrointestinal system score was evalu-
ated in one cohort (ASDI, n = 406 469), and no association was
observed with ICU mortality (eFigure 7 in Supplement 2). For
the immune system, there was a U-shaped association be-
tween both total white blood cell and lymphocyte count with
ICU mortality (eFigure 8 in Supplement 2).

Stage 7, Third mDelphi

In review of the internal validation, there was consensus that
the gastrointestinal score lacked predictive validity whereas
the immune score did not fulfil content validity. Conse-
quently, both were excluded from the final SOFA-2 score.

Stage 8, External Validation

External validation in 6 separate cohorts confirmed findings
from the internal validation, including complete-case and other
sensitivity analyses (Figure 3; eFigures 9-14 in Supple-
ment 2). Each individual organ system was associated with an
incremental increase in ICU mortality as the SOFA-2 score in-
creased from O to 4 points (eFigures 15-22 in Supplement 2).

Pooled results from both internal and external validation
from either 9 (respiratory, kidney) or 10 (brain, cardiovascu-
lar, liver, hemostasis) cohorts totaled a minimum of 2.5 mil-
lion encounters in each system (Figure 2; eTable 7 in Supple-
ment 2). Total SOFA analyses pooled data from 5 cohorts (2
frominternal and 3 from external validation) totaling 1 002 956
patients and 94 937 deaths (9.5%). The same observed pat-
tern for score distribution and associated mortality was ob-
served in meta-analyses of all available data (eFigures 23-26
in Supplement 2).

Complete-case data for total SOFA included 116 481 pa-
tients and 22 476 deaths (19.3%). The distributions shifted in
the complete case analyses toward higher scores (eFigures
27-30 in Supplement 2), although a similar pattern for ICU
mortality risk was retained. Assuming a linear association
between total SOFA score and ICU mortality, there was an
increase in the odds of ICU mortality (odds ratio, 1.378; 95%
CI, 1.375-1.381) for each 1-point increase in the SOFA-2 score.
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Figure 2. Study Flowchart for Internal and External Validations

E Internal validation External validation
2098356 Index admissions with 144076 ICU deaths 1241114 Index admissions with 126032 ICU deaths
4 Cohort studies (ANZICS, ASDI, KPNC, ORCHESTRA) 6 Cohort studies (elCU, GiViTI-PROSAFE, JIPAD,
GiViTI-MargheritaTre, NICRF, OutcomeRea)
Systems Systems
Brain (4 cohorts) Respiratory (4 cohorts) Brain (6 cohorts) Respiratory (5 cohorts)
2098356 Index admissions 2098356 Index admissions 1241114 Index admissions 725062 Index admissions
144076 ICU deaths 144076 ICU deaths 126032 ICU deaths 50667 ICU deaths
Cardiovascular (4 cohorts) Liver (4 cohorts) Cardiovascular (6 cohorts) Liver (6 cohorts)
1852730 Index admissions 2098356 Index admissions 853217 Index admissions 1152354 Index admissions
96941 ICU deaths 144076 ICU deaths 57509 ICU deaths 105366 ICU deaths
Kidney (4 cohorts) Hemostasis (4 cohorts) Kidney (5 cohorts) Hemostasis (6 cohorts)
2098356 Index admissions 2098356 Index admissions 725062 Index admissions 1201723 Index admissions
144076 ICU deaths 144076 ICU deaths 50667 ICU deaths 116391 ICU deaths
Complete Complete

664984 Index admissions with 65776 ICU deaths
2 Cohorts (ASDI, KPNC)

337972 Index admissions with 29161 ICU deaths
3 Cohorts (elCU, GiViTI-MargheritaTre, OutcomeRea)

Internal and external validation for complete SOFA

1002956 Index admissions with 94937 ICU deaths
5 Cohort studies (ASDI, KPNC, elCU, GiViTl-MargheritaTre, OutcomeRea)

A and B, The total number of index admissions, intensive care unit (ICU) deaths,
and number of cohorts for the internal (stage 6) and external validation

(stage 8), stratified by each organ system stand alone and for complete
Sequential Organ Failure Assessment (SOFA; ie, when the 6 systems were
available to estimate the total score).

