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Background: Hypoxic-ischaemic encephalopathy (HIE) is a leading cause of morbidity and mortality in
unconscious patients resuscitated after out-of-hospital cardiac arrest. Many patients die after withdrawal
of life-sustaining treatments (WLST), often based on a presumed poor prognosis. The evidence for head
computed tomography (CT) as a reliable predictor of poor outcome after cardiac arrest is low.
Aim: To evaluate qualitative and quantitative CT indicators of HIE to strengthen the evidence for CT as
a prognostic tool in unconscious cardiac arrest patients.

Methods: I) Post-hoc analysis of a prospective multicentre study, the Target Temperature Management
at 33 °C versus 36 °C after Cardiac Arrest (TTM) trial. Adult patients from Swedish sites with CTs were
included. Two blinded radiologists assessed early (<24 hours) and late (=24 hours) CTs with various
qualitative and quantitative (grey-white matter ratio (GWR)) methods to predict poor outcome, defined
as a modified Rankin scale (mRS) score of 4-6 at six months. (ll) Protocol to establish pre-specified
radiological criteria for identifying signs indicative of HIE on CT, aimed at predicting poor functional
outcomes after cardiac arrest. (Ill) Prospective international multicentre sub-study of the Hypothermia
versus Normothermia after Out-of-hospital Cardiac Arrest (TTM2) trial. CTs performed >48 hours <7 days
after cardiac arrest were assessed using manual (standardised qualitative and basal ganglia GWR) and
automated atlas-based GWR. Prognostic performance for poor outcome prediction (MRS 4-6 at six
months) for the qualitative assessment and for the pre-defined GWR cut-off <1.10 was calculated. Inter-
and intrarater agreement were analysed. IV) In-depth analysis of prognostic performance and interrater
agreement for individual CT items included in the standardised qualitative assessment in Paper lll. V)
Retrospective single-centre study. GWR at the basal ganglia level was calculated using two different-
sized Regions Of Interests (ROIs) by three raters on CTs in an age- and sex-matched cohort to a cardiac
arrest population.

Results: ) N=106. All tested CT assessment methods had better predictive performance for poor
outcome on late compared to early CTs. A GWR cut-off <1.10 showed 100% specificity across all
methods and raters. The highest sensitivity at this cut-off, 50-63%, was achieved with the GWR using 8
ROIs at the basal ganglia level. 1ll) N=140. Standardised qualitative CT assessment and all GWR
methods at cut-off <1.10 predicted poor outcome with 100% specificity. Median sensitivity for the seven
raters was: 37% (qualitative), 39% (GWR <1.10 8 ROIs), 30% (GWR <1.10 4 ROIs), and 41% (automated
GWR <1.10). The highest interrater agreement was achieved with the GWR <1.15 8 ROIs method, kappa
0.83. V) Loss of grey-white matter distinction predicted poor outcome with 100% specificity and 45-50%
sensitivity. The specificity for sulcal effacement was 93-99% and the sensitivity 29-49%. The highest
interrater agreement was achieved with loss of grey-white matter distinction at the high convexity level,
kappa 0.74. V) N=155. No participant had GWR <1.10, regardless of ROI size. Variability between raters
and ROl sizes was + 0.1.

Conclusion: CT is a highly specific tool for predicting poor functional outcomes after cardiac arrest and
should be considered in patients who remain unconscious >48 hours post-arrest, as part of a multimodal
neuroprognostication strategy. Combining a structured qualitative assessment of definite severe HIE with
a GWR <1.10, assessed manually or via an automated method at the basal ganglia level, enables
prediction of poor functional outcome with high specificity and moderate sensitivity. Improving interrater
agreement will require further refinement of standardised qualitative assessment, with focus on the
robust predictive marker of loss of grey-white matter distinction.
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Abstract

Background and aim

Hypoxic-ischaemic encephalopathy (HIE) is a leading cause of morbidity and
mortality in unconscious patients resuscitated after out-of-hospital cardiac arrest.
Many patients die after withdrawal of life-sustaining treatments (WLST), often due
to a presumed poor prognosis. To minimise the risk of premature WLST, guidelines
recommend using a multimodal prognostication. Head computed tomography (CT)
is widely used after cardiac arrest, but the evidence supporting its reliability as a
predictor of poor outcome remains limited.

This thesis aims to evaluate qualitative and quantitative CT indicators of HIE to
strengthen the evidence for CT as a prognostic tool in unconscious cardiac arrest
patients.

Methods

I) Post-hoc analysis of a prospective multicentre study, the Target Temperature
Management at 33 °C versus 36 °C after Cardiac Arrest (TTM) trial. Adult patients
from Swedish sites with CTs were included. Two blinded radiologists assessed early
(<24 hours) and late (>24 hours) CTs with various qualitative- and quantitative
(grey- white matter ratio (GWR)) methods to predict poor outcome, defined as a
modified Rankin scale (mRS) score of 4-6 (moderate severe disability, severe
disability, or death) at six months. (II) Protocol to establish pre-specified
radiological criteria for identifying signs indicative of HIE on CT, aimed at
predicting poor functional outcomes after cardiac arrest. (llI) Prospective
international multicentre sub-study of the Hypothermia versus Normothermia after
Out-of-hospital Cardiac Arrest (TTM2) trial. CTs performed >48 hours <7 days
after cardiac arrest were assessed with manual (standardised qualitative and basal
ganglia GWR) and automated atlas-based GWR. Prognostic performance for poor
outcome prediction (MRS 4-6 at six months) for the qualitative assessment and for
the pre-defined GWR cut-off <1.10 was calculated. Inter- and intrarater agreement
were analysed. 1V) In-depth analysis of prognostic performance and interrater
agreement for individual CT items included in the standardised qualitative
assessment in Paper Ill. V) Retrospective single-centre study. GWR at the basal
ganglia level was calculated using two different-sized Regions of Interests (ROIs)
by three raters on CTs without current significant pathology, in an age- and sex-
matched cohort to a cardiac arrest population.

Results

I) N=106. All tested CT assessment methods had better predictive performance for
poor outcome on late compared to early CTs. A GWR cut-off <1.10 showed 100%
specificity across all methods and raters. The highest sensitivity at this cut-off, 50-
63%, was achieved on late CTs with the GWR basal ganglia 8 ROIs. 111) N=140.
Standardised qualitative CT assessment and all GWR methods at cut-off <1.10
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predicted poor outcome with 100% specificity. Median sensitivity for the seven
raters was: 37% (qualitative), 39% (GWR <1.10 8 ROIs), 30% (GWR <1.10 4
ROIs), and 41% (automated GWR <1.10). The highest interrater agreement was
achieved with the GWR <1.15 8 ROIs method, kappa 0.83. IV) Loss of grey-white
matter distinction predicted poor outcome with 100% specificity and 45-50%
sensitivity. The specificity for sulcal effacement was 93-99% and the sensitivity 29-
49%. The highest interrater agreement was achieved with loss of grey-white matter
distinction at the high convexity level, kappa 0.74. V) N=155. No participant had
GWR <1.10, regardless of ROI size. Median GWR ranged from 1.30 to 1.32 (0.1
cm? ROIs) and from 1.27 to 1.32 (0.2 cm? ROIs). Variability between raters and
ROI sizes was + 0.1.

Conclusions

CT is a highly specific tool for predicting poor functional outcomes after cardiac
arrest and should be considered in patients who remain unconscious >48 hours post-
arrest, as part of a multimodal neuroprognostication strategy.

Combining a structured qualitative assessment of definite severe HIE with a GWR
<1.10, assessed manually or via an automated method at the basal ganglia level,
enables prediction of poor functional outcome with high specificity and moderate
sensitivity.

Improving interrater agreement will require further refinement of standardised
gualitative assessment, with focus on the robust predictive marker of loss of grey-
white matter distinction.
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Popularvetenskaplig sammanfattning

Hjartstopp utanfor sjukhus &r ett globalt folkhalsoproblem som arligen drabbar
hundratusentals individer. Ungeféar 20% 6verlever till sjukhusankomst och av dessa
cirka halften till utskrivning. Majoriteten av de som avlider under sjukhusvarden
gor det efter att livsuppehallande behandling avslutats, oftast pd grund av
omfattande hjarnskada.

Olika strategier fOr att begransa hjarnskada efter hjartstopp har utvarderats. |
djurmodeller har kylbehandling visat skyddande effekt. Ar 2013 publicerade vér
forskargrupp the Target Temperature Management Trial after Out-of-Hospital
Cardiac Arrest (TTM-studien) med 939 vuxna hjartstoppspatienter fran europeiska
och australiensiska sjukhus (2010-2013). Studien kunde inte visa nagon skillnad i
overlevnad eller neurologisk funktion sex manader efter hjartstoppet mellan
patienter som kylts till 33 °C versus 36 °C. | efterfoljande studie, the Hypothermia
versus Normothermia after Out-of-hospital Cardiac Arrest (TTM2) trial (2017-
2020), med 1 861 patienter fran 61 sjukhus, jamfordes nedkylning till 33 °C med
aktiv feberbehandling (<37,8 °C). Inte heller i denna studie observerades nagon
skillnad i 6verlevnad eller neurologisk funktion sex manader efter insjuknandet.

For att undvika felaktiga prognosbeddmningar rekommenderar internationella
riktlinjer att en neurologisk prognos efter hjartstopp baseras pa en kombination av
kliniska neurologiska beddmningar, elektrofysiologiska tester, analyser av
biomarkdrer for hjarnskada i blodet samt radiologiska undersokningar sasom
datortomografi av hjarnan (CT).

Datortomografi av hjarnan &r en vanlig undersokning som har manga fordelar. Den
gar snabbt att utfora, ar relativt billig och &ar pa de flesta sjukhus tillganglig dygnet
runt. Metoden bygger pa rontgenstralar (fotoner) som roterande rontgenror avger
och som passerar genom skallen i tunna skikt. Dessa fotoner kan spridas, absorberas
eller Overforas till en rad detektorer placerade motsatt rontgenroret for
bildgenerering. Varje bildelement i en CT-bild tilldelas ett varde i Hounsfield-
enheter (HU), vilket kvantifierar graden av fotonddmpningen i det skannade
volymelementet. CT-diagnostik baseras pa att olika vavnadstyper har
karakteristiska fotondampande egenskaper. For att visuellt skilja pa fotondampning
omvandlas HU-varden till graskala, dar hogre varden ger ljusare och lagre varden
morkare omraden i bilden. Pa CT-bilder fran en neurologiskt frisk individ kan man
darmed skilja den cellkroppstata gra hjarnsubstansen som har hogre tathet (mer
fotondampning och framstar ljusare) jamfort med den mer fettrika vita
hjarnsubstansen som har lagre téthet (lagre fotondampning och framstar morkare).

Vid ett hjartstopp upphor cirkulationen och hjarnan far inget syre. Eftersom hjarnan
saknar formaga att lagra syre och glukos uppstar hjarnskada redan efter nagra
minuter. Aven efter terkomst av egen hjartaktivitet med pulserande blodflode kan
sekundara mekanismer forvérra hjarnskadan.
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Hjéarnskada i samband med hjartstopp kan leda till ett nettoinflode av vatten, vilket
pa CT ger en minskad dampning av fotoner, sarskilt i den gra substansen som ar
kéansligast for syrebrist. Pa& CT framtrader detta som en minskad téthetsskillnad
mellan gra- och vit hjarnsubstans. Denna skillnad kan, utéver att bedémas
kvalitativt, kvantifieras genom att mata HU-varden med sma cirkulara arealer
(Regions of Interest, ROIs) i utvalda delar av gra och vit substans. Kvoten mellan
medelvardena av dessa HU-vérden, the grey-white matter ratio (GWR), kan
kvantifiera graden av hjarnskada. Den generella hjarnsvullnaden kan dven paverka
hjarnans morfologi med utslatade faror och en kompression eller distorsion av
basala cisterner.

Internationella riktlinjer rekommenderar att tecken som “diffus och omfattande
anoxisk skada” eller en “’kraftigt sinkt GWR” p& CT kan anvindas for att forutséga
dalig prognos efter hjartstopp. Trots att CT &r en av de vanligaste undersokningarna
hos medvetslosa hjartstoppspatienter ar evidensen for dess prediktiva vérde svag.

