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ABSTRACT

The Sequential Organ Failure Assessment (SOFA) score is a universal and
practical tool to quantify the severity of organ dysfunctions in intensive
care. It concludes six components: respiratory, coagulation, hepatic,
cardiovascular, renal, and neurologic subscores. Patients receive 0-4 points
for each component depending on the severity of organ failure. Introduced
in 1996, the SOFA score has remained unrevised for nearly 30 years. There
have been significant changes in clinical practices during that period, and it
is probable that the score’s criteria no longer accurately reflect the severity
of organ failure in contemporary intensive care.

Within the context of intensive care unit (ICU) benchmarking, calculation of
standardised mortality ratios (SMR) is a useful method for comparing the
performance of ICUs. In SMR, the observed mortality is compared to the
predicted mortality, which is calculated using a specific mortality prediction
model. Patients with an untreatable brain injury that are admitted to ICUs
purely for the purpose of potential organ donation have an almost 100%
mortality. However, mortality prediction models may not identify the
extremely high probability of death among these patients. The
confounding effect of potential organ donors (PODs) on SMRs is unknown.



Aims

The aim of this study was to assess whether the SOFA score aligns with
current practices and whether the SOFA subscores derived from different
organ systems have an equal association with mortality. Subsequently, the
aim was to investigate whether the accuracy of the SOFA score could be
improved by replacing the original cardiovascular score by a Vasoactive
Inotropic Score (VIS)-based score. Another goal was to study whether
simply the required dose of the predominant vasopressor in intensive care,
which is noradrenaline (norepinephrine), could be used to determine the
severity of cardiovascular dysfunction. Moreover, we investigated which
would be the optimal cutoffs for noradrenaline doses to determine low,
intermediate, and high dose. Furthermore, the aim was to explore to what
extent PODs influence the SMRs and ICU benchmarking.

Materials and Methods

The study comprised four cohort observations utilising single-centre data
or larger ICU register databases. In Study |, we used the Finnish Intensive
Care Consortium (FICC) database. Study Il was conducted as a single-centre
study, and the study population included patients admitted to the Kuopio
University Hospital (KUH) ICU. In Study Ill, we used the KUH database in the
cutoff development and a large elCU open ICU database for external
validation. In Study IV, we utilised the FICC database, which also included
units from Estonia and Switzerland. We used mortality (either hospital
mortality or 30-day mortality) as the primary outcome.

Main Results

In Study |, we found that increase in the cardiovascular subscores are
neither linearly nor consistently associated with mortality. In addition, high
cardiovascular subscores did not reflect as high a risk of death as high
subscores derived from other organ systems. In study I, the VIS-based
criteria outperformed the current cardiovascular score (area under the
receiver operating characteristic curve 0.816 for the current SOFA score vs.
0.822 for the maximum VIS-based SOFA score in predicting 30-day
mortality). In Study I, utilising a pragmatic statistical approach, we found
that cutoffs of 0.2 pg/kg/min and 0.4 pg/kg/min were optimal to determine
low, intermediate, and high doses of noradrenaline in quantifying the



severity of circulatory failure. The cutoffs were proven in the external
validation. In Study IV, we demonstrated that the benchmark ranking alters
in 70% of the units when PODs were excluded. Although this group
represents a small proportion of all ICU admissions (0.9%), it has a
significant influence on ICU benchmarking. The predicted mortality of
PODs was 37%, while the observed mortality was 93%, and PODs
accounted for 7% of all deaths.

Conclusion

The SOFA score, particularly its cardiovascular component score, is
outdated and requires revision. The replacement of the cardiovascular
SOFA component with VIS-based criteria improves the accuracy of the
SOFA score. The cutoffs of 0.2 pg/kg/min and 0.4 pg/kg/min are suitable for
low, intermediate, and high noradrenaline dose determination in the
description of severity of circulatory failure. Patients admitted to the ICU
for the sole purpose of organ donation cause bias in SMR calculations and
they should be excluded from ICU benchmarking programmes.

Keywords: SOFA score, Sequential Organ Failure Assessment score,
Multiorgan-failure, Multiple Organ Dysfunction Syndrome, Mortality
prediction, Standardised Mortality Ratio, SMR, Intensive care
benchmarking, Intensive care quality
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TIHVISTELMA

Sequental Organ Failure Assessment (SOFA) -pisteytys on yleisesti kaytetty
tehohoitopotilaan monielinvaurion vaikeusasteen mittari. SOFA-
pisteytyksella arvioidaan hengityselimiston, veren hyytymisjarjestelman,
maksan, verenkierron, munuaisten ja keskushermoston elinhairididen
vaikeusastetta asteikolla nollasta neljaan. SOFA-pisteytys otettiin kayttoon
vuonna 1996 eika sita ole paivitetty sen jalkeen, vaikka tehohoidon
kaytanndt ovat muuttuneet huomattavasti. Onkin mahdollista, etta
pisteytys on vanhentunut eivatka elinjarjestelmien hairidista saadut pisteet
enaa kuvaa luotettavasti elinvaurion vakavuusastetta.

Vakioitu kuolleisuussuhde, Standardised Mortality Ratio (SMR) on
vakiintunut mittari tehohoidon laadulle. Sitd hyddynnetaan teho-osastojen
vertaisarvioinnissa. SMR kuvaa toteutuneen kuolleisuuden ja
ennustemallien perusteella lasketun ennakoidun kuolleisuuden suhdetta.
Ennustemallit eivat kuitenkaan todennakdisesti havaitse niiden potilaiden,
joita hoidetaan teho-osastolla mahdollisina elinluovuttajina Idhes varmaa
menehtymista sairaalahoidon aikana. Mahdollisten elinluovuttajien
vertaisarviointiin aiheuttaman harhan laajuutta ei tiedeta.
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Tavoitteet

Tutkimuksen tavoitteena oli tarkastella vastaavatko SOFA-pisteytyksen
kriteerit nykyaikaista tehohoitoa ja ovatko sen elinjarjestelmapisteet
yhteismitallisia kuoleman ennustamisessa. Tutkimme, voiko SOFA-
pisteytyksen ennustuskykya parantaa vaihtamalla verenkierron
elinvauriota kuvaava komponentti Vasoactive Inotrope Scoreen (VIS)
perustuvilla kriteereilla. Lisaksi laadimme optimaaliset kynnysarvot
noradrenaliini (norepinefriini) -infuusiolle (pieni, keskisuuri ja suuri annos).
Tarkastelimme my®os, kuinka suuren harhan mahdolliset elinluovuttajat
aiheuttavat teho-osastojen SMR-lukuihin ja tehohoidon vertaisarviointiin.

Aineisto ja menetelmat

Vaitoskirjan osatutkimukset olivat taaksepain katsovia. Ensimmaisen
osatutkimuksen aineistona kaytettiin suomalaisen tehohoidon
vertaisarvioinnin laatutietokantaa. Toisessa osatutkimuksessa aineistona
olivat Kuopion yliopistollisen sairaalan (KYS) teho-osastolla 2013-2019
hoidetut potilaat. Kolmannessa osatydssa noradrenaliinin kynnysarvot
laadittiin ensin KYS:in tehohoitopotilasaineiston avulla vuosilta 2013-2019,
jonka jalkeen raja-arvot validoitiin laajassa yhdysvaltalaisessa
tehohoitorekisterissa, elCU:ssa, vuosilta 2014-2015. Neljannessa osatydssa
hyddynnettiin suomalaisen tehohoidon vertaisarvioinnin tietokantaa,
johon oli otettu mukaan myos teho-osastot Virosta ja Sveitsista.

Tarkeimmat tulokset
Ensimmaisessa osatutkimuksessa havaitsimme, etta verenkiertovajauksen
vaikeutta kuvaavat SOFA-pisteet poikkeavat ennustearvoltaan muista
SOFA:n elinjarjestelmia kuvaavista osapisteista. Suuri SOFA:n
verenkiertokomponentista saatu pistemaara ei ollut yhteydessa erityisen
suureen kuolleisuuteen verrattuna muihin elinjarjestelmiin. SOFA:n
ennustekyky 30:n vuorokauden kuolleisuudelle parani, kun
verenkiertokomponentti vaihdettiin VIS-pisteisiin perustuvaksi. SOFA:n
Area Under the Receiver Operating Characteristic (AUROC) -luku nousi
0.816:sta 0.822:een. Kolmannessa osatutkimuksessa pienen,
keskisuuren ja suuren noradrenaliiniannoksen optimaalisiksi
kynnysarvoiksi madritettiin 0.2 ja 0.4 pg/kg/min. Kynnysarvot validoitiin
ulkoisesti laajassa rekisteriaineistossa. Neljannessa osatutkimuksessa
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havaittiin, ettd mahdollisina elinluovuttajina tehohoitoon kirjattujen
potilaiden todellinen kuolleisuus oli 93 %. Heidan ennustettu
kuolleisuutensa ennustusmallin perusteella oli 37 %. Vertaisarvioinnin
sijoitus muuttui 70 %:lla teho-osastoista, kun mahdolliset elinluovuttajat
poistettiin ennustemallista

Yhteenveto

SOFA-pisteytys, etenkin sen verenkiertohairiéta kuvaava komponentti, on
vanhentunut, ja se tulisi paivittaa. SOFA-pisteytyksen erottelukyky parantui,
kun verenkiertokomponentti korvattiin VIS-pisteisiin perustuvilla
kriteereilla. 0.2pg/kg/min ja 0.4pg/kg/min ovat sopivat kynnysarvot
madrittamaan pienta, keskisuurta ja suurta noradrenaliiniannosta.
Mahdolliset elinluovuttajat aiheuttavat teho-osastojen SMR-lukuihin
harhan, ja ne sotkevat tehohoidon vertaisarviointia. Nama potilaat tulisi
jattaa pois SMR-laskennoista.

Avainsanat: SOFA, SOFA -pisteytys, Sequential Organ Failure Score -

pisteytys, Monielinvaurio, Kuoleman ennustemalli, Vertaisarviointi,
Tehohoidon laatu
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PAR Pressure-Adjusted heart Rate

PEEP  Positive End-Expiratory Pressure

SAPS  Simplified Acute Physiology Score

SA-AKI Sepsis-Associated Acute Kidney Injury
SI-AKI  Sepsis-Induced Acute Kidney Injury

SMR  Standardised Mortality Ratio

SOFA  Sequential Organ Failure Assessment (Previously Sepsis-related
Organ Failure Assessment)

TRIPOD Transparent reporting of a multivariable prediction model for
individual prognosis or diagnosis

TTP Thrombotic Thrombocytopenic Purpura
VIS Vasoactive Inotropic Score

WBC  White Blood Cell
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1 INTRODUCTION

In August 1952, a devastating polio epidemic swept through Denmark.
Several young patients were admitted to Blegdam Hospital, Copenhagen,
with bulbospinal poliomyelitis, which affected the nerves responsible for
breathing. In the most severe cases, the result was total paralysis. The
chances of saving these patients from suffocation were limited. Pioneer
anaesthesiologist Bjgrn Ibsen proposed providing positive pressure
ventilation to polio patients, enabling them to overcome the infection until
their spontaneous breathing power was restored.’ The patients were
tracheostomised and manually ventilated, many of them for several weeks,
by medical and dental students from Copenhagen University. It is
estimated that around 120 individuals were saved. The specialty of
intensive care medicine was born (Figure 1).*

The development of techniques supporting severely deteriorating vital
organs led to the establishment of specialised wards with advanced
resources to treat the most critically ill patients, namely, intensive care
units (ICUs).”> The World Federation of Societies of Intensive and Critical
Care Medicine task force defined an intensive care medicine as a
‘multidisciplinary and interprofessional specialty dedicated to the
comprehensive management of patients having, or at risk of developing,
acute, life-threatening organ dysfunction’.® This definition is an accurate
portrayal of intensive care today.
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Figure 1. Children affected by a paralysing form of polio were ventilated
manually. Reprinted with the permission of Medicinisk Museion, University
of Copenhagen, Copenhagen, Denmark.

The most severely ill ICU patients experience life-threatening organ
dysfunction involving not just one but several deteriorating organ systems.
This dysfunction can occur in conditions such as septic shock or severe
trauma and is referred to as multiorgan failure (MOF).” Organ dysfunction
scores are a practical way to describe the severity and number of organ
failures. Several such scores have been published, but Sequential Organ
Failure Assessment (SOFA) score is the most widely adopted. The SOFA
score quantifies the degree of failure of six organ systems: respiratory,
coagulation, hepatic, cardiovascular, neurologic, and renal.®

Over the years, the results of intensive care have improved, and the
accelerating development of knowledge and medical technology has
changed what is considered life-threatening. For example, the 28-day
mortality for severe sepsis in randomised controlled trials has decreased
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from 47% to 29% over the course of two decades.’ Such developments
should prompt updates to organ failure scores, including the SOFA score.
The SOFA score was introduced in 1996 and has remained unchanged
despite the rapid pace of development in intensive care.

In a broader assessment of ICU patients’ probability of surviving critical
illnesses, a more comprehensive array of parameters, in addition to the
severity of the acute disease, must be considered. These include the
patient’s age, admission cause, and physiological measures in greater
detail. Various mortality prediction models tailored for this purpose are
available. The most used of these are the Acute Physiology and Chronic
Health Evaluation (APACHE), Simplified Acute Physiology Score (SAPS), and
Mortality Prediction Model (MPM).'%'? Estimating the probability of survival
is essential for two reasons. First, at the individual patient level, the health
care professionals and the patient’s family members need to gain a basic
understanding of the prognosis through the patient’s background and the
severity of the acute disease. Second, at the institutional administrative
level, it is imperative to understand the capability of the ICU to save lives.
Gaining this understanding involves comparing the number of patients
admitted to the unit who have died to the expected number of deaths. This
enables the comparison of the unit”s performance to its peers. This
practise is referred to as ICU benchmarking, and it has achieved a well-
established status within the intensive care field.">'* However, the
benchmarking results in intensive care are not the ultimate goal
themselves; rather, they are a tool to standardise intensive care quality and
to ensure equal treatment for all patients.

The data collection for the prediction models is often automated, which
also facilitates the establishment of extensive databases of ICU data that
can be used also for research purposes.'
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2 REVIEW OF THE LITERATURE

2.1 INTENSIVE CARE INSIGHTS INTO MULTIPLE ORGAN FAILURE

2.1.1 The conceptualisation and incidence of organ failures

The first known description of MOF in critically ill patients was authored
by Dr Nicholas L. Tilney along with his colleagues from Harvard Medical
School's Department of Surgery in 1973. They published a case series
presenting 18 patients who had undergone surgery for ruptured aortic
aneurysms and suffered major blood loss. The patients developed failures
of the pancreatic, pulmonary, central nervous, hepatic, gastrointestinal
tract, and cardiac systems. Ultimately, only one of these patients survived,
highlighting the challenges in managing MOF patients in the early 1970s.'®
The first publications to follow those of Tinley et al. on MOF mainly focus
on severely injured or other surgical patients with significant blood loss."’-
'Y Intensive care has developed at an astonishing pace since the 1970s.
However, even today, the development and progression of organ
dysfunction across multiple organs is part of the final stages of the
pathway leading to the death of severely ill individuals.?®?' Therefore, it is
essential to establish an accurate and generally recognised concept of how
the failure of an organ system is determined that aligns with current
intensive care practices and prognoses.

The assessment of the trend in the incidence of MOF in ICU patients was
challenging during the first decades of intensive care as there was no
standardised determination of MOF. The first appropriate organ failure
scores were introduced in the 1990s " to overcome this problem. Currently,
the most widely adopted definition of organ failure relies on the SOFA
score. Achieving organ-specific SOFA subscores of 3 or 4 is often referred
as organ failure, whereas more limited malfunction, indicated by organ
specific SOFA subscores of 1 or 2 can be referred to as organ
dysfunction.?**

Previous studies have estimated the incidence of organ failure in ICU
patients to be in the range of 50-83%.%%%*2° The Sepsis Occurrence in
Acutely Ill Patients (SOAP) study, conducted in nearly 200 ICUs in 24
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European countries including over 3000 ICU patients with sepsis, found
that during the ICU period, the respiratory system (43%) experienced the
highest rate of failure of all organ systems, followed by the renal (38%),
cardiovascular (34%), neurologic (26%), coagulation (10%), and hepatic (6%)
systems. Cardiovascular failure was the most frequent organ failure at ICU
admission (24%), whereas respiratory and renal failure appeared to
develop later during ICU stays.?® In another study observing 872 patients in
10 Scottish ICUs, the findings revealed similar frequencies of organ failures
during ICU stays. Respiratory failure was notably predominant, occurring in
83% of cases, followed by cardiovascular failure at 45%, renal failure at
23%, coagulation failure at 15%, and hepatic failure at 8%. Data on the
frequency of neurologic failure were not collected.?®

2.1.2 MOF in specific ICU patient groups

Patients particularly susceptible to MOF during intensive care include
those admitted with trauma, sepsis, and acute pancreatitis. Among ICU
patients, these groups have likely been the most extensively studied in
relation to MOF and warrant more in-depth consideration. However, MOF
can impact patients admitted to the ICU for various reasons, such as
severe drug intoxication or massive myocardial infarct.?”?®

2.1.21 Trauma

The incidence of MOF in trauma patients admitted to the ICU appears to
have increased in comparison to the first observatory studies of MOF in
the ICU patients in the 1970s. However, the mortality of these patients has
recently decreased due to improved treatments.? In addition to the SOFA
score and other organ dysfunction scores, trauma-specific scoring systems
have been widely used in research involving trauma patients. These
specific scores include the Injury Severity Score (ISS) and Denver Score.

The incidence of MOF in trauma patients during the ICU period has been
reported to range from 11% to as high as 78%, depending on the MOF
definition and population studied.>' In a large observational study
involving 440 severely injured trauma patients admitted to 29 ICUs in the
United Kingdom, 55% of the patients developed MOF during their ICU
stays. The in-hospital mortality for patients with MOF was 22%, compared
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to only 0.5% in patients without MOF. Most trauma patients developed
MOF on the day of their arrival in the ICU.*? In another observational study
investigating patterns of prolonged MOF in a population of 595 American
trauma ICU patients, MOF appeared to be prolonged when hepatic and
renal organ systems were involved. Prolonged MOF was strongly
associated with a higher rate of infection.®* In addition to infection, the
other known risk factors for developing severe MOF are increased age, the
presence of immunosuppression, and ongoing catabolic state.**?’

Trauma-related MOF appears to exhibit a bimodal pattern. The first
subgroup presents MOF promptly after admission, and the instability of
these patients is most typically characterised by cardiovascular shock. The
most severely injured patients in this group tend to die soon after
admission. The other subgroup consists of patients who develop MOF later
during their care. These patients often experience hepatic and renal
function failure, and trauma-related or nosocomial infections are strongly
involved. Mortality does not significantly differ between these two
groups.>*?*#3% Although the prognosis of trauma patients with MOF appears
to be gradually improving, prognosis remains poor for the most severely
injured patients.*

2.1.2.2 Sepsis

Besides trauma patients, another group strongly associated with MOF
consists of sepsis patients. As early as 1975, lain Ledingham and colleagues
demonstrated that MOF is a significant predictor of mortality in patients
with septic shock.*' In the SOAP study, the prevalence of organ failure
involving at least two organ systems was approximately 40%. One third of
these patients died during their ICU stays.? In an observational study of
over 2,000 American ICU patients, an even higher mortality of 54% was
observed among those patients who developed MOF during their ICU
stays.*

Advancements in treatments are leading to improved outcomes also for
sepsis patients.** A Catalonian observational study by Cardenas et al.
investigated the trend of sepsis patients with MOF between 2005 and 2019.
This study, which considered 296,554 patients with sepsis, found that
mortality decreased most in sepsis patients with cardiovascular organ
failure during the study period (47% in 2005 vs. 31% in 2019). Twenty-six

35



percent of the patients had MOF, and 36% did not survive to hospital
discharge. However, in this study, the definition of organ failure was
determined by the International Classification of Diseases 9 (ICD-9) instead
of the SOFA score.*

The development of new organ failures is very closely linked to the
concept of sepsis. In the current diagnosis criterion for sepsis, SEPSIS-3, the
presence of organ failure defines the sepsis diagnosis,* whereas it was
previously defined by the concept of systemic inflammatory response
syndrome (SIRS).*® Studies have shown that SIRS criteria are too sensitive
and nonspecific for diagnosing sepsis. On the other hand, in Australian and
New Zealand populations, studies have found that one patient in eight with
severe sepsis was missed when SIRS criteria was used.*’~*° SEPSIS-3 defines
organ failure as an increase of at least two points in the SOFA score.*

2.1.2.3 Acute pancreatitis

The occurrence of organ failures is the key determinant for the
prognosis in severe acute pancreatitis. According to population-based
studies, 8-20% of patients with acute pancreatitis get affected by organ
failure, whereas the incidence of organ failure may exceed 40% in patients
admitted to tertiary hospitals.>®=° High age, alcohol aetiology of
pancreatitis, high serum triglyceride levels and the extent of fat necrosis
are associated with increased risk of organ failure.”*>° The organ failures in
acute pancreatitis are divided into early onset, which is usually sterile and
resemble SIRS, and late onset, which is typically caused by infected
pancreatic necrosis. Particularly non-transient organ failure is associated
with poor prognosis. The mortality of acute pancreatitis with persistent
organ failure lasting for at least 48 hours is very high, exceeding 40%,
according to the recent observational trials.*®>"° Early-stage organ failure
is associated with a slightly poorer prognosis compared to late-onset organ
failure, and an increasing number of failing organ systems substantially
increase the risk of death.>>®" According to Finnish study, the respiratory
failure is the most common and hepatic failure the most fatal organ failure
in acute pancreatitis.®

The Atlanta classification determines the severity level of acute
pancreatitis based on the occurrence of organ failures: mild (no organ
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failure), moderate (transient organ failure), and severe (persistent organ
failure lasting over 48 hours).%®

2.1.3 Organ dysfunction scores

The first assessments of MOF severity were limited to reporting the
number of organ failures. Of these preliminary scores, Knaus et al.
demonstrated a strong association between the number of failing organs
and mortality in their paper introducing the Organ System Failure (OSF)
score (Table 1).5*In a study population including over 5,000 admissions to
surgical and mixed ICUs at 13 hospitals in the United States, mortality
reached 98% for patients experiencing three or more organ failures
persisting by day three (only two out of 99 patients survived). In addition to
OSF, similar reports of an association between an increasing number of
failing organ systems and worse outcomes were published in the 1980s
prior to the publication of the present organ dysfunction scores.®® The
early scores aimed to present organ failure as a binary condition, that is,
either present or absent. In contrast, the later organ dysfunction scores
characterise organ dysfunction as a continuum that ranges from relatively
mild to a complete breakdown of the organ system.
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Table 1. The criteria of the OSF score as introduced by Knaus et al. (1985).
OSF existed if at least one of the criteria was fulfilled during a 24-hour

period.®

Cardiovascular Failure

HR < 54/min

MAP <49 mm Hg

Occurrence of ventricular tachycardia and/or
ventricular fibrillation

Serum pH < 7.24 with a PaCO; of <49 mm Hg

Respiratory Failure

Respiratory rate < 5/min or > 49/min

PaCO, > 50mm Hg

AaDO; > 350 mm Hg
(AaDO2 = 713 FiO2 - PaCO; - Pa0y)

Dependent on ventilator on the fourth day of OSF,
e.g. not applicable for the initial 72 hours of OSF

Renal Failure*

Urine output < 479ml/24 hours or < 159ml/8 hours

Serum BUN = 100mg/100ml

Serum creatinine > 3.5 mg/100 m|

Haematologic Failure

WBC < 1000 mm?

Platelets < 20,000 mm

Haematocrit < 20%

Neurologic Failure

Glasgow Coma Score < 6
(in absence of sedation at any one point in the day)

*Excluding patients on chronic dialysis before hospital admission

Abbreviations: AaDO2, Alveolar-arterial oxygen gradient; BUN, Blood Urea
Nitrogen, FiOo, Fraction of inspired oxygen delivered, HR, Heart rate; MAP, Mean
Arterial Pressure; OSF, Organ System Failure; PaO., Partial pressure of Oxygen
in arterial blood, PaCO;, Partial pressure of Carbon dioxide in arterial blood;

WBC White Blood Cells

During the mid-1990s, four parallel working groups undertook almost
simultaneously the task of formulating more precise organ dysfunction
scores. These scores had considerable similarities: all encompassed six
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organ systems, used a four- or five-step scale, and were based mainly on

the same variables, with slightly differing cutoffs.