C, The total number of index admissions, ICU deaths, and number of cohorts for

complete SOFA, combining the internal (stage 6) and external validation
(stage 8; data are shown in Figures 4B and 5B).

The number for each domain can be smaller than the total because of missing
datain the cohorts, including an inability to calculate the full score

(eg, norepinephrine dosage not known). ANZICS indicates Australian and

New Zealand Intensive Care Society; ASDI, Austrian Center for Documentation
and Quality Assurance in Intensive Care; elCU, electronic Intensive Care Unit
Collaborative Research Database; GiViTi, Gruppo Italiano per la Valutazione
degli Interventi in Terapia Intensiva; KPNC, Kaiser Permanente Northern
California; MargheritaTre, Petal Three; ORCHESTRA, Organizational
Characteristics in Critical Care; OutcomeRea, OutcomeRéanimation.

Similar results were found in sensitivity analyses (eTable 8 in
Supplement 2).

The final SOFA-2 score is shown in Table 2 with the foot-
notes describing important rules for consistent scoring.

Comparison Between SOFA-1and SOFA-2

Overall, the total SOFA-1score (median, 3; IQR, 1-6]) was simi-
lar to total SOFA-2 (median, 3; IQR, 1-5, eTable 9 in Supple-
ment 2) with normal value imputation. In complete-case data,
total scores were higher (median SOFA-1score, 8; IQR, 5-11; me-
dian SOFA-2 score, 7; IQR, 4-10). The distribution of patients
within each organ system differed between SOFA-1and SOFA-2
(Figure 4). For example, 2 points in the cardiovascular sys-
tem for SOFA-1 only contained 0.9% of patients compared with
8.9% in SOFA-2 (Figure 4A and eFigures 31-34 in Supple-
ment 2). For the total SOFA score, more patients had lower val-
ues in SOFA-2 (Figure 4B).

For the eICU database, cardiovascular, total SOFA and lon-
gitudinal evaluations were conducted in a subset of 289 000
patients (72%), excluding hospitals that did not report vaso-
pressor or inotrope usage. Reclassification analyses found that
49% of patients had the same total SOFA-1 and SOFA-2 score,

jama.com

whereas SOFA-2 was greater in 11% (median difference, 2; IQR,
1to 3 points) and lower in 40% (median difference, -3; IQR,
-4 to -1] points; Figure 5A and eFigures 35-41 in Supple-
ment 2). ICU mortality was 4.7% when scores were equal, 13.5%
when SOFA-2 was higher, and 8.6% when SOFA-2 was lower
than SOFA-1.

Predictive Validity

The predictive validity of SOFA-2 and SOFA-1 for ICU mortal-
ity was similar (SOFA-2 AUROC, 0.81; 95% CI, 0.81-0.81; SOFA-1
AUROC, 0.80; 95% CI, 0.79-0.80 combined, single-stage es-
timate). The 2-stage, meta-analyses estimates were similar
(SOFA-2 AUROC, 0.79; 95% CI, 0.76-0.81; SOFA-1 AUROC, 0.77;
95% CI, 0.74-0.81; Figure 5B, eFigures 42-43, and eTable 10
in Supplement 2). These data were consistent for individual
cohorts, complete-case analysis, sensitivity analyses, and or-
gan system (eFigures 44-46 and eTable 11 in Supplement 2).

Longitudinal Data

Daily SOFA-2 scores were measured in 553 901 patients (eICU
n = 289000, KPNCn = 258 515, OutcomeRean = 6386), total-
ing 2 072 285 patient-days. Approximately 80% of patients
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Table 1. Summary of Cohorts