Det dvergripande syftet med denna avhandling var att utvardera och optimera CT
avseende dess formaga att pavisa irreversibel hjarnskada efter hjartstopp.

Delarbete | &r en retrospektiv studie baserad pa patienter fran svenska sjukhus
inkluderade i TTM-studien. Delarbete Il ar en protokollstudie. Delarbete 111 &r en
prospektiv observationsmulticenterstudie inom TTM2-studien, dar standardiserad
kvalitativ- och kvantitativ manuell och automatiserad metod med forutbestamd
GWR cut-off validerades. Delarbete IV ar en djupanalys av radiologiska tecken pa
irreversibel hjarnskada ingaende i den standardiserade kvalitativa bedémningen fran
delarbete 111. Delarbete V &r en retrospektiv singelcenterstudie med kvantitativ CT
beddmning av en referensgrupp utan hjértstopp for att underséka GWR i en matchad
kohort.
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De viktigaste fynden fran denna avhandling ar:

e CT ar ett specifikt verktyg for att forutsaga daligt utfall hos medvetslosa
patienter efter hjartstopp. Sensitiviteten paverkas av metod, bedémare och
tidpunkt for undersokningen. CT bor Overvadgas som del av den
multimodala prognosbeddmningen av patienter som forblir medvetslosa
>48 timmar efter hjértstoppet.

e En bilateral och generell minskad tathetsskillnad mellan gra och vit
substans pa CT ér ett robust visuellt tecken pa HIE.

e GWR <1.10 i basala ganglierna ar mycket ovanligt hos aldre utan
hjartstopp, ger i en hjartstoppskohort i medeltal liknande sensitivitet som
kvalitativ metod och erbjuder béttre interbedémarsamstammighet.

e Automatiserad berakning av GWR kan underldtta kvantifieringen av CT
och gdra metoden mer tillganglig.
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Thesis at a glance

Paper

Aim

Methods

Results / Conclusions

To explore the
prognostic
performance and
the interrater
agreement of
both estabilshed
and novel
qualitative and
guantitative CTA
assessment
methods for
predicting poor
outcome on
early- (<24
hours) and late
(>24 hours) CTs
following cardiac
arrest.

Post-hoc analysis of a
multicentre study (TTM®
trial). Two blinded
radiologists individually
assessed 106 CTs.

AUROCF and a contingency
table presented the
prognostic performances.
Percentage agreement and
Bland-Altman plots
presented the interrater
agreement.

All CT methods achieved better
prognostic performance on late-
compared to early CTs.

On late CTs, qualitative assessment
achieved 100% specificity and
sensitivity of 43-78%.

At GWRP <1.10 all GWR models
achieved 100% specificity, and the
best sensitivity at this cut-off was
achieved with the 8 ROIs BGE GWR
model (50-63%). The novel models
offered no additional benefit in terms
of predictive performance.

On late CTs, quantitative assessment
achieved better interrater agreement
than qualitative assessment.

To establish pre-specified radiological criteria for the assessment of HIE" signs on CT for
poor outcome prediction after cardiac arrest.*

To validate
standardised
manual-
qualitative and
quantitative CT
methods, and an
automated
quantitative CT
method to detect
signs of HIE for
poor outcome
prediction after
cardiac arrest.

Prospective international
multicentre observational
sub-study (TTM2-CT-sub-
study). 140 CTs performed
>48 hours <7 days after
cardiac arrest were
assessed standardised
qualitatively and manual
quantitatively (GWR at the
basal ganglia level)
individually by 7 raters.

Automated GWR at the
basal ganglia level was
calculated in the prospective
cohort and in a post-hoc
analysis of 341 CTs <7 days
after cardiac arrest.

AUROC and a contingency
table presented the
prognostic performances.
Intra- and interrater
agreement were presented
with Fleiss’- and Cohen’s
kappa.

Standardised qualitative assessment,
manual- and automated GWR at cut-
off <1.10, all predicted poor functional
outcome with 100% specificity.

Sensitivity in median was: 37%
(qualitative), 39% (GWR <1.10 8
ROIs®), 30% (GWR <1.10 4 ROIs).

The 8 ROIs BG GWR model
demontrasted superior prognostic
performance as well as improved
intra- and interrater agreement
compared to the 4 ROIs BG GWR
model.

AUROC for automated GWR did not
differ significantly from manually
obtained GWR.

22




To investigate the prognostic
performance and interrater
agreement for individual CT
items included in the
standardised qualitative
assessment in Paper lll, with the
goal of improving the
standardised assessment of HIE
signs on CT.

Subanalysis of a
prospective multicentre
study (n=140) (TTM2-
CT-sub-study).

Prognostic
performance for poor
outcome prediction
and interrater
agreement of single
radiological signs of
HIE were evaluated
and presented in a
contingency table
respectively with
Fleiss’ kappa.

“Loss of grey-white matter
distinction” predicted poor
functional outcome with
100% specificity and 45-50%
sensitivity.

The specificity for “sulcal
effacement” was 93-99% and
the sensitivity 29-49%.

"The Pseudo Subarachnoid
Haemorrhage Sign”, “the
Reversal Sign”, and the
"White Cerebellum Sign"
predicted poor functional
outcome with 99-100%
specificity and 8-11%
sensitivity.

The highest interrater
agreement was “moderate”
(kappa = 0.74) for the loss of
grey-white matter distinction
at the high convexity level.

To explore the GWR at basal
ganglia level in an age- and sex-
matched reference population
without previous cardiac arrest.

Retrospective single-
centre cross-sectional
study. 155 CTs from a
cardiac arrest matched
cohort were assessed
guantitatively with
(GWR) using ROIs of
0.1 cm? and 0.2 cm?
size at the basal
ganglia level by three
independent raters.
GWR- and attenuation
values were presented.
Bland-Altman plots
presented the
interrater agreement.

Independent of ROI-size,
none of the study’s
participants were assigned a
GWR < 1.10.

Median GWR ranged from
1.30to 1.32 (0.1 cm2 ROIs)
and from 1.27 to 1.32 (0.2
cm?2). Variability between
raters and ROI sizes was *
0.1.

AComputed Tomography (CT)

BTargeted Temperature Management (TTM)

CArea Under the Receiver Operating Characteristic (AUROC)
PGrey-White matter Ratio (GWR)

EBasal Ganglia (BG)

FHypoxic ischaemic encephalopathy (HIE)

CRegion of Interest (ROI)
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Background

Cardiac arrest

Cardiac arrest is defined as the cessation of mechanical cardiac activity
accompanied by the absence of systemic circulation.! It is commonly categorised
according to the first documented rhythm as either shockable or non-shockable, with
shockable rhythms generally associated with more favourable outcomes.?*
Additionally, cardiac arrests are often classified according to their setting as either
out-of-hospital cardiac arrests (OHCA\) or in-hospital cardiac arrests (IHCA).5" This
thesis focuses solely on OHCA patients. The majority of OHCA (approximately
90%) have medical origin, with cardiac causes being the most prevalent, followed
by respiratory and neurological causes.®**

OHCA constitutes a major global health issue, with an average annual incidence of
approximately 82 cases per 100.000 adults.® ® 12 1* This incidence corresponds to
roughly 300.000 OHCA cases annually in Europe.® 3 * Among OHCA patients
receiving cardiopulmonary resuscitation (CPR), on average, one-third achieve
return of spontaneous circulation (ROSC), one-fifth survive to hospital admission,
and one-tenth survive to one year (Figure 1A).*® However, both incidence and
survival rates vary widely across the world. The highest incidence of OHCA is
reported in the United States and Japan, whereas the lowest rates are observed in
Australia, New Zealand, Singapore, and South Korea.'® " In comparison to Western
countries, Asian countries have lower survival rates after OHCA.%°

In Sweden, approximately 6,000 OHCA cases with initiated CPR are reported
annually to the Swedish Cardiopulmonary Resuscitation Registry (SCRR). The
median age is 72 years, and 65% are men.*®

Approximately 90% of OHCA patients admitted to hospital in Sweden are
unconscious and initially treated in an intensive care unit (ICU). Of these, nearly
45% survive to ICU discharge, and 35% survive at 90 days (Figure 1B).1°
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Figure 1A-B.

Symbolic illustration of: A) The proportion (in blue) of out-of-hospital cardiac arrest patients that receive
cardiopulmonary resuscitation world-wide that, on average: return to spontaneous circulation, survive to
hospital admission, and survive after one year. B) The proportion (in blue) of out-of-hospital cardiac arrest
patients in Sweden that achieve return of spontaneous circulation and: are unconscious and admitted to
the ICU, survive to discharge from the ICU, and survive long-term.

Image created in biorender.com.

The likelihood of survival after OHCA is affected by interventions within the chain
of survival (Fig. 2). Originally, this chain comprised four links: 1) recognition and
call for help, 2) CPR, 3) defibrillation, and 4) advanced resuscitation.?’ In 2010,
post- cardiac arrest care, was incorporated as the 5 link.?* The 6™ link, recovery,
was added in 2020.%

The 30-day survival rate following OHCA has nearly tripled since year 2000,
reaching approximately 12% in Sweden in 2023.8 This increase in early survival in
Sweden and many other Western countries is primarily attributed to higher
bystander CPR rates and greater access to public defibrillation, improving the early
links in the chain of survival. 18202

0 o & mt, ol &

ivati Advanced Pust
’E“,"n‘;?;‘;’,’.‘;,’,f CPR Defibrillation EM&’La,e ar Recovery
System

Prehospital phase Post-acute phase

Figure 2.
The chain of survival. CPR; cardiopulmonary resuscitation, EMS; emergency medical services.
lllustration inspired by Thannhauser et al. 2022.%% Image created in biorender.com.
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Most patients that are discharged alive have a good functional level, meaning that
they can lead an independent life.!t 24 25 Nevertheless, almost 50% of OHCA
survivors may show some level of cognitive impairment at six months follow-up,?
and five-year survival post-discharge is approximately 80%, highlighting the long-
term vulnerability of this population.?” 2

Hypoxic ischaemic encephalopathy

The brain has no internal stores of oxygen or glucose and relies on continuous blood
flow, receiving about 15-20% of cardiac output in healthy adults.?® During cardiac
arrest, cessation of cerebral perfusion leads to an immediate disruption in neuron
functioning.®>-%2 Within minutes, cerebral ischaemia causes failure of energy-
dependent plasma membrane ion pumps, resulting in loss of ionic gradients and an
influx of osmolytes and water into neurons, which causes cytotoxic oedema. 3 33 34
The consequent reduction in extracellular volume induces a compensatory shift of
water from the intravascular compartment into the extracellular space to restore
osmotic balance, this net water influx is termed ionic oedema.>* %

The energy depletion and lactate accumulation within neurons further trigger an
excessive release of excitatory neurotransmitters, initiating a cascade of detrimental
events including production of free oxygen radicals, destruction of mitochondria-
and cell membranes, and ultimately neuronal death.!!- 3

After ROSC, an imbalance often exists between cerebral energy supply and
metabolic demand. Multiple pathophysiological mechanisms may contribute to
secondary brain injuries up to days following ROSC. During this period, disruption
of the blood-brain barrier may lead to the development of vasogenic (extracellular)
oedema, which can increase intracranial pressure and exacerbate neuronal injury
(Figure 3).31-33.%
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Figure 3.

Theoretical construct for phases of cardiac arrest and post-cardiac arrest brain injuries.
CA; cardiac arrest, Ca; calcium, ROSC; return of spontaneous circulation.
lllustration inspired by Sofia Backman. Reprinted with permission.