Marshall et al. were the first to publish results. Their score was created
through a two-stage process. In the initial phase, they conducted a
systematic literature review to examine the previous measures used for
MOF severity evaluation. Thereafter, based on the results of the review,
they developed the Multiple Organ Dysfunction Score (MODS) (Table 2). 567

Table 2. Multiorgan Dysfunction Score (MODS).®’

Organ component

1

2

3

Respiratory,
PaO,/FiOz, mm Hg

226-300

151-225

75-150

Renal,
Serum creatinine
(umol/L)

101-200

201-350

351-500

Hepatic,
Serum bilirubin
(umol/L)

21-60

61-120

121-240

> 240

Cardiovascular,
PAR*

10.1-15.0

15.1-20.0

20.1-30.0

Haematologic,
Platelet count
(x103/mm?3)

81-120

51-80

21-50

Neurologic,
GCS

13-14

10-12

7-9

*Pressure-adjusted heart rate: (Heart rate (HR) x (Central venous pressure /
Mean Arterial Pressure)
Abbreviations: GCS, Glasgow Coma Scale; PaO2/FiO;, The ratio of partial
Pressure of arterial Oxygen to Fraction of inspired Oxygen

During the same year, Le Gall et al. introduced the Logistic Organ
Dysfunction Score (LODS) (Table 3). Among the almost simultaneously
published organ dysfunction scores, LODS was the only one developed
through a multiple logistic regression analysis undertaken in a study that
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included 14,734 admissions to 137 ICUs in 12 countries.®® Originally, it was
designed to measure the severity of MOF on the day of arrival in the ICU,
but it has also been shown to effectively quantify the severity of MOF
during subsequent days.®

The so-called ‘Brussels score’ was introduced merely as an abstract
without following validating studies.”®
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*IPAP/CPAP/MV required

Abbreviations: CPAP, Continuous Positive Airway Pressure; GCS, Glasgow
Coma Scale; HR, Heart Rate; IPAP, Inspiratory Positive Airway Pressure; MV,
Mechanical Ventilation; PaO2/FiO2, Ratio of arterial oxygen partial pressure
to fraction of inspired oxygen, PTT, Partial Thromboplastin time; SBP,
Systolic Blood Pressure

2.1.4 Purpose and definition of the SOFA score

The SOFA score originated from the consensus meeting of a working
group organised by the European Society of Intensive Care Medicine
(ESICM) in Paris in October 1994.2 The SOFA score was not primarily
designed as a mortality prediction model. Instead, its primary objective
was to quantify the severity of MOF and identify the number of failing
organ systems, particularly in sepsis patients. Consequently, the initial title
of the scoring system was Sepsis-related Organ Failure Assessment. Later,
the score’s title was changed to the Sequential Organ Failure Assessment
score. According to the working group, the ideal scoring system for this
purpose should exhibit the following characteristics:

e Objectivity: Inter-observer variability should be minimal.

e Simplicity: The scoring system should be easy to understand and
implementable across different healthcare settings.

e Thevariables (physical parameters or blood samples) should be
routinely obtained in most healthcare institutions.

e Organ-specificity: The organ-specific scoring should evaluate the
function of the organ system.

e The variables should be continuous.

e Generalisability: The scoring system should be applicable across
diverse patient groups (for example, different demographics and
clinical characteristics).

e Independence from therapeutic interventions.

The working group integrated six organ systems (respiratory,
coagulation, hepatic, cardiovascular, neurologic, and renal) into the scoring
system (Table 4) and recognised the omission of the gastrointestinal
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system as a limitation . Devising a simple and straightforward method for
quantifying gut failure turned out to be impossible.

Following the SOFA score publication, the working group conducted a
prospective validation study to assess its utility in 40 ICUs in 16
countries.?’? Here, the working group defined organ dysfunction as 1-2
organ-specific subscores, while organ failure was defined as obtaining 3-4
organ-specific points. In addition to the increase in number of failing organ
systems, an increase in the maximum total SOFA score during the ICU stay
was associated with increased mortality. In patients with a maximum score
of 10 or more SOFA points, mortality was over 40%. As a conclusion, the
working group further suggested that, in addition to measuring the
severity of MOF, the change in the SOFA score could be used as an
outcome in clinical trials.??

The SOFA score was intended to be dynamic, that is, the results would
evolve during treatment and the worst value for each organ system would
be recorded daily. Several derivations of the SOFA score have been
suggested, including admission SOFA, daily maximum, study period
maximum, mean SOFA of the study period, and change in SOFA during the
study period (ASOFA). In a large meta-analysis investigating the relationship
between SOFA and mortality in 87 RCTs, ASOFA was found to be more
associated with mortality than the fixed-day SOFA score.”® According to a
prospective single-centre study by Ferreira et al., a positive ASOFA
(increasing SOFA points) during the first 48 hours predicted at least 50%
mortality.”* However, an earlier multinational observation by Moreno et al.
showed that the admission SOFA score is at least as prognostic as ASOFA.
This finding was confirmed by a recent observation of more than 20,000
ICU patients.”?
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Table 4. SOFA score as introduced by Vincent et al.®

Subscore 1 2 3 4

Respiration <400 <300 < 200* <100*

PaOZ/FiOz,

mm Hg

Coagulation <150 <100 <50 <20

Platelets

x10%/mm?

Liver 1.2-1.9 2.0-5.9 6.0-11.9 >12.0

Bilirubin, mg/dI (20-32) (33-101) (102-204) (> 204)

(umol/l)

Cardiovascular MAP < Dopamine<5 | Dopamine >5 Dopamine > 15

Hypotension or 70mmHg | or or or

vasopressor dobutamine at | adrenaline < 0.1 adrenaline > 0.1

doses any doset or or
noradrenaline < 0.1t | noradrenaline > 0.1t

Neurologic 13-14 10-12 6-9 <6

GCS

Renal 1.2-1.9 2.0-34 3.5-4.9 >5.0

Creatinine, mg/dl | (110-170) | (171-299) (300-440) (> 440)

(umol/l) or or

or urine output <500 ml/day <200 ml/day

*With respiratory support
TAdrenergic agents administered for at least 1h (doses given are in

pg/kg/min)

Abbreviations: GCS, Glasgow Coma Scale; PaO/FiO;, Ratio of arterial oxygen
partial pressure to fractional inspired oxygen

2.1.5 Organ dysfunction score comparisons

The SOFA, MODS, LODS, and Brussels score use almost the same criteria to
describe the failure of five organ systems. The respiratory component is
based on the PaO2/FiO; ratio, the haematologic component on platelet
count, the hepatic component on bilirubin concentration, the neurologic
component on Glasgow Coma Scale (GCS), and the renal component on
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creatinine concentration (or urine output). However, some of the criteria
used differ across scores, particularly in cardiovascular scores. In MODS,
the cardiovascular criterion is based on a calculation that the authors call
the pressure-adjusted heart rate (PAR). The PAR involves multiplying the
heart rate by the ratio of the central venous pressure to the mean arterial
pressure. Cardiovascular SOFA score involves blood pressure and dosages
of vasopressors, cardiovascular LODS heart rate and blood pressure, and
cardiovascular Brussels score blood pressure, fluid responsiveness, and
pH.72

The results of observational studies comparing MODS, LODS, and the
SOFA score in prognostication are conflicting. In a Belgian prospective
single-centre study, the predictive ability of the first 24-hour SOFA score
was slightly better than that of the MODS (Area under the receiver
operating characteristic curve [AUROC] for SOFA 0.872 vs. AUROC for
MODS 0.856) . The superiority of the SOFA score to the MODS has also
been shown in patients with traumatic brain injury.”” In an examination of
German trauma patients admitted to ICU, MODS was superior in predicting
mortality, while the SOFA score demonstrated better predictive ability for
the length of stay (LOS) in ICU.”® In a French multicentre study comparing
the SOFA and LODS, both scores showed good consistency without
significant difference in performance.”

2.1.6 Components of the SOFA score
2.1.6.1 Respiratory system

The classification of severity of respiratory failure is based on the ratio
of the partial pressure of arterial blood oxygen to the fraction of oxygen in
inhaled gas (PaO2/FiO). The respiratory failure classification of the SOFA
score is almost identical to the classification of the severity of Acute
Respiratory Distress Syndrome (ARDS), as determined in the Berlin
definition.®% In the Berlin definition, PaO»/FiO, < 300 mm Hg is considered
mild, PaO,/FiO, < 200 mm Hg moderate, and PaO»/FiO,< 100 mm Hg
severe ARDS. The definition requires positive end-expiratory pressure
(PEEP) or continuous positive airway pressure (CPAP) of greater than or
equal to 5 cm H20.2% The SOFA score requires mechanical ventilation in
respiratory subscore categories of 3 and 4.
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The severity of respiratory failure in the SOFA score focuses on
hypoxemic gas exchange dysfunction (type 1 respiratory failure),
disregarding the type 2 failure (failure to remove CO2), and level of
breathing exhaustion. Moreover, the respiratory component of the SOFA
score does not take into account the use of high-flow nasal cannula (HFNC)
in less severe cases and veno-veno extracorporeal membrane oxygenation
(VV-ECMO) in the most extreme cases of respiratory failure. The utilisation
of both treatments has significantly increased, especially during the Covid-
19 pandemic.®'8

2.1.6.2 Coagulation system

The coagulation pathway is a cascade of events responsible for
preventing haemorrhages and, conversely, inhibiting thromboses and clot
formation #. In the SOFA score, the functionality of the coagulation system
is measured by thrombocyte levels. In critically ill patients, the prevalence
of thrombocytopenia (platelet count < 150x10°) ranges from 35% to 44%.%*"
88

In sepsis, the decrease of platelet product is combined with increased
platelet consumption.?’ These together lead often to thrombocytopenia.
Some MOF-triggering conditions requiring intensive care affect platelets
directly. These include thrombotic microangiopathy: thrombotic
thrombocytopenic purpura (TTP) and haemolytic uremic syndrome (HUS).*
latrogenic causes of thrombocytopenia may also occur during intensive
care. Heparin-induced thrombocytopenia (HIT) occurs in 0.5-1% of patients
receiving unfractionated heparin treatment. Previous observational studies
have reported HIT-associated mortality up to 30%.°'-% Furthermore,
thrombocytopenia is often associated with sepsis, especially gram-negative
pathogens.

Disseminated intravascular coagulation (DIC) is commonly associated
with severe sepsis, but it can also be linked to various conditions, including
malignancies, obstetrical complications, and trauma, particularly head
trauma.®® No single diagnostic definition of DIC exists, but the diagnosis is
typically made based on suspicion and the use of various diagnostic
scoring systems.?®®” DIC is associated with significant morbidity, and the
mortality is high, up to 50%.%®
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Focusing solely on platelet levels may oversimplify the concept of
coagulation, but its advantage lies in its wide availability, at least in high-
and middle-income countries. A more comprehensive assessment of the
coagulation system would require the measurement of both the intrinsic
and extrinsic pathways as well as access to more advanced laboratory
facilities.*

Viscoelastic measurements of whole blood using rotational
thromboelastography (TEG) and thromboelastometry (ROTEM) have shown
promise as methods for measuring coagulation status. In a German cohort
study involving 98 sepsis patients admitted to ICUs, coagulopathy
measured using thromboelastography at admission even outperformed
the Simplified Acute Physiologic Score (SAPS) Il and SOFA scores in
predicting mortality.'® However, it is important to note that these tests
currently lack proper standardisation, and many studies examining their
efficacy have methodological flaws.'"

2.1.6.3 Hepatic system

Hepatic failure is the least frequent of the organ failures included in the
SOFA score.?*'%2 One possible reason for this is the ability of hepatocytes to
regenerate to some extent in non-fulminant sepsis, which provides a
certain level of tolerance to biological insults. 261939 Measuring hepatic
dysfunction or failure, in the SOFA score, is based on serum bilirubin
concentration.

Hepatic failure can be classified by its development window: acute liver
failure (ALF), chronic liver failure (CLF), and acute-on-chronic-failure (ACLF).
ALF refers to acute onset development of jaundice (hyperbilirubinemia),
impairment in synthetic function (international normalised ratio [INR] >1.5),
and hepatic encephalopathy in patients without a previous history of liver
disease. According to O'Grady's definition, acute onset of hepatic failure is
characterized by a period of 4 weeks from jaundice to encephalopathy,
while subacute onset is defined as occurring within 5-12 weeks. '°>'% ALF
is a rare cause of ICU admission. The incidence of ALF likely varies
depending on the geographic location. In epidemiological studies, the
incidence of ALF has ranged from less than 10 cases per million inhabitants
per year in the United States and Europe to 69 cases per million
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inhabitants in Thailand.’®”"'% Moreover, the aetiology of ALF differs. Drug-
related causes are more common in high-income countries, while viral
aetiology is more frequent in low- and middle-income countries.'®

The concept of ACLF was introduced and defined by the European
Association for the Study of the Liver-Chronic Liver Failure (EASL-CLIF)
consortium in 2013. ACLF is defined as the sudden hepatic
decompensation observed in patients with pre-existing chronic hepatic
disease. In contrast to acute hepatic decompensation, ACLF is
characterised by the new onset of organ failures determined by a
marginally modified SOFA score, known as CLIF-SOFA. The grading of ACLF
depends on the number of failing organ systems: grade 1 (one failing
organ system), grade 2 (two failing organ systems), grade 3 (three or more
failing organ systems) in addition to the hepatic system. In a validation
study of ACLF in European patients, grade 1 ACLF was associated with a 28-
day mortality of 22%, grade 2 with 52%, and grade 3 with 76%."'°

Hepatic function plays a pivotal role in sepsis patients. The mortality in
sepsis patients with hepatic failure is high, ranging from 54% to 68%.""" In
the French EPISEPSIS study, incidence of hepatic dysfunction and hepatic
failure was documented in 47% and 6% of sepsis patients, respectively.''?

2.1.6.4 Cardiovascular system

Circulatory shock is common in patients admitted to ICUs. It is
characterised by 1) hypotension (in adults, mean arterial pressure below
70 mm Hg or a systolic pressure below 90 mm Hg); 2) clinical signs of organ
hypoperfusion (skin mottling, decreased urine output, and deteriorated
level of consciousness); and 3) hyperlactatemia as a sign of disturbed
cellular metabolism. The principal causes of hypotension are hypovolemia,
distributive shock (for example in sepsis), anaphylaxis, obstructive shock,
and cardiac dysfunction. In many cases, the aetiology is a combination of
these.'”

In the SOFA score, the cardiovascular component is measured by
assessing hypotension (MAP above or below 70 mm Hg) and the need for
vasopressors or inotropes to maintain normotension. There are some
concerns regarding this determination.

It is uncertain whether the MAP target of > 70 mm Hg should be
pursued. In a British trial involving ICU patients above the age of sixty-five
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and a Danish trial in post-cardiac arrest patients, the pursuit of MAP > 65
mm Hg with the use of vasopressors did not lead to a reduction in
mortality.""'">

The recommended MAP target in guidelines may vary significantly from
70 mm Hg, depending on the underlying disease. For instance, in the acute
phase of traumatic spinal cord injury, the current approach is to maintain a
MAP > 85 mm Hg to enhance spinal cord perfusion.'®

The approach to managing hypotension has evolved since the
introduction of the SOFA score. In the past, it was more common to
administer significant amounts of fluids to patients before initiating
vasoactive infusions. The shift towards more restrictive fluid resuscitation
has resulted in a more liberal use of vasoactive medications.""’

It is possible that changes in clinical practice have influenced the
functionality of cardiovascular component. Dopamine, dobutamine,
noradrenaline (norepinephrine), and adrenaline (epinephrine) are the
agents considered in the cardiovascular SOFA score, but their clinical use
has changed remarkably. Moreover, several new vasopressors have
entered the market, and several old vasopressors have been reintroduced
into practice that are not considered by the cardiovascular SOFA
Score'118,119

According to the SOFA score definition, the occurrence organ failure is
assumed to be independent of therapeutic interventions. However, many
sedative agents, including propofol, are associated with significant
hypotension. Additionally, several inotropic agents, for example milrinone,
dobutamine, and levosimendan, have vasodilating effects. Use of these
agents in low cardiac output event, increases the likelihood of initiating
vasopressor agents, such as noradrenaline.’®

2.1.6.5 Neurologic system

The assessment of the central nervous system in the SOFA score is
directly derived from the GCS. The GCS was proposed by Jennett and
Teasdale in 1974 to evaluate the severity of impairment of level of
consciousness in patients with acute brain injury.'®' Remarkably, for half a
century, the GCS has withstood the test of time, serving as the primary
method to assess the level of consciousness and as a communication tool
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among professionals ™', Alongside the SOFA score, LODS, and MODS, it is a
major component of ICU mortality prediction models.'?*'2?

GCS assesses patients’ behavioural responses to various stimuli. It is
calculated as the sum of three sections: motor response, verbal response,
and eye opening (Table 5). In sedated patients, GCS cannot be assessed. In
the SAPS Il severity-of-illness score, the guidance is to evaluate the level of
consciousness before the initiation of sedation and to record the
corresponding GCS score.'*

Table 5. The Glasgow Coma Scale (GCS) as introduced by Jennett and
Teasdale.™

Score| Eyeresponse Motor response |Verbal response
6 Obeys commands
5 Localises pain Oriented
4 Eyes open Withdraws from pain Confused

spontaneously

Eye opening to Flexion response to | Inappropriate

verbal command pain words
5 Eye opening to |Extension response to[lncomprehensible
pain pain sounds
1 No eye opening | No motor response No verbal
response

It has been suggested that in patients with head trauma, the motor
component alone can predict patient survival as well as or even better than
the entire GCS. Hence, for simplicity, it has been proposed that the eye and
verbal components could be omitted, as is done, for example, in the
International Mission for Prognosis and Analysis of Clinical Trials (IMPACT)
score in the determination of prognoses of patients with traumatic brain
injury.124"25

Of the SOFA components, the neurological component is the least
objective'? primarily due to the relatively high inter-rater variability of
evaluators.'? In addition, evaluation of GCS may be challenging in sedated
patients, particularly those who are orally intubated.
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2.1.6.6 Renal system

Acute kidney injury (AKI) affects approximately 30-50% of the patients
admitted to 1CUs."?®'%° The SOFA score criteria for renal failure are based
on serum creatinine and daily urine output (dUO). These criteria differ
partially from the more recent definition of Kidney Disease: Improving
Global Outcomes (KDIGO) guidelines, which are widely adopted for
defining AKI."*® For example, the initiation of renal replacement therapy
(RRT) is not considered in the SOFA score definition.”™ It should be noted
that in AKI (or, in the context of the SOFA score, renal organ dysfunction),
the two determinants urine output and creatinine increase are not fully
comparable. Renal failure is most frequently determined by the criterion of
low urine output alone, but low urine output is less associated with the
need for RRT and mortality than the fulfiiment of the creatinine level
criterion alone or combined with the urine output criterion. The decrease
in urine output may sometimes indicate a physiological response to acute
iliness rather than signalling organ failure.'

Besides creatinine and blood urea nitrogen (BUN), which is also widely
used in measuring kidney function, there are several novel biomarkers that
are very sensitive and detectable in the earlier stages of AKI. The
consensus statement of the Acute Disease Quality Initiative (ADQI), a
network of highly recognised experts in various acute care specialisations,
encourages the implementation of novel biomarkers or their combinations
in the prevention and management of AKL.'**These novel biomarkers
include Neutrophil gelatinase-associated lipocalin (NGAL), Urinary Tissue
Inhibitor of Metalloproteinase-2 (TIMP-2), Insulin-Like Growth Factor-
Binding Protein 7 (IGFBP7), cystateine C, Kidney Injury Molecule-1 (KIM-1),
growth differentiation factor-15 (GDF-15), and calcoprotectin.'3*"’
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The mechanisms of AKI development are miscellaneous and complex
but not irrelevant in terms of recovery. Recently, ADQI has proposed a
novel concept based on AKI pathophysiology, namely, the Sepsis-
Associated Acute Kidney Injury (SA-AKI) and Sepsis-Induced AKI (SI-AKI)."®
139, Moreover, ADQI has proposed another novel concept of drug-induced
kidney injury to move towards a more pathophysiology-based
categorisation of AKI.'*

2.1.7 Vasoactive Inotropic Score

The cardiovascular system, given its complexity, poses challenges to
adopting a straightforward approach to quantifying the level of
dysfunction. One commonly adopted method involves assessing the level
of pharmacological support necessary to achieve an appropriate blood
pressure level.

Wernovsky and his colleagues introduced the idea of measuring the
amount of inotropic support as a prognostic tool for neonatal cardiac
surgery patients."* Wernovsky et al. incorporated dopamine, dobutamine,
and adrenaline in pg/kg/min (with adrenaline weighted by a factor of 100)
in the score formulation. Gaies et al. added a range of the most used
vasopressors and inotropes: noradrenaline with a factor of 100,
vasopressin with a factor of 10,000, and milrinone with a factor of 10 in the
formulation.™! The new score was entitled the Vasoactive Inotropic Score
(VIS).

Gaies et al. introduced VIS in a retrospective study that observed 174
infants undergoing heart surgery with cardiopulmonary bypass. The
maximum and mean values during the 48 hours following surgery were
associated with the composite outcome of in-hospital or 30-day mortality,
cardiac arrest, mechanical circulatory support, the need for renal
replacement therapy, and neurologic injury. Compared to patients with low
maximum VIS, patients with high maximum VIS had an eight-fold increased
risk of a poor outcome.'' Subsequently, Gaies et al. validated the VIS in a
larger prospective multi-centre cohort study comprising 391 cardiac
surgery infants and found a similar association with poor outcomes: high-
VIS patients had a six-fold increased risk of poor outcomes compared to
low-VIS patients.'
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VIS is associated with various adverse outcomes beyond increased
short-term mortality. These include prolonged mechanical ventilation,
extended ICU stays, prolonged hospital stays, AKIl, sepsis, and increased
healthcare costs. Most of the observations stem from relatively small,
single-centre studies.'?'* Since the VIS introduction study by Gaies et al.,
several other vasoactive drugs have been included in modified versions of
the score, including levosimendan, phenylephrine, enoximone, and
olprinone."® "% Qutside cardiac surgery, VIS has been associated with
mortality and other adverse outcomes in paediatric and adult sepsis
populations in an increasing number of observational studies.''-">¢

In adult cardiac surgery patients, the most well-established validation
study to date was conducted by Koponen et al. in 2019. A retrospective
single-centre study investigated the relationship between the VIS and a
composite outcome that included 30-day mortality, mediastinitis, stroke,
AKI, and myocardial infarction in adult postoperative cardiac surgery
patients.”” The results demonstrated the association of higher VIS with
increased mortality as well as prolonged ICU stay and need for mechanical
ventilation in patients undergoing coronary artery bypass surgery. A
smaller study by Yamazaki et al. found comparable results.*®

There are several ways to determine the VIS. The most common method
has been to determine the maximum VIS during the 24-48 hours following
admission to the hospital, ICU, or operation theatre.”® Some further
variations of VIS have also been proposed. Bangalore et al. suggested a
score that considers the duration of time the patients have been exposed
to the drug. However, no further validation studies have been conducted
on this proposal.’®
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2.2 BENCHMARKING THE ICU PERFORMANCE
2.2.1 Quality in healthcare

It has been estimated that up to 9 million patients die annually due to
poor-quality healthcare, constituting 15% of the total deaths in low- and
middle-income countries.’ In high-income countries, the issue of
healthcare quality is also significant. According to systematic review by De
Vries et al., one out of ten patients admitted to care has been harmed
during hospitalisation. Up to half of these incidents were preventable.'®
Medical errors and shortcomings in quality of care and patient safety lead
to significant increases in healthcare costs. The World Bank has reported
that 15% of hospitalisation expenditures result from preventable harm
caused to patients. Investing in the quality of care could not only prevent
such incidents but also save money.'®

Although only around 3% of the incidents recorded by De Vries et al.
occurred in the ICU (compared to 41% in the operating theatre and 25% in
patient rooms on the ward), ICUs cannot be considered entirely safe in
terms of patient safety.'®

2.2.2 ICU performance

Benchmarking is a concept used in the industrial field that has been
adapted to the healthcare environment. A well-known example of this is
the ‘Leadership through Quality’ programme run by David T. Kearns, Chief
Executive Officer of Xerox, in the 1970s. Benchmarking is a strategic
management tool used to evaluate and improve performance by
comparing it to best practices or standards'®, and it can be divided into
two broad categories. Internal benchmarking takes place within a single
institution and can be performed, for example, to follow the sequence of
specific administrative interventions. However, the more common method
is external benchmarking, in which the results of performance metrics are
compared to those of peer institutions. Trends in the quality metrics and
distinct outlier units should raise suspicions on the quality deviation."