Internal validation

External validation

GiViTI-
Variable ANZICS ASDI KPNC ORCHESTRA elCU GiViTI-PROSAFE JIPAD MargheritaTre NICRF OutcomeRea
Period 2018-2023 2014-2023 2014-2023 2022-2023 2014-2015 and 2014-2023 2018-2022 2014-2023 2019-2023 2014-2023
2021-2022
Countries Australia and New  Austria us Brazil us Italy Japan Italy Nepal France
Zealand
Type Registry Registry Electronic health  Registry Electronic health  Registry Registry Electronic health  Registry Registry
record record record
No. of ICUs 181 Australia; 21 146 21 218 339 220 100 25 24 24
New Zealand
No. of hospitals 181 Australia; 20 82 21 111 339 >159 NA 22 15 24
New Zealand
No. of patients 1091034 406469 258515 342338 401613 516052 245250 42586 29227 6386
Age, mean (SD),y 62 (17) 66 (16) 65 (17) 62 (22) 63 (17) 66 (16) 68 (15) 65 (16) 56 (19) 61 (16)
Sex, No./total (%)
Female 475582/ 170520/406439 113826 (44.0) 176 059 (51.4) 180530/401434 199214 (39) 94393 (38.5) 16692 (39) 12184 (41.7) 2333 (37)
1090119(43.6) (42.0) (45.0)
Male 614537/ 235919/406439 144689 (56.0) 166 279 (48.6) 220904/401434 315887 (61) 150851 (61.5) 25894 (61) 17023 (58.2) 4042 (63)
1090119(56.3) (58.0) (55.0)
ICU admission type, No. (%)
Medical 496 151 (45.5) 204784/402157 173854 (67.3) 254639 (74.4) 339684 (84.6) 215763 (42) 75401 (30.7) 21295 (50) 23920(81.8) 4924 (87)
(50.9)
Elective surgical 419149 (38.4) 130674/402157 39772(15.4) 62866 (18.4) 58050 (14.5) 184028 (36) 138127 (56.3) 11528 (27) 3717 (12.7) 180 (3)
(32.5)
Emergency 175734 (16.1) 66 699/402 157 44886 (17.4) 24833 (7.3) 3879 (1.0) 116252 (23) 31722(12.9) 9586 (23) 1590 (5.4) 548 (10)
surgical (16.6)
Invasive 410456 (37.6) 139209/406400 54399 (21.0) 40792 (11.9) 54105 (13.5) 352604 (70) 90486 (36.9) 29480 (69) 5516 (18.9) 2179 (34)
mechanical (34.3)
ventilation
at ICU admission
ICU LOS, 2(1-3) 3(2-6) 2(1-3) 3(2-5) 2(1-3) 2(1-6) 1(1-4) 2(1-7) 4(2-6) 4(2-9)
median (IQR), d
ICU mortality 49483 (4.5) 39538(9.7) 26238(10.1) 28817 (8.4) 27977 (7.0) 75365 (14.6) 9896 (4.0) 6924 (16.0) 4560 (15.6) 1310 (20.5)
Domain Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4), Brain (0-4),
contribution respiratory (0-4), respiratory (0-4), respiratory (0-4), respiratory (0-4), respiratory (0-4), cardiovascular respiratory (0-4), respiratory (0-4), respiratory (0-4), respiratory (0-4),
to the pooled cardiovascular cardiovascular cardiovascular cardiovascular cardiovascular (0-1), liver cardiovascular cardiovascular cardiovascular cardiovascular
results (0-1),2 liver (0-4), (0-4), liver (0-4), (0-4), liver (0-4), (0-1),° liver (0-4), (0-4), liver (0-4), (0,3,4),* (0-1),2 liver (0-4), (0-4), liver (0-4), (0-1),° liver (0-4), (0-4), liver (0-4),
kidney (0-4), kidney (0-4), kidney (0-4), kidney (0-4), kidney (0-4), hemostasis kidney (0-4), kidney (0-4), kidney (0-4), kidney (0-4),
hemostasis (0-4)  hemostasis (0-4)  hemostasis (0-4)  hemostasis (0-4)  hemostasis (0-4)  (0,1,4),* hemostasis (0-4)  hemostasis (0-4)  hemostasis (0-4)  hemostasis (0-4)

Abbreviations: ANZICS, Australian and New Zealand Intensive Care Society; ASDI, Austrian Center for

Documentation and Quality Assurance in Intensive Care; elCU, electronic Intensive Care Unit Collaborative
Research Database; ICU, intensive care unit; GiViTi, Gruppo Italiano per la Valutazione degli Interventi in Terapia
Intensiva; JIPAD, Japanese Intensive Care Patient Database; KPNC, Kaiser Permanente Northern California;

LOS, length of stay; MargheritaTre, Petal Three; NICRF, Nepal Intensive Care Research Foundation; ORCHESTRA,

Organizational Characteristics in Critical Care; OutcomeRea, OutcomeRéanimation.

consecutive points were the criteria for inclusion of a cohort.