The cerebral injury resulting from cardiac arrest is known as hypoxic ischaemic
encephalopathy (HIE).*® Neuronal damage in HIE is frequently partial and
predominantly involves grey matter, which contain the majority of neurons.
Neurons are more vulnerable to ischaemic insult than oligodendroglia and
astrocytes, the principal cellular components of the white matter. Blood vessels and
microglia demonstrate the highest resistance to ischaemia.3-38

The selective vulnerability of grey matter is attributed to its higher basal metabolic
rate, a more extensive capillary network, and a greater release of excitatory
substances compared to white matter.*® Neocortex and neostriatal structures, such
as the caudate nucleus and the putamen, are often more severely affected by HIE
than phylogenetically older neurons,®: % possibly due to lower energy demands of
the latter. Brain injury in HIE is typically bilateral, with watershed areas frequently
exhibiting relative hypoperfusion and increased susceptibility to ischaemic injury.®
39

Intensive care

Post-cardiac arrest syndrome

Ischaemic insults during CA, along with subsequent reperfusion injuries, can lead
to the development of post cardiac-arrest syndrome (PCAS).*% 41 PCAS is a complex
multicomponent condition comprising four components: 1) brain injury, 2)
myocardial dysfunction, 3) systemic ischaemic/reperfusion response, and 4)
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precipitating pathology.*! Patients with PCAS are generally treated in ICUs, where
the goal is to stabilise vital organ functions, particularly to optimise cerebral
perfusion and oxygenation by addressing secondary factors that may exacerbate
brain injury. However, no specific therapy has yet been shown to modify PCAS
sufficiently to improve long-term outcomes. 4

Temperature control

HIE is the leading cause of death and disability following cardiac arrest.**" In
preclinical models of HIE, induced hypothermia has demonstrated neuroprotective
effects, improving neurological outcome and survival.***! In addition, studies have
shown that hyperthermia may worsen outcomes.> 52

Improved survival and brain function with mild induced hypothermia in humans
gained impact in 2002 after particularly two trials: the Bernard trial and the
Hypothermia After Cardiac Arrest (HACA) trial.>* 5 These trials demonstrated
improved neurological outcome® and survival®* > after hypothermia and resulted
in recommendations of hypothermia between 32 °C and 34 °C for unconscious adult
patients with ventricular fibrillation (VF) related OHCA by the International Liaison
Committee on Resuscitation (ILCOR) in 2003.%® Cochrane review supported the
new guidelines and over the subsequent decade hypothermia was widely
implemented for unconscious cardiac arrest patients.>” %8

Hypothermia after cardiac arrest is, however, not risk-free. To tolerate the treatment
of hypothermia, sedation and neuromuscular blockade are given, which may delay
awakening, and in worst case, contribute to inappropriate and early withdrawal of
life sustaining treatment (WLST).5® 8 Hypothermia can also cause arrhythmia.®* In
addition, in patients with inevitable brain death, the hypothermia may cause
unnecessary delay of WLST,*® with increased health care costs.

A systematic review raised concerns regarding possible bias and random error in
the earlier trials, and noted that the sample sizes were insufficient to draw definite
conclusions.®? In 2013, the Target Temperature Management (TTM) trial, a
randomised controlled international multicentre trial enrolling 950 patients to either
TTM at 33 °C or 36 °C, could not find any difference in mortality or neurological
disability between the two trial groups at six months follow-up.%® The findings from
the TTM trial initiated a slow transition from hypothermia, with ILCOR updating
recommendations in 2015 to target temperature between 32 and 36 °C.%*

In 2019, the HYPERION trial, a randomised controlled trial including 581 cardiac
arrest patients in French ICUs, reported benefits of hypothermia.®® However, this
trial investigated non-shockable CA. Furthermore, 25% of included patients were
in-hospital cardiac arrests, and the results of the trial were considered fragile.

In 2021 the results from the, to this point, largest trial on the topic, the TTMZ2 trial
were published.?* No difference in mortality or poor outcome at six months was
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found between the 1,861 unconscious OHCA patients that had been randomised to
moderate hypothermia at 33 °C or normothermia (35.5-37.7 °C) with early fever
treatment.

Today there is insufficient evidence regarding general temperature control between
32 °C and 36 °C and early cooling after cardiac arrest. Current guidelines from the
European Resuscitation Council (ERC) and the European Society of Intensive Care
Medicine (ESICM) recommend temperature control with fever prevention for 72
hours in unconscious patients post-cardiac arrest.*® A large trial is ongoing with the
aim to investigate whether fever prevention with treatment with an advanced
temperature control system is of benefit, clinicaltrials.gov (NCT05564754, 2022-
10-03). Further research is warranted to determine the optimal duration of
temperature control, subgroups who may benefit from hypothermia, and assess
protocols favouring early and fast cooling.®®

Neurological prognostication

Most patients with a good outcome regain consciousness within the first days after
resuscitation.*® However, a significant proportion of patients who remain comatose
during this period may still recover well. Therefore, persistent coma during the first
2-4 weeks alone does not reliably indicate a poor prognosis.5”7°

Guidelines ERC/ESICM

Neurological prognostication in unconscious cardiac arrest patients involves a
gradual collection of information from several sources, including clinical
examination, neuroimaging, neurophysiological testing, and blood biomarkers.
Before reliable prognostication can occur, potential confounders (sedation,
neuromuscular blockade, hypothermia, severe hypotension, hypoglycaemia, sepsis,
and metabolic or respiratory derangements) must be ruled out.

In patients who remain unconscious with a Glasgow Motor Score of <3 at least 72
hours after ROSC, a multimodal prognostication of neurological function is
recommended.”* No single predictor is 100% accurate. Furthermore, they
complement one another by evaluating different aspects of the underlying
pathophysiology.? 3! Prognostication algorithms for poor outcome in unconscious
OHCA patients are provided in the ERC/ESCIM guidelines published in 20157 and
updated in 2021.% Simplified illustrations of these algorithms are shown in Figure
4. According to the current 2021 guidelines, the presence of at least two
unfavourable predictors within a comprehensive multimodal assessment is required
to reliably predict poor neurological outcomes following cardiac arrest.

29



Unconscious patient,
M=1-2 at 272h without confounders

One or both of the following: Poor
-No pupillary and comeal reflexes outcome
- Bilaterally absent N20 SSEP wave very likely

Unconscious patient,
Ms3 at 272h without confounders*

At least two of:
Wait at least 24 h - No pupillary and corneal reflexes at 272h
Poor - Bilaterally absent N20 SSEP wave

Poor

Atleast two of: outcome - Highly malignant EEG at >24h

ive b tat ilepti EEG likely - NSE > 60 pg/L at 48h and/or 72h outcome
likely

- High NSE levels - Status myoclonus s72h

- Status myoolonus s48h - Diffuse and extensive anoxic injury on brain CT/MRI
- Diffuse anoxic injury on brain CT/MRI

Indeterminate outcome Observe and re-evaluate
Observe and re-evaluate

Figure 4.

Simplified illustrations of the ERC/ESICM prognostication strategy algorithms of poor outcome for
unconscious OHCA patients in the guidelines from 2015 and 2021.

*Major confounders include analgo-sedation, neuromuscular blockade, hypothermia, severe
hypotension, hypoglycaemia, sepsis, and metabolic and respiratory derangements.

CT; computed tomography, EEG; electroencephalography, MRI; magnetic resonance imaging, NSE;
neuron specific enolase, ROSC; return of spontaneous circulation, SSEP; somatosensory evoked
potential.

lllustration created by OpenAl, 2025. ChatGPT, http://chat.openai.com. [Downloaded: May 6th 2025].

Clinical neurological examination

The Glasgow Coma Scale

Various instruments are available to assess the level of consciousness, with the
Glasgow Coma Scale (GSC) being one of the most widely used. The GCS comprises
three tests/subcategories (eye-, verbal-, and motor response) (Table 1).”2 For each
test the best response is added to a total Glasgow Coma Score between 3 (indicating
deep unconsciousness) and 15 (fully awake and responsive).

Although the GCS is commonly used in intensive care settings to evaluate
unconscious patients, it has notable limitations. Specifically, it cannot reliably
assess verbal responses in intubated or aphasic patients, and it provide limited
evaluation of brainstem reflexes.

The Full Outline of UnResponsiveness score

The Full Outline of UnResponsiveness (FOUR) score was developed as an
alternative to the GCS.”™ ™ Unlike the GCS, the FOUR score does not include a
verbal response, making it particularly useful for assessing intubated patients.
Additionally, the FOUR score offers more detailed information on brainstem
function and provides clearer definitions of motor responses, including the
distinction of a motor score of “4” and awakening, compared to the GCS.
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The FOUR score assesses four domains: eye response, motor response, brainstem
reflexes, and breathing patterns, with total scores ranging from 0 (completely
unresponsive) to 16 (fully responsive) (Table 2).

Table 1. Glasgow Coma Scale

Eye
response

Verbal
response

Motor
response

Score

Eye
response

Motor
response

Brainstem
reflexes

Respiration

No Eyes open Eyes open Eyes open
response to painful to verbal spontaneously
stimuli stimuli
No Sounds Words Confused Oriented
response
No Extension Flexion Flexion Localise
response  (abnormal)  (abnormal) (normal) pain
1 2 3 4 5
Table 2. Full Outline of UnResponsiveness Score
Eyelids remain Eyelids closed Eyelids Eyelids open
closed with but open to closed but but not
pain pain open to loud tracking
voice
No response Extension Flexion Localising to
to pain or response to response to pain
generalised pain pain
myoclonus
status
Absent Pupillary and Pupillary or One pupil
pupillary, corneal corneal wide and
corneal, and reflexes reflexes fixed
cough reflex absent absent
Intubated, Intubated, Not intubated, Not
breathes at breathes irregular intubated,
ventilator rate above breathing Cheyne—
or apnea ventilator rate Stokes
breathing
pattern
0 1 2 3

Score

Obey
commands

6

Eyelids
open,
tracking, or
blinking to
command

Thumbs-up,
fist, or peace
sign

Pupillary and
corneal
reflexes
present

Not
intubated,
regular
breathing
pattern
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Brainstem reflexes

Brainstem function is commonly assessed via the pupillary light reflex (PLR) and
corneal reflex. Qualitative and quantitative PLR assessments show high specificity
(94-100%) for predicting poor neurological outcome, though sensitivity remains
low (20-30%).” 6 Qualitative PLR achieves 100% specificity only after ~96 hours
post-arrest, while quantitative methods can reach this earlier but are costly and lack
standardised thresholds.”” ™ Similarly, bilateral absence of the corneal reflex >72
hours post-arrest predicts poor outcome with 100% specificity and 25-40%
sensitivity.”® 7

However, these reflexes can be affected by sedatives, neuromuscular blockers, and
other pharmacologic agents.” 8 Interrater reliability of qualitative assessments is
also limited.8 8 Current guidelines recommend using bilateral absence of PLR and
corneal reflexes, in combination with at least one other concordant predictor, to
assess poor neurological outcome post-cardiac arrest.’® &

Clinical seizures

Clinical seizures can often be observed after cardiac arrest.*% They can be
classified as myoclonic, tonic-clonic, or a combination of both. In unconscious
patients, myoclonic seizures within 96 hours and the so-called “status myoclonus”,
with generalised myoclonus persisting >30 minutes, within 72 hours after cardiac
arrest, may predict poor neurological outcome in combination with at least one more
concordant  predictor.®®  Clinical seizures should be confirmed with
electroencephalogram (EEG)."8 & 87

Neurophysiology

Electroencephalogram

Electroencephalogram (EEG) measures cortical electrical fields generated by the
summation of excitatory and inhibitory postsynaptic currents. Fluctuations in these
electrical fields are recorded at the scalp, enabling real-time assessment of cortical
function and neurological recovery. EEG is widely available and one of the most
utilised methods for prognostication following cardiac arrest.® 8°

Current guidelines recommend the use of specific “Highly Malignant EEG Patterns”
(HMEP), together with at least one other concordant prognosticator, to predict poor
neurological prognosis in unconscious patients >24 hours after cardiac arrest.** The
HMEP include burst-suppression and suppressed background with or without
superimposed periodic discharges.” In addition, unequivocal seizures on EEG,
detected within the first 72 hours after ROSC, are also associated with poor
prognosis following cardiac arrest.*

In a multicentre prognostic study, the HMEP demonstrated a specificity of 93% and
a sensitivity of 50% for predicting poor functional outcome in unconscious cardiac
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arrest patients. The specificity further improved when HMEP were combined with
an unreactive EEG background.® In addition to its utility in predicting poor
outcome, a non-highly malignant and reactive EEG pattern can predict good
outcome post cardiac arrest, with approximately 80% specificity and 50%
sensitivity.%