The most important mission of intensive care is to prevent patients with
acute life-threatening diseases from dying. Thus, mortality is the most
important quality indicator of the ICU. However, comparing crude
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mortalities in different units does not make sense if there are significant
differences in populations (often referred to as case-mix differences).'®
The mortality at an ICU that treats the most severely ill patients is assumed
to be higher than that at an ICU admitting less severely ill patients.
Therefore, mortality results must be standardised. Standardised mortality
ratios (SMRs) are calculated by dividing the observed mortality by the
expected mortality, which is determined by a specific mortality prediction
model. Hence, the lower the SMR of the unit, the better is the unit”s
performance compared to its peers,'¢-"68

The ESICM has regarded external benchmarking, which involves
comparing SMRs and auditing ICUs, as the primary tool to improve the
quality of intensive care."®® Numerous ICU benchmarking programmes
around the world use SMRs as the primary method to compare
performances. National or regional intensive care registries are mainly
used as the primary sources of the data.'’®""3

Standardised mortality is not the only metric used to determine the
quality of intensive care. Depending on the ICU stakeholder, a variety of
estimates of ICU performance are of interest. From both political and
healthcare funding perspectives, cost of treatment and cost-effectiveness
are of high importance. Meanwhile, the relatives of patients appreciate
effective and understandable communication skills from caregivers.
Further examples of additional benchmarking variables are the effective
utilisation of resources, efficient staff utilisation, patient satisfaction,
complications during the ICU stay, adherence to best practices, and the
length of ICU stays." There are some metrics that the ESICM has raised
specifically as a measure of quality in intensive care. Those include, in
addition to SMRs, incidences of readmission rate within 48 hours of ICU
discharge, catheter-related blood-stream infections, and unintended
extubations.'® In a review by Flaatten, 63 different ICU quality indicators
were found to be used around the world, with 26 in use in more than one
country.'’*

2.2.3 Principles of mortality prediction

Mortality prediction models are crucial parts of SMR calculations and
ICU benchmarking. It is important to recognise that prediction models are
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intended for use at the population level rather than the individual level.'”
Forecasting the outcome of a heterogeneous population, such as patients
admitted to the ICU, is complicated. Therefore, the variables included in a
good mortality prediction model must be selected carefully.

Firstly, age and the presence of concurrent frailty-inducing chronic
diseases have a substantial impact on the probability of survival in critical
care.'’® Increasing age increases the risk of both short-term and long-term
mortality. Apart from age, frailty decreases but female gender increases
the probability of surviving critical care."””'"®

Secondly, the circumstances and causes of admission have an impact on
survival probability. Various admission diagnoses are associated with
entirely different prognoses. Furthermore, medical admissions compared
to surgical ones, and emergency admissions compared to elective ones,
are associated with an increased risk of mortality.'8%-'8

Thirdly, the severity of the acute disease matters. Numerous
physiological measures serve as surrogates for abnormal organ functions,
for example, lactate levels, blood pressure, tissue oxygenation measured
through various methods, and level of consciousness. These factors should
be carefully assessed when creating the prediction model.

From a statistical perspective, a prediction model must meet a couple of
essential requirements to perform well. Firstly, the model should have
good discrimination ability: it should be able to distinguish patients with a
poor prognosis from those with a good prognosis. Discrimination is
commonly reported as the AUROC (or concordance statistics [c-statistics],
which is equal to the AUROC).

Secondly, the predictive ability of the model may not be equally good
throughout the stratum. For example, the model may accurately estimate
low risk but over- or underestimate high risk. This is referring to poor
calibration of the model. Despite its necessity in terms of the reliability of
the model, the calibration is often overlooked in the model
developments,'83184

A working group of recognised statisticians, epidemiologists,
methodologists, clinicians, and medical journal editors has published the
Transparent reporting of a multivariable prediction model for individual
prognosis or diagnosis’ (TRIPOD) statement, a 22-item guideline for
prognostic model development and reporting.'®>'% Predictive models
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become outdated relatively fast. Hence, the models require frequent
recalibration.'®’

2.2.4 Prediction models in intensive care

In the latter half of the 1970s, intensive care physicians William A. Knaus
and Jack E. Zimmerman were concerned about the quality of their ICU in
George Washington University Hospital in Washington, United States. More
importantly, they were concerned on how its quality compared to peer
ICUs. For standardised method of ICU performance reporting, the first
version of APACHE was published in 1981 by Knaus et al. The APACHE
evaluation was validated in a study that considered 805 admissions to two
ICUs '10,188

There were two distinct components in the original APACHE score: the
factors that existed before the admission indicating the patient’s
premorbid capability of recovering from the acute disease (pre-admission
health status with a four-step evaluation by reviewing the patient’s health
history) and the severity of acute illness indicated by the Acute Physiology
Score (APS), which is a sum of 32 physiological variables weighted with a
scale of 0 to 4 and measured during the 24 hours after ICU admission.
Following findings from single studies indicating that neurological
abnormalities were underweighted in the APACHE score, this prototype
score was updated after only four years to yield a refined and remarkably
simplified APACHE Il score.'®

Since the introduction of APACHE Il, neurological deficits have gained
major (usually the most significant) weight in prediction models.'*™" In
APACHE I, the number of physiological variables was reduced from 32 to
12. APACHE Il also introduced categorisation by cause of ICU admission
(APACHE Il diagnosis) in addition to the type of elective/emergency
admission and medical/surgical admission. The APACHE Il categorisation
has been widely adopted, particularly in study population descriptions.
Hence, the 1985 paper introducing APACHE Il has become the most cited
study in the critical care field."®> APACHE has been further customised
multiple times as APACHE Ill (1991), APACHE llI-1 (1998). APACHE IV (2006).

APACHE Il has been frequently recalibrated in Australia and New Zealand.
172
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The European counterpart’ of APACHE followed some years later, when
the SAPS was presented and validated with 679 admissions to eight French
ICUs. As its name suggests, SAPS is a simplified version of the APS from the
original APACHE and comprises 13 APS values in addition to age."

The second version, SAPS II, was introduced in 1993 through an
international development and validation study conducted in 137 ICUs
across 12 countries, including Finland. SAPS Il included a total of 17
variables: 12 physiological variables, and admission type and the presence
of three chronic diseases (acquired immunodeficiency syndrome [AIDS],
metastatic cancer, and haematologic malignancy) (Table 6)."%

The ‘second-generation’ prognostic scores - APACHE I, APACHE IIl, and
SAPS Il - were still claimed to exhibit inaccuracies and calibration flaws,
underestimating the risk of mortality in low-risk patients, and
overestimating it in high-risk patients,'®+'%

SAPS 3 was an aim to improve the prognostication with completely new
model, which would also take into account the circumstances preceding
ICU admission and that would be less influenced by treatment effects.

In SAPS 3 validation, efforts were made to increase geographical
heterogeneity by extending to Europe, North America, Central America,
South America, and Australasia. The physiological variables were aimed to
be recorded within one hour (before or after) of ICU admission to mitigate
the impact of treatments. In SAPS Il and APACHE I, the physiological values
were determined as the most abnormal ones during the first 24 hours
after ICU admission. SAPS 3 provided a prediction model that considered
estimates from three different areas. The admission-preceding variables
were the presence of chronic diseases (such as cancer therapy, advanced
chronic heart failure, cirrhosis, AIDS, and metastatic cancer), length of stay
at the hospital before ICU admission, the ICU dispatching location, and the
use of major therapeutic medications before ICU admission (vasopressors).
The admission-related variables were admission type (elective/emergency),
the type of possible preceding surgery (emergency/elective, anatomical
site), and the type of possible infection at admission (nosocomial,
respiratory). The physiological variables followed those in APS.'%7198
However, despite these refinements, observational trials have not proven
the performance of SAPS 3 to be significantly superior to SAPS I1.7992%°
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The MPM was published in 1985, the same year as APACHE II. The model
comprised seven variables related to admission and seven related to
treatments and physiology.'> The MPM branched into two derivatives:
MPMj, assesses the prognostic variables at the ICU admission, whereas
MPM24 assesses those 24 hours after admission. The variable included in
MPMo and MPM_z4 slightly differ. Seven variables are considered at both
time points. To assess the risk development beyond 24 hours, prognostic
evaluations at 48 and 72 hours (MPMas, and MPM5,) after the admission
were also involved in the refined versions of MPM.?' Two main updates of

MPM have been released (MPM Il in 1993 and MPM IIl in 2007) (Figure
2).202,203

APACHE SAPSII

SAPS MPM I SAPS 3
MPM MODS SOFA MPM Il
APACHEII APACHE Il LODS APACHE IV

> 1980-1985 »> 1986-1990 »> 1991-1995 » 1996-2000 ) 2000-Current >

Figure 2. Generations of common severity-of-illness scores and
mortality prediction scores.

One of the most significant differences between the models is the time
point at which the measurement variables are recorded. MPMo-Ill and SAPS
3 consider the factors one hour prior to ICU admission (emergency
department, operation ward, etc.). These variables may provide a
considerable amount of prognostic information about the circumstances
under which the admission was made. On the other hand, the need for
variables prior to admission may result in a significant amount of missing
data, as data collection is likely to be less structured. However, all these
mortality prediction models were created in a ‘static’ manner, meaning the
models did not have the dynamic dimension. This is notably different
from, for example, the SOFA score, which can be calculated daily, and the
result evolves during the ICU stay.

Several studies have been conducted to compare the discrimination
ability, and calibration of the prediction models. Kuzniewicz et al. studied
11,300 patients admitted to 35 Californian ICUs and noted that there were
substantial differences between the units in SMRs across the ICUs studied.
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These differences in SMRs persisted and were minimally affected by
whether the mortality prediction was conducted with APACHE IV, SAPS I, or
MPMj I11.2°% In other studies, most of which compare different versions of
APACHE scores to a variety of other prediction scores, the accuracy of the
scores has been evaluated in different populations. Ultimately, none of the
studies has been comprehensively able to prove the superiority of one
mortality prediction score over the others that are commonly used.?%>-%®
Thus, regional customisations of the prediction scores are imperative for
their reliability.?® The SMR results are also markedly dependable on the
prediction model used. The agreement of SMRs calculated by APACHE IVa
and ICU Outcomes Mortality Model was studied in observation of 47 ICUs
in the USA. There was concordance of the SMRs within confidence intervals
in only 45% of the ICUs depending on which prediction model was used.?®
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2.2.5 Sources of bias in ICU benchmarking

It is essential that the prediction model score is optimally calibrated for
the case-mix of the ICUs it is measuring. Otherwise, it may overestimate
the risk for some populations while underestimating it for others, or these
discrepancies can occur for the entire population. Some examples of this
can be seen in observations from a study of Californian ICUs, in which all
common prognostic scores (APACHE IV, SAPS I, and MPMqo Il1)
underestimated the risk for pulmonary patients, as well as in two studies
from the UK in which APACHE I, APACHE Ill, and SAPS Il underestimated
the mortality of the entire population.?®*2'%?'! The calibration of a model
may become poor if the model is applied to predict mortality in a different
population than the one for which it was initially calibrated because of
differences in case-mixes.?%*?'2 A model calibrated for a large teaching
hospital may not be usable in a small regional hospital. On the other hand,
the model can lose its calibration even when used within the same group
of hospitals if there are changes in admission policies (resulting in the
disappearance of some patient groups) or significant advancements in the
treatment of certain diseases, leading to improved prognoses.?'3-2"

Patient transfers between ICUs have the potential to cause bias in the
SMRs. When patients are transferred from smaller ICUs to larger ones due
to the wider availability of resources, they are most likely among the most
severely ill, and the risk of short-term post-discharge mortality is high. This
transfer bias is likely to cause unfairly poor performance results for the
larger ICUs and improve the results of units from which the patients are
transferred from.?'”2'® A Monte Carlo simulation study conducted on
131,618 patients admitted to 104 American ICUs demonstrated that an
increase in patient transfers by 2% and 6% resulted in SMR decreases of
0.10 and 0.14, respectively, in the overall population, proving the transfer
bias significant.?'? In general, if available, fixed-day observation times (for
example, 30-day mortality) should be used instead of in-hospital
mortality.?20-222

Treatment limitations have recently been proven to be major
confounding factors for SMRs.??> An admission of dying patient for the sole
purpose of potential organ donation is an extreme treatment limitation
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and is likely to influence the benchmark results. The extent of this bias has
not been evaluated to date.

Overall, there is need for caution when interpreting the ICU benchmark
results measured by SMRs. In addition to the many sources of bias,
random effects play a major role in ICU benchmarking.?** The greater the
heterogeneity among the ICUs, the more caution should be exercised in
interpretation.??®> Even when the prediction model is optimally calibrated, a
major imbalance between high-risk and low-risk patients distributed
among the ICUs may lead to misleading SMR results. This statistical
confounder, known as Simpson's paradox, refers to a phenomenon in
which findings, such as SMR results, show a particular tendency within
multiple subgroups, but this tendency disappears or even reverses when
the data from the subgroups are aggregated.**®

2.2.6 Brain death and organ donation at the ICU

In 1968, a committee from Harvard Medical School published a paper
aiming to define the concept of brain death. This publication has since
been recognised as the Harvard Report. The Harvard Report suggested
that the irreversible cessation of brain function could be used as a
determination of death, similar to the end of circulation.??”??® This
broadening of the concept of death significantly aided the activity of organ
transplantation, which had commenced a few years earlier. Finland was
the first country in the world to adopt this determination of death in its
legislation.**

Currently, patients with devastating and untreatable brain injury can be
admitted to the ICU with the intention of treating them as potential organ
donors (PODs). The prognosis for these patients is considered hopeless.
There is an anticipation of imminent cessation of all brain functioning and
brain death. Therefore, the only purpose of the ICU admission for these
patients is to maintain the organ viability for potential transplantation.?%23'

With an ageing population and increasing rates of end-stage renal and
liver diseases, the need for transplantable organs is consistently
increasing.?%%32 In Europe, the rate of organ donation varies significantly
between countries, ranging from three donations per million inhabitants in
Romania to 48 in Spain.?** The proportion of PODs among all ICU patients
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is unknown. In Canada, it has been estimated that approximately 2% of the
ICU population is treated with the intention of potential organ donation.?**
However, it is possible that this rate is increasing. In 2021 alone, there was
over 10% increase in the organ transplantations according to the global
database on donation and transplantation.?® This trend poses challenges
for ICU benchmarking, as the objectives for PODs differ substantially from
those of ICU patients whose lives are still deemed salvageable.
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3 AIMS OF THE STUDY

The purpose of this study was to find out whether the component
scores of the original SOFA score are still valid measures of organ
dysfunction, whether severity of cardiovascular dysfunction can be
better measured based on doses of vasopressor medications, and
whether potential organ donors affect the SMRs of the ICUs.

The specific research questions were:

1. Do the organ-specific subscores of the SOFA score equally
prognosticate mortality?

2. Is VIS avalid prognostic measure of cardiovascular dysfunction in
the general ICU population, and does replacing the
cardiovascular component with a VIS-based score enhance the
accuracy of the SOFA score?

3. lIsitreliable to determine the severity of cardiovascular
dysfunction by using only the level of noradrenaline dose
needed? Furthermore, what would be the optimal cutoffs for
determining low, intermediate, and high dose noradrenaline
dose?

4. Do patients admitted to ICUs for the sole purpose of possible

organ donation after brain death affect the SMRs and ICU
benchmarking?
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4 MATERIALS AND METHODS

4.1 STUDY DESIGNS AND STUDY POPULATIONS

411 Study designs and permissions

The study consisted of four registry-based observational studies. No
interventions were conducted on the study patients. According to Finnish
legislation, there was no need for individual consent from the patients.
Studies |, lll, and IV were multicentre studies, and, of which, Studies Il and
IV had a multinational context. Study Il was conducted as a single-centre
study.

The protocol for Study | was approved by the Research Ethics
Committee of the Northern Savo Hospital District (225/13.02.00/2016).
Permission to conduct the study was obtained from the National Institute
for Health and Welfare (THL/1585/5.05.00/2015). Regarding Studies Il and
lll, the research ethics committee of the Northern Savo Hospital District
reviewed and approved the study protocol (Reference number: 478/2021).
For Study IV, the Finnish Institute for Health and Welfare approved the data
management plan, database contents, and study process
(THL/1524/5.05.00/2017; THL/1173/05/00/2018; THL/3795/14.06.00/2021).

4.1.2 Finnish Intensive Care Consortium

The Finnish Intensive Care Consortium (FICC) is a quality benchmarking
programme for Finnish ICUs. FICC's activity began in 1994 with nine
participating ICUs. Over the following years, the number of member units
grew. As of May 2021, 26 ICUs were participating in FICC, providing
comprehensive coverage of Finnish intensive care.'” Furthermore, ICUs at
Inselspital in Bern, Switzerland, and Tartu University Hospital in Tartu,
Estonia, have also joined FICC. The healthcare districts are the data
controllers for the data from their respective units in the FICC database.
Since 2023, the FICC database, along with several other national quality
registries, has been under the record-keeping responsibility of the Institute
of Health and Welfare. This change was implemented following a decree
issued by the Finnish Ministry of Social Affairs and Health in 2022.
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4.1.3 elCU database

The elCU programme is a multi-centre telehealth system developed by
Philips Healthcare. The elCU-Collaborative Research Database (elCU-CRT) is
an ICU database containing data, for example, on physiological
measurements, vital care plan documentation, severity-of-illness
measures, diagnosis information, and outcome data. It encompasses data
from over 200,859 admissions to ICUs at 208 hospitals across the United
States. The database is open to registered researchers.”

4.1.4 Study populations and exclusions

In Study I, the study population consisted of all adult patients admitted
to 26 Finnish ICUs between January 1%, 2013, and December 31, 2015. No
exclusions were made based on admission cause. The study data was
extracted from FICC database.

In Study Il, the study population consisted of adult patients admitted to
Kuopio University Hospital ICU, Finland, between January 1%, 2013 and
December 31%, 2019. All scheduled (non-emergency) surgical admissions
and all cardiac surgery (both emergency and non-emergency) admissions
were excluded.

In Study Ill, for the determination of noradrenaline cutoffs, we used the
same study population as in Study Il, namely, adult patients admitted to
the ICU at Kuopio University Hospital between 2013 and 2019. For external
validation of the cutoffs, we used the elCU database. To ensure that our
study predominantly focuses on intensive care patients, we applied a
threshold of excluding units where less than 5% of patients received
noradrenaline.

Study IV was a secondary analysis of the study population primarily
collected in an observational study by Takala et al.**’ The study population
was gathered from 20 ICUs in Finland, Estonia, and Switzerland. Data on
patients admitted to ICUs from 2015 to 2017 were considered, as this
period coincided with the availability of information on potential organ
donation as a cause of ICU admissions.

In all studies, only the first admission to the ICU during the
hospitalisation was included, and subsequent admissions were excluded.
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4.1.5 Handling of missing data

In Studies I and II, the most frequently missing data were the hepatic
points of the SOFA score due to missing data on bilirubin concentration at
ICU admission (39% in Study | and 21% in Study Il). When bilirubin data
were missing, we gained patients zero hepatic scores, assuming normality
of bilirubin concentrations and hepatic function. However, for other SOFA
components with missing data, we did not make any assumptions
regarding normality, and patients with missing data on SOFA components
other than the hepatic score were excluded.

In Study Ill, to avoid selection bias, we included only units that had
recorded near complete data of noradrenaline dose in pg /kg/min. Thus,
we excluded all patients who were admitted to ICUs where data on
noradrenaline infusion rate, drug concentration used, or body weight were
missing for more than 5% of patients.

In all studies, we excluded patients with missing data on the primary
outcome (hospital mortality in Studies I, lll, and IV and 30-day mortality in
Study I1).

4.1.6 Determination of organ failure

We determined organ dysfunction to exist when the patient received 1
or 2 organ-specific SOFA points. Organ failure was determined when the
patient reached 3 or 4 organ-specific SOFA scores. This description was in
line with that of the working group on sepsis-related problems of the
ESICM, which introduced the SOFA score in 1996.%

4.1.7 VIS coefficients and cutoffs

We defined two separate VIS-based derivatives: VISmax (maximum value)
and VISmean (Mmean value). These variables were calculated using data from
the vasopressor and inotrope infusions administered during the first 24
hours after ICU admission. To ensure comparability between doses of
different vasopressor and inotropic medications, we multiplied the doses
by coefficients specific to each medication, as suggested by Gaies et al.,
and, in the case of levosimendan, Favia et al."*"'*° In most previous VIS
studies, the coefficients are presented in dopamine equivalents. However,
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for clarity and to emphasise the more modern use of vasopressors, we
presented the coefficients in noradrenaline equivalents (Table 7).

Table 7. Coefficients for each vasopressor/inotrope.

Agent Coefficient
Noradrenaline 1
Adrenaline 1
Dopamine 0.01
Dobutamine 0.01
Levosimendan 0.1
Milrinone 0.5
Vasopressin 100

The infusion rates are reported in pg /kg/min except for vasopressin
units/kg/min.

Regarding the categories of VIS derivatives, our goal was to determine
cutoff values that fulfil three specific criteria. First, they should be easy to
remember and practical for use in clinical practice. Second, they should
establish a relatively linear association between the increasing VIS category
and increasing mortality. Third, they should yield categories with a patient
distribution comparable to other SOFA component scores. For the optimal
cutoff selection, we also employed cubic spline analysis to identify non-
linear patterns in the data. However, upon analysing the results, we did not
find clear non-linearities that could have produced suitable cutoff points. In
other words, the analysis did not reveal distinct thresholds or breakpoints
that could be used as optimal cutoff values for the VIS derivatives of
interest. The cutoff values utilised in Study Il are presented in Table 8.

70



Table 8. The categorical cutoffs for VIS derivatives (VISmax and VISmean).

Category VISmax VISmean
0 0 0
1 >0 >0
2 >0.15 >0.05
3 >0.3 >0.1
4 >0.45 >0.15

To calculate VISmean, the first step involved calculating the total amount
of each medication administered during the first 24 hours after ICU
admission. This total was adjusted using the specific coefficients for each
medication, as mentioned earlier. Next, we divided the sum of these
coefficient-adjusted infusions by 1440 to convert the mean dose from
micrograms per kilogram per day into micrograms per kilogram per
minute (pg/kg/min). Unlike other medications, for vasopressin, the unit of
infusion rate used was U/kg/min. It is noteworthy that the VISmean value for
patients with LOS of less than 24 hours was calculated based on their
actual ICU stay duration rather than the full 24-hour period.

4.1.8 Requirements and determination of noradrenaline cutoffs

We established pre-set requirements for optimal cutoffs for
noradrenaline doses to determine low-dose, intermediate-dose, and high-
dose groups. The requirements for the cutoffs were that they should be
statistically rational, practical to use (rounded to the first decimal), and that
they should results in increasing mortality in groups with increasing
severity.

Optimal cutoffs were determined in the development cohort that was a
single-centre cohort (patients admitted to ICU at KUH between 2013 and
2019). To ensure the generalisability of the cutoffs, we performed an
external validation in elCU register database with varying ICU typologies
(validation cohort). Moreover, we tested the cutoffs in patients admitted
for septic circulatory failure and other patients, patients needing
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mechanical ventilation and those who did not, and in patients of different
age quartiles.

4.1.9 Determination of PODs

To identify PODs, we used the information recorded at the ICU
admission: ‘admission because of possible organ donation'. Patients who
were initially admitted to ICUs without treatment restrictions but whose
active treatment was later withdrawn and who became organ donors
during the ICU period were not considered as PODs in the study.

4.2 STATISTICAL METHODS

4.21 Data processing

We assessed differences between survivors and non-survivors using the
non-parametric Mann-Whitney test for continuous parameters and
Fisher's exact test or Pearson’s chi-square test, depending on
appropriateness, for categorical variables. The statistical analyses were
performed using R, Version 4.1.1, developed in Vienna, Austria, and IBM
SPSS Statistics for Windows, Version 26.0, developed by IBM Corp. in
Armonk, NY. P values of less than 0.05 were considered statistically
significant.