2 Domains that were derived partially (ie, not the complete 0-4 point score). At least 2 domains with at least 2
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Figure 3. Distribution and ICU Mortality for Total SOFA-1and SOFA-2 at ICU Admission From the Meta-Analyses of 3 Cohorts

at the External Validation (Stage 8)
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Total SOFA points
No. at risk

SOFA-1
Encounters

46977 49868 28570 29689 39525 32797 24514 20907 16576 12359 10083 8115

ICU mortality
967 1199
SOFA-2
Encounters

51096 62527 39203 34111 30926 29687 22085 18333 13774 10459 7528 5882

ICU mortality
699 1313

575 1089 2314 2167 1904 2420 2689 2086 2116 2229

901 1656 2052 2474 2253 2785 2492 2369 2016 1921

6067 4208 2937 2017 1252 703 432 189 119 45 18

1961 1493 1259 1019 721 413 266 133 93 29 14

3975 2912 1920 1312 896 564 335 221 134 60 18 14

1555 1337 992 773 607 386 230 166 108 50 13 13

The 3 cohorts pooled are the electronic Intensive Care Unit Collaborative
Research Database, Gruppo Italiano per la Valutazione degli Interventi in Terapia
Intensiva-MargheritaTre, and OutcomeRéanimation. A and B, The bars
represents the proportion of the outcome for each point and the whiskers,

95% Cls. Estimates were retrieved from multilevel meta-analysis models
pooling data from the 3 cohorts that contain data allowing calculation of the
Sequential Organ Failure Assessment (SOFA) score in its totality. C, Cumulative

intensive care unit (ICU) mortality was retrieved from the combined aggregated
raw data from the same 3 cohorts. Only 4 patients (all of whom died) scored 24
points in SOFA-2. They are thus grouped with patients scoring 23 points as
23/24 points. All results considered missing values on the specific domains as O;
ie, without dysfunction. The analysis for the internal validation as well as for
complete-case data are shown in eFigures 9 to 11in Supplement 2.

contributed to day 2, and 60% to day 3 cross-sectional daily
estimates (eFigure 47 in Supplement 2). The median SOFA-2

jama.com

score was 6 (IQR, 4-9) on ICU day 1; 5 (IQR, 3-8) on ICU day 2;
and 5 (IQR, 3-8) on ICU day 3. SOFA-2 values, on average, were
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Table 2. The SOFA-2 Score®®

Organ system

Score

0

1

2

3

4

Brain®9

Respiratory’

Cardiovascular »*tm

Liver

Kidney

Hemostasis

GCS 15 (or thumbs-up,
fist, or peace sign)

Pao,:Fio, ratio
>300 mm Hg (>40 kPa)

MAP 270 mm Hg, no
vasopressor or inotrope
use

Total bilirubin <1.20
mg/dL (<20.6 pmol/L)

Creatinine <1.20 mg/dL
(<110 pmol/L)

Platelets >150 x 103/uL

GCS 13-14 (or localizing
to pain)? or need for
drugs to treat delirium®
Pao,:Fio, ratio

<300 mm Hg (=40 kPa)

MAP <70 mm Hg, no
vasopressor or inotrope

Total bilirubin <3.0
mg/dL (<51.3 pmol/L)
Creatinine 2.0 mg/dL
(170 pmol/L)

or urine output <0.5
mL/kg/h for 6-12 h

Platelets <150 x 103/pL

GCS 9-12 (or withdrawal
to pain)

Pao,:Fl0, ratio <225 mm
Hg (<30 kPa)

Low-dose vasopressor:
(sum of norepinephrine
and epinephrine

<0.2 pg/kg/min)

or any dose of other
vasopressor or inotrope

Total bilirubin <6.0
mg/dL (102.6 pmol/L)
Creatinine <3.50 mg/dL
(<300 pmol/L)

or urine output

<0.5 mL/kg/h for 212 h

Platelets <100 x 103/pL

GCS 6-8 (or flexion to
pain)