Short-latency somatosensory evoked potentials

Short-latency somatosensory evoked potentials (SSEPS) assess the electrical
response generated by peripheral nerve stimulation, typically the median nerve,
recorded over the contralateral primary sensory cortex. With normal function, a
cortical N20 wave, reflecting the depolarisation of pyramidal neurons in the
postcentral gyrus, is registered approximately 20 milliseconds after the peripheral
nerve stimulation.®® Bilaterally absent SSEP N20 waves, when recorded with high
quality and performed after at least 24 hours after cardiac arrest, together with at
least one other concordant predictor, can be used to predict poor outcome in
unconscious patients following cardiac arrest.** SSEPs show high specificity for
predicting poor outcomes, with variable sensitivity (10—75%) and moderate to good
interrater reliability. %7

Blood based biomarkers

Biomarkers of brain injury represent breakdown products from damaged brain cells,
with blood concentrations generally correlating to the extent of cellular injury.%®
Several biomarkers have been studied, but the only guideline recommended after
cardiac arrest is currently neuron specific enolase (NSE).** NSE has been shown to
accurately predict poor outcome post-cardiac arrest, with sensitivity and specificity
varying depending on threshold.% *° Since NSE is not entirely specific to the central
nervous system and may be elevated for other reasons, especially haemolysis, serial
measurements are advised. An increasing trend in NSE levels between 24 and 48 or
72 hours, combined with elevated values (>60 ug/L) at 48 and/or 72 hours can,
together with at least one other concordant predictor, likely predict poor outcome in
unconscious patients >72 hours after cardiac arrest.*> %

Among novel brain injury biomarkers, neurofilament light chain (NfL) shows
promise by enabling earlier and more accurate prediction of poor prognosis
compared to NSE.1%-1%2 However, optimal diagnostic thresholds for NfL are not yet
established.

Neuroimaging

The ERC/ESICM 2021 guidelines recommend performing head computed
tomography (CT) early after hospital admission to exclude or confirm a neurological
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cause of cardiac arrest and/or unconsciousness, as well as to identify any head
trauma that might influence early management.*®* A recent review on
prognostication following cardiac arrest reported that approximately 5% of cases
are attributable to primary structural brain lesions, such as aneurysmal subarachnoid
haemorrhage. This distinction has important implications for both clinical
management and prognosis.1%

Neuroimaging is also an attractive prognostic tool due to its widespread 24/7
availability, rapid examination time, lack of interference from sedative medications,
and ability to demonstrate morphological changes associated with HIE.”® The most
common CT findings indicative of HIE include reduced differentiation between
grey and white matter and displacement of cerebral fluid (sulcal effacement).?: 769
These imaging signs have demonstrated strong correlations with elevated levels of
neuronal injury biomarkers'® and histopathological findings of severe HIE.?2

The ERC/ESICM recommend that diffuse anoxic brain injury on CT or MRI,
combined with at least one concordant prognostic marker, may predict poor
outcome after cardiac arrest.** The Neurocritical Care Society (NCS) guidelines
similarly state that a diffuse loss of grey-white differentiation with sulcal effacement
on CT > 48 hours from ROSC and/or a diffuse pattern of restricted diffusion on MRI
2-7 days could be used as indicators of poor outcome. However, only with a very
low level of quality of evidence.*® ILCOR additionally recommends that absence of
diffusion restriction on MRI between 3-7 days may indicate a favourable
neurological outcome.%

MRI

Magnetic resonance imaging (MRI) uses strong magnetic fields and radio waves to
align and relax protons within body tissues to generate detailed anatomical
images.® Compared to CT, MRI provides superior soft tissue contrast and greater
sensitivity for detecting hypoxic-ischemic encephalopathy (HIE), with improved
correlation to the spatial distribution of brain injury following cardiac arrest.%’
Additionally, serial MRI examinations enable better temporal characterisation of the
evolution of brain injury compared to CT.*®

MRI utilises pulse field gradients and specialised sequences to generate contrast
based on various tissue properties, allowing visualisation of physiological and
pathological changes.!®” In cytotoxic oedema, cellular energy failure impairs ionic
pumps, leading to intracellular water accumulation and consequent extracellular
space reduction, which restricts the diffusion of extracellular water molecules.*® The
restricted free motion of extracellular water molecules is detectable within hours of
injury as hyperintensity on diffusion-weighted images (DWI) sequences (Figure
5A) and can be quantitatively assessed using apparent diffusion coefficient (ADC)
maps (Figure 5B).1%112 Although quantitative metrics such as “lowest mean
ADC”® and lesion "ADC burden"'* have been investigated for their prognostic
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value in post-cardiac arrest patients, standardised threshold values for ADC metrics
and lesion volumes remain to be established.*®

T2-weighted fluid-attenuated inversion recovery (T2 FLAIR) can also detect brain
injuries in HIE (Fig. 5C).1*® Hyperintense signals on T2 FLAIR images, in
conjunction with DWI and ADC findings, facilitate differentiation between
cytotoxic and vasogenic oedema, thereby enabling comprehensive assessment of the
extent and pathophysiology of brain injury in HIE 1% 112

Figure 5A-C.

MRI images of diffuse and extensive anoxic injury here shown at the basal ganglia level in the putamina
and the caudate nuclei as well as in the primary visual cortex on DWI (A) and ADC (B). On T2 FLAIR (C)
the vasogenic oedema is only detectable in the putamina and the caudate nuclei.

Figure created by author.

In addition to unstandardised visual evaluation for the presence and extent of
abnormalities on DWI- and T2 FLAIR- sequences, qualitative scoring systems have
been developed to predict poor outcome with high accuracy and strong interrater
agreement, 7120

Compared to CT, diffusion-weighted imaging (DWI) on MRI has demonstrated
higher sensitivity for predicting poor outcomes after cardiac arrest, albeit often at
the expense of lower specificity. Furthermore, MRIs in these studies are typically
performed at later time points than CT scans, which may confound direct
comparisons between modalities.3? 7

Emerging MRI techniques under investigation include functional MRI (fMRI),
which detects regional cerebral blood flow changes reflecting neural activity,
diffusion tensor imaging (DTI), and fractional anisotropy (FA), both of which
provide quantitative insights into tissue microstructure and the integrity of white
matter tracts. However, these advanced modalities are not yet incorporated into
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routine clinical practice. Notably, portable MRI systems are now available, offering
potential applicability in critically ill, unconscious cardiac arrest patients. Further
research is needed to assess their prognostic performance.'?®

Outcome

Among patients with return to spontaneous circulation, cardiac causes constitute the
leading cause of death within the first 72 hours following cardiac arrest. Beyond this
early period, mortality is predominantly due to HIE sustained during and shortly
after the arrest. As these patients often remain hemodynamically stable under full
organ support, including mechanical ventilation, death frequently follows decisions

regarding WLST, often based on a presumed poor neurologic prognosis.** 4647, 121
122

Variability in WLST practices influences survival rates. Countries with prolonged
organ support and low rates of WLST tend to report higher survival rates, but with
an increased proportion of survivors in a persistent vegetative state.'?* 12* Moreover,
survival as a standalone outcome measure offers limited insight into the patient’s
post-resuscitation functional status or quality of life. As a result, functional outcome
is increasingly recognised as a more clinically relevant and meaningful indicator of
post-cardiac arrest recovery than survival alone.

Functional outcomes after cardiac arrest range from full recovery to severe
neurological impairment. In healthcare systems where WLST is routinely practiced,
the majority of OHCA-survivors have good neurological outcomes.? 12° 126 The
core outcome set for cardiac arrest (COSCA) initiative, led by the ILCOR,
recommends using the clinician-reported modified Rankin scale (mRS) to classify
global neurological function after cardiac arrest.'?-12° The mRS evaluates the degree
of disability or dependence in daily activities, with scores ranging from 0 (no
symptoms) to 6 (dead) (Table 3).

Another frequently reported scale for global outcome measure is the cerebral
performance category (CPC). CPC ranges from 1 (good cerebral performance) to 5
(brain death). While CPC has the advantage of including a vegetative state, the mRS
allows for more detailed differentiation between mild and moderate disability and
has demonstrated superior interrater reliability.30 13!
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Table 3. Modified Rankin Scale

Dichotomisation Modified Rankin Scale
in Paper I-IV

Good outcome mRS 0 No symptoms

mRS 1 No significant disability:
able to carry out all usual duties and activities
despite some symptoms.

mRS 2 Slight disability:
able to look after own affairs without
assistance, but unable to carry out all
previous activities.

mRS 3 Moderate disability:
requires some help, but able to walk
unassisted.

Poor outcome mRS 4 Moderate severe disability:
unable to walk alone without assistance and
unable to attend to own bodily needs without
assistance.

mRS 5 Severe disability:
bedridden, incontinent and requiring constant
nursing care and attention.

mRS 6 Dead.

The mRS is often dichotomised into “good” (mRS 0-3) and “poor” (mRS 4-6)
outcomes. The dichotomisation facilitates statistical analyses and aligns with the
binary decision of WLST. However, there is currently no universally accepted
definition of what constitutes a poor functional outcome following cardiac arrest.

To provide a more comprehensive evaluation of recovery, the COSCA initiative
recommends supplementing the mRS assessment with HRQoL (health-related
quality of life) and assessment of cognitive function.'?®

Neurological recovery following CA is often prolonged, with substantial
improvements potentially occurring beyond the early post-resuscitation period. As
a result, the minimum recommended time point for functional outcome assessment
is 30 days post-arrest.!?® Given the dynamic nature of neurological recovery,
reassessment at three to six months is advised to more accurately capture long-term
outcomes.*®
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Computed tomography

Allan M. Cormack, a South African physicist, published the theoretical foundations
of computed tomography (CT) in the late 1950s.% 134 Building on this work,
Godfrey N. Hounsfield, an English electrical engineer, developed the first CT
scanner between the mid-1960s and early 1970s.*** The first clinical CT
examination was performed in England in 1971, representing a major breakthrough
in diagnostic imaging.**® In 1979, Cormack and Hounsfield were jointly awarded
the Nobel Prize in Physiology or Medicine for their contributions to the
development of CT technology. Since its introduction, CT has undergone
continuous advancements including increased scanning speed, expanded volume
coverage, and improved temporal resolution, maintaining it as a cornerstone of
modern medical imaging.**’

Methodology

Computed tomography (CT) produces cross-sectional images of the body by
scanning thin slices (Greek:tomos) using a rotating X-ray tube and a detector array.
During image acquisition, photons emitted from the X-ray tube interact with body
tissues and are either scattered, absorbed (attenuated), or transmitted to the
detectors, where they generate signals proportional to their remaining energy.

Each tissue type attenuates photons to a different extent, depending on its linear
attenuation coefficient. This coefficient generally increases with the atomic number
and/or density of the tissue and decreases with increasing photon energy.

Unlike, conventional x-ray film, which permits only subjective comparison of
attenuation, CT enables quantitative analysis. CT numbers, expressed in Hounsfield
units (HU), quantify the degree to which a given structure attenuates photons on an
arbitrary scale where water is assigned 0 HU and air -1000 HU, irrespective of the
CT scanner and/or the acquisition parameters. Each pixel in the CT image matrix is
derived from a corresponding scanned volume element (voxel) and assigned a CT
number that reflects the voxel’s average linear attenuation coefficient. Thus, the CT
image provides a direct representation of the spatial distribution of linear attenuation
coefficients within the scanned tissue. The mean attenuation within a specific area
of the CT image can be quantitatively assessed using Regions of Interest (ROISs).

CT numbers are converted into greyscale image for visual interpretation. Higher HU
values are displayed as lighter shades of grey, and lower values as darker shades.
Although each HU theoretically corresponds to a unique grey level, the human eye
can only perceive contrast differences of approximately 10% and distinguishes far
fewer shades of grey. To enhance visual interpretation, the grey scale can be
adjusted to optimise image contrast and brightness, thereby allowing detection of
subtle differences in attenuation. The range of HU values displayed is determined
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by the window width (WW), while the window level (WL) defines the centre HU-
value within that range. HU value below the lower limit of the WW will appear
black, and those above the upper limit appear white. Figure 6 provides a simplified
illustration of the CT image acquisition process.t% 1%
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Figure 6.