4.2.2 Studyl

The increased in-hospital mortality associated with organ failures was
the primary endpoint in this study. ICU and 12-month mortalities were the
secondary endpoints. We conducted a multivariable logistic regression
analysis to calculate the increasing risk of mortality for each step increase
in the organ-specific SOFA score. The analysis was adjusted for age and
sex. Moreover, we studied whether certain organ failures tend to occur
concurrently. We used a standardised occurrence ratio (SOR) to determine
if some combinations of organ failures occur more frequently than
anticipated. The formulation for SOR was N(o) + [NXP(a)XP(b)]. Here, N(0)
represents the observed number of patients with organ failure of both a
and b. N is the number of all admissions. P(a) and P(b) are the proportions
of patients with organ failures a and b, respectively.
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4.2.3 Studyll

The primary statistical outcome measured in this study was the AUROC
of VIS-derivatives and the change in AUROC when replacing the
cardiovascular SOFA score with the VIS-based score.

We assessed the discrimination ability of scoring methods by utilising
the predicted probabilities for each patient. These predicted probabilities
were derived from the cardiovascular SOFA score, VISmax, and VISmean
categories by using binary logistic regression analysis adjusted for age and
sex. Likewise, we calculated the risk of death adjusted for age and sex for
each patient using the total SOFA score and alternative SOFA scores in
which the cardiovascular subscore was replaced by categorised VISmax Or
VISmean Values. The difference in discrimination between these scoring
methods was assessed using the DeLong test.?*®

Regarding the alternative VIS-based cardiovascular SOFA scores,
patients in the VIS category 0 were assigned 0 points, while patients in
other categories received points corresponding to their respective
categories. The maximum score assigned was 4 points for category 4.

4.2.4 Study lll

We determined the cutoffs through a log-rank statistic test. The most
significant split among low-dose, intermediate-dose, and high-dose
noradrenaline groups, in their association with mortality, was identified.
Noradrenaline dose was treated as a continuous variable, and the Contal
and O'Quigley method was employed to pinpoint these noradrenaline dose
thresholds.?° Hospital mortality was used as the primary outcome. The
highest dose of noradrenaline during the first 24 hours after ICU admission
was used. We estimated the association of the noradrenaline dose groups
with mortality with the Kaplan-Meier survival plot, and the results were
interpreted with the log-rank test (Mantel-Cox). Moreover, we evaluated
the relative risk of death across the noradrenaline dose groups by
conducting a Cox regression analysis, which was adjusted for the unit to
which the patients were admitted, age, and need of mechanical ventilation.
The patient group not administered noradrenaline was used as the
reference.
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4.2.5 Study IV

To investigate the effect of PODs on SMRs, we compared the SMR of the
cohort without PODs to the one with PODs. The ratio of the SMRs of the
cohorts was calculated using a Poisson regression model adjusted for
calendar year. The analysis was carried out for the overall cohorts and
separately for each ICU.

We also evaluated the influence of different case-mixes (different ICU
typologies: university hospital, small non-university hospital, and large
university hospital) by additive analysis. Here, the two cohorts were the
main predictors, and hospital typology was set as a confounder.
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5 RESULTS

5.1 STUDY | - ASSOCIATION OF SOFA SCORE COMPONENTS
WITH MORTALITY

5.1.1 Study population

In total, 63,756 ICU patients were included in the analysis. ICU mortality
was 5.3%, in-hospital mortality was 10.7%, and 12-month mortality was
21.6%. A majority of the patients were male (63%). The total SOFA score of
the admission day was strongly associated with mortality. In-hospital
mortality was 69% in patients with 15 or more SOFA points (Figure 3).
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Figure 3. The association of the SOFA score with ICU mortality (dotted line
with triangles), in-hospital mortality (solid line with filled circles), and 12-
month mortality (dashed line with squares) (right-hand y-axis). The grey
columns represent the numbers of patients (left-hand y-axis) in groups
according to the SOFA score (x-axis).
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5.1.2 The SOFA score components and in-hospital mortality

The most frequent organ failure was cardiovascular failure, affecting
52.7% of the patients, followed by respiratory failure (22.8%), neurologic
failure (17.8%), renal failure (8.3%), coagulation failure (2.7%), and hepatic
failure (1.0%) (Figure 4). The failing organ systems were not equally
associated with increased mortality. The most lethal organ failure was
hepatic failure, with in-hospital mortality of 40.1%, followed by coagulation
failure (34.8%), renal (34.6%), neurologic (26.9%), and respiratory failure
(22.5%). For patients with cardiovascular failure, the in-hospital mortality
was 14.9%, markedly lower than the mortalities associated with failures of
other organ systems (Figure 5).

Cardiovascular Haematologic Hepatic

50000 <

40000 1

30000 -
20000 -
o lI II I
N N H_ Eemw
g
=3 Neurologic Renal Respiratory
&)
50000 -
40000 =
30000 -
20000
nlEE
0 - I e ||
T T T L T T T T T T T T T T T
0 1 2 3 4 o 1 2 3 4 0 1 2 3 4
Subscore

Figure 4. The distribution of patients according to organ-specific SOFA
subscores.

76



40%

35% 7

ad

[

._IE
1

Pl

wn

=2
|

Pt

[

._IE
L

Hospital Mortality

-
sk
A
..-'I !
;
PR
p "
rd #
r f
L
.rr- ) E
s i+
L i'l’
! . r
;B ,
Foa !
£y A -
- ke
-
4=

Subscore

Organ System

Cardiovascular
Haematologic
Hepatic
Meurologic
Renal

Respiratory

Figure 5. The hospital mortality according to organ-specific SOFA
subscores. The dotted horisontal line represents the hospital mortality in
the overall population.

In the age- and sex-adjusted logistic regression model, cardiovascular
failure was the least associated with mortality. Renal failure was the most
associated with ICU mortality, neurologic failure with hospital mortality,
and hepatic failure with 12-month mortality (Table 9).
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Table 9. The association of organ failures with mortality - respiratory,
coagulation, hepatic, cardiovascular, neurological, and renal. For each

organ failure, patients, without that particular organ failure were used as

the reference category. Organ failure was determined as 3 or 4 organ-

specific SOFA subscores.

OR 95% Cl OR 95% Cl
o Respiratory 292  2.70-3.16 Cardiovascular  2.15 1.95-2.36
% Coagulation  4.18  3.63-4.82 Neurologic 463  4.28-5.01
3 S Hepatic 227 1.78-2.89 | Renal 599  5.48-6.55
- Respiratory  2.41 2.27-2.56 Cardiovascular ~ 1.57 1.47-1.67
g_ % Coagulation  4.04  3.57-4.57 Neurologic 5.00 4.71-5.30
2 § Hepatic 424  3.47-5.17 Renal 493  4.58-5.32
s > Respiratory 1.71 1.63-1.79 Cardiovascular  1.05 1.01-1.10
é E Coagulation  3.24  2.89-3.63 Neurologic 413 3.93-434
2' g Hepatic 427  3.53-5.17 Renal 3.81 3.56-4.07

5.1.3 Organ failure combinations

Mortality was higher in patients with multiple failing organ systems.

47.4% of the patients had at least two concurrent organ failures, 12.7% had
at least three, and 2.0% had at least four. Hospital mortality was 35.8% for

patients with at least two organ failures, 54.1% for those with at least three
organ failures, and 71.8% for those with at least four organ failures.

Of the organ failure combinations, coagulation and hepatic failures

tended to appear concurrently the most frequently (SOR 8.21), followed by
hepatic and renal (SOR 4.53), and coagulation and renal failures (SOR 3.08).
The in-hospital mortalities of patients with these combinations were 57.0%,
55.4%, and 57.6%, respectively. Of the combinations with three concurrent
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organ failures, the most frequently appearing, compared to the expected
occurrence, were coagulation, hepatic, and renal (SOR 43.97); coagulation,
cardiovascular, and hepatic (SOR 11.76); and coagulation, neurologic, and
hepatic failures (SOR 11.07). It was noted that 66.1%, 62.0%, and 68.6%,
respectively, of patients with these organ failure combinations died.

5.2 STUDY Il - VIS COMPARED TO THE CARDIOVASCULAR
SOFA SCORE

5.2.1 Study population

We analysed 8,079 admissions to the ICU. A majority of the patients
were male (62%), and the median age of the patients was 61 years. Seven
percent of the patients died during the ICU stay, 11.4% during the
hospitalisation, and 13.7% during the 30 days following the ICU admission.

5.2.2 Association between VIS and mortality

One third (34.7%) of the patients were administered vasopressors or
inotropes during the first 24 hours in the ICU. Noradrenaline was by a
considerable margin the most administered drug (99.1%) to patients
receiving any vasopressor or inotrope, followed by dobutamine (10.4%),
adrenaline (4.5%), levosimendan (3.2%), milrinone (1.9%), vasopressin
(1.8%), and dopamine (0.4%).

The increasing values of both VISmax and VISmean Were consistently
associated with increasing ICU mortality, hospital mortality, and 30-day
mortality (Figure 6).
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Figure 6. Association of the first 24-hour VISmax and VISmean values with ICU
mortality, hospital mortality, and 30-day mortality. VIS values are
represented on the x-axis and mortality (in percentages) on the y-axis. The
red line (and filled circles) represents VISmax, Wwhereas the turquoise line

(with filled circles) represents VISmean. The coloured areas represent the
standard error.

When categorised to five groups, the number of patients decreased
consistently with increasing VIS category (except for categories 3-4 in
VISmean). This differed markedly from the numbers of patients in the
cardiovascular SOFA score categories. Only eight patients received a
cardiovascular SOFA score of 2 (Figure 7).
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Figure 7. The distribution of study patients according to the cardiovascular
SOFA score and categorised VISmax and VISmean SCOres.

The 30-day mortality rates associated with increasing VISmax categories
were 8.0%, 16.4%, 23.4%, 33.0%, and 44.1%, while for increasing VISmean
categories, the rates were 8.5%, 17.6%, 23.7%, 33.4%, and 51.0%,
respectively. The mortality rates were dissimilar to those in the increasing
cardiovascular SOFA score, at 6.6%, 9.1%, 22.2%, 14.9%, and 26.1%. The
risk of mortality with increasing VIS derivative categories was moderately
linear, while in the cardiovascular SOFA score, the association was less
consistent (Figure 8).
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Figure 8. The odds ratios for mortality associated with each score of the
cardiovascular SOFA score and categorised VISmax and VISmean Values. The
leftmost panel represents ICU mortality, the middle panel represents
hospital mortality, and the rightmost panel represents 30-day mortality.

The predictive value in 30-day mortality prediction was acceptable for
the cardiovascular SOFA subscore, for categorised VISmax, and for
categorised VISmean, with AUROC values of 0.737 (95% Cl 0.722-0.752) for
cardiovascular SOFA subscore, 0.750 (95% Cl 0.735-0.765) for VISmax, and
0.746 (95% CI 0.731-0.760) for VISmean (Table 10). The VIS derivatives had
significantly better discriminative ability compared to cardiovascular SOFA
(p<0.001) and VISmax outperformed VISmean (p=0.02).

The conventional total SOFA score performed rather well in predicting
30-day mortality, with an AUROC of 0.813 (95% CI 0.800-0.825). However,
the discrimination ability significantly improved when the cardiovascular
SOFA component was replaced with a VISmax-based component, resulting in
an AUROC of 0.822 (95% ClI 0.809-0.834; a difference of 0.009 compared to
the conventional SOFA score, p<0.001), or with a VISmean-based component,
resulting in an AUROC of 0.816 (95% Cl 0.803-0.828; a difference of 0.003
compared to the conventional SOFA score, p=0.004) (Table 10).
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Table 10. The results of the AUROC analysis for categorised VIS derivatives
and cardiovascular SOFA score (cvSOFA). Additionally, the table represents
the AUROC values with 95% confidence intervals (Cl) for the total SOFA
score and alternative VIS-based total SOFA scores (based on VISmax and
VISmean). The results are presented at various time intervals (ICU discharge,
hospital discharge, and 30 days after ICU admission).

AUROC 95% ClI

VISmax 0.751 0.735-0.768
% VISmean 0.746 0.729-0.762
é cvSOFA 0.738 0.722-0.754
3 VISmax-based SOFA score 0.853 0.834-0.868

VISmax-based SOFA score 0.846 0.830-0.861

Conventional SOFA score 0.842 0.827-0.858
o | VISmax 0.775 0.754-0.795
% VISmean 0.767 0.747-0.787
§ cvSOFA 0.759 0.739-0.778
% VISmax-based SOFA score 0.826 0.812-0.840
;é VISmax-based SOFA score 0.820 0.807-0.834
= Conventional SOFA score 0.818 0.804-0.832

VISmax 0.750 0.735-0.765
2 | VISmean 0.746 0.731-0.760
g cvSOFA 0.737 0.722-0.752
§~. VISmax-based SOFA score 0.822 0.809-0.834
-‘9?, VISmax-based SOFA score 0.816 0.803-0.828

Conventional SOFA score 0.813 0.800-0.825
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5.3 STUDY Illl - NORADRENALINE DOSE CUTOFFS TO
DETERMINE LOW, INTERMEDIATE, AND HIGH DOSE

5.3.1 Study population

The study population of the development cohort is previously described
in the results of Study Il in Section 5.3.1.

The final population in the validation cohort consisted of 39,007
admissions to 29 ICUs. The majority of the patients (70.3%) were admitted
to medical or medical-surgical ICUs; 23.3% were admissions to cardiac or
cardiothoracic ICUs and 4.6% to neuro ICUs. The majority (54.0%) of the
patients were male, and the median age was 65 years.

5.3.2 The development of the cutoffs

The absolute values for the 20 highest values of the log rank statistic
estimate are presented in Table 11. The two most prominent peaks for the
log-rank statistic were identified at noradrenaline doses of 0.20 pg/kg/min
and 0.44 pg/kg/min (Figure 9, Table 11). Using these cutoffs would result in
the most significant separation of the groups in the log-rank test, which
examines survival disparities among the groups. Therefore, in line with the
pre-set requirement for rounding to the first decimal, we determined the
cutoffs for noradrenaline doses at 0.2 and 0.4 pg/kg/min. This resulted in
three groups of patients receiving different doses of noradrenaline: low
dose (<0.2 pg/kg/min), intermediate dose (0.2-0.4 pg/kg/min), and high
dose (>0.4 pg/kg/min). There was a significant separation in survival
between the groups receiving noradrenaline as well as between those
groups and the group not receiving any noradrenaline (p<0.001) (Figure
10). Furthermore, the third predefined criterion for the cutoffs was met:
mortality associated consistently with increasing noradrenaline dose
groups (Figure 11).

Nearly all patients (99%) receiving any vasoactive medication were
administered noradrenaline. The hazard ratio (HR), compared to patients
receiving no noradrenaline, was 1.7 (95% Cl 1.4-2.1) for the low-dose
group, 3.1 (95% Cl 2.5-3.9) for the intermediate-dose group, and 4.2 (95% ClI
3.3-5.4) for the high-dose group (p<0.001). The AUROC for predicting
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mortality based on noradrenaline dose categories was 0.685 (95% CI 0.667-

0.703).
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Figure 9. The results of the log-rank statistic analysis by the Contal and
O'Quigley method.?*° The prominent peaks were identified at

noradrenaline doses of 0.20 and 0.44 pg/kg/min.
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Table 11. Absolute estimates of noradrenaline cutoffs derived from log-
rank statistical analysis within the Contal and O’Quigley method. The 20
highest values for log-rank statistic estimates.

Lower cutoff | Upper cutoff I;:ft::tr::(
0.20 0.44 106.01
0.18 0.44 103.59
0.16 0.42 103.09
0.20 0.60 102.73
0.22 0.44 102.10
0.16 0.32 101.74
0.27 0.60 100.87
0.24 0.44 100.87
0.20 0.32 100.63
0.18 0.32 100.33
0.27 0.44 100.13
0.24 0.60 99.98
0.22 0.60 99.82
0.18 0.60 98.61
0.32 0.60 98.57
0.15 0.32 98.50
0.15 0.44 97.52
0.13 0.32 96.57
0.16 0.60 96.45
0.32 0.44 96.39
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5.3.3 The validation cohort

As in the development cohort, noradrenaline was the predominant
vasopressor, and it was used in 95% of the patients receiving any
vasoactive agent. It was combined in in 92% of the patients receiving
vasopressin, 63% receiving dobutamine, 65% receiving milrinone, 79%
receiving adrenaline, 40% receiving dopamine, and 48% receiving
phenylnephrine.

There was significant separation between the three noradrenaline
groups and the fourth group, which did not receive any noradrenaline in
their associations with mortality (p<0.001) (Figure 10). The cutoffs resulted
in a consistently decreasing number of patients and increased mortality
with groups of increasing noradrenaline dose (Figure 11).

Compared to patients who did not receive noradrenaline, HR for in-
hospital death was 1.4 (95% CI 1.2-1.7) for the low-dose group, 4.0 (95% ClI
3.5-4.7) for the intermediate dose group, and 7.5 (95% Cl 6.5-8.5) for the
high-dose group (p<0.001). The AUROC for noradrenaline group cutoffs in
the validation group was 0.659 (95% Cl 0.651-0.667).

The validity of the cutoffs remained consistent across patients admitted
for septic circulatory failure and other patients, those receiving and not
receiving mechanical ventilation, and across different age quartiles.
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Figure 10. The Kaplan-Meier plots, showing survival over time,
demonstrates the separation of the noradrenaline dose groups in addition
to the group not receiving any noradrenaline. The development cohort is in
the left panel and the validation cohort in the right panel. There was
significant separation between all groups (p<0.001).
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Figure 11. The distribution of patients to groups according to
noradrenaline dose (x-axis). The red bars represent the patients (in
percentages) in the development cohort, and the turquoise bars represent
the patients in the validation cohort (left y-axis). The solid line with filled
circles represents the hospital mortality of patients in the development

cohort, and triangles with a dotted line represent the mortality in the
validation cohort (right y-axis).
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5.4 STUDY IV - THE EFFECT OF PODS ON SMRS AND ICU
BENCHMARKING

5.4.1 Study population

We studied 60,047 admissions to 20 ICUs. The in-hospital mortality for
the overall population was 11.2%. Of the patients admitted to ICUs, 514
(0.9%) were admitted as PODs. The frequency of POD admissions ranged
between 0.5 and 18.3 per 1000 admissions depending on the ICU. The
predicted in-hospital mortality for these patients was 37%, while their
observed mortality was 93%.

The most common cause of brain damage leading to POD admission
was intracerebral haemorrhage, accounting for 44%. This was followed by
trauma at 22%, subarachnoid haemorrhage at 15%, hypoxemic brain injury
at 5%, ischaemic stroke at 4%, and miscellaneous aetiologies at 10%.

5.4.2 The effect of PODs on the SMRs

The SMR for the cohort including PODs was 1.04 (95% ClI 1.01-1.06),
whereas in the cohort excluding PODs, it was 0.99 (95% Cl 0.97-1.02). The
ratio of the SMRs between the cohort without PODs and that with PODs
was 0.96 (95% Cl 0.93-0.99). There was no interaction effect between the
two cohorts due to different hospital sizes (p=0.89). On an individual ICU
level, there was extensive overlap between the SMRs of the two cohorts
(Figure 12).
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Figure 12. The figure depicts the SMRs at the individual ICU level. The ICUs
are represented on the y-axis. U1-U8 represent the university hospitals,
L1-L6 represent the large non-university hospitals, and S1-S6 represent
the small non-university hospitals. The filled circles represent the
corresponding SMRs including PODs, and the triangles represent SMRs
excluding PODs. The lines represent the 95% Cls (solid line with PODs and
dotted line without PODs). The figure is reprinted with permission from
Lippincott Williams & Wilkins.

5.4.3 The influence of PODs on the ICU benchmark ranking

The inclusion of PODs altered the benchmark ranking position in 70% of
the units (Figure 13). A higher number of PODs was associated with a
positive change in the ranking position after excluding the PODs.
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Figure 13. The y-axis represents the ranking position. In each panel, the
left circles represent the cohort including PODs, and the right circles
represent the cohort excluding PODs. The left panel represents the
benchmark results across the study period, and the subsequent panels
represent the results for each year. U1-U8 represent the university
hospitals, L1-L6 represent the large non-university hospitals, and S1-S6
represent the small non-university hospitals. The size of the circle
corresponds to the proportion of PODs. The figure is reprinted with
permission from Lippincott Williams & Wilkins.
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6 DISCUSSION

6.1 ORGAN DYSFUNCTION SCORES

6.1.1 Summary of the findings of Studies I, Il, and Il

In Study |, we compared the weights of the organ-specific component
scores of the SOFA score in terms of their association with mortality. The
cardiovascular component was less strongly associated with mortality
than the other organ-system components. In Study Il, our aim was to
propose a solution to overcome this discrepancy by replacing the
cardiovascular component with a VIS-based score. The discrimination
ability of the total SOFA score in predicting mortality improved with this
replacement. Moreover, in this study, we conducted the first validation
of VIS in a general ICU population. The increasing VIS was consistently
associated with increased mortality in this population. However, the
results of Study Il showed that practically all patients receiving any
vasopressor or inotrope received noradrenaline and that the VIS sum
was mainly composed of noradrenaline.

Subsequently, in Study lll, we examined whether the dose of
noradrenaline alone could characterise the severity of cardiovascular
failure by assessing the association with increased the risk of mortality.
We identified the optimal noradrenaline dose cutoffs for this approach,
and we resulted in cutoffs of 0.2 pyg/kg/min and 0.4 pg/kg/min, which
met the predefined criteria.

6.1.2 Evolution of vasopressor and inotrope use

The use of vasopressors and inotropes has changed markedly over the
past 30 years. According to observational studies from the late 1990s, the
cardiovascular SOFA had the strongest association with mortality among
the organ specific subscores.? Strikingly, some recent studies report the
complete opposite, indicating that treatment practices and vasopressor
use have changed."®?* In 1996, when the SOFA score was introduced,
fluid resuscitation was the primary treatment for circulatory shock.
Vasopressors, on the other hand, were used with caution.?*' However,
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studies conducted since have proven that there is an association between
persistent positive fluid balance and mortality.?*>?*® This has led to more
liberal trend in vasopressor use. Moderate administration of vasopressors
in the early stages of intensive care is nowadays less indicative of a poor
prognosis. In fact, the results of recent studies have suggested that earlier
initiation of vasopressors may decrease mortality.***24 Therefore, the
cardiovascular SOFA score component has experienced an inflation in
prognostic ability.?%%4

The change in vasopressor use practice has affected the distribution of
the cardiovascular SOFA score. The criterion for obtaining 2 cardiovascular
points is dopamine infusion of < 5 pg/kg/min or dobutamine at any dose
(without adrenaline or noradrenaline). There has been a significant decline
in the use of dopamine in clinical practice for treating cardiovascular shock
in the ICU. In many centres, dopamine is no longer used.***>>' Moreover,
dobutamine is rarely used as a single agent. As a result, few patients meet
the criteria for obtaining 2 cardiovascular SOFA points.

In SOAP Il randomised trial, noradrenaline and dopamine were
compared as a first-line treatment for shock. Patients in the dopamine
group experienced more arrhythmias, and those patients with cardiogenic
shock had increased mortality when treated with dopamine.?*® Otherwise,
to date, there has been no clear evidence that any vasopressor or inotrope
is superior to any other. For example, the Surviving Sepsis Campaign
guidelines for septic shock recommend noradrenaline as first-line therapy
and vasopressin as a second-line vasopressor in refractory septic shock.>
In a questionnaire study conducted by the Acute Cardiovascular Care
Association Research, a community under the European Society of
Cardiology (ESC-ACVC) that spans 60 countries, 89% of clinicians preferred
noradrenaline as the first-line vasoactive agent in cardiovascular shock.
This was followed by dopamine (9%) and other agents (1%).%* In a survey
study conducted among ESICM member physicians, 97% of the
responders, the majority of whom were intensive care practitioners, chose
noradrenaline as the first-line vasopressor for septic shock.”* In our Study
I, practically all patients receiving any vasopressor or inotrope (99.1%) also
received noradrenaline, and most VIS points were derived from
noradrenaline. Therefore, it might be justified to consider the
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noradrenaline infusion rate as the main measure of the need for
pharmacological circulatory support.