Pao,:Fio, ratio

<150 mm Hg (=20 kPa)
and advanced ventilatory
supporte"

Medium-dose
vasopressor (sum of
norepinephrine and
epinephrine >0.2 to
<0.4 pg/kg/min)

or low-dose vasopressor
(sum norepinephrine and
epinephrine <0.2
ug/kg/min) with any
other vasopressor or
inotrope

Total bilirubin <12.0
mg/dL (205 pmol/L)
Creatinine >3.50 mg/dL
(>300 pmol/L)

or urine output

<0.3 mL/kg/h for 224 h
or anuria (0 mL) for
212h

Platelets <80 x 103/pL

GCS 3-5 (or extension to
pain, no response to pain,
generalized myoclonus)

Pao,:Fio0, ratio <75 mm Hg
(=10 kPa) and advanced
ventilatory supportd-"

or ECMO'

High-dose vasopressor
(sum of norepinephrine
and epinephrine

>0.4 pg/kg/min)

or medium-dose
vasopressor (sum of
norepinephrine and
epinephrine >.02 to
<0.4 pg/kg/min) with
any other vasopressor or
inotrope or mechanical
support""

Total bilirubin >12 mg/dL
(>205 pmol/L)

Receiving or fulfils criteria
for RRT (includes chronic
use)°-P9

Platelets <50 x 103/uL

Abbreviations: ECMO, extracorporeal membrane oxygenation; GCS, Glasgow
Coma Scale; MAP mean arterial pressure; Pao,:Fi0,, ratio of partial pressure of
oxygen to fraction of inspired oxygen; RRT, renal replacement therapy;

SOFA, Sequential Organ Failure Assessment.

@ The final score is obtained by summing the maximum points from each of the
6 organ systems individually within a 24-hour period, ranging from O to 24.

b For missing values at day 1, the general recommendation is to score these as O
points. This may vary for specific purposes (eg, bedside use, research, etc). For
sequential scoring, for missing data after day 1, it is to carry forward the last
observation, the rationale being that nonmeasurement suggests stability.

€ For sedated patients, use the last recorded GCS before sedation. If the
previous GCS is unknown, score O.

dWhen not possible to evaluate the 3 domains of GCS, use the best achieved
score in the motor-scale domain.

¢ If receiving drug treatment for delirium (short- or long-term), score 1 point
even if GCS is 15. For relevant drugs, see the International Management of
Pain, Agitation, and Delirium in Adult Patients in the ICU Guidelines.

f Use the arterial oxygen saturation (Spo,) to Fio, ratio only when the Pao,:Fio,
ratio is unavailable and when the Spo, is less than 98%. Cutoffs: O points,
greater than 300 mm Hg; 1 point, 300 mm Hg or less; 2 points, 250 mm Hg or
less; 3 points, 200 mm Hg or less with ventilatory support; 4 points,

120 mm Hg or less with ventilatory support or ECMO.

8 Advanced ventilatory support is defined as receipt of high-flow nasal cannula,
continuous positive airflow pressure, bilevel positive airway pressure,
noninvasive ventilation, invasive mechanical ventilation, or long-term home
ventilation. This is required to score 3 to 4 points, in addition to the Pao,:Fio,
or Spo,:Flo, ratio being within the specified range. Changes in Pao,/Fio, or
Spo,:F10, within an 1 hour (eg, after suctioning) should not be considered.

" patients not receiving advanced respiratory support can score a maximum of 2
points unless ventilatory support is (1) not available or (2) precluded due to the
ceiling of treatment; if so, severity is scored by the Pao,:Fi0, or Spo,:Fi0, ratio.

" If used for respiratory failure, ECMO (all forms) should be scored 4 in the

respiratory component (regardless of Pao,;F10, ratio), but not in the
cardiovascular component. If used for cardiovascular indications (all forms), it
should be automatically scored in both the cardiovascular and the respiratory
systems.

J Vasopressor medication is only scored if given by continuous intravenous
infusion for at least 1hour.

X Norepinephrine is usually dispensed as the salt (eg, hemitartrate or
bitartrate).3® Dose should be expressed as the base. One mg of
norepinephrine base is equivalent to 2 mg of norepinephrine bitartrate
monohydrate, 1.89 mg of the anhydrous bitartrate (also called hydrogen
tartrate, acid tartrate, or tartrate), and 1.22 mg of the hydrochloride.