Schematic illustration of the CT image acquisition process.

CT; computed tomography, WL; window length, WW; window width.
lllustration inspired by Seeram et al. 2010.%* Created by author.

Non-contrast head CT

The difference in attenuation between normal grey and white brain matter reflects
the higher water- and blood content and lower lipid content in the densely cellular
grey matter, resulting in slightly higher attenuation compared to white matter.*° To
detect these small differences, a narrow WW is used, enabling a finer range of grey
to correspond to HU values in proximity. The optimal WL for brain CT images is
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approximately the mean attenuation of grey matter, with a commonly used “brain
window” setting of WW 80, WL 40 (Figure 7A).1** During image interpretation,
radiologists may adjust the WW and WL, often utilising an even narrower WW of
40 to further enhance contrast. (Figure 7B).

Figure 7A-B.

CT images at basal ganglia level with different manipulation of the grey scale. A) Often used standard
brain window (WW 80, WL 40). B) A more narrow window (WW 40, WL 40) for better detection of subtle
changes in the grey- white matter differentiation.

CT; computed tomography, WL; window length, WW; window width.

Figure created by author.

Different CT scanners and several acquisition parameters affect attenuation
values,'*? but generally accepted attenuation values on non-contrast CT from
healthy subjects are 35-45 HU for grey matter and 20-30 HU for white matter.*3 In
addition to variations in attenuation values from technical differences between CTs,
poor scanner calibration, image artefacts and volume averaging may influence
attenuation measurements.

Artefacts

One artefact that may alter the HU values is the beam hardening artefact, caused by
a preferential attenuation of lower energy photons, resulting in “hardening” of the
beam as higher energy photons reach the detector. Beam hardening commonly
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occurs when the x-ray beam first passes through dense structures such as the skull
and can manifest in two ways: Streaking artefacts, appearing as streaks or vague
areas of decreased attenuation between two dense objects, for example, in the
posterior fossa (Figure 8A), and Cupping artifact, characterised by an artificial
increase in HU value in tissues adjacent to the skull bone (Figure 8B).144 14

Figure 8A-C.

Factors that can influence attenuation measurements. Beam hardening artefacts shown as A) Streaking
artefacts and B) Cupping artefacts. C) Partial volume effect. Intended measured attenuation in cortex
will, due to a ROI size exceeding the border of cortex, be inaccurate and influenced by attenuation in
CSF and subcortical white matter.

Figure created by author.

Another source of error when measuring attenuation on CT brain is volume
averaging, which occurs when different tissue attenuations within a voxel are
averaged, resulting in inaccurate pixel values. This partial volume effect can arise
from thick CT slices and/or when the ROI exceeds the size of the structure being
measured (Figure 8C).1*°

Signs indicating hypoxic ischaemic encephalopathy on CT

The most common CT signs associated with hypoxic ischaemic encephalopathy
include reduced differentiation between grey and white matter and a diffuse oedema
with displacement of cerebral fluid (Figure 9C).% 3% 32115 The primary cause of
reduced grey-white matter differentiation is the brain net water uptake due to ionic
oedema, which primarily affects grey matter and decreases its attenuation.® 33
Additionally, a slight increase in white matter attenuation may occur as a result of
distension of medullary veins.14¢
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Sulcal effacement reflects brain swelling caused by disruption of the blood-brain
barrier and extracellular vasogenic oedema. In contrast to cytotoxic and ionic
oedema, which develop within hours, vasogenic oedema typically emerges within
days following cardiac arrest. Vasogenic oedema can cause significant mass effect,
thereby exacerbating brain injury.3-33 %

Figure 9A-C.

A) Normal findings in a young patient, characterised by preserved grey-white matter differentiation and
narrow cerebrospinal fluid spaces. B) Normal findings in an older patient, with preserved grey-white
matter differentiation and widened cerebrospinal fluid spaces. C) Findings indicative of severe hypoxic-
ischaemic uencephalopathy (HIE) with loss of grey-white matter differentiation and sulcal effacement.
Figure created by Christoph Leithner. Reprinted with permission.

Since HIE after CA evolves over several days, imaging performed at least 24 hours
post-arrest has demonstrated superior prognostic performance compared to earlier
examinations.t32 147149 The American Neurocritical Care Society recommends that
CTs, intended for prognostic evaluation, should not be performed earlier than 48
hours after ROSC.%

Additional radiological signs associated with HIE on CT include the Pseudo
Subarachnoid Haemorrhage Sign (p-SAH sign) (Figure 10A), the White Cerebellum
Sign (Figure 10B), and the Reversal sign (Figure 10C).
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Figure 10A-C.

Radiological signs associated with HIE on CT. A) the Pseudo Subarachnoid Haemorrhage Sign, B) the
White Cerebellum Sign, and C) the Reversal sign.

CT; computed tomography, HIE; hypoxic ischaemic encephalopathy.

Figure created by Christoph Leithner. Reprinted with permission.

p-SAH sign

The term p-SAH sign was first coined by Spiegel et al. in 1986, based on
observations in 10 patients with extensive brain oedema but no evidence of
subarachnoid haemorrhage (SAH) at autopsy.**®® In 1998, Avrahami et al. reviewed
100 comatose patients exhibiting brain oedema and radiological signs suggestive of
SAH, but with no blood in cerebrospinal fluid analysis.!

The pathophysiology behind the p-SAH, characterised by increased attenuation
along the sulci and basal cisterns mimicking true SAH, is not fully understood. It is
thought to result from decreased attenuation of brain parenchyma combined with
distension of superficial veins from increased intracranial pressure in severe
oedema.

In unconscious patients following cardiac arrest, the p-SAH sign can appear within
three days. It is reported to be highly specific for poor prognosis but with low
sensitivity, ranging from 11.5 to 31%. p-SAH sign has been reported in up to 20%
of post-cardiac arrest cases.'>? 153

The White Cerebellum Sign and the Reversal sign

The White Cerebellum sign refers to the relatively higher attenuation of the
cerebellum, which is spared compared to the cerebrum, where diffuse decreased
attenuation is seen in case of extensive brain oedema. It may appear concurrently
with the Reversal sign, and some authors use the two terms interchangeably.
However, the Reversal sign is better described as a distinct phenomenon,
characterised by an inverse attenuation pattern with higher attenuation in white
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matter compared to grey matter.?>* 155 Both signs were originally, and continue to
be, primarily reported in HIE with extensive brain oedema in the paediatric
population.’®® 15" Nonetheless, these signs have also been described in adults post-
cardiac arrest and are associated with poor prognosis.*

Qualitative CT assessment methods

Eye-balling

Due to the lack of consensus on standardised diagnostic criteria for HIE,
unstandardised visual assessment, or eyeballing, of CT signs indicative of HIE
remains common clinical practice. Several studies have demonstrated that such
assessments yield high specificity for predicting poor neurological outcomes,®8 159
However, as with all subjective methods dependent on individual interpretation,
there is an inherent risk of interrater variability.1%8 160

SEBES

The Subarachnoid haemorrhage Early Brain Edema Score (SEBES) visually
assesses loss of grey-white matter differentiation and sulcal effacement (SE) at two
predetermined anatomical levels bilaterally: the insular cortex and the centrum
semiovale (Figure 11A-B).

Figure 11A-B.

With SEBES sulcal effacament +/- disruption of the grey- white matter differentiation is assessed
bilaterally at two anatomical levels; the level of the insular cortex (CT images to the left in A and B) and
the level of centrum semiovale (CT images to the right in A and B). In the presence of sulcal effacement
+/- disruption of the grey- white matter differentiation 1 pont is given, resulting in a total score ranging
from 0 (no oedema) to 4 (general oedema).

A) CT images with no signs of oedema, SEBES 0 points.

B) CT images with signs of general oedema, SEBES 4 points.

CT; computed tomography, SEBES; Subarachnoid haemorrhage Early Brain Edema Score.

Figure created by author.
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The absence of visible sulci, with or without loss of grey-white matter
differentiation, scores one point per area, resulting in a total score ranging from 0 to
4 points. SEBES was originally developed for, and has shown promising results in,
outcome prediction following subarachnoid haemorrhage.'® %2 In unconscious
patients after cardiac arrest, standardised qualitative CT assessment using SEBES
may improve sensitivity for poor outcome prediction and enhance interrater
agreement.

ASPECT-b

The Alberta Stroke Program Early CT (ASPECT) score was originally developed
to quantify the extent of ischaemic changes in middle cerebral artery (MCA)
ischaemic stroke. The MCA vascular territory is segmented, and the score of 10 is
reduced by one point for each region demonstrating involvement.®® Subsequently,
modified versions for the posterior circulation have been introduced (pc-
ASPECTS).*®* The ASPECT score is widely used in stroke assessment and has
demonstrated to be a reliable predictor of poor functional outcome. 65 166

To address the frequently bilateral and symmetrical brain injury observed in HIE
after cardiac arrest, the modified (m-ASPECT)*’ and the bilateral ASPECT
(ASPECT-b)!*8 scoring systems have been proposed. The m-ASPECT score
involves a qualitative assessment of twelve bilateral regions on CT imaging, while
the ASPECT-b score quantitively evaluates ten bilateral areas in comparison to
reference images. Preliminary findings from both scoring methods demonstrate

promising interrater agreement as well as outcome prediction post-cardiac arrest.'®"-
169

LOB-sign

The Loss of Boundary sign (LOB-sign) refers to the blurring of the distinct
boundary between the grey and white matter. When assessed at the basal ganglia
level on CTs, the LOB-sign demonstrated strong interrater agreement between two
trained radiologists in one study. However, the sign lacked a clear definition and did
not achieve perfect specificity.'”

Quantitative CT assessment methods

Grey- white matter ratio

The reduced differentiation between grey and white matter observed in HIE can be
objectively quantified by measuring CT attenuation values. The greater
susceptibility of grey matter to HIE-related injury is hypothesised to be attributed to
its higher metabolic demand and higher vulnerability to excitotoxic mechanisms
relative to white matter.%® 37171 Nevertheless, an isolated reduction in absolute grey
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matter attenuation has not been consistently demonstrated as a reliable prognostic
indicator for poor outcome after cardiac arrest.!’?

The predictive value improves when the grey matter attenuation is expressed
relative to white matter attenuation through the grey-white matter ratio (GWR).
GWR is the most widely reported quantitative CT method for detecting cerebral
oedema associated with HIE post-cardiac arrest and is currently the only
quantitative CT method recommended by clinical guidelines.* 1"

Torbey et al. conducted the first study investigating GWR in cardiac arrest patients
and demonstrated that GWR differed significantly between unconscious cardiac
arrest patients and control subjects.*® They calculated GWR using attenuation
measurements from ROIs at three anatomical levels: the basal ganglia level, the
level of centrum semiovale, and the high convexity level. Among these, GWR at
the basal ganglia level was found to be the most sensitive predictor of poor
neurological outcome.

Following Torbey’s initial study, numerous reports have examined the GWR using
various combinations of attenuation measurements (Figure 12). Many of these
studies have preferentially measured attenuation in deep brain structures, and most
reports have used ROls of approximately 0.1 cm? for attenuation measurements, %
172,174-183 The subcortical grey matter nuclei are particularly vulnerable to ischaemia
and hypoxia, are distinctly visible on imaging, and, in comparison to cortical grey
matter, at lower risk for partial volume effects, making them well suited for
measurements.®® 146 Nonetheless, some studies suggest that including attenuation
values from superficial grey and white matter in GWR, may enhance the predictive
performance for poor neurological outcomes, 174 182 184

Regardless of brain regions included, GWRs have shown high specificity but
variable sensitivity in predicting poor outcomes following cardiac arrest.1%” 115
Reported GWR cut-off values that achieve 100% specificity for poor outcome
prediction have ranged approximately from 1.08 to 1.23.3 This wide range likely
reflects the considerable variation in factors such as the ROIls selected for GWR
calculation, the interval between ROSC and CT examination, differences in CT
scanners and acquisition protocol, the experience of investigators, as well as timing
and methods of outcome assessment. To date, although current guidelines in
neuroprognostication following cardiac arrest advocate for the use of quantitative
CT assessment methods involving GWR, no standardised method has been
recommended for calculating GWR from manual attenuation measurements, nor has
a validated cut-off value been established to reliably predict poor neurological
outcomes. 1% 183
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Figure 12.