The guidelines for shock treatment and common practices for
vasoactive agents are likely to continue evolving. The utilisation of novel (or
previously underutilised) agents, such as levosimendan, angiotensin 11,
methylene blue, and phosphodiesterase inhibitors, has increased, and
some medications are making their way into clinical practice.”>**® These
agents are not included in the current SOFA score criteria. The results of
the VANISH trial suggest that adding vasopressin decreases the demand
for noradrenaline®> and the ATHOS-3 trial showed similar effects with
angiotensin 11.2°° The results of these studies suggest that in the future, the
range of vasopressors to choose from might be broader, and the selection
of a vasopressor will depend on the underlying cause of shock.?"
Therefore, severity-of-illness scores should be updated much more
frequently than every 30 years, or the scores should be capable of
adapting to these changes in practice. VIS might offer an adaptable
method of measuring cardiovascular failure. Several papers have recently
demonstrated good prognostication of noradrenaline equivalent dose (NEE
or NEQ) and its derivatives, such as MAP/NEQ-ratio.?®~** In practice, the
only difference between the VIS and NEE is the name. However, the
equivalence between vasopressors and inotropes should be accurate.
Kotani et al. recently published a proposal for such equivalences based on
the available evidence.?®® These factors are comparable to the factors that
we used, apart from vasopressin.

6.1.3 Comparison with the previous literature

Our finding, indicating that the cardiovascular SOFA score is less
prognostic of death compared to other organ component scores of SOFA,
is in accordance with results of a recent a post hoc analysis on
gastrointestinal dysfunction in a population of 1,031 ICU patients, with a
90-day mortality of 20%, Bachmann et al. conclusively revealed a lack of
linearity of the cardiovascular SOFA score component relationship with
mortality and few patients scoring two cardiovascular points.''®%¢¢

In the old ICU population (aged > 80 years old), the validity of the
current SOFA score was studied by Pollock et al.?*’ They performed a post
hoc analysis of the VIP2 study, observing frailty, cognition, activity of daily
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life, and comorbidities in elderly ICU patients.?®” As in our results, the
association with mortality was not equally strong for all organ failures.
Problems with the cardiovascular SOFA score have been acknowledged,
and many proposals for replacing it have been presented with numerous
thresholds to determine refractory shock. Some proposals for refractory
shock include the need for vasopressors equivalent to a noradrenaline
dose of up to 2 pg/kg/min, which is considered somewhat excessive based
on clinical experience.?®®2?* Lee et al. compared the modified
cardiovascular SOFA score with the current component retrospectively in
1,015 Korean ICU patients with sepsis.?***”> In the modified cardiovascular
SOFA score, the criteria for obtaining 2-4 cardiovascular SOFA scores
included noradrenaline equivalent cutoffs of 0.2 pg/kg/min and 0.5
pg/kg/min, while the criterion for distinguishing between patients receiving
0 or 1 points remained the presence of hypotension (MAP 70 mm Hg). The
proposed cutoffs closely resembled the cutoffs suggested in our Study IIl.
Lee et al. also proposed adding one point to the score for lactatemia
(lactate 22 mmol/L). The AUROC for 28-day mortality of the total SOFA
score (AUROC 0.730 [95% Cl 0.698-0.763]) increased substantially when the
cardiovascular SOFA score was replaced by the modified cardiovascular
SOFA score (AUROC 0.747 [95% CI 0.715-0.779]). Although there was a
substantial improvement in the discrimination ability, this comes at the
cost of simplicity. Adding the presence of lactatemia to the criteria
increases the criteria derived from three categories: physiological
(presence of hypotension), laboratory value (serum lactate), and the
amount of drug infusion needed. When the discrimination ability of Lee et
al.'s cutoff proposal was tested without the lactate criterion, the AUROC
showed a slightly poorer performance (AUROC 0.625-0.640 depending on
the observed cohort) compared to the AUROC of 0.659-0.685 in our study.
Several proposals for assessing circulatory shock have been made in
scores that have been studied in cardiologic or cardiothoracic surgery
populations. Examples are the Society for Cardiovascular Angiography and
Intervention (SCAI) definition, Mayo Clinic definition, Hamburg definition,
and IABP-SHOCK Il for indicating the severity of cardiogenic shock.?’¢-2%
These definitions take into account, through varying methods, the number
of vasopressors used, serum lactate concentration, and other signs of
hypoperfusion. However, these scores are mainly validated in patients
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suffering from acute myocardial infarction, those who have undergone
cardiothoracic surgery, or those admitted to the cardiac ICU for circulatory
shock. These scores have not been validated in the general ICU population
as we did for VIS, and these scores may not be generalisable for use in the
general definition of MOF. Moreover, there is increased complexity related
to these scores, whereas the goal of the SOFA criteria is to keep them as
simple as possible.

6.1.4 The noradrenaline equivalent formulation

The variation in presentations of noradrenaline formulations may cause
challenges for the noradrenaline-based estimation of the severity of
cardiovascular failure. The pure form of noradrenaline (trihydroxy-
substituted phenethylamine) is called noradrenaline base. However, it is
poorly soluble in water, alcohol, or ether. Therefore, noradrenaline is
usually prepared in the form of noradrenaline salt (for example, bitartrate
or tartrate). Noradrenaline tartrate is the most common formulation.
When reporting doses, it is essential, however, to specify whether the dose
is described as the amount of noradrenaline tartrate or noradrenaline
base, as 2 mg of noradrenaline tartrate correspond to 1 mg of
noradrenaline base. However, there may be variation in this, which can
challenge the comparability between the reported doses.?®'~2% A position
paper from the Society of Critical Care Medicine and the ESICM joint task
force recommended that the infusion rate should always be presented as
the amount of noradrenaline base administered per patient weight per
minute.?*® This is well-reasoned guidance and should be followed.

6.1.5 Pharmacologic cardiovascular support comparison

In VIS calculations, it is important that VIS including agents have reliable
equivalent coefficients. This matters also because decatecholaminisation,
which involves attenuating the catecholamine load in selected patients
using alternative vasopressors, is an increasingly debated strategy to avoid
the adverse effects associated with catecholamines.?®”*®® Moreover, there
has been a temporary shortage of noradrenaline in recent years,
highlighting the importance of the appropriate equivalent dose
determinations.*®
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Numerous studies have compared the effects of various vasopressors to
noradrenaline, including dopamine®*?, phenylephrine®°, vasopressin®*#",
angiotensin 11%°?, terlipressin®®, methylene blue®**, metaraminol®*>,
hydroxycobalamin®*®, and midodrine*’. Gauging the noradrenaline
equivalent doses is quite feasible with agents that primarily act via
vasoconstriction.

However, VIS calculation encounters a challenge in drug comparability
when inotropes without vasoconstricting effect are included in the score. In
addition to increased inotropy, phosphodiesterase 3 inhibitors (milrinone,
olprinone) and calcium sensitiser levosimendan have vasodilating effects
leading to hypotension.'® Furthermore, dobutamine exerts a beta-2-
agonist effect causing vasodilation, which potentially leads to significant
hypotension upon administration.?®® The hypotension-inducing effect of
these inotropes may increase the demand for noradrenaline, potentially
increasing the VIS as a result of the treatment. Therefore, it is important to
be cautious when vasoconstricting and inotropic agents are combined in
the same equation.

6.2 SMR AND ICU PERFORMANCE ASSESSMENT

6.2.1 Summary of Study IV

In Study IV, our hypothesis was that including patients with catastrophic
brain damage admitted to the ICU solely for the purpose of possible organ
donation might result in a significant bias in the SMRs and, ultimately, in
ICU benchmarking. We found that, despite being a relatively small number
(less than 1% of all admissions), these patients made up a significant
proportion of all patients who died in the ICU (7%). The ranking position in
the benchmarking league table changed for 70% of the ICUs when PODs
were excluded. This change suggests that PODs cause a major bias in SMR
calculations. Therefore, excluding PODs in ICU benchmarking is advisable.
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6.2.2 Interpretation and comparison with previous studies

Benchmarking the quality of ICUs is based on the difference between
observed mortality and predicted mortality. This does not apply to PODs. If
PODs are carefully identified, their probability of death should approach
100%. However, prediction scores do not capture this extremely high
likelihood of death. For PODs, it is common that the only failing organ
system is the central nervous system, whereas other organ systems
function properly. Therefore, PODs do not score high severity-of-illness
scores and the predicted probability of death remains erroneously low.
This was clearly illustrated in Study IV, as the predicted mortality according
to the prediction model was only 37%, whereas the observed mortality was
93%. This occurred despite using a recently developed mortality prediction
model that had previously showed good calibration and discrimination.?*°
The goal of treatment for PODs differs markedly from that of other ICU
admissions. PODs are considered non-salvageable, and the primary
objective of intensive care is not the patient's survival. Study IV was the first
study, to our knowledge, to quantify the influence of PODs on ICU
benchmarking. The results indicate that admitting more PODs negatively
affects the SMR.

The only ICU benchmark programme that publicly announces the
exclusion of PODs in the British Intensive Care National Audit & Research
Centre (ICNARC) model."”"3%, In other models, information regarding the
inclusion or exclusion of PODs is generally not published, so it is assumed
that, currently, the exclusion of PODs is not common practise across the
benchmarking programmes.

In an observation conducted by Friele et al. of 80 Dutch hospitals and
868 organ donors in 1998-2002, it was noticed that 81% of the donors
came from one quarter of hospitals. These hospitals were large and had a
neurosurgery department.®*' An earlier study by Sheehy et al. of over
18,000 PODs in the United States and a smaller Danish cohort study
confirmed these results: larger hospitals tend to have higher proportions
of organ donors compared to overall admissions. Both Friele et al. and
Sheehy et al. speculated that this is probably due to higher resources for
identifying PODs.?%23% However, the results of previous studies do not
completely align with those of Study IV. In the FICC, there were POD
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admissions in all ICUs. Nevertheless, the proportion of PODs varied
significantly, namely, from one to 18 out of 1000 admissions during the
study period, but there was no association between hospital size and the
POD admission rate.

6.3 LIMITATIONS

In Studies I and Il, observing SOFA scores, the validated data of SOFA
scores were limited to the first 24 h after ICU admission. Therefore, we
were not able to assess the comparability of the subscores on the following
days and the differences in ASOFA scores. Moreover, in both Studies | and
[, approximately one third of the hepatic SOFA scores were missing, and
we were forced to use the normality assumption, thereby potentially losing
data from patients who might have met the criteria for hepatic
dysfunction. However, such patients are most likely few in number.

For Study Il, the main limitation was the single-centre study design. The
generalisability of the VIS results is therefore limited. In general, creating a
score using only the development cohort without internal or external
validation is not recommended.*** However, in this study, we examined a
score (VIS), which has been previously validated in several studies, and
confirmed that it is justified to expand its use in the general ICU
population. Moreover, we were not able to track the duration of the
maximum infusion rate of each agent.

In Study I, the data on noradrenaline infusion rates were missing for a
substantial number of admissions in the validation cohort. Therefore, we
had to exclude a significant number of admissions. In contrast to the
development cohort cardiac surgery and elective admissions were included
in the validation cohort. Including these data improved the
comprehensiveness of the cohort but may limit comparability to the
development cohort. Furthermore, there were some other significant
differences in patient characteristics between the development cohort and
validation cohort. For instance, noradrenaline was administered to 35% of
patients in the development cohort compared to only 14% in the validation
cohort.

For Study IV, the number of PODs was relatively small (514 admissions).
The impact of PODs might have been even greater if they had constituted a
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larger proportion of the patients admitted. The units included were limited
to Finland three units from Estonia and one from Switzerland. Thus, the
results may not be generalisable to other geographical regions.

6.4 FUTURE PERSPECTIVES

6.4.1 SOFAII

Over the past few years, an increasing number of experts have
recognised the outdatedness of the SOFA score and the need to update
it."192473%> Thys, nearly 30 years after its original publication, a consensus
working group has initiated the update of the SOFA score.?%¢3

Of all the subscores that make up the SOFA score, the cardiovascular
one is in most urgent need of revision. For the SOFA Il cardiovascular
subscore, there are several important points to consider. The vasoactive
agent cutoffs must be revised so that the score truly reflects the severity of
circulatory failure. The scoring for additional vasoactive agents should be
applicable either by the VIS or NEE. This allows individualised vasoactive
treatment and deviation from noradrenaline to other vasopressors in
limited-resource settings.?**3%-31° The data-based noradrenaline dose
cutoffs and the data on VIS categories found in this study might be useful
for the SOFA score update process. According to the results of study IlI,
cutoffs of 0.2 and 0.4 pg/kg/min might be justified for determination of
noradrenaline dose. Moreover, mechanical support devices should be
included in the score. At the time the SOFA score was under development,
the use of such devices was rare; indeed, the use of VA-ECMO increased
23-fold in the United States between 2002 and 2022.3"

In respiratory component of the SOFA score, the PaO,/FiO, cutoffs may
also need reassessment. The respiratory SOFA calculation requires blood
gas analysis, which may not always be available in resource-limited
settings. There have been suggestions of using peripheral oxygen
saturation (SpOz) measurements as an alternative for original respiratory
SOFA score.?'#*'3 Moreover, the use of ECMO refers to severe respiratory
failure regardless of the pO. levels.

Neurologic points (GCS) are the least reliable of all SOFA subscores.'*
This concerns particuarly sedated and intubated patients. To overcome the
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reliability problem related to GCS, the Full Outline of UnResponsiveness
(FOUR) score has been developed for more accurate neurologic evaluation
sedated and intubated patients.?'* In the FOUR score, motor and eye
responses, respiratory pattern and brainstem reflexes are evaluated. FOUR
score has been as valid as the GCS - or even superior to it - in predicting
outcomes and it might be a possible complementation to neurologic organ
dysfunction evaluation.?'*'” However, this still doesn't fully eliminate the
significant confounding factor of sedation when evaluating the level of
neurological status.

Furthermore, the current SOFA score doesn't take into account the
dysfunction of the gastrointestinal and immunologic systems. It is relevant
to consider including these organ systems in the SOFA Il score. Recently, it
has been shown that there are slight sex-specific differences in the current
SOFA score components. However, these differences are small, and it is
questionable whether sex-specific SOFA score criteria should be
incorporated into the next SOFA score version.?'®

The SOFA score update should be done carefully. An optimal
compromise between simplicity and prognostic accuracy should be
attained. Prior to its implementation, it is advisable to conduct appropriate
validation on the SOFA Il score.

6.4.1.1 Future of ICU performance measures

The performance benchmarking of healthcare systems is a growing field
worldwide. For decision-makers, it is imperative to understand how limited
resources are utilised. Benchmarking programmes should provide
expectations on how the invested resources lead to benefits in terms of
improved outcomes.?”3'%320 However, there is insufficient concrete
evidence to determine whether benchmarking improves the performance
of healthcare units.?*"*?> More research is warranted to answer the
question of whether and how benchmarking efforts result in better quality
and, ultimately, improved health for patients. SMRs, which are considered
more appropriate measures compared to crude mortality rates, are
currently the most used measure in the ICU benchmarking.

SMRs are prone to several confounding factors. For POD admissions,
the goal of treatment deviates significantly from the other ICU admissions.
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This causes major bias to SMRs and ICU benchmarking. When calculating
SMRs for ICU benchmarking purpose, it is imperative to exclude the PODs
as well as other admission groups with markedly deviating goals of
treatment. An example of such admissions, where the treatment goal is
not primarily to preserve the patient's life, includes Palliative ICU
admissions. Palliative ICU admissions constitute a small but slowly growing
proportion of all admissions.3?* The effect of these admissions on SMRs is
not studied. Moreover, ICU transfers cause substantial bias in SMRs.'®”: 217,

To overcome the transfer bias, fixed-day outcomes, such as 30-day
mortality, are likely a better option for assessing outcomes. Furthermore,
medium-term, and long-term outcomes, such as 3-month or 12-month
survival, might be advisable.** From the patient”s perspective it is also
important to consider the quality of life after the critical iliness. The use of
health-related quality of life has been increasingly examined as an
outcome measure and it may also serve as an ICU quality benchmarking
measure.*>>*%* From a funder's perspective, the frequency of readmissions
and, in addition to severity-adjusted outcomes, cost-adjusted outcomes are
of great interest in the future, with a focus on resource allocation.?’

The current mortality prediction models are based on relatively simple
data, such as diagnoses, a few physiological parameters, age, and a couple
of variables describing chronic diseases. However, structured patient
record systems, monitoring devices, drug infusion devices, ventilators, and
renal replacement devices continuously generate an enormous amount of
data.??’ This enables development of machine learning-based prediction
models. In recent years, an increasing number of papers has reported the
superiority of machine learning models over the traditional mortality
prediction models.??#33° Thereby, it is possible that machine learning and
artificial intelligence driven models will have a significant role in
benchmarking programmes in the future.
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/7 CONCLUSION

1. The organ-specific components of the SOFA score do not have equal
weights as predictors of mortality. The cardiovascular component
suffers from inflation and high scores do not necessarily mean severe
cardiovascular failure. The score needs to be updated.

2. Anincrease in VIS is associated with an increased risk of mortality in the
general ICU population. Replacing the cardiovascular SOFA score with a
VIS-based score improves the performance of the total SOFA score.

3. The noradrenaline dose alone might be a viable way to determine the
level of cardiovascular dysfunction. Cutoffs of 0.2 pg/kg/min and 0.4
pg/kg/min are suitable for categorising low-dose, intermediate-dose,
and high-dose ranges of noradrenaline.

4. Despite their small numbers, patients admitted to the ICU for the sole

purpose of potential organ donation cause bias in SMR calculations and
ICU benchmarking. PODs should be excluded from SMR calculations.
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Abstract

Background: Sequential Organ Failure Assessment (SOFA) is a practical method to
describe and quantify the presence and severity of organ system dysfunctions and
failures. Some proposals suggest that SOFA could be employed as an endpoint in tri-
als. To justify this, all SOFA component scores should reflect organ dysfunctions of
comparable severity. We aimed to investigate whether the associations of different
SOFA components with in-hospital mortality are comparable.

Methods: We performed a study based on nationwide register data on adult patients
admitted to 26 Finnish intensive care units (ICUs) during 2012-2015. We determined
the SOFA score as the maximum score in the first 24 hours after ICU admission. We
defined organ failure (OF) as an organ-specific SOFA score of three or higher. We
evaluated the association of different SOFA component scores with mortality.
Results: Our study population comprised 63,756 ICU patients. Overall hospital mor-
tality was 10.7%. In-hospital mortality was 22.5% for patients with respiratory fail-
ure, 34.8% for those with coagulation failure, 40.1% for those with hepatic failure,
14.9% for those with cardiovascular failure, 26.9% for those with neurologic failure
and 34.6% for the patients with renal failure. Among patients with comparable total
SOFA scores, the risk of death was lower in patients with cardiovascular OF compared
with patients with other OFs.

Conclusions: All SOFA components are associated with mortality, but their weights are
not comparable. High scores of other organ systems mean a higher risk of death than high

cardiovascular scores. The scoring of cardiovascular dysfunction needs to be updated.

KEYWORDS
Multiorgan Failure, SOFA, SOFA score, SOFA score components, SOFA score weights,
Surrogate endpoint

Editorial Comment

In this large study from the Finnish ICU registry, evidence is provided to show poor performance
of the cardiovascular component of the SOFA score. The authors suggest that a revision of this
sub-score relative weight might improve the predictive value of the overall score for mortality.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

The Sequential Organ Failure Assessment (SOFA), at first named
Sepsis-related Organ Failure Assessment, was introduced by The
Working Group on Sepsis-Related Problems in 1996." The SOFA
score describes and quantifies the severity of dysfunction or failure
of six essential organ systems (Table S1). Primarily, the SOFA score
was not meant for outcome prediction. Multiple studies have shown,
however, that it can rather well predict mortality in groups of criti-
cally ill patients.**® This has notably widened the employment of the
SOFA score beyond its original purpose.

In randomised controlled trials, the gold standard has been to
use all-cause mortality as an endpoint. However, interventional
trials often fail to detect any difference between study arms in
mortality.!* Therefore, there is growing interest to use surrogate
endpoints, for example SOFA scores.”>"’ Regulatory authorities,
including the European Medicines Agency, can under certain limita-
tions approve the use of surrogate endpoints instead of mortality as
primary endpoints.'®

The change in the SOFA score during critical illness has been pro-
posed to reflect the benefit or harm of the intervention of interest.
The SOFA score, which is a scalar variable, is presumably more sen-
sitive in detecting the effects of an intervention than mortality, a bi-
nary variable. However, the total SOFA score cannot be an unbiased
trial endpoint unless all its components have comparable weights
as measures of organ dysfunction severity. Moreover, some organ
failures (OFs) are more likely to occur concurrently.® It is unclear
whether different combinations of OFs affect the predictive value
of total SOFA score.

The aim of this study was to investigate whether different SOFA
score components, recorded during the first 24 h of intensive care,
carry comparable weights in terms of their association with mortal-
ity. In other words, do patients with comparable total SOFA scores
have comparable probabilities to perish regardless of which OFs
they suffer from? We evaluated how combinations of different
organ system failures are associated with mortality. Furthermore,
we assessed the association of increasing SOFA scores with mortal-
ity across different admission groups. Mortality at hospital discharge
was the primary endpoint. Mortality at ICU discharge and mortality
within 12 months were secondary endpoints.

2 | METHODS

2.1 | Study design and participants

The study protocol was approved by the Research Ethics Committee
of the Northern Savo Hospital District Data (225/13.02.00/2016),
and research authorisation was obtained from the National Institute
for Health and Welfare (THL/1585/5.05.00/2015). Due to the retro-
spective nature of the study, the Research Ethics Committee waived
the written informed consent in line with Finnish act of personal
data.

We performed a retrospective cohort study of data collected
prospectively in the Finnish ICU quality register, the Finnish Intensive
Care Consortium (FICC) database. The FICC is a national programme
for benchmarking intensive care in Finland.* FICC covers all 26 gen-
eral ICUs of central and university-level hospitals in Finland.

We included all adult patients admitted to Finnish ICUs between
January 1, 2012 and December 31, 2015. For patients with multi-
ple ICU treatment periods during the same hospitalisation, we in-
cluded only the first ICU admission. In line with the 1998 paper by
the working group that created the SOFA system,? we defined OF
as an organ-specific SOFA score of three or higher. OF could appear
isolated or as part of multiorgan failure.

We performed subgroup analyses to observe whether the find-
ings were consistent, regardless of the admission type—medical,
elective surgery and emergency surgery.

2.2 | Extracted variables

We extracted following variables from the FICC database: the most
severe values of SOFA score components within the first 24 h after
admission to the ICU and the outcome variables: vital status at ICU
discharge, at hospital discharge and 12 months after ICU admis-
sion. Moreover, we gathered baseline data on Acute Physiology,
Age, Chronic Health Evaluation (APACHE) I1,%° The Simplified Acute
Physiology Score (SAPS) I1,2! age and sex. We also retrieved data on
length of stay in the ICU and length of stay in hospital.

2.3 | Data handling and statistical methods

In the neurologic component, the SOFA score is based on the
Glasgow Coma Score (GCS). For anaesthetised or sedated patients,
the GCS recorded to the FICC registry is the last reliable GCS pre-
ceding sedation, in line with the SAPS Il score.?

The hepatic SOFA score is based on the plasma bilirubin concen-
tration. Bilirubin is normally measured when there is a clinical reason
to suspect hepatic problems. Therefore, we consider normality of
bilirubin concentrations as likely in patients for whom the data on
bilirubin were missing. In these patients, we assumed the hepatic
SOFA score to be 0. We made no assumption of normality for other
SOFA components in cases of missing data. Therefore, we excluded
patients with missing SOFA data concerning all other components
except for the hepatic component. In addition, we excluded patients
with missing mortality data.

We compared the characteristics of survivors and non-survivors
at hospital discharge employing the Mann-Whitney U-test for
continuous data and chi square test for categorical data. Using
age-adjusted multivariable logistic regression, we evaluated the as-
sociation between SOFA score components and mortality. All com-
ponents as well as age were included in the analysis simultaneously.
P-value of less than 0.05 was considered as statistically significant in
all tests. We calculated standardized occurrence ratio (SOR) for each



POLKKI ET AL.