"' If dopamine is used as a single vasopressor, scoring is based on the following
cutoffs: 2 points (=20 pg/kg/min); 3 points (>20 to =40 pg/kg/min); 4 points
(>40 pg/kg/min). These cutoffs are based on norepinephrine equipotency
studies.*042

™When vasoactive drugs are unavailable or precluded due to a ceiling of
treatment, use the following MAP cutoffs for scoring: O point, 70 mm Hg or
higher; 1point, 60 to 69 mm Hg; 2 points, 50 to 59 mm Hg; 3 points, 40 to
49 mm Hg; 4 points, less than 40 mm Hg.

" Any type of mechanical cardiovascular support: eg, venoarterial ECMO,
intra-aortic balloon pump, left ventricular assist device, microaxial flow pump.

° Excludes patients receiving RRT exclusively for nonrenal causes (eg, removal
of toxic products, bacterial toxins, cytokines).

P For patients not receiving RRT (eg, ceiling of treatment, machine unavailability,
or decision to delay commencement), score 4 points if they otherwise meet
criteria for RRT, ie, creatinine level greater than 1.2 mg/dL (>110 pmol/L) or
oliguria (<0.3 mL/kg/h) for more than 6 hours plus at least 1 of either serum
potassium of 6.0 mmol/L or greater or metabolic acidosis with pH of 7.20 or
less and serum bicarbonate of 12 mmol/L or less.

9For patients receiving intermittent RRT, score 4 points on days not receiving
RRT until RRT use is terminated.

higher among patients who died in the ICU (median SOFA-2
score, 9; IQR, 6-13]vs 5; IQR, 3-7; P < .001; eFigure 48 in Supple-
ment 2). The pattern over time differed for each organ system
(eFigure 49 in Supplement 2). Predictive validity of the SOFA-2
score for ICU mortality was highest using the mean score across

JAMA Published online October 29, 2025

the ICU stay (AUROC, 0.87; 95% CI, 0.80-0.92) compared with
the maximum score achieved on any day (AUROC, 0.84, 95%
CI, 0.79-0.87; eFigure 50 in Supplement 2). Alternative ap-
proaches to handling longitudinal missing data did not mean-
ingfully change results (eFigure 51 in Supplement 2).
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Figure 4. Distribution Change From SOFA-1to SOFA-2 Systems and Total Scores at ICU Admission
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I The need to update SOFA-1 has been long recognized by
Discussion intensive care physicians and clinical researchers.*®7 SOFA-1

The SOFA score, updated to match contemporary practice for
organ support of the critically ill patient through an mDelphi and
data-driven analyses, maintained 6 organ systems with a score
ranging from O to 24. In data from 9 countries and more than 3
million ICU admissions in varied geographical and economic
areas, the SOFA-2 score was associated with ICU mortality.

jama.com

has become outdated for some organ systems, because of ad-
vances in drugs and organ support devices. As we also ob-
served, this limitation is particularly evident within cardio-
vascular, respiratory, and kidney systems.># Additionally,
ambiguities in interpretation have led to inconsistent scoring.®
SOFA-2 addresses these deficiencies by incorporating cur-
rently used drugs and devices, providing explicit instructions,
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Figure 5. Reclassification and AUROC for Total SOFA-1and SOFA-2 at ICU Admission
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A, The reclassification heat map used individual-level data from the electronic
Intensive Care Unit Collaborative Research Database (elCU) cohort comprising
289 000 patients. This represents results from the elCU cohort because it was
the cohort with accessible patient-level data publicly available. In the score
distribution, the percentages inside each cell represent the proportion of
patients in that cell compared with the total. The percentages inside each cell
represent ICU mortality.

B, The area under the receiver operating characteristic (AUROC) of total SOFA-1
and SOFA-2 for ICU mortality was retrieved from the 5 cohorts (n = 1002 956)

for which the complete SOFA score could be estimated: 2 from the internal
validation (Austrian Center for Documentation and Quality Assurance in
Intensive Care and Kaiser Permanente Northern California); 3 from the external
validation (elCU, Gruppo Italiano per la Valutazione degli Interventi in Terapia
Intensiva-MargheritaTre, and OutcomeRéanimation). The AUROC was built
expanding the aggregated data from the five cohorts.