Attenuation measurements in specific grey- and white matter structures with approximately 0.1 cm? ROIs
for GWR at three anatomical levels; A) the basal ganglia level, B) the centrum semiovale level, and C)
the high convexity level. Various GWR models use different attenuation measurements marked with “X”.
CT; head computed tomography, CC; genu corpus callosum, CN: head of the caudate nucleus, GWR
grey- white matter ratio, MC1; medial cortex at the level of centrum semiovale, MC2; medial cortex at the
high convesity level, PIC; posterior limb of the internal capsule, PU putamen, WM1; white matter at the
level of the centrum semiovale, WM2; white matter at the high convexity level.

Figure created by author, including GWR models used in several previous studies,46: 172 174-184

Automated GWR

Manual GWR is time consuming and subject to both inter- and intra-rater
variability. In addition, the often used approximately 0.1 cm? ROls for attenuation
measurements may not adequately represent larger anatomical structures, as minor
alteration from vessels or calcifications can skew the ROI’s mean attenuation and
thus the calculated GWR.

Automated, rater-independent approaches to GWR estimation on CTs offer the
potential for more accurate, consistent, and anatomically representative
measurements. These methods have demonstrated non-inferiority compared to
manual GWR in predicting both poor- and good neurological outcomes post-cardiac
arrest. A variety of automated techniques have been proposed, including
probabilistic grey-white matter segmentation algorithms and image registration
followed by atlas-based segmentation. 18188
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Other CT methods

Regional Brain Net Water Uptake

In addition to automated GWR, preliminary data on a novel automated CT marker,
the Regional brain net water uptake (NWU), have shown promising potential for
outcome prediction following cardiac arrest.*®® Serially acquired CTs demonstrated
regional variation in NWU, with the highest values observed in the basal ganglia. A
NWU greater than 8% in putamina and caudate nuclei achieved the highest
predictive value for poor neurological outcome (100% specificity and 43%
sensitivity). In addition, CTs from patients with good outcomes exhibited minimal
changes in NWU, which remained largely stable over time.

Proportion- and change in cerebrospinal fluid volume

Other objective, automatically generated CT markers for HIE include the Proportion
cerebrospinal fluid volume (pCSFV) and the Change in cerebrospinal fluid. In a
retrospective multicentre study involving unconscious cardiac arrest patients,
pCSFV was independently associated with neurological outcome at six months
follow-up. However, the overall prognostic power was poor.1%

Automated assessment of reductions in cerebrospinal fluid volume on serial CTs
has demonstrated potential as a biomarker for development of cerebral oedema after
ischaemic stroke. Theoretically, this methodology may also offer valuable
prognostic information in unconscious patients following cardiac arrest.%

Machine learning methods

In recent years, several machine learning approaches applied to CT imaging analysis
have also demonstrated promising potential in predicting outcomes after cardiac
arrest,192-194

ONSD

The generalised oedema associated with HIE leads to an increase in the intracranial
volume. The Monro-Kellie hypothesis describes a pressure-volume relationship that
maintains a dynamic equilibrium among the non-compressible components within
the rigid skull. Given the skull’s limited compensatory capacity, any increase in
intracranial volume soon results in a rise in ICP.1%

Direct measurement of ICP requires invasive procedures, which carry inherent risks.
The optic nerve sheath, which directly connects to the subarachnoid space, expands
in response to increased intracranial pressure (ICP).1*® An increased optic nerve
sheath diameter (ONSD) serves as an indirect marker of elevated ICP. Measurement
of ONSD via ultrasound, MRI, or CT has been shown to correlate with elevated ICP
and is associated with poorer neurological outcomes.1%7-1%
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The most reported ONSD measurement is taken approximately 3 mm posterior to
the globe. Although no universally established cut-off exists for predicting
outcomes, an ONSD diameter below 5 mm is a generally accepted as indicative of
good neurological outcome following cardiac arrest. Compared to ONSD
measurements obtained via ocular ultrasound, those acquired from CT demonstrate
similar specificity but lower sensitivity in predicting poor neurological outcomes
after cardiac arrest.'%’

CT perfusion

In recent years, CT perfusion (CTP) has seen increasing utilisation in ICU patients.
CTP involves the acquisition of a temporal series of CT scans during the
administration and clearance of an intravenous iodinated contrast agent. This
imaging modality is well-established in the context of stroke, as it facilitates the
differentiation between potentially salvageable ischaemic brain tissue (the
penumbra) and irreversibly damaged infarcted tissue (the infarct core). In a
prospective cohort study of unconscious patients following cardiac arrest, CTP
findings indicative of non-survivable brain injury demonstrated high specificity and
excellent interobserver agreement between two neuroradiologists in predicting poor
neurological outcomes. However, sensitivity within this cohort was notably low,
ranging from 2 to 19%.2%°

Photon counting detector CT

A recent study compared attenuation values in grey and white matter, as well as
image quality, between conventional CT scanners and photon-counting detector CT
(PCD-CT). The findings indicated a significant reduction in image noise and
average offset with PCD-CT, suggesting that it may provide more reliable
measurements. However, GWR remained consistent across both methods. 2*

Knowledge gap

Although CT is a feasible, guideline-recommended, and widely used diagnostic tool
after cardiac arrest,® several recent meta-analyses have concluded that the Grading
of Recommendations Assessment, Development, and Evaluation (GRADE) level of
evidence supporting its use for outcome prediction post-cardiac arrest remains very
low.% 769 This low level of evidence is primarily attributed to the absence of
multicentre validation studies and the lack of standardised approaches for both
qualitative and quantitative assessments.*3 7. 95 183, 202
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Aims of the thesis

The overall aim of this thesis was to strengthen the evidence of CT as a method for
poor outcome prediction post-cardiac arrest.

The specific aims of the included Papers were:
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To explore prognostic performance and interrater agreement for various
gualitative and quantitative CT methods for predicting poor outcomes,
thereby informing the protocol for the subsequent validation study.

To establish pre-specified radiological criteria for identifying signs
indicative of HIE on CT, aimed at predicting poor functional outcomes after
cardiac arrest.

To validate both standardised manual qualitative and quantitative CT
methods, as well as an automated quantitative CT technique, for
prognostication of poor functional outcome post-cardiac arrest.

To assess the prognostic performance and interrater agreement of individual
items within a qualitative CT assessment checklist, aiming to standardise
radiological evaluation of HIE and ultimately improve interrater agreement.

To investigate the grey- white matter ratio at the basal ganglia level in an
age- and sex-matched reference population without previous cardiac arrest.



Materials and methods

This thesis includes five studies, summarised methodologically in Table 4. The data
sources for Paper | (the TTM trial) and Papers 11-1V (the TTM2 trial) are described
in separate sections, whereas Paper V is based on a retrospective cohort from
Helsingborg hospital. All five Papers are appended at the end of the thesis.

Table 4. Overview of studies included in the thesis

Paper
Design

Study
context,

ClinicalTrials.

gov identifier

Study
population

Main CT
parameters

Platform
Method

Post-hoc
analysis of
international
multicentre
study

The TTM trial,
NCT01020916

Patients from
Swedish sites
examined with
CT <7 days
post CA

N =106

All types of

scanners and
software

Non-contrast
120 kV

Coronal, sagittal
and axial slices
of 3-5 mm

PACS

Visual
interpretation,
SEBES, Manual
GWR at three
anatomical
levels, =0.1 cm?
ROIs

Il 1 I\

Study Prospective Subanalysis

protocol  international of
multicentre prospective
observational multicentre
study study

The TTM2 trial, NCT02908308
The TTM2 CT-sub-study, NCT03913065

Unconscious patients by routine examined
with CT >48h< 7 days post CA

N/A N =140 (341*) N =140
All types of scanners and software

Non-contrast
120 kV
Axial slices of 4-5 mm

HON

Checklist for qualitative Single items
assessment. within the
Manual GWR at the basal checklist for
ganglia level, 0.1 cm? qualitative
ROls. assessment

Automated GWR at the
basal ganglia level

\%

Retrospective
single-center
cross-sectional
study

Convenience
sample from
one hospital

CTs without
significant
current
pathology

N =155
Siemens
Somatom
Definition Flash
Non-contrast
120 kV

Axial slices of 5
mm

HON

Manual GWR at
the basal
ganglia level.
0.1cm?+0.2
cm?ROIs

CA; Cardiac Arrest, CT; Head Computed Tomography, GWR; Grey-White matter Ratio, HON; Human
Observer Net, PACS; Picture and Archiving System, SEBES; Subarachnoid Early Brain Edema Score,

SOP; standardised operating procedures. TTM; Targeted Temperature Management.

* Post-hoc cohort including all patients with CT < 7 days post CA within the TTM2 CT-sub-study.
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TTM trial

Between November 2010 and January 2013, the Target Temperature Management
After Out-of-hospital Cardiac Arrest (TTM) trial enrolled 950 adult patients (>18
years) from 36 hospitals across Europe and Australia. Participants were randomised
to receive targeted core temperature management at either 33 °C or 36 °C. The
primary outcome was all-cause mortality assessed approximately 180 days post-
enrolment. The secondary outcome comprised poor neurological outcome or death,
defined as a score of 4 to 6 on the mRS or a CPC score of 3 to 5. Ethical committees
in participating countries approved the study protocol. For Sweden, the Swedish
Ethical Review Authority at Lund University approved the protocol in 2009 (Dnr
2009/324).

Eligible patients had a presumed cardiac origin of arrest (shockable or non-
shockable rhythms) and were unconscious (GCS <8) after at least twenty
consecutive minutes of sustained ROSC. Key exclusion criteria included
unwitnessed cardiac arrest with asystole as the initial rhythm, an interval exceeding
four hours from ROSC to screening, a body temperature below 30 °C, and/or
suspected or confirmed intracranial haemorrhage.

A schematic timeline from enrolment to outcome assessment is presented in Figure
13. Targeted temperature in both treatment arms was monitored via a urinary
catheter and achieved and maintained with intravascular cooling catheters or surface
cooling systems, initiated at the time of randomisation. Active rewarming to 37 °C
commenced in both groups 28 hours post-randomisation at a controlled rate not
exceeding 0.5 °C per hour. Throughout the 36-hour intervention period, patients in
both groups were sedated and mechanically ventilated. After 36 hours, sedation was
discontinued or decreased.

For patients remaining unconscious 72 hours after the completion of the intervention
(i.e., 108 hours post-cardiac arrest), a neurological evaluation was performed by an
independent physician blinded to the TTM allocation. The formal prognostication
included a detailed clinical neurological examination, assessing the GCS, pupillary
and corneal reflexes, alongside EEG and, when available, median nerve SSEP.
Based on these findings, a recommendation was made regarding continuation or
WLST. Decision of WLST was at the discretion of the treating physicians.

The following pre-specified criteria permitted WLST prior to formal
prognostication:

e Severe myoclonus status within the first 24 hours post-admission combined
with bilateral absence of the N20-peak on median nerve SSEP.

e Brain death due to cerebral herniation.
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o Ethical considerations, including treatment-refractory shock or end-stage
multi-organ failure.

Neurological outcomes were assessed by trained assessors at a minimum of six
months post-randomisation (mean follow-up of slightly over eight months) via face-
to-face or telephone interviews, utilising both the CPC- and the mRS.2%

Following the initiation of the TTM2 trial, the original TTM trial has been referred
to as the TTML1 trial, a designation that will also be used throughout this thesis.

Normothermia
36h post arrest

TTM intervention Daily CPC evaluation Hospital discharge
4h cooling inthe ICU CPC
24h targeted temperature at 33°C or 36°C
8h rewarming

4h 24h 8h 72h 6 months

Sedation Neurological Outcome assessment

prognostication 90 days: CPC
4.5 days post arrest 180 days: CPC & mRS

Figure 13.