. 7 733
QACLA Starinarics =

set of at least two, three, or four concurrently occurring failing organ
systems. SOR is a tool to evaluate whether particular OFs occur con-
currently more frequently than anticipated by merely observing the
frequencies of OFs. SOR was calculated as N(o) + [N x p(a) x p(b)],
where N(o) is the number of patients with OF of a and b, N is the total
number of admissions and p(a) and p(b) are the proportions of pa-
tients with failure of organ systems a andb, respectively. In the same
way, we calculated the SOR for patients with three and four concur-
rent OFs. SOR >1 signals that the odds of concurrent occurrence
of these particular failing organ systems are increased. Bonferroni
correction was used for multiple comparisons regarding the SOR
analysis.

We used IBM SPSS Statistics, Version 22 (IBM Corp., Amonk,
NY, USA) and R statistical software version 4.0.4 for the statistical
analyses.

3 | RESULTS

3.1 | Study population

There were totally 71,492 ICU admissions during the study period.
We excluded 4289 (6%) readmissions. Data were missing most com-
monly for the hepatic component, for 26,435 (39.3%) admissions.
For other components, data were missing for few admissions: 14
(0%) in respiratory, 2144 (3.2%) in coagulation, 14 (0%) in cardiovas-
cular, 1318 (2%) in neurologic and 14 (0%) in the renal component.
We excluded 104 (0.2%) cases with missing data on vital status at
hospital discharge. The final study population included 63,756 pa-
tients (Figure 1). For ICU and 12-month mortality calculations, we
excluded 16 (0%) cases with missing data on vital status at ICU dis-
charge and 3,717 (5.5%) cases with missing data on vital status at
12 months, respectively.

The median age of the patients was 64 years (inter-quartile range
52-73), and the majority (63.7%) were male. During the ICU stay,
66.9% of the patients needed mechanical ventilation and 6.1% renal
replacement therapy. Baseline data are presented in Table 1. The
median score in the respiratory component was 2 and in the cardio-
vascular component 3. In the cardiovascular component, the scores
were almost equally distributed among the patients except for
score 2, which was documented for only 678 (1.1%) patients. In all
other components (coagulation, hepatic, neurological and renal), the
median score was O, with the score 1 being second most common
(Figure 2). Of OFs, defined as an organ-specific SOFA score 23, the
most common OF was cardiovascular failure, in 53.6% of patients.
The second most common OF was respiratory failure, in 22.5% of
patients.

3.2 | ICU, hospital and 12-month mortality

Overall, 6,851 (10.7%) patients died in hospital. The first day total
SOFA score was strongly associated with mortality (Figure 3).

Total admissions
71492

4 289 readmissions
excluded

Admissions with
missing SOFA score
data:

Respiratory: 14
Coagulation: 2,144
Cardiovascular: 14
Neurologic: 1,318
Renal: 14

excluded

Missing data on vital status at
hospital discharge: 104
excluded

63,756 admissions included
for the primary endpoint
analysis (in-hospital mortality)

Missing data on
vital status at
ICU discharge:
104

excluded

63,847 admissions
included for
secondary
endpoint analysis
(ICU mortality)

Missing data on
vital status at
12 months:
3,717 excluded

60,383 admissions
included for
secondary
endpoint analysis
(12-month
mortality)

FIGURE 1 Flowchart

Mortality was 5.3% at ICU discharge and 21.6% in 12 months.
Mortality increased with increasing SOFA scores (Figure 3). In-
hospital mortality was 15.0% in those patients with LOS at the ICU
more than 48 h. There were 642 (1%) patients with a SOFA score
over 15. In these patients, ICU mortality was 60%, hospital mortality
was 72%, and 12-month mortality was 80%.
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TABLE 1 Demographics, baseline

(On\;e;;!;sé) (Snu;\;zgl;’ss) (l\rl‘:rl’ssusr:\ll)lvors value :::rsgtsep,—iitztlics and lengths of stay in ICU

Age, median (IQR) 64 (52-73) 63 (51-73) 69 (61-77) <0.001
Female, n (%) 23121(36.3%) 20 642 (36.3%) 2479 (36.2%) 0.87
SOFA 6(4-8) 6(3-8) 10 (7-12) <0.001
SAPS Il 31(23-44) 29 (22-40) 56 (44-69) <0.001
APACHE Il 18 (13-24) 17 (12-22) 29 (24-35) <0.001
Metastatic cancer 1550 (2.4%) 1295 (2.3%) 255 (3.7%) <0.001
Haematologic malignancy 886 (1.4%) 650 (1.1%) 236 (3.6%) <0.001
AIDS 71(0.1%) 60 (0.1%) 11 (0.2%) 0.02
Admission type <0.001

Medical 34987 (55.2%) 29 651 (52.5%) 5336 (78.1%)

Elective surgery 17 034 (26.8%) 16 774 (29.6%) 260 (3.8%)

Emergency surgery 11401 (17.9%) 10165 (17.9%) 1236 (18.1%)
Diagnostic category <0.001

Cardiovascular surgery 15130(23.7%) 14 619 (25.7%) 517 (7.5%)

Neurologic 10753 (16.9%) 9 756 (17.1%) 997 (14.6%)

Cardiovascular 8967 (14.1%) 6 651 (11.7%) 2316 (33.8%)

insufficiency

Metabolic or renal 6862 (10.8%) 5961 (10.5%) 901 (13.2%)

Respiratory insufficiency 5989 (9.4%) 4987 (8.8%) 1002 (14.6%)

Gastrointestinal surgery 4886 (7.7%) 4 288 (7.5%) 598 (8.7%)

Trauma 4 316 (6.8%) 4043 (7.1%) 273 (4.0%)

Other postoperative cause 2 769 (4.3%) 2 664 (4.7%) 105 (1.5%)

Intoxication 2 666 (4.2%) 2 615 (4.6%) 51 (0.7%)

Miscellaneous 1397 (2.2%) 1307 (2.3%) 90 (1.3%)
LOS ICU (days), median 1.4(0.9-3.1) 1.3(0.9-2.9) 2.1(0.9-5.1) <0.001

(IQR),
LOS Hospital (days), median 8 (5-14) 8(5-14) 5(2-13) <0.001

(IQR)

Note: Data are presented as numbers with percentages or as medians (inter-quartile ranges).
Characteristics of hospital survivors and non-survivors were compared with the Mann-Whitney

U-test for continuous data and Chi-squared test for categorical data.

Abbreviations: AIDS, acquired immune deficiency syndrome; APACHE, acute physiology and health
evaluation; ICU, intensive care unit; LOS, length of stay; QR, Inter-quartile range; SAPS, Simplified
Acute Physiology Score; SD, standard deviationSOFA, Sequential Organ Failure Assessment.

Mortality mostly increased consistently with increasing SOFA
component points (Figure 4). The cardiovascular component, how-
ever, was an exception. In this component, a clear increase in mortality
occurred only in the group with the score 4. For the respiratory and
coagulation components, mortality was similar for the scores of O and
1 points but increased consistently with increasing points thereafter.
This pattern appeared rather similar regardless of whether the vital
status was observed at ICU or hospital discharge or 12 months after
ICU admission (Figures 4 and 5).

Mortality in patients with OFs (organ-specific SOFA score 3 or
4) increased with increasing total SOFA scores. However, within
groups of patients with comparable total SOFA scores, mortality was
lower in patients with cardiovascular OF compared with patients
with other OFs in patients with a total SOFA score lower than 12.

In fact, mortality in patients with cardiovascular OF did not exceed

the mortality in patients with no first-day OF at all in patients with a
total SOFA score lower than 9 (Figure 6).

Respiratory failure was observed for 16 277 (22.8%) patients,
coagulation failure for 1 932 (2.7%), hepatic failure for 704 (1.0%),
cardiovascular failure for 37 672 (52.7%), neurologic failure for
12 714 (17.8%), and renal failure for 5 958 (8.3%) patients (Figure 2).
Hospital mortality was 22.5% for patients with respiratory failure,
34.8% for those with coagulation failure, 40.1% for those with he-
patic failure, 14.9% for those with cardiovascular failure, 26.9% for
those with neurologic failure and 34.6% for the patients with renal
failure. Concerning patients with LOS more than 48 h, the in-hospital
mortality was 20.4% for patients with respiratory failure, 30.1% for
those with coagulation failure, 36.2% for those with hepatic failure,
17.1% for those with cardiovascular failure, 22.3% for those with

neurologic failure, and 24.6% for the patients with renal failure.
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FIGURE 2 The distribution of SOFA component scores and frequency of organ failures
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(red line) and 12-month mortality (green line) increased with increasing total SOFA score. The bars present the number of patients within

each total SOFA score group

The results of age-adjusted multivariable logistic regression analy-
sis are presented in Table 2. The odds of in-hospital death were highest
for patients with neurologic failure, whereas the odds of death were
lowest in patients with cardiovascular failure. Especially for 12-month
outcome, cardiovascular OF had little influence on the risk of death.

33 |

Combinations of organ system
failures and mortality

Mortality increased with increasing numbers of concurrent OFs
(Figure 7). Of all patients, 47.4% had at least two, 12.7% had at least
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three and 2.0% had at least four concurrent OFs. In-hospital mor-
talities in these groups were 35.8%, 54.1% and 71.8%, respectively.
SOR was >1 in 48 (94.1%) out of all 51 OF combinations (Table S2),
suggesting that OFs are likely to occur concurrently. In-hospital mor-
tality ranged between 25.7%-65.2% in patients with two, 41.4%-
82.4% in those with three, and 52.9%-85.7% in those with four
failing organ systems, depending on which organ systems were fail-
ing. The variation in mortality according to the different sets of OFs
decreased towards 12-month mortality observation.

4 | DISCUSSION

We evaluated Finnish ICU patients’ SOFA scores during the first
24 h in the ICU and assessed the prevalence of different OFs, de-
fined as the organ system-specific SOFA score of 3 or 4, and their
associations with mortality. Cardiovascular failure, observed in 53%
of patients, was the most common, followed by respiratory failure
(23%), neurologic (18%), renal failure (8%), coagulation failure (3%)
and hepatic failure (1%).

Mortality increased with increasing SOFA scores. However,
scores reflecting dysfunctions of different organ systems were not
equivalent as metrics of risk. In particular, high cardiovascular SOFA
scores did not imply as high a risk of death as high scores of other
SOFA components. In addition, OF combinations including cardio-

vascular failure were associated with lower mortality than other OF

combinations: hospital mortality was in the range 25%-45% for pa-
tients with cardiovascular failure together with another OF, whereas
mortality exceeded 50% for all other OF combinations except the
combination of neurologic and respiratory failure (40%). Moreover,
within a group of patients with comparable total SOFA scores, the
risk of death was lower in patients with cardiovascular OF compared
with patients with other OFs in patients with a total SOFA score
lower than 12.

The contributions of SOFA component scores to outcome has
not been studied much previously. However, our findings contradict
those of the 1999 study by the Working Group on Sepsis Related
Problems, where cardiovascular SOFA scores contributed more
strongly than scores of other components to poor outcomes.® On
the contrary, our results are in accordance with the study by Gupta
et al. on 2796 septic patients with in-hospital mortality of 10%.
Coagulation dysfunction or failure predicted a higher and cardio-
vascular dysfunction or failure a lower risk increase compared with
dysfunctions of other organ systems.??

Recently, Bachmann et al. found that there are few patients with
2 cardiovascular SOFA points, and the prognostic value of cardio-
vascular SOFA was poor in patients assessed for intra-abdominal
hypertension and gastrointestinal dysfunction.?>?* Our findings
in a large sample of general ICU patients confirm this. The distri-
bution of the cardiovascular SOFA score had two peaks, made up
of categories 0-1 and 3-4. A score of 2 was uncommon, present
for roughly 1% of the patients. Two cardiovascular SOFA points are
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Hospital mortality increased with increasing SOFA component scores

scored to patients who are administered dopamine at a dose less

of these inotropes in circulatory shock.?®"*” However, administering
than 5ug kg™ - min™! or dobutamine at any dose. Recent guidelines

dopamine to brain-dead organ donors with the intention to support

recommend against or advise specific caution for monotherapy use renal function was relatively common in Finland during the study
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TABLE 2 The association of failures of different organ systems and age with ICU, hospital and 12-month mortality

ICU mortality Hospital mortality 12-month mortality

OR 95% ClI OR 95% ClI OR 95% ClI
Respiratory OF 292 2.70 3.16 2.41 2.27 2.56 1.71 1.63 1.79
Coagulation OF 4.18 3.63 4.82 4.04 3.57 4.57 3.24 2.891 3.64
Hepatic OF 2.27 1.78 2.89 4.24 3.47 5.17 4.27 3.53 5.17
Cardiovascular OF 2A5 1.95 2.36 1.57 1.47 1.67 1.05 1.01 1.10
Neurologic OF 4.63 4.28 5.01 5.00 4.71 5.30 4.13 3.93 4.34
Renal OF 5.99 5.48 6.55 493 4.58 5.32 3.81 3.56 4.07
Age (for each year) 1.01 1.01 1.02 1.03 1.03 1.04 1.04 1.04 1.04
Female sex 1.16 1.07 1.26 1.02 0.96 1.08 0.95 0.91 0.99

Note: Abbreviations: Cl, confidence intervalOF, organ failure; OR, odds ratio.

period,?® which may partly explain the high mortality in this SOFA
category.

Outcomes of ICU patients have improved over the years. In 1998,
Vincent et al. reported an ICU mortality of 90% in patients with a
SOFA score above 15,2 whereas in-hospital mortality for patients
with first-day SOFA score above 15 was 72% in our study. The over-
all ICU and in-hospital mortality was lower in our study compared
with that reported in the 1990s.%° In addition to assumed improve-
ments in prognosis of ICU patients, a plausible explanation for this
is that we also included patients with preceding scheduled surgery.

Our results show, however, that the cardiovascular SOFA score was

associated with lower risk of mortality in the whole cohort, in both
emergency and elective admissions, as well as those with at least
48 h length of ICU stay.

Although high SOFA scores often indicate a poor prognosis, car-
diovascular scores seem to be an exception. This may reflect a change
in clinical practices in recent years. The SOFA score was introduced
in an era of more restricted use of vasopressors. During the last two
decades, the use of norepinephrine has become more common.?’3!
Vasopressor treatment is initiated earlier without preceding large
doses of resuscitation fluids.>?>> An infusion of norepinephrine last-

ing at least one hour, even at a small dose, assigns 3 points to the
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FIGURE 7 Mortality according to the number of failing organ systems and mortality in groups with at least two simultaneous organ
failures. In panel a, each organ failure is represented by a line. In each box, the number above the diagonal line presents the number

of patients with the column title-presented number of additional failing organ systems in addition to the organ failure of that line. The
percentage below the diagonal line presents the in-hospital mortality of these patients. Panel b presents the number of patients with a
combination of at least two organ failures. The percentage below the diagonal line shows the in-hospital mortality in patients with that

particular combination

cardiovascular component of the SOFA score. Moreover, an infusion
rate exceeding 0.1 pg kg™ -min!, which is not a particularly high dose
in contemporary intensive care, gives four points. Because of this
change in clinical practice, the cardiovascular SOFA score seems to
have suffered from inflation. This could also explain the divergence

decades ago.

of our findings from those made by Moreno et al.® more than two

Risk of death increases with an increasing amount of failing organ
systems.***” Our findings imply that some OFs are more likely to occur
concurrently than other failures. Moreover, mortality was dependent
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on which organ systems were failing. The Working group on sepsis-
related problems demonstrated a pattern for concurrently occurring
OFs by means of principal components analysis.®> The group identi-
fied two common OF combinations. The first combination comprised
respiratory, cardiovascular and neurologic OFs, whereas the second
comprised coagulation, hepatic and renal OFs. In our study, this first
combination of respiratory, cardiovascular and neurologic OFs was
also the most common of the combinations with three OFs, affecting
37% of patients with at least three concurrently failing organ systems.
The in-hospital and 12-month mortalities associated with this particu-
lar combination were 41% and 55%, respectively, whereas in-hospital
and 12-month mortalities of patients with other triple OF combina-
tions ranged between 56%-82% and 63%-88%, respectively.

We found that the second combination, which comprised coag-
ulation, hepatic and renal OFs, occurred 44 times more often than
one would have expected by observing merely the frequency of
these OFs in the whole study population.

There is growing interest in using the SOFA score as a surrogate
endpoint for mortality in clinical trials.}” Our findings suggest that this
may not be without problems. Regarding risk of death, weights of differ-
ent SOFA component scores are different, and the prognosis of patients
with multi-OF is dependent on which organ systems fail. In particular,
cardiovascular SOFA scores do not signal cardiovascular dysfunction of
equivalent severity to dysfunctions reflected by similar scores of other
organ systems. The scoring criteria of cardiovascular dysfunction/fail-
ure may need an update. However, we must be aware that changing
even one of the SOFA components would practically create a second
version of the SOFA score. This might improve the measurement of
organ dysfunctions but also mean that we would lose comparability to

previous studies that have used the original SOFA score.

4.1 | Strengths and limitations of the study

Our study population consisted of a large unselected group of pa-
tients treated in Finnish ICUs. The data were retrieved from a high-
quality national database with all Finnish general ICUs participating.
Therefore, our study population is well representative of adult ICU
patients in Finland. We do not know whether the results are gen-
eralizable to other countries. However, early use of norepinephrine

has become more common in other countries as well,**

and itis likely
that the relation between cardiovascular SOFA scores and mortality
may have weakened also in other countries.

A major limitation of our study is that the SOFA scores were based
only on measurements during the first 24 h after admission to the ICU,
whereas previous studies have shown that a change in SOFA score

over time is the most reliable predictor of mortality. ¢

5 | CONCLUSION

All SOFA components are associated with mortality. However,

high cardiovascular SOFA scores did not mean as high a risk of

death as high scores of other SOFA components. Moreover, OF
combinations including cardiovascular failure were associated
with lower mortality than other OF combinations. OFs are likely
to occur concurrently. The scoring of cardiovascular dysfunction

needs to be updated.
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1 | INTRODUCTION

The sequential organ failure assessment (SOFA) score® is commonly
used to quantify the severity of organ dysfunctions in intensive care

Pirkka T. Pekkarinen?® |

Pasi Lahtinen®® | Timo Koponen

Abstract

Background: The cardiovascular component of the sequential organ failure
assessment (cvSOFA) score may be outdated because of changes in intensive care.
Vasoactive Inotropic Score (VIS) represents the weighted sum of vasoactive and ino-
tropic drugs. We investigated the association of VIS with mortality in the general
intensive care unit (ICU) population and studied whether replacing cvSOFA with a
VIS-based score improves the accuracy of the SOFA score as a predictor of mortality.
Methods: We studied the association of VIS during the first 24 h after ICU admission
with 30-day mortality in a retrospective study on adult medical and non-cardiac
emergency surgical patients admitted to Kuopio University Hospital ICU, Finland, in
2013-2019. We determined the area under the receiver operating characteristic
curve (AUROC) for the original SOFA and for SOFAysmax, Where cvSOFA was
replaced with maximum VIS (VIS,.,) categories.

Results: Of 8079 patients, 1107 (13%) died within 30 days. Mortality increased with
increasing VIS hax. AUROC was 0.813 (95% confidence interval [Cl], 0.800-0.825) for
original SOFA and 0.822 (95% Cl: 0.810-0.834) for SOFAysmax, P < .001.
Conclusion: Mortality increased consistently with increasing VIS,... Replacing
cvSOFA with VIS, ., improved the predictive accuracy of the SOFA score.

KEYWORDS
cardiovascular organ failure, cardiovascular SOFA score, mortality prediction, prognostication,
sequential organ failure assessment, Vasoactive Inotropic Score

Editorial Comment

In this Finnish registry study, the authors studied the impact of a Vasoactive Inotropic Score
(VIS) on mortality. They found mortality to increase with increasing VIS which could hence be
used in a revised sequential organ failure assessment score.

(Table S1). Recent studies have shown that cardiovascular SOFA
(cvSOFA) scores may no longer be appropriate measures of cardiovas-
cular failure in modern intensive care.?~> Thus, scoring of cardiovascu-

lar dysfunction should be updated.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Acta Anaesthesiologica Scandinavica published by John Wiley & Sons Ltd on behalf of Acta Anaesthesiologica Scandinavica Foundation.
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Acute cardiovascular failure is a life-threatening condition affect-
ing approximately one third of patients admitted to intensive care.®®
Vasopressors, such as norepinephrine, epinephrine, and vasopressin,
along with inotropes, including dobutamine, dopamine, milrinone, and
levosimendan, provide the foundation of vasopressor/inotropic sup-
port aiming to maintain sufficient perfusion of vital organs. Norepi-
nephrine is currently the most used vasopressor, although there is no
definitive evidence of superiority of any one agent over others.”*°

The amount of vasopressor/inotropic support needed may be used
as an indirect measure of cardiovascular failure. Vasoactive Inotropic
Score (VIS) is a scoring system which quantifies the amount of pharma-
cologic cardiovascular support.*"** Using conversion factors to make
doses of different drugs comparable, VIS reflects the sum of doses of
most common intravenous drugs used for acute cardiovascular failure.
Previous studies have demonstrated the association of higher VIS with
increased mortality and unfavourable events in neonatal and paediatric
cardiac surgery patients and in paediatric patients with septic shock.'*~*¢
Moreover, the value of VIS as an outcome predictor has been confirmed
in adult cardiac surgery patients.'”?° However, the usefulness of VIS in
general adult intensive care unit (ICU) patients is unknown.

In this study, we evaluated the association of VIS with mortality
in a general adult ICU population and examined whether replacing the
cvSOFA score with a VIS-based score improves the predictive accu-
racy of the total SOFA score.

2 | METHODS

2.1 | Study population and eligibility criteria

We performed a single-centre retrospective study on patients admitted
to the ICU at Kuopio University Hospital in Kuopio, Finland. We
extracted data on all patients admitted between January 1st 2013 and
December 31st, 2019. The research ethics committee of the Northern
Savo hospital district reviewed and approved the study protocol, and
permission to use the data for research was granted by the hospital
administration (reference number: 478/2021). The need for consent of

the patients was waived due to the retrospective nature of the study.

TABLE 1 VIS agents, units and coefficients as suggested by Gaies

et al. and Favia et al.>*® converted to norepinephrine equivalent

dosages.
Agent Coefficient
Norepinephrine 1
Epinephrine 1
Dobutamine 0.01
Dopamine 0.01
Milrinone 0.1
Levosimendan 0.5
Vasopressin 100

Abbreviation: VIS, Vasoactive Inotropic Score.

We extracted data on the doses of inotropes and vasopressors
administered during the first 24 h after ICU admission from the elec-
tronic health record system. Data on clinical characteristics, the SOFA
score recorded during the first 24 h after ICU admission, and length of
stay (LOS) in the ICU and hospital had been prospectively validated
and documented in the Finnish ICU quality register, Finnish Intensive
Care Consortium.?*

We excluded all elective (non-emergency) postoperative
admissions and all cardiac surgery patients. Regarding the 24-h
SOFA score, we excluded all patients with missing data on any
SOFA score component (respiratory, cardiovascular, renal, coagu-
lation, and neurological) from the first 24 h after ICU admission
except for hepatic function, which we assumed to be normal in
case of missing data. The reasoning for this assumption of normal-
ity was that determination of hepatic score is based on the serum
concentration of bilirubin, which is not routinely measured at KUH
for all patients with no clinical suspicion of hepatic problems. For
patients with recurrent ICU admissions during the same hospitali-
sation, only the first ICU admission was included. Patients admit-
ted for the sole purpose of possible organ donation after brain

death were excluded.

TABLE 2  The cutoff values for VIS,.x and VIS ean-

Category VISmax VISmean
0 0 0

1 >0 >0

2 >0.15 >0.05

8 >0.3 >0.1

4 >0.45 >0.15

Abbreviations: VIS, Vasoactive Inotropic Score; VIS,.x, maximum VIS;
VIS ean, mean VIS,

14 300 Patients

5 323 Elective (non-
emergency) surgery

411 Emergency cardiac
surgery

6 221 Excluded

431 Missing SOFA score
data

56 Imminent brain death
and possible organ donation

Final cohort 8 079 patients

FIGURE 1 Flowchart of patient selection.
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TABLE 3 Characteristics of the study population, stratified according to 30-day outcome.