All results considered missing values on the specific domains as O; ie, without
dysfunction.
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and extending applicability to ceilings of treatment and
resource-limited settings, with the goals of improving stan-
dardization and generalizability.

The most notable differences between SOFA-1and SOFA-2
were observed in respiratory, cardiovascular, and kidney sys-
tems. These changes result in a more plausible distribution of
intermediate scores (eg, 0-2 points for respiratory dysfunc-
tion and 2 points for cardiovascular dysfunction). Reclassifi-
cation between total SOFA-1 and SOFA-2 occurred for nearly
half of the patients. The associated ICU mortality gradients (ie,
13.5% when SOFA-2 was higher and 8.6% when SOFA-2 was
lower than SOFA-1) indicate that SOFA-2 better aligns with or-
gan dysfunction. By redistributing points in the key systems,
SOFA-2 improves content validity and enhances interpretabil-
ity with contemporary clinical practice, satisfying 2 priorities
underpinning the SOFA update.

Normal value imputation for day-1 data provides a more
realistic representation of score distribution among all ICU
patients.! Observed ICU mortality was higher in complete-
case data (19.3%) compared with the imputed version (9.5%).
This may relate to more comprehensive data collection in the
most severely ill patients. For longitudinal missing values, pre-
dictive validity was similar across imputation methods up to
7 days. For bedside use, we recommend the last-observation-
carried-forward method as the best trade-off. Methods such
as multiple imputation may be preferable for research pur-
poses, including syndromic criteria or trial outcomes.®3>-38

SOFA-2 demonstrates good predictive validity for ICU mor-
tality using data from the first ICU day and from longitudinal
analyses. These data are consistent with a prior systematic re-
view of 18 studies (1999-2008, =30 000 patients) of SOFA-1at
ICU admission, where the AUROC for short-term mortality
ranged from 0.61 to 0.88.%% Most importantly, predictive va-
lidity was consistent across countries and cohorts, suggest-
ing generalizability to variations in geoeconomics, case-mix,
and management strategies.

The study has notable strengths. First, the diverse work-
ing group comprised intensive care, epidemiology, and data
science experts from multiple regions, including low-
resource settings. Second, the real-world analyses, including
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low- and middle-income countries with a wide geographic dis-
tribution, from 1319 ICUs in 9 countries support generalizabil-
ity. Prior steps to validate SOFA-1 relied on far fewer patients.>%4
Third, the current process was a collaboration between mul-
tiple rounds of mDelphi and data analyses, enabling the de-
velopment of a score that is both evidence-based and appli-
cable at the bedside across different ICUs.

Limitations

The study has several limitations. First, only ICU mortality was
used for predictive validity assessment because ICU outcome
alone was collected in all contributing cohorts. Importantly,
we did not necessarily seek to improve the predictive ability
of SOFA-1nor to compete with existing prognostic scores such
as the Acute Physiology and Chronic Health Evaluation but
rather to enhance score distribution to better describe organ
dysfunction in the general ICU population. ICU mortality is
strongly associated with other critical illness outcomes, such
as ICU stay, cost, staff burnout, family satisfaction, and hos-
pital mortality.*>**® Second, although recommended by the
early mDelphi discussions, gastrointestinal and immune sys-
tem dysfunction were not included in the final SOFA-2 score.
The inability of candidate variables to satisfy both content and
predictive validity precluded inclusion.! Third, the deci-
sions for SOFA-2 thresholds were based on data from the first
day of ICU admission. Alternative thresholds may be optimal
later in the course of critical illness. Fourth, the SOFA-2 score
was developed and validated only in intensive care patients;
generalizability to patients located outside the ICU, eg, emer-
gency department patients or pediatric care requires future
investigation.

.|
Conclusions

The SOFA-2 score, updated to include contemporary organ sup-
port treatments and new score thresholds, describes organ dys-
function in a large, geographically and socioeconomically di-
verse population of critically ill adults, and is supported by good
predictive validity.
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