TTM trial study overview

CPC; Cerebral performing scale, ICU; Intensive care unit, mRS; Modified Rankin scale
lllustration with some minor modification by Sofia Backman. Reprinted with permission.

Paper |

Study objective

In this pilot study, we sought to evaluate the prognostic performance and interrater
agreement of multiple previously published as well as novel CT assessment methods
for predicting poor outcomes post-cardiac arrest. The findings from this study
informed the protocol design of the then ongoing TTM2 CT-sub-study.

Study design

This was a retrospective post-hoc analysis including unconscious patients (GCS
score <8) who underwent a CT examination within seven days post cardiac arrest at
Swedish sites participating in the TTM1 trial. CT examinations were performed on
a clinical indication basis and were optional. In addition to the ethical approval
obtained for the TTML1 trial (Dnr 2009/324, approved 2009-06-11), an amendment
for Paper | was approved in January 2020 (Dnr 2019/324).
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Irrespective of the CT scanner, all non-contrast CTs acquired at a tube voltage of
120 kV and reconstructed in coronal, sagittal, and axial planes with slice thicknesses
of 3-5 mm were collected and anonymised. CTs demonstrating significant acute
intracranial pathology (such as haemorrhage or infarction) or those affected by
artefacts were excluded.

Included CTs were independently evaluated by two blinded radiologists (one
neuroradiologist and one resident) at standard radiological workstations. Each rater
was required to complete the assessment of one evaluation method for all patients
before proceeding to the next method. The sequence of the various CT assessment
methods is illustrated in Figure 14.

Eye-balling SEBES ROI placement

Manual % 0.1cm”ROls
placement for GWR
according to Metter et al;
16 ROI, 8 BG, 8 CO, 4 Sl,

Visual CT interpretation
Yes/No
to
signs of generalised oedema
without pre-specified criteria

Semi-quantitative evaluation
of sulcal effacement at
the level of the;
insular cortex and
centrum semiovale
bilaterally
Score 0-4

and for novel;
20 GWR for guantification of
the White Cerebellum Sign

Figure 14.
Order and short description of the different CT assessment methods in Paper |.

Circular ROIs of approximately 0.1 cm? (corresponding to 60 pixels), were
manually placed in predefined anatomical structures by the two raters. GWR was
calculated as the sum of the mean attenuation values in HU from ROIs placed within
grey matter, divided by the sum of the mean attenuation values from ROIs placed
within white matter. The specific ROIs included in the different GWR models are
shown in Table 5A.174 177 Additionally, to quantify the White Cerebellum sign, a
model incorporating the ratio between the 16 ROl AV GWR and the GWR in the
cerebellum, referred to as the 20 ROI model, was included. The equations for the
various GWR models are provided in Table 5B.

Functional outcome, assessed by trained outcome assessors six months post-
randomisation in the TTMI1 trial, was dichotomised into “good” (mRS scores 0-3)
and “poor” (mRS scores 4-6).
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Table 5A-B.
GWR ROls in grey matter ROls in white matter

PU CN MC1 MC2 CBC TH PIC CC WM1 WM2 CBW

16 ROIAV X X X X X X X X
8 ROI BG X X X X
8 ROI CE X X X X
4 ROI SI X
20 ROI X X X X X X X X X X
8 ROI RB* X X
PU + CN + MC1 + MC2
16 ROLAY = BT cC+ WML + WMz BROICE=%
16 ROI AV CN + TH
i gluc;ﬁ 20ROI="epcrcBwy B ROTRB = pcwi

A) Attenuation measurements obtained in different structures with manual bilateral placement of ROIls
according to the various GWR models. The included attenuation measurement is marked with “X”.
B) Equations for the various GWR models.

AV; average, BG; basal ganglia; CBC; cerebellar cortex, CBW; cerebellar white matter, CC; genu corpus
callosum, CE; cerebrum CN; head of the caudate nucleus, GWR; grey- white matter ratio, MC1; medial
cortex at the level of centrum semiovale, MC2; medial cortex at the high convexity level, PIC; posterior
limb of the internal capsule, PU; putamen, RB; robust, SI; simple, TH; thalamus, WM1; white matter at
the level of the centrum semiovale, WM2; white matter at the high convexity level.
*The 8 ROl RB GWR model was an exploratory post-hoc model including the four ROIs with the
narrowest limits of agreement from the Bland-Altman analysis.

TTM2 trial

Between November 2017 and January 2020, the Targeted Hypothermia versus
Targeted Normothermia After Out-of-hospital Cardiac Arrest (TTM-2) trial
randomised 1861 adult patients (>18 years) from 61 hospitals across Europe,
Australia, and New Zealand to either targeted temperature management at 33 °C or
normothermia with early fever treatment (37.8 °C or higher). The primary outcome
was all-cause mortality assessed at or around six months post-randomisation. A key
secondary outcome was poor functional outcome or death, defined as a mRS score
of 4 to 6, evaluated approximately six months after enrolment.?% The study protocol
received ethical approval from committees in all participating countries. For
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Sweden, the Swedish Ethical Review Authority at Lund University approved the
original protocol in 2015 (Dnr 2015/228) and a subsequent amendment in 2017 (Dnr
2017/36).

Eligible patients had a presumed cardiac or unknown aetiology of cardiac arrest
(including both shockable and non-shockable rhythms), were unconscious (FOUR
score below 4) after at least twenty consecutive minutes of ROSC and had no
restrictions on intensive care interventions. Major exclusion criteria included
unwitnessed cardiac arrest with asystole as the initial rhythm, more than three hours
from ROSC to screening, admission temperature below 30 °C, extracorporeal
membrane oxygenation (ECMO) prior to ROSC, intracranial haemorrhage, and any
limitations in care.

A schematic timeline from enrolment to outcome assessment is shown in Figure 15.
In the hypothermia group, target temperatures at 33 °C were rapidly achieved using
intravascular cooling catheters or various surface cooling systems. This target
temperature was maintained until 28 hours post-randomisation, followed by active
rewarming to 37 °C at a controlled rate of approximately 0.3 °C per hour. In the
normothermia group, intravascular cooling catheters or surface cooling systems
were employed as needed when conservative and pharmacological interventions
failed to maintain temperatures at or below 37.5 °C, particularly when temperatures
reached 37.8 °C. Throughout the 40-hour intervention period, patients in both
groups remained sedated or comatose and mechanically ventilated.

Patients remaining in the ICU >96 hours post-enrolment underwent neurological
evaluation by a physician blinded to treatment allocation. The assessment protocol
mandated clinical examination, including FOUR score, pupillary- and corneal reflex
testing, as well as EEG. Neuroradiology (CT and/or MRI), SSEP, and NSE
measurements were optional.

A poor neurological outcome was deemed likely if, at >96 hours after
randomisation, the patient exhibited an absent or extensor motor response to painful
stimuli in combination with at least two of the following criteria:

e Bilateral absent pupillary and corneal reflexes.

e Absence of SSEP N20-responses.

o Diffuse anoxic brain injury on CT or MRI.

e Presence of status myoclonus within 48 hours of randomisation.
o Elevated NSE levels.

o EEG demonstrating a highly malignant pattern without observed reactivity
to auditory or painful stimuli.
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If the previously stated criteria for likely poor neurological prognosis were met, and
confounding effects of sedation on consciousness were ruled out, WLST due to
presumed poor prognosis was permitted. Only two exceptions allowed for WLST
prior to neurological evaluation >96 hours post-randomisation: confirmed brain
death or ethical considerations, such as irreversible organ failure or significant
medical comorbidities. The decision of WLST was at the discretion of the treating
physicians.

Outcome assessments were conducted approximately six months post-
randomisation through face-to-face or telephone interviews performed by trained
assessors, who evaluated neurological outcome according to the mRS.24

Normothermia
72h post arrest

TTM intervention
Rapid cooling
= 27h targeted temperature at 33°C*
12h rewarming

Daily FOUR-score Hospital discharge
inthe ICU

<90 min ~27h 12h 72h 12 months

Sedation

Neurological Outcome assessment
prognostication 30 days: mRS and GOS-E
4 days post arrest 180 days: MRS and GOS-E
360 days: mRS and GOS-E and cognitive tests

Figure 15.

TTM2 trial study overview

GOS-E; Glasgow Outcome Scale Extended, ICU; Intensive care unit, mRS; Modified Rankin scale.
lllustration inspired by Sofia Backman. Reprinted with permission.

Paper I1-111

Study objective

Through these studies, we aimed to validate standardised manual qualitative and
guantitative CT assessment methods, as well as an automated quantitative CT
assessment, for prediction of poor functional outcomes post-cardiac arrest.

Study design

Paper 11 served as the protocol for Paper 111, which was a prospective, international,
multicentre, observational sub-study conducted within the framework of the TTM2
trial, known as the TTM2 CT-sub-study. Participating sites in the TTM2 CT-sub-
study performed routine CT examinations on unconscious (FOUR score below 4)
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cardiac arrest patients at >48 hours post-cardiac arrest. Ethical approval for the sub-
study was obtained from the Swedish Ethical Review Authority at Lund University
in 2018 (Dnr 2018/127).

Pseudonymised original CT examinations were collected from thirteen sites across
four countries and securely uploaded to a two-way encrypted digital platform
managed by Lund University (LUSEC). Randomisation, clinical management,
neurological prognostication, WLST, and follow-up were conducted according to
the main TTM2 trial protocol.?*

Eligible patients underwent CTs from any type of scanner and software, with axial
reconstructions of 4-5 mm thickness acquired at a tube voltage of 120 kV. CTs
demonstrating acute ischaemic lesions, haemorrhage, other acute significant
intracranial pathology, and/or artefacts were excluded.

Five radiologists (four neuroradiologists and one general radiologist) and two
neurologists, all with between 3 and 15 years of experience in interpreting CTs after
cardiac arrest, from four countries independently assessed the included CTs using a
virtual private network-secured platform (Human Observer Net).?® The
standardised qualitative assessments were completed for all patients by all raters
prior to the initiation of the manual quantitative assessments. When all raters had
finished both the qualitative and the quantitative assessments for all patients, 20%
of CTs (the identical CTs for all raters) were re-evaluated in the same manner, first
gualitive, followed by quantitative assessment, by all raters to assess intra-rater
agreement (Figure 16).

Qualitative assessment Manual Q itative Q Manual Quantitative assessment
Visual interpretation with checklist Manual 0.1cm’ ROIs placements.
Visual interpretation with checklist Manual 0.1cm? ROIs placements YS/iNo 5o DMoln suvers e SLHIohaLA ghogia lovel for
o = 3 according to pre-specified criteria GWR-8 and GWR-4
Yes/No to “Definite severe HIE at the basal ganglia level for
according to pre-specified criteria GWR-8 and GWR-4

Automated Quantitative assessment

Automated attenuation quantification bilaterally
in the putamen and in the posterior limb of the internal capsule for
Automated GWR

Figure 16.
Order and short description of the different CT assessment methods in Paper Il1.

For the qualitative assessment, CT images were evaluated at four predefined axial
anatomical levels according to a checklist (Figure 17). Subsequently, raters
confirmed or declined: “Are there definite signs of severe HIE defined as complete
or near complete loss of grey-white matter differentiation at the basal ganglia level
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and in the frontoparietal cortex with additional evidence of brain swelling/sulcal
effacement?”.

For the quantitative assessment, circular ROIs measuring 0.1 cm? were manually
placed bilaterally at the basal ganglia level in the caudate nucleus, the putamen, the
genu corpus callosum, and the posterior limb of the internal capsule. GWR was
calculated by dividing the sum of the mean attenuation values measured in grey
matter ROIs by the sum of the mean attenuation values in white matter ROls.

All CTs performed within seven days post-cardiac arrest, without significant
pathology and/or artefacts, were co-registered to a publicly available MRI based
digital brain atlas.’® Tissue probability maps from the atlas identified anatomical
regions on CTs, and mean attenuation values in the putamen and the posterior limb
of the internal capsule were measured to assess automated GWR. The attenuation
measurements and the three evaluated GWR methods are presented in Figure 18A-
C.