Number of patients (%)

Age (years)

Sex (male)

VIS ax (Hg/kg/min)

VIS ean (Hg/kg/min)

SOFA score”

Cardiovascular SOFA

VIS ax-based cardiovascular SOFA
VIS nean-based cardiovascular SOFA
Respiratory SOFA

Coagulation SOFA

Hepatic SOFA

Renal SOFA

Neurologic SOFA

APACHE Il score

SAPS Il score

Postoperative admissions

LOS ICU (median, SD)

LOS ICU (mean, SD)

LOS hospital (median, IQR)

LOS hospital (mean, SD)
Mechanical ventilation

During the first 24 h

During the ICU stay

Admission diagnosis by APACHE IV
Neurologic diseases (nonop)
Cardiovascular diseases (nonop)
Respiratory diseases (nonop)
Metabolic diseases

Trauma (nonop)

Neurologic diseases (postop)
Gastroenterological diseases (nonop)
Other nonoperative diseases
Cardiovascular diseases (postop)
Trauma (postop)
Gastroenterological diseases (postop)
Gynaecologic diseases (postop)
Renal diseases (nonop)
Respiratory diseases (postop)

Not defined

Haematologic diseases
Orthopaedic diseases (postop)

Renal diseases (postop)

Overall

8079

61 (49-70)
5041 (62.4%)
0(0-0.10)
0(0-01.6)
5(3-8)
1(0-3)
0(0-1)
0(0-1)
2(1-2)
0(0-1)
0(0-0)
0(0-0)
1(0-2)

18 (12-24)
32(23-44)
1730 (21.4%)
1.6 (0.9-3.1)
3.1(4.4)
6.2(3.1-12.0)
8.5(33.7)

3754 (46.5%)
4269 (52.9%)

1568 (19.4%)
1300 (16.1%)
910 (11.3%)
803 (9.9%)
739 (9.1%)
616 (7.6%)
503 (6.2%)
383 (4.7%)
347 (4.3%)
277 (3.4%)
237 (2.9%)
95 (1.2%)

95 (1.2%)

93 (1.2%)
44(0.5%)

42 (0.5%)

25 (0.3%)

2 (0%)

Alive at 30 days

6972 (86.3%)
60 (47-69)

4326 (62.0%)

0(0-0.07)
0(0-0.0088)
5(2-7)
1(0-3)
0(0-1)
0(0-1)
2(1-2)
0(0-1)
0(0-0)
0(0-0)
0(0-2)
17 (12-22)
22 (30-40)
1499 (21.5%)
1.6 (0.9-3.0)
3.1(4.2)
6.5(3.4-12.4)
8.8(34.9)

2922 (42.0%)
3348 (48.0%)

1402 (20.1%)
969 (13.9%)
751 (10.8%)
763 (10.9%)
682 (9.8%)
499 (7.2%)
425 (6.1%)
362 (5.2%)
308 (4.4%)
242 (3.5%)
202 (2.9%)

94 (1.3%)
84 (1.2%)
91 (1.3%)
42 (0.6%)
29 (0.4%)
25 (0.4%)
2 (0%)

QACLA Seinainavics >

Dead at 30 days
1107 (13.7%)

68 (60-75)
715 (64.6%)

0.097 (0-0.26)
0.014 (0-0.099)

9 (6-11)
3(1-4)
1(0-2)
1(0-2)
2(1-3)
0(0-1)
0(0-1)
0(0-1)
2(0-4)
27 (22-33)
53 (40-65)
213 (20.9%)
1.8(0.8-3.9)
3.4 (4.0)
3.6(1.0-8.8)
54(21.1)

832 (75.2%)
921 (83.2%)

166 (15.0%)
331(29.9%)
159 (14.4%)
40 (3.6%)
57 (5.1%)
117 (10.6%)
78 (7.0%)
21 (1.9%)
39 (3.5%)
35 (3.1%)
35 (3.2%)
1(0.1%)
11 (1.0%)
2(0.2%)
2 (0.2%)
13 (1.2%)
0(0%)
0(0%)

1221

P value

<.001
.10

<.001
<.001
<.001

<.001
<.001
.66
47
.005
<.001
<.001

<.001
<.001
<.001

Note: Data presented as absolute numbers and percentages, as means and standard errors, or as medians with interquartile ranges. Mann-Whitney U test for
continuous variables and Fisher's exact test or Pearson Chi-Square test for categorical variables was used in the comparison of survivors and non-survivors.
Abbreviations: APACHE, Acute Physiology And Chronic Health Evaluation; ICU, intensive care unit; LOS, length of stay; nonop, non-surgical admission; postop,
postoperative surgical admission; SAPS Simplified Acute Physiology Score; SD, standard error; SOFA, sequential organ failure assessment; VIS, Vasoactive Inotropic

Score; VIS ax, maximum VIS; VIS, ean, mean VIS.
2Hepatic SOFA score for the first 24 h was missing with 1725 (21.4%) patients.
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2.2 | VIS-based variables

We defined two separate VIS-based variables: the maximum (VIS,,)
and mean (VIS ean) Values. We used data from the first 24 h after the
ICU admission to calculate these values. To make doses of different
vasopressor/inotropic medications comparable, we multiplied the
doses of medications with inotropic/vasopressor-specific coefficients
as previously suggested*?*? also including levosimendan as suggested
by Favia et al.'® to capture most vasopressors and inotropes com-
monly used in clinical practice. We calculated VIS as the coefficient-
adjusted sum of intravenously administered vasopressor/inotropic

medications. Unlike Gaies et al., who reported the vasopressor/
inotropic medications in dopamine equivalents,'> we used norepi-
nephrine equivalents in reporting (Table 1). We defined VIS, as the
sum of the highest coefficient-adjusted infusion rates per kilogram
per minute of each vasopressor/inotrope. To calculate VIS ean, We
first calculated the total amount of each medication administered dur-
ing the first 24 h after ICU admission. We then divided this
coefficient-adjusted sum of infusions by 1440 to get the mean dose in
pg/kg/min. For vasopressin, we used U/kg/min as the unit of infusion
rate. The VIS can Value for patients with LOSs less than 24 h was cal-
culated for the true length of ICU stay.

ICU Mortality

In-Hospital Mortality

30-day Mortality

80 1
701
60 1
50 1
40
301

S 207
10 1

ortality %

04

VIS based
variable

—*— VISmax
= VISmean

0.00 0.15 0.30 0.45 0.60 0.75 0.00 0.15 0.30 0.45 0.60 0.75 0.00 0.15 0.30 0.45 0.60 0.75

VIS

FIGURE 2 A scatterplot presenting the relationship between VIS and mortality. The turquoise line represents the mean (VIS ean) and red line
represents the maximum (VIS,,.,) VIS value recorded during the first 24 h at the ICU. The turquoise and red areas represent the standard error.
ICU, intensive care unit; VIS ax, maximum Vasoactive Inotropic Score; VIS, ean, mean Vasoactive Inotropic Score.

cvSOFA

VISmax

VISmean

60

451

Frequency (%)
w
o

-
o
f
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FIGURE 3 The distribution in VIS categories and cvSOFA scores. cvSOFA, cardiovascular sequential organ failure assessment; VIS,

Vasoactive Inotropic Score.
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2.3 | Categorising VIS

We determined VIS, .x and VIS, ean as presented in Table 2. The cutoff
values for VIS ax and VIScan Were determined by visually inspecting a
scatterplot of the relationship between mortality and VIS together with
the resulting frequencies in the VIS categories. We aimed at cutoff
values that (1) are easy to remember and thus practical in clinical prac-
tice, (2) result in a rather linear VIS-mortality relationship and (3) result
in categories with a comparable distribution of patients compared to
other SOFA component scores (i.e., decreasing proportions of patients
in more severe organ failure categories).> Moreover, we searched for

‘natural’ cutoffs with cubic spline analysis (Figures S3 and S4).

2.4 | Statistical analysis

For statistical analyses, we used R, Version 4.1.1, Vienna, Austria and
IBM SPSS Statistics for Windows, Version 26.0, Armonk, NY: IBM Corp.

acta

We compared differences of each baseline variable in groups of

Scandinavica

survivors and non-survivors at 30 days with the non-parametric
Mann-Whitney test for continuous variables and Fisher's exact test
or Pearson chi-square test, as appropriate, for categorical variables.

The increased risk of death with increasing steps in VIS categories
or increasing cardiovascular SOFA scores was assessed by age and
sex-adjusted binary logistic regression analysis.

With logistic regression, we calculated six different predicted
probabilities of death for each patient: We calculated probabilities
based on age, sex, and severity of circulatory failure, measured with
cvSOFA score, VIS, .x and VIS can categories. In addition, we calcu-
lated predicted probabilities of death based on age, sex, and severity
of organ failures, measured with the conventional total SOFA score
and with VIS, .x- and VIS,can-based alternative SOFA scores. Then,
we assessed the AUROC for these predicted probabilities to evaluate
the discrimination ability of cvSOFA score, VIS ax and VIS can catego-
ries, SOFA score, and alternative VIS and VISycan-based SOFA
scores. In the alternative SOFA scores, the cvSOFA was replaced with

cSOFA

VISmax ViISmean

401

304

20

10

ICU Mortality

40

M ortalitv (%)

In-Hospital Mortality

40 1

301

20

10

30-day Mortality

I.I.I
0o 1 2 3 4

o 1 2 3 4

0 94 2 3 4

Category

FIGURE 4 The 30-day, ICU and in-hospital mortalities in VIS ax, VISmean and cvSOFA score categories. cvSOFA, cardiovascular sequential
organ failure assessment; ICU, intensive care unit; VISy.x maximum Vasoactive Inotropic Score; VIS ean, mean Vasoactive Inotropic Score.
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ICU Mortality In-Hospital Mortality

30-day Mortality

Odds Ratio

Score

<+ cvSOFA
-A- VISmax
’ #* \ISmean

2
Category

3 4 0 1 2 3 4

FIGURE 5 The age and sex-adjusted odds ratios for 30-day mortality, ICU mortality and in-hospital mortality for increasing cardiovascular
(cv) SOFA and VIS categories. Category 0 of each score was used as reference. The solid line (balls) represents the odds ratios for increasing
cvSOFA categories, dotted line (triangles) for increasing VIS,,.x categories and dashed line (squares) for increasing VIS ean categories. The error
bars represent 95% confidence intervals. The odds of death were consistently higher for higher VIS categories but not for higher cvSOFA

categories. The odds ratio for ICU mortality in cvSOFA category 2 was not

calculable because this category contained only eight patients who all

survived to ICU discharge. ICU, intensive care unit; SOFA, sequential organ failure assessment; VIS,.x, maximum Vasoactive Inotropic Score;

VIS hean, Mean Vasoactive Inotropic Score.

VIS max- Or VIS ean-based scores, as follows: patients in the VIS cate-
gory 0 score O points and patients in other categories score points
corresponding to each category, the maximum score being 4 points
for category 4. The difference between these scoring methods in dis-
crimination was assessed with DelLong test.

P value under 0.05 was considered as statistically significant in all
statistical tests.

2.5 | Outcomes

Our primary outcome was a change in AUROC depending on whether
we used cvSOFA- or VIS-based scores as the cardiovascular compo-
nent in SOFA score predicting 30-day mortality. The secondary out-
comes were differences in AUROC of these scores predicting ICU and

in-hospital mortality.

3 | RESULTS
3.1 | Study population

The number of ICU patients meeting the inclusion criteria was 8079
(Figure 1). The median age was 61 (interquartile range [IQR] 49-70)
years, and the majority of the patients (62%) were male. ICU mortality
was 7.0%, in-hospital mortality 11.4% and 30-day mortality 13.7%,
respectively. The most frequent causes of admission were neurologic
non-operative causes (19.4%), including intracranial haemorrhage,

TABLE 4  Area under the receiver operating characteristic curve
(AUROC) of original SOFA score and SOFA scores where the
cardiovascular component score has been replaced with VIS-based
variables. The ability to predict ICU mortality, in-hospital mortality
and 30-day mortality was assessed.

Score AUROC 95% ClI

ICU mortality

VISmax-based SOFA score 0.853 0.834-0.868
VISmean-based SOFA score 0.846 0.830-0.861
Original SOFA score 0.842 0.827-0.858
In-hospital mortality

VIS hax-based SOFA score 0.826 0.812-0.840
VIS nean-based SOFA score 0.820 0.807-0.834
Original SOFA score 0.818 0.804-0.832
30-day mortality

VISmax-based SOFA score 0.822 0.809-0.834
VIS ean-based SOFA score 0.816 0.803-0.828
Original SOFA score 0.813 0.800-0.825

Abbreviations: Cl, confidence interval; ICU, intensive care unit; SOFA,
sequential organ failure assessment; VIS, Vasoactive Inotropic Score;
VIS max Maximum VIS; VIS can, mean VIS,

subarachnoid haemorrhage, central nervous system infection and sei-
zures, followed by non-operative cardiovascular causes and non-
operative respiratory causes (Table 3). The data on ICU, in-hospital
and 30-day mortality were complete.
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3.2 | VIS and mortality

During the first 24 h in the ICU, 2809 (34.7%) patients were adminis-
tered vasopressor or inotropic infusions. Almost all (99.1%) of these
patients received norepinephrine. Epinephrine was administered to
4.5%, dobutamine to 10.4%, dopamine to 0.4%, levosimendan to
3.2%, milrinone to 1.9% and vasopressin to 1.8% of patients receiving
at least one of these medications.

The median (IQR) for VIS,.x was 0 (0-0.10) and mean value 0.08,
whereas the median for VIScan was 0 (0-0.008) and mean value
0.0025, respectively, in the overall population. For patients receiving
any vasopressor/inotropic infusions, the median for VIS,,.x was 0.16
(0.093-0.28) and the mean value was 0.25, whereas the median for
VIS ean Was 0.04 (0.013-0.096) and the mean value was 0.072. Both
VIS ax and VIS, median values were statistically significantly
higher in 30-day non-survivors compared to survivors (VIS,.,: 0.097
vs. 0, p <.001; VISean 0.014 vs. 0, p < .001) (Table 3). The 30-day
mortality increased with increasing VIS values (Figure 2).

3.3 | Mortality in different VIS categories

The proportions of patients in different VIS categories and cvSOFA
score categories are presented in Figure 3. Notably, only 0.1% of
patients received 2 cvSOFA points. The 30-day, ICU and in-hospital
mortalities according to cvSOFA and VIS categories are presented in
Figure 4.

The odds for 30-day mortality increased with increasing VIS .y
and VIS can Categories in age- and sex-adjusted multivariable regres-
sion analysis. The increase was consistent for both VIS-based vari-
ables. The increase in the risk of death was not consistent with
increasing conventional cvSOFA categories. Compared to patients
with O cvSOFA points, the increase in odds of death was statistically
significant for patients with 3 or 4 cvSOFA points (Figure 5). In addi-
tion, increasing age and male sex were associated with increased

mortality.

3.4 | The predictive value of conventional
and VIS-based SOFA scores

The original SOFA score had decent discrimination ability for mortality
risk (AUROC 0.813; 95% Cl: 0.800-0.825). The accuracy of this score,
however, improved as we replaced cvSOFA with VIS, .x-based scores
(AUROC for SOFAysmax 0.822; 95% Cl: 0.809-0.834; difference com-
pared to the original SOFA score 0.009; p < .001). Replacing cvSOFA
with VIS ,can-based criteria also improved the SOFA score's AUROC
(AUROC for SOFAy smean 0.816; 95% Cl: 0.803-0.828; difference
compared to the original SOFA score 0.003; p = .004). The discrimi-
nation ability of VIS, ,.-based SOFA was superior to VIS e.,-based
SOFA (p < .001; Table 4).

Both categorised VIS« (p <.001) and categorised VIS ean
(p < .001) outperformed cvSOFA in discrimination ability of mortality

QACLA Siorsiroves " M Macea

TABLE 5 The area under the receiver operating characteristic
curve (AUROC) of categorised VISmax, VISmean and cvSOFA score
predicting ICU mortality, in-hospital mortality and 30-day mortality.

Score AUROC 95% ClI

ICU mortality

VISmax 0.751 0.735-0.768
VISmean 0.746 0.729-0.762
cvSOFA 0.738 0.722-0.754
In-hospital mortality

VISmax 0.775 0.754-0.795
VISmean 0.767 0.747-0.787
cvSOFA 0.759 0.739-0.778
30-day mortality

VISmax 0.750 0.735-0.765
VISmean 0.746 0.731-0.746
cvSOFA 0.737 0.722-0.752

Abbreviations: Cl, confidence interval; cvSOFA, cardiovascular sequential
organ failure assessment; ICU, intensive care unit; VIS.x, maximum
Vasoactive Inotropic Score; VIS, ean, mean Vasoactive Inotropic Score.

risk, as measured by AUROC. The discrimination ability of VIS, was
better than that of VISyean (p = .02; Table 5). The ROC curves for the
original SOFA score, VIS-based SOFA score, VISma, VISmax and
cvSOFA are described in Supporting Information (Figures S1 and S2).

4 | DISCUSSION

In our retrospective study on 8079 general adult ICU patients, higher
VIS scores were associated with higher odds of death, and the ability
of VIS to discriminate between 30-day survivors and non-survivors
was good. VIS was superior to cvSOFA score in predicting mortality.
Replacing the cardiovascular component of the SOFA score with a
VIS-based score improved the accuracy of the total SOFA score in
predicting the 30-day mortality.

VISax does not require calculating mean doses. Being more
straightforward compared to VIS;ean, VISmax is likely easier to use
in clinical practice. VIS, .x-based SOFA score also outperformed
the VIS, ean-based one in discrimination ability. Therefore, VIS .y
may fulfil better the original requirements for a SOFA score variable:
‘limited number of simple but objective variables that are easily and
routinely measured in every institution’.*

The criteria of the SOFA score have remained unchanged since
its introduction in 1996.* Since 1990s, the clinical practice of treating
cardiovascular failure has changed remarkably.’® The administration
of norepinephrine, which gives the patients at least 3 cardiovascular
points to the SOFA score, has become more routine instead of aggres-
sive resuscitation with fluids.?>?® The cardiovascular component of
SOFA may no longer adequately reflect the severity of cardiovascular
failure and its usefulness has been questioned in the ongoing debate

over the need to update the SOFA score.*>24
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Our study confirms that a VIS-based cardiovascular score is a bet-
ter alternative to the conventional cardiovascular component of the
SOFA score. According to our results, either VIS, .« or VISyean could
be used for this purpose. Since VIS, requires less calculation, it
would be a simpler choice. An additional advantage of the VIS-based
SOFA score would be the adjustability in the case of introduction of
new vasopressor/inotropic agents to clinical practice in the future: in
that case the whole scoring does not need to be changed, but only a
conversion factor for the new agent needs to be determined.?®

Mean arterial pressure (MAP) below or above 70 mmHg is the
current distinctive criterion between 0 and 1 cvSOFA points. How-
ever, brief episodes of MAP below 60-70 mmHg do not significantly
increase the risk of death in intensive care patients, whereas mortality
increases in patients with MAP below 55 mmHg, which often triggers
the initiation of vasopressor/inotropic agents in clinical practice.?*~2%
Hence, it would make sense to score O cardiovascular SOFA points to
patients who do not receive any vasopressor/inotropic agents and to
use the scale of 1-4 points to categorise the magnitude of vasopres-
sor/inotropic medication needed. In our study, one third of patients
received any vasopressor/inotropic support which is in line with previ-
ous studies done in ICU patients without preceding cardiac
surgery.??3°

Previously, several proposals have been made to replace cvSOFA
with an alternative score. Vacheron et al. proposed a cvSOFA compo-
nent score based on cumulative dosages of vasopressor/inotropic
agents (limited to norepinephrine, epinephrine and dopamine) as part
of a suggested full renewal of the SOFA score.** The discrimination
ability of their fully renewed SOFA score proposal was significantly
better compared to the conventional SOFA score in prediction of
28-day mortality. They used only three categories for each of the six
organ systems included in SOFA, but their findings are in line with
ours, supporting the feasibility of an approach based on vasopressor/
inotropic dosages in generating an updated version of the cvSOFA.

Yadav et al.*?

proposed a modified cvSOFA based on Shock
Index, lactate measures and infusion rates of dopamine, epinephrine
and norepinephrine. In their observational cohort study, they found a
statistically significant difference in discrimination between conven-
tional SOFA score and modified SOFA score with substituted cvSOFA
as predictors of 28-day mortality (AUROC 0.822 vs. 0.836;
difference = 0.014). However, the scoring should be ideally based on
a simple measurement instead of a mix of laboratory results, physio-
logic findings, and drug infusion dosages. In a retrospective study by
Bosch et al.,*® the ratio of norepinephrine equivalent doses (NEQ) and
MAP was associated with in-hospital mortality. The patients were
given 0-2 points according to the NEQ/MAP ratio. The NEQ/MAP
was more accurate than the conventional cvSOFA score and the mod-
ified cvSOFA score by Yadav et al.>? in predicting in-hospital mortal-
ity. In this study, the scoring had, however, three categories and it
was not implementable in the full SOFA score.

Previous studies on VIS have focused on paediatric or neonatal
patients or on cardiac surgical patients.***?'#-2° Our findings confirm
the good predictive value of VIS in mixed ICU population excluding

the post-cardiac surgery and elective surgery patients. In our study

population, no more than one third of the patients needed cardiovas-
cular support with infusion of intravenous vasopressor/inotropic med-
ications during the first 24 h. This is far less than in patients with
preceding cardiac surgery. However, our results are comparable to

those of Koponen et al.,'?

who studied cardiac surgical patients: VIS is
associated with outcome both in general ICU patients and in patients

admitted after cardiac surgery.

41 | Strengths and limitations

Our study population was a heterogenic group of critically ill adult
patients treated in a mixed medical-surgical ICU. This increases the
generalisability of the results. The data on administered infusions and
30-day mortality were complete.

The main limitation is that the study was a single-centre study.
Differences in local practices in administering vasopressor/inotropic
agents in different countries and healthcare systems may affect the
VIS values. Some of the medications included in VIS in this study have
not been included in all previous VIS studies. Levosimendan has been
part of VIS only in studies on adult patients and the coefficient used
for its dose is disputable.>*” However, the controversies of conver-
sion factors concern not only levosimendan but also other vasopres-
sor/inotropic agents to some degree.>*

For VISax, We were unable to track the highest concomitant
infusion rates of the vasopressors and inotropes. Instead, we used
the highest infusion rates of each drug during the first 24 h at the
ICU. The use of concomitant rates might be a more accurate mea-
sure for cardiovascular dysfunction but less useful in clinical practice:
it would require calculations from multiple time points to determine
where the highest VIS score is reached. Moreover, our study did not
take into account possible mechanical cardiovascular support
(e.g. veno-arterial extracorporeal membrane oxygenation or intra-
aortic balloon pump). However, during the study period (2013-
2019), these interventions were seldom used in our hospital in other
patient groups than post-cardiac surgical patients. The increasing
use of mechanical cardiovascular support devices must be taken into
consideration if an update of the cardiovascular SOFA score is
planned in the future.?*

One major limitation is that the observation is limited to the first
24 h after ICU admission. Future studies should focus on the dynamic
nature of SOFA score and observe how daily increase/decrease in
VIS-based cvSOFA is associated with outcomes.

To the best of our knowledge, this study is the first one to evalu-
ate the association of increasing VIS with mortality in a general ICU
population. It is obvious that more studies validating the usefulness of

VIS are needed before it can be considered for use in clinical practice.

5 | CONCLUSION

In contemporary intensive care, the cardiovascular component of the

SOFA score is no longer an optimal metric of cardiovascular failure.
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VIS-based variables reflect the severity of cardiovascular failure, and
the predictive accuracy of the total SOFA score improves when the

original cardiovascular component is replaced by VIS .y or VIS hean-
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Abstract

OBJECTIVES:

The standardized mortality ratio (SMR) is a common metric to benchmark
ICUs. However, SMR may be artificially distorted by the admission of potential
organ donors (POD), who have nearly 100% mortality, although risk prediction
models may not identify them as high-risk patients. We aimed to evaluate the
impact of PODs on SMR.

DESIGN:

Retrospective registry-based multicenter study.

SETTING:

Twenty ICUs in Finland, Estonia, and Switzerland in 2015-2017.
PATIENTS:

Sixty thousand forty-seven ICU patients.


https://journals.lww.com/ccmjournal/toc/2024/03000
https://journals.lww.com/ccmjournal/toc/2024/03000

INTERVENTIONS:
None.
MEASUREMENTS AND MAIN RESULTS:

We used a previously validated mortality risk model to calculate the SMRs. We
investigated the impact of PODs on the overall SMR, individual ICU SMR and
ICU benchmarking. Of the 60,047 patients admitted to the ICUs, 514 (0.9%)
were PODs, and 477 (93%) of them died. POD deaths accounted for 7% of the
total 6738 in-hospital deaths. POD admission rates varied from 0.5 to 18.3 per
1000 admissions across ICUs. The risk prediction model predicted a 39% in-
hospital mortality for PODs, but the observed mortality was 93%. The ratio of
the SMR of the cohort without PODs to the SMR of the cohort with PODs was
0.96 (95% CI, 0.93-0.99). Benchmarking results changed in 70% of ICUs after
excluding PODs.

CONCLUSIONS:

Despite their relatively small overall number, PODs make up a large proportion
of ICU patients who die. PODs cause bias in SMRs and in ICU benchmarking.
We suggest excluding PODs when benchmarking ICUs with SMR.

KEY POINTS

Question: Does admission of potential organ donors (PODs) to ICUs affect
standardized mortality ratios (SMRs)?

Findings: In this retrospective study on 60,047 ICU patients from three countries,
PODs made up 0.9% of all ICU admissions (range across ICUs, 0.05-1.8%), but
accounted for 7% of all in-hospital deaths. PODs had a much higher observed than
risk model-predicted mortality (93% vs. 39%), and therefore they increased the
SMRs. SMR-based benchmarking results changed for 70% of ICUs after PODs were
excluded.

Meaning: PODs cause bias in SMR calculations and ICU benchmarking.



INTRODUCTION

Severity- and case-mix-adjusted mortality prediction models allow for the
calculation of the standardized mortality ratio (SMR). The SMR, which
represents the ratio of observed to expected mortality, is an important
component of quality benchmarking of ICUs and is routinely applied by many
ICU registries'. The SMR enables comparisons of the performance of ICUs
with different case mixes. Many risk prediction models have also been modified
or recalibrated to improve their performance in national or regional registries*
12

Limiting treatment upon ICU admission is associated with an increased risk
of death ('?). Patients admitted for evaluation as potential organ donors (PODs)
represent an extreme treatment limitation: death is anticipated and accepted, and
the goal of ICU admission of the POD is not to save the patient but to protect
organs for possible donation'*!3. Accordingly, the expected mortality should
approach 100%. However, because PODs often have no other major organ
dysfunctions besides severe brain injury, risk prediction models may give them
erroneously low probabilities of death. In fact, most mortality prediction models
do not address this concern.

The impact of POD admissions on the SMRs of ICUs and their implications
on benchmarking results are unknown. We recently published a risk prediction
model that excludes PODs in predicting the risk of death in ICU patients®.

STUDY AIMS

The aim of this study was to assess how the inclusion of PODs impacts the
overall SMR and the SMRs of individual ICUs. Additionally, we investigated
whether the inclusion or exclusion of PODs affected the benchmark rankings of
the ICUs.

MATERIALS AND METHODS

Data Extraction, Patient Selection, and Exclusion Criteria

In this secondary analysis, we used the SMR study population described by
Takala et al'6. In brief, Takala et al'® used data from the Finnish Intensive Care
Consortium (FICC) database, encompassing 168,108 admissions between 2008
and 2017. Data regarding possible treatment limitations upon ICU admission
are recorded in the database. Since 2015, these recordings have captured



patients who are admitted for the sole purpose of possible organ donation. Thus,
data on PODs were available for 2015-2017. Therefore, we restricted the SMR
study population from Takala et al'® to 2015-2017, which yielded a total of
60,047 patients from 20 ICUs in three nations—Finland (18 ICUs), Estonia
(one ICU), and Switzerland (one ICU) (eFig. 1, for flowchart).

Ethical Considerations

The data management plan, database contents, and study process were
approved by the Finnish Institute for Health and Welfare
(THL/1524/5.05.00/2017; THL/1173/05/00/2018; THL/3795/14.06.00/2021).
According to regulations in Finland, Estonia, and Switzerland, no ethics
committee approval was needed.

Identification of Potential Organ Donors

We identified PODs if a recording of “admission because of possible organ
donation” was registered at the time of ICU admission.

Calculation of the Standardized Mortality Ratio

The SMR was defined as the number of observed deaths divided by the
number of predicted deaths. We used the model described by Moser et al (°) to
calculate the predicted mortality risk. This model was based on age, a modified
Simplified Acute Physiology Score (SAPS) II score (!7) (excluding age and
admission type), admission type (elective vs. emergency and surgical vs.
nonsurgical admission), and premorbid functional status determined using a
modified Eastern Cooperative Oncology Group (ECOG) classification ('®).
Importantly, in the model creation and validation, PODs were excluded. In this
study, we estimated the effect of PODs on SMR by calculating the SMR in the
study population with and without PODs.

Statistical Methods

We report frequencies (n), percentages (%), median values, and interquartile
ranges. For group differences between cohorts of PODs and admissions for
other causes, we report p values using a chi-square or Wilcoxon rank-sum test.
We calculated SMRs for the overall cohort and each ICU. We calculated the
ratio of the SMR of the cohort without PODs to the SMR of the cohort with
PODs (with 95% Cls) using multivariable Poisson regression models with a
cohort-specific indicator adjusted for calendar year for the overall cohort and
separately for each ICU. To assess the impact of case-mix, we modeled the



overall SMR in a model with indicators for the two cohorts and hospital
typology. First, we tested for an interaction effect between the two predictors.
In case of a nonsignificant interaction effect, we model the two predictors
additively. All p values were two-sided, and p values smaller than 0.05 were
considered statistically significant.

For the statistical analyses, we used R Version 4.1.2 (R Core Team, Vienna,
Austria).

RESULTS

Study Population

We included 60,047 patients from 20 ICUs: eight university ICUs, six large
nonuniversity ICUs, and six small nonuniversity ICUs. Totally 514 patients
(0.85%) were admitted as PODs (0.5-18.3 per 1000 admissions across the
ICUs). The frequencies of PODs admitted to each ICU for each study year are
illustrated in eFigure 2. The overall in-hospital mortality for all years was
6,738 of 60,047 (11.2%). The etiology of the brain damage of the PODs was
intracerebral hemorrhage (ICH) in 44%, trauma in 22%, subarachnoid
hemorrhage in 15%, hypoxemic brain injury in 5%, ischemic stroke in 4%, and
miscellaneous etiology in 10% of the cases.

After excluding PODs, the predicted number of deaths was 6324 and the
actual number of deaths was 6261, indicating 63 fewer deaths were observed
than predicted. However, when the PODs were included, the predicted number
of deaths was 6479 but the observed number of deaths was 6738, resulting in
259 more deaths observed than predicted. The PODs had a predicted in-hospital
mortality risk of 39% but the observed mortality was 93%. The deaths of PODs
accounted for 7% of all deaths in the study population during the hospital stay.

We found no association between the frequency of POD admissions and
calendar year (p = 0.60) or hospital size (small nonuniversity hospital, large
nonuniversity hospital, or university hospital) (p = 0.44). Furthermore, there
was no statistically significant difference in the median age between POD
patients and non-POD patients (p = 0.05; Table 1).

TABLE 1. Baseline Characteristics and Hospital Mortality

Characteristic Admission Cause | Potential Organ
Other Than Being | Donors, n = 514"




Potential Organ
Donor, n = 59,533"

Year
2015
2016
2017

ICU class
Nonuniversity (large)
Nonuniversity (small)
University

Age

Operative

Emergency

Simplified Acute Physiology Score

II score

Hospital mortality

Acute Physiology and Chronic

Health Evaluation-III diagnosis

group
Nonoperative: Cardiovascular
Nonoperative: Respiratory
Nonoperative: Gastrointestinal
Nonoperative: Neurologic
Nonoperative: Trauma
Nonoperative: Metabolic
Nonoperative: Hematologic

diseases
Nonoperative: Renal
Nonoperative: Other
Operative: Cardiovascular
Operative: Respiratory
Operative: Gastrointestinal
Operative: Neurologic
Operative: Trauma
Operative: Urology/gynecology
Operative: Other

n (%), median (interquartile range).

»Pearson’s y: test.

“Operative” means being admitted to the ICU from operation theater after surgery;

19,321 (32%)
20,034 (34%)
20,178 (34%)

9,547 (16%)
5,981 (10%)
44,005 (74%)
63 (49-73)
23,486 (39%)
47,436 (30%)
15 (7-27)

6,261 (11%)

8,599 (14%)
6,012 (10%)
3,150 (5.3%)
9,664 (16%)
3,708 (6.2%)
2,392 (4.0%)
214 (0.4%)

700 (1.2%)
1,749 (2.9%)
4,606 (7.7%)
1,685 (2.8%)
6,730 (11%)
7,261 (12%)
1,421 (2.4%)
1,101 (1.8%)

541 (0.9%)

157 31%)
182 (35%)
175 (34%)

77 (15%)
60 (12%)
377 (73%)
65 (54-72)
24 (4.7%)
513 (100%)
43 (39-51)

477 (93%)

20 (3.9%)
2 (0.4%)
0 (0%)
346 (67%)
104 (20%)
0 (0%)
0 (0%)

0 (0%)
16 (3.1%)
2 (0.4%)

0 (0%)

0 (0%)
15 (2.9%)
9 (1.8%)

0 (0%)

0 (0%)

“Emergency” means an unscheduled ICU admission for an acute reason.

0.6

0.4

0.053
<0.001
<0.001
<0.001

<0.001



SMRs in Cohorts With and Without PODs

The SMR without PODs was 0.99 (95% CI, 0.97—1.02) but it increased to
1.04 (95% CI, 1.01-1.06) when the PODs were included. The ratio of the SMR
in the cohort without PODs to the SMR in the cohort with PODs was 0.96 (95%
CI, 0.93-0.99). We found no evidence for an interaction effect between the two
cohorts and hospital typology (p = 0.89). In an additive model without an
interaction effect, hospital typology was strongly associated with a change in
SMR (p <0.001). Small nonuniversity hospitals showed a ratio of SMR of 1.14
(95% CI, 1.08-1.20), compared with university hospitals (eTables 1-3). The
adjusted ratio of the SMR in the population without PODs to the SMR in the
population with PODs was 0.96 (95% CI, 0.93-0.99). Calendar year-adjusted
ratios comparing the SMRs of the cohort without PODs and the cohort with
PODs in individual ICUs ranged from 0.92 to 1.00 (Fig. 1). The annual SMRs
for each ICU in the cohort with and without PODs are presented in the eFigure
3. SMRs ranged from 0.89 to 1.51 in the cohort with PODs and 0.86 to 1.47 in
the cohort without PODs. The impact of POD exclusion on the individual ICU
level is illustrated in Figure 2.
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Figure 1. Ratios of standardized mortality ratios (SMRs) comparing the cohort without
potential organ donors (PODs) to the cohort with PODs (SMRPOD
excluded/SMRPOD included) in each ICU during the entire study period. The error
bars represent the 95% Cls. The vertical dashed line represents the average ratio in the
whole study population (0.96). The dark gray area represents the 95% CI (0.93—-0.99).
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Figure 2. Impact of exclusion of potential organ donors (PODs). The filled circles
represent the standardized mortality ratios (SMRs) of each ICU during the whole study
period with PODs included. The triangles represent the SMRs of the ICUs with PODs
excluded. The error bars represent the 95% Cls. The ICUs listed on the y-axis are
arranged by increasing SMRs with PODs included. L1-L6 represent the ICUs of large
nonuniversity hospitals, S1-S6 those of small nonuniversity hospitals, and U1-U8
those of university hospitals.

Alterations to Benchmark Rankings

Including PODs affected ICUs’ benchmarking rankings. Rankings were
altered in 70% (14/20) of the ICUs by exclusion vs. inclusion of PODs (Fig. 3).



There was no difference in mean ranking change between ICUs of large
nonuniversity hospitals, small nonuniversity hospitals, and university hospitals
(p = 0.45). There was a weak trend toward the improved ranking of the ICUs
admitting more PODs after excluding the PODs from the whole study
population (eFig. 4).
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Figure 3. Alterations to standardized mortality ratio-based ranking of ICUs caused by
excluding the potential organ donors (PODs) during the whole study period (first

panel, left), and alterations during each study year separately (second to fourth panel).
The size of the symbol indicates the proportion of PODs of all admissions in the ICU.

DISCUSSION

In this registry-based study on 60,047 ICU patients, PODs accounted for 0.9% of all
patients but 7% of all in-hospital deaths of ICU patients. PODs had a statistically
significant impact on SMRs: excluding PODs decreased the SMR in the whole
population. The effect was consistent over the 3 study years and ICU categories. SMR-
based ranking positions changed for 70% of the ICUs after POD exclusion.



If PODs are carefully selected, their in-hospital mortality will be close to 100%.
This was the case in our study, whereas the predicted risk of death was substantially
lower. As a result, this patient group has an erroneously high SMR. This discrepancy
explains the higher SMR in the whole cohort if PODs are not excluded. Because the
common risk prediction models do not detect the true expected high risk of death in
PODs, we propose that PODs should be excluded (and analyzed separately) when
performing ICU benchmarking.

In benchmarking, both absolute performance and performance with respect to the
other members of the consortium are important. Our risk prediction model excludes
PODs due to their potential SMR confounding effects. This effect was clearly
demonstrated in our study. Including PODs increased the SMR in the overall patient
population, but for individual ICUs, ranking positions could change in either direction,
depending on case-mix and POD admission frequency. This was caused by different
magnitudes of the effect of PODs in different ICUs. Although all ICUs in our
benchmark consortium treated PODs, the rate varied between one and 18 of 1000
admissions, with no differences between the three groups of hospitals. If POD
treatment had been centralized in specific centers, the impact might have been much
larger in these ICUs.

The current mortality prediction model is based on data from 2015 to 2017.
Mortality outcomes tend to improve over time, and it is inevitable that the model needs
to be recalibrated in the future. In addition to the FICC benchmarking program, the
prediction model used by the Intensive Care National Audit & Research Centre takes
PODs into account, by excluding PODs from the model®.

In the prediction model used in the current study, the only measure of neurologic
condition is the Glasgow Coma Scale (GCS) score, which is included in the SAPS II
score. Although the GCS score is relatively highly weighted in SAPS 11, it does not
alone capture the dismal prognosis associated with POD. GCS is known to be prone to
interobserver variability'®. To improve the accuracy of neurologic evaluation in
predictive models, it may be valuable to incorporate more objective variables, such as
pupil reactivity and CT scan findings. There are several disease-specific prediction
models for critically ill neurologic ICU patients, such as the International Mission for
Prognosis and Analysis of Clinical Trials for traumatic brain injury patients, the
Subarachnoid Hemorrhage International Trialists model for aneurysmal subarachnoid
hemorrhage, and the ICH score for ICH patients® 2. However, it is unlikely that
incorporating these scores would eliminate the need for a more accurate identification
of PODs for benchmarking purposes.

ICU ranking lists based on SMR should be interpreted with caution. League table
rankings contain uncertainty, and random variation is high** . For example, in 16
cardiothoracic centers in the Netherlands, ranking lists demonstrated considerable
reordering during 3 consecutive years, but with very wide 95% Cls of adjusted
mortalities”>. We also found wide and overlapping CIs in the SMRs.

The prognostic scores used in benchmarking are best suited to comparing and
interpreting the risk-adjusted outcomes of patient groups (external benchmarking)?.



According to the European Society of Intensive Care Medicine, monitoring, reporting,
and analyzing SMRs is a useful method for improving the quality and safety of
intensive care®’. The effect of PODs is neglected in the prediction models of most
benchmarking programs® 2. The influence of PODs on performance quality
benchmarking has not been previously investigated. The much higher observed than
predicted mortality in PODs is plausible in prediction models with high weight on
physiologic abnormalities. The impact of exclusion vs. inclusion of PODs on the
overall mortality and the SMRs was confirmed in our study. An alternative to
excluding the PODs from SMR calculations would be to create prediction models
giving high expected mortality to PODs.

The need for transplantable organs is increasing worldwide®. Compared with the
patients admitted for other causes, the goal of the treatment of PODs is utterly different
and their probability of in-hospital survival is extremely low. Therefore, including
PODs in SMR calculations can result in wrong interpretations of an ICU’s
performance.

A strength of our study is that data in the FICC database were prospectively
collected and validated. Second, the multinational patient cohort increases the
generalizability of the results. Third, the used mortality prediction model has been
validated, with good discrimination and calibration®.

Our study has some limitations. PODs represented a very small proportion of all
admissions and the annual number of PODs in individual ICUs and between the ICUs
was highly variable. Due to this variability, there were only 514 PODs out of more
than 60,000 admissions during 3 years. The low number of PODs might have resulted
in an underestimation of the impact of PODs on SMR. Some patients may become
candidates for organ donation later during their ICU stay but this is not recorded in the
FICC database. In 2015-2017, nonheart-beating organ donations were not established
in the participating ICUs. Their impact on SMRs should be considered in the future. In
general, benchmarking SMR is associated with several confounding variables, such as
differences in admission and discharge policies®, setting treatment limitations'®, and
data completeness and sampling frequency’. Despite the standardization of data
collection, we cannot estimate the possible impact of these common confounders.

The SMR may be susceptible to differences in case-mixes. In our study, the impact
of PODs on the SMRs was consistent across different ICU typologies, regardless of
varying SMRs. However, the study was performed in ICUs located in high-income
countries. Therefore, the findings may not be generalizable to low- and middle-income
countries.

CONCLUSIONS

PODs make up a small number of all ICU admissions, but their mortality is high,
which is not captured by mortality risk prediction models. This causes bias in SMR
calculations and consequently benchmarking results. Therefore, we propose



identifying, documenting, and excluding POD admissions from SMR calculations to
improve the accuracy of ICU benchmarking.

REFERENCES

1. Salluh JIF, Soares M, Keegan MT: Understanding intensive care unit
benchmarking. Intensive Care Med. 2017; 43:1703-1707

2. Zimmerman JE, Kramer AA, McNair DS, et al.: Acute Physiology and Chronic
Health Evaluation (APACHE) IV: Hospital mortality assessment for today’s critically
ill patients. Crit Care Med. 2006; 34:1297-1310

3. Metnitz PG, Moreno RP, Almeida E, et al.; SAPS 3 Investigators: SAPS 3--from
evaluation of the patient to evaluation of the intensive care unit. Part 1: Objectives,
methods and cohort description. Intensive Care Med. 2005; 31:1336—1344

4. Moreno RP, Metnitz PG, Almeida E, et al.; SAPS 3 Investigators: SAPS 3--from
evaluation of the patient to evaluation of the intensive care unit. Part 2: Development
of a prognostic model for hospital mortality at ICU admission. Intensive Care Med.
2005; 31:1345-1355

5. Higgins T, Teres D, Nathanson B, et al.: Updated mortality probability model -
MPMO-III. Chest. 2005; 128(4 Suppl):348S—-348S

6. Moser A, Reinikainen M, Jakob SM, et al.: Mortality prediction in intensive care
units including premorbid functional status improved performance and internal
validity. J Clin Epidemiol. 2022; 142:230-241

7. Reinikainen M, Mussalo P, Hovilehto S, et al.; Finnish Intensive Care
Consortium: Association of automated data collection and data completeness with
outcomes of intensive care. A new customised model for outcome prediction. Acta
Anaesthesiol Scand. 2012; 56:1114-1122

8. Harrison DA, Parry GJ, Carpenter JR, et al.: A new risk prediction model for
critical care: The Intensive Care National Audit & Research Centre (ICNARC) model.
Crit Care Med. 2007; 35:1091-1098

9. McClean K, Mullany D, Huckson S, et al.: Identification and assessment of
potentially high-mortality intensive care units using the ANZICS Centre for Outcome
and Resource Evaluation clinical registry. Crit Care Resusc. 2017; 19:230-238

10. Paul E, Bailey M, Kasza J, et al.: The ANZROD model: Better benchmarking of
ICU outcomes and detection of outliers. Crit Care Resusc. 2016; 18:25-36

11. van de Klundert N, Holman R, Dongelmans DA, et al.: Data resource profile:
The Dutch National Intensive Care Evaluation (NICE) registry of admissions to adult
intensive care units. Int J Epidemiol. 2015; 44:1850—1850h

12. Engerstrom L, Kramer AA, Nolin T, et al.: Comparing time-fixed mortality
prediction models and their effect on ICU performance metrics using the Simplified
Acute Physiology Score 3. Crit Care Med. 2016; 44:¢1038-e1044



13. Rubio O, Arnau A, Cano S, et al.: Limitation of life support techniques at
admission to the intensive care unit: A multicenter prospective cohort study. J
Intensive Care. 2018; 6:24

14. Wood KE, Coursin DB: Intensivists and organ donor management. Curr Opin
Anaesthesiol. 2007; 20:97-99

15. Lytle FT, Afessa B, Keegan MT: Progression of organ failure in patients
approaching brain stem death. Am J Transplant. 2009; 9:1446—-1450

16. Takala J, Moser A, Raj R, et al.: Variation in severity-adjusted resource use and
outcome in intensive care units. Intensive Care Med. 2022; 48:67-77

17. Le Gall J, Lemeshow S, Saulnier F: A new Simplified Acute Physiology Score
(SAPS 1I) based on a European/North American Multicenter Study. JAMA. 1993;
270:2957-2963

18. Oken MM, Creech RH, Tormey DC, et al.: Toxicity and response criteria of the
Eastern Cooperative Oncology Group. Am J Clin Oncol. 1982; 5:649-656

19. Reith FC, Synnot A, van den Brande R, et al.: Factors influencing the reliability
of the Glasgow Coma Scale: A systematic review. Neurosurgery. 2017; 80:829-839

20. Steyerberg EW, Mushkudiani N, Perel P, et al.: Predicting outcome after
traumatic brain injury: Development and international validation of prognostic scores
based on admission characteristics. PLoS Med. 2008; 5:¢165; discussion €165

21. Jaja BNR, Saposnik G, Lingsma HF, et al.; SAHIT collaboration: Development
and validation of outcome prediction models for aneurysmal subarachnoid
haemorrhage: The SAHIT multinational cohort study. BMJ. 2018; 360:j5745

22. Hemphill JC, Bonovich DC, Besmertis L, et al.: The ICH score: A simple,
reliable grading scale for intracerebral hemorrhage. Stroke. 2001; 32:891-897

23. van Dishoeck AM, Looman CWN, van der Wilden-van Lier ECM, et al.:
Displaying random variation in comparing hospital performance. BMJ Qual Safety.
2011; 20:651-657

24. Jacobs R, Goddard M, Smith PC: How robust are hospital ranks based on
composite performance measures? Med Care. 2005; 43:1177-1184

25. Siregar S, Groenwold RH, Jansen EK, et al.: Limitations of ranking lists based
on cardiac surgery mortality rates. Circ Cardiovasc Qual Outcomes. 2012; 5:403—-409

26. Kramer A, Zimmerman JE, Knaus WA: Severity of illness and predictive
models in society of critical care medicine’s first 50 years: A tale of concord and
conflict. Crit Care Med. 2021; 49:728-740

27. Rhodes A, Moreno RP, Azoulay E, et al.; Task Force on Safety and Quality of
European Society of Intensive Care Medicine (ESICM): Prospectively defined
indicators to improve the safety and quality of care for critically ill patients: A report
from the Task Force on Safety and Quality of the European Society of Intensive Care
Medicine (ESICM). Intensive Care Med. 2012; 38:598-605

28. Lewis A, Koukoura A, Tsianos GI, et al.: Organ donation in the US and Europe:
The supply vs demand imbalance. Transplant Rev (Orlando). 2021; 35:100585









ANSSI POLKKI

The Sequential Organ Failure Assessment
(SOFA) score is commonly used to assess the
severity of organ failure in intensive care. This

study showed that the cardiovascular SOFA

score component is outdated. Replacing the

cardiovascular score by Vasoactive Inotropic
Score (VIS)-based criteria enhanced the

SOFA score accuracy. Noradrenaline dose

alone with cutoffs 0.2 and 0.4 pg/kg/min was
useful to categorise the need for vasoactive
support that reflects the severity of circulatory
failure. Potential organ donors caused bias in
standardised mortality ratio (SMR) calculations
and ICU benchmarking.
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