Functional outcome, assessed by trained outcome assessors six months post-
randomisation in the main study (TTM2 trial), was dichotomised into “good” (mRS
scores 0-3) and “poor” (mRS scores 4-6).
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Checklist - SOP for qualitative analysis in the TTM2 CT-Substudy

Patient: Rater:

Prerequisites CT Levels
Artifacts precluding analysis O yes Ono

Brain diseases precluding analysis O yes Ono

Residual contrast agent visible O yes Ono

Qualitative Analysis

Start using standard brain window and then adapt to optimize visibility
of grey-white matter differentiation. Evaluate axial images at these 4
different levels. Consider the best grey-white-differentiation, best
visibility of sulci

1 - Brain stem + Cerebellum

Effacement of CSF spaces O yes Ono
Pseudo-SAH O yes Ono
White Cerebellum Sign O yes Ono
2 - Basal ganglia

Bilateral loss of grey-white distinction O yes Ono
Bilateral suleal effacement O yes Ono
Reversal sign O yes Ono
3 - Frontoparietal cortex corona radiata level

Bilateral loss of grey-white distinction O yes Ono
Bilateral sulcal effacement O yes Ono

4 - High convexity cortex
Bilateral loss of grey-white distinction O yes Ono
Bilateral sulcal effacement O yes Ono

Result of qualitative analysis

Definite severe HIE: complete or near complete loss of grey-white
distinction in the basal ganglia and in the frontoparietal cortex with
additional evidence of brain swelling/sulcal effacement.

Consider patient age while evaluating.

O Definite signs of severe HIE
O No definite signs of severe HIE

In the clinical setting, would you have diagnosed severe HIE despite
the fact that the current SOP's stated criteria for definitive severe HIE
are not being met?

O yes
O no

Figure 17.
Checklist for the qualitative assessment and the definition of “Definite severe HIE”.
Figure adopted from Paper II.
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Figure 18A-C.

Attenuation measurements in different structures at the basal ganglia level with A) manual bilateral
placement of ROIs and B) automated attenuation measurements. C) Included measurements for the
various GWR models.

CC; genu corpus callosum, CN; head of the caudate nucleus, CT; computed tomography, GWR; grey-
white matter ratio, MRI; magnetic resonance imaging, PIC; posterior limb of the internal capsule, PU;
putamen.

Figure adapted from Paper III.

Paper IV

Study objective

In this study, we aimed to evaluate the prognostic performance and interrater
agreement of individual items within our previously presented qualitative CT
assessment checklist (Figure 17). The overall goal was to advance the
standardisation of radiological assessment of HIE manifestations on CT and
ultimately improve interrater agreement.

Study design

This was an in-depth analysis within the prospective TTM2 CT-sub-study, which
included unconscious cardiac arrest patients who underwent CT between > 48 hours
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<7 days post-arrest. The raters, patient selection criteria, and CTs were consistent
with those employed in the prospective cohort described in Paper I11.

The prognostic performance of poor functional outcome (defined as a mRS score 4
- 6 at six months post-cardiac arrest) and interrater agreement were assessed for the
individual items within the qualitative CT assessment checklist. These items
included the Pseudo Subarachnoid Haemorrhage Sign, the White Cerebellum Sign,
the Reversal sign, loss of grey-white distinction at three anatomical levels, and
sulcal effacement at four anatomical levels (Figure 9A-C, Figure 17).

Paper V

A GWR <1.10 at the basal ganglia level on CT previously predicted poor functional
outcome after cardiac arrest with high specificity and moderate sensitivity.
However, since most unconscious cardiac arrest patients die following withdrawal
of life-sustaining therapy (WLST) based on a presumed poor prognosis, there is a
risk of a self-fulfilling prophecy. To improve the accuracy of outcome
prognostication based on GWR on CT, we aimed to establish these parameters in a
reference population.

Study objective

The objective was to describe attenuation values and GWR at the basal ganglia level
in an age- and sex-matched reference population without previous cardiac arrest.
We hypothesised that no study participant would have GWR <1.10. Additionally,
we explored differences in attenuation values, GWR, and interrater variability for
measurements obtained from 0.2 cm? ROIs compared to those from 0.1 cm? ROls.

Study design

This was a retrospective, single-centre, cross-sectional study conducted at
Helsingborg hospital. The design and statistical analysis plan were pre-published
(DOI:10.5281/zen0d0.13880313). Adult (>18 years) patients who underwent non-
contrast CT on a single scanner due to symptoms of stroke or transient ischaemic
attack (TIA) between the 1%t of January and the 17" of August 2021, were
consecutively collected. The cohort was then filtered to achieve a group with a mean
age of 70 years and 65% male patients.

CTs and/or radiology reports indicating significant current findings or artefacts were
excluded. Included CTs were anonymised, except for the patient age and gender.
The study protocol was approved by the Swedish Ethical Review Authority on the
15" of June 2022, with a waiver of consent (Dnr 2022-02755-01).
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All CTs were performed on a single Siemens Somatom Definition Flash with
acquisition parameters consistent with the standard clinical protocol: 40 x 0.6 mm
collimation, 320 effective mAs, 120 kVp, pitch of 0.55, 1 second rotation time, 512
x 512 Matrix, and 22 cm Display Field of View.

Axial reconstructions of 5 mm thickness were assessed at the basal ganglia level by
three raters from two countries, a general radiologist, a neuroradiologist, and a
neurologist experienced in interpreting CTs after cardiac arrest, using a secured
platform. Circular ROIs of 0.1 cm? were manually placed bilaterally in the head of the
caudate nucleus, the putamen, the genu of the corpus callosum, and the posterior limb
of the internal capsule, as described in Papers 11 and I11. Additionally, circular 0.1 cm?
ROIs were manually placed bilaterally in the lateral ventricles and the thalamus. After
completing the assessments using the 0.1cm? ROIs, 0.2 cm? ROIs were manually
placed in the same structures bilaterally in all included CTs (see Figure 19 and 20).
GWR was calculated according to the Manual GWR 8 (Figure 18C).

Manual Quantitative assessment 0.1 cm? Manual Quantitative assessment 0.2 cm?
Manual 0.1 cm? ROIs placements Manual 0.2 cm? ROls placements
at the basal ganglia level for at the basal ganglia level for
0.1cm?’GWR 8 0.2cm?’GWR 8
Figure 19.

Order of the different CT assessment methods in Paper V.

Figure 20.

Placement of circular ROIs at the basal ganglia level. ROI sizes of 0.1 cm? are presented in the right
hemisphere and ROI sizes of 0.2 cm? in the left hemisphere.

CC; genu corpus callosum, CN; head of the caudate nucleus, LV; lateral ventricle, PIC; posterior limb of
the internal capsule, PU; putamen, TH; thalamus.

Figure created by author.
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Statistical analyses

The statistical methods used across all Papers in this study were developed in
consultation with professional statisticians during the study design phase and
subsequently reviewed during data analysis and manuscript preparation. For Paper
I, analyses were performed using IBM SPSS (IBM Corp, Armonk, New York, USA)
version 26, and R, version 3.5.1 (The R Foundation for Statistical Computing). For
Papers 111 through V, IBM SPSS version 29, and R version 4.0.4 were utilised.

Continuous variables were reported as means (standard deviations) or medians
(interquartile ranges), and categorical variables were reported in numbers
(percentages). A paired t-test was used to compare GWR values, and Wilcoxon
signed-rank test was used to compare attenuation measurements (Paper V). A two-
sided p-value of less than 0.05 was considered statistically significant.

Prognostic performance

To clarify the terminology, negative (N) describes a CT without signs of HIE,
indicating a good outcome, and positive (P) describes a CT with signs of HIE,
indicating a poor outcome. When the CT assessment matched the reported outcome
(mRS score at six months), the prediction was classified as true (T), conversely,
discordant predictions were classified as false (F) (Figure 21).2%

True negative True positive

False negative False positive

Figure 21.

CT images reported without signs of HIE N indicating good outcome (green) and with signs of HIE
indicating poor outcome P (pink). Besides the CT images, the illustration of that patient’s outcome at 6
months follow-up: green (good) mRS 0-3, pink (poor) mRS 4-6. True negative (TN); good outcome
patient correctly assessed as such by having no signs of HIE on CT, True positive (TP); poor outcome
patient correctly identified as such by having signs of HIE on CT, False negative (FN); poor outcome
patient not identified as having signs of HIE on CT, False positive (FP); good outcome patient incorrectly
assessed as having signs of HIE on CT.

lllustration inspired by Marion Moseby-Knappe. Reprinted with permission.
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The sensitivity (true positive fraction (TPF)) of a test is its ability to identify patients
with poor outcome:

Sensitivity = TPF = ————
ensitivity TP+ FN

The specificity (true negative fraction (TNF)) of a test is its ability to classify good
outcome patients as normal:

TN

Specificity = TNF = TN < FP
The receiver operating characteristic (ROC) curves graphically illustrates the
proportion true positives (sensitivity) against the false positive fraction (Figure
22).2%7 For the overall performance of a diagnostic test, the Area Under the ROC
curve (AUROC) can be calculated. The maximum area 1.0 (100%) means that the
test only delivers correct diagnoses. If the area is 0.5 (50%) the test is no better than
a random classification of the patients.?%

ROC-curve

A
1 < Ideal
classifier

True positive fraction
(Sensitivity)

v

-

False positive fraction
(1-Specificity)

Figure 22.

ROC curves. The ideal classifier has an AUROC of 1 while a random classifier has an AUROC of 0.5.
The green ROC curve represents a method with better diagnostic performance (larger AUROC) than the
pink ROC curve. ROC; Receiver Operating Characteristics, AUROC; area under the ROC curve.
lllustration inspired by Veronica Fransson. Reprinted with permission. Created in BioRender.com
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In Papers | and 111, the overall diagnostic performance of various GWR models for
predicting poor outcome (MRS score 4-6) was evaluated by calculating the area
under the receiver operating characteristic curve (AUROC) with 95% confidence
intervals, using a bootstrap procedure with 2000 iterations. Comparisons between
ROC-curves were performed using DeLong’s test.

Tests that only deliver correct diagnoses (100% sensitive and 100% specific) are
exceedingly rare, therefore, a trade-off between sensitivity and specificity is often
necessary. In neurological prognostication after cardiac arrest, high specificity is
prioritised to minimise false-positive predictions, as an incorrect poor prognosis
could potentially lead to premature WLST and patient death.*

In Papers 1, 111, and 1V, specificities and sensitivities for poor outcome prediction,
with 95% confidence intervals, were calculated using Wilson’s method. To
encompass the range of previously published GWR cut-offs associated with poor
outcome prediction without false positives, three different GWR cutoffs: 1.10, 1.15,
and 1.20, were evaluated in our pilot study (Paper I). Additionally, GWR cut-off
values and sensitivities at 100% specificity were determined. The validation study
(Paper 11) analysed the pre-specified GWR cut-offs of 1.10 and 1.15.

To evaluate the impact of timing on prognostic performance, CT examinations were
categorised as early (<24 hours post-cardiac arrest) or late (>24 hours post-cardiac
arrest) in the pilot study (Paper I). This temporal aspect of prognostic accuracy was
further explored in our post-hoc cohort within Paper I11. Automated GWR, with the
pre-specified cut-off of 1.10 for poor outcome prediction, were analysed across
specific time windows: <2 hours, 2-6 hours, >6-48 hours, >48-96 hours, and >96-
168 hours after cardiac arrest.

Inter- and intra- rater agreement

In Paper I, inter-observer agreement for binary variables between the two examiners
was assessed using percentage agreement. Since percentage agreement does not
account for agreement occurring by chance, 80 percent agreement has generally
been cited as the minimum threshold for acceptable interrater agreement.2%

To account for random agreement, Cohen’s kappa (for comparisons involving two
raters) and Fleiss’ kappa (for more than two raters) were calculated in Papers 111 and
IV to evaluate interrater agreement for binary variables.?% 29 209 While kappa is
widely accepted for assessing interrater agreement, it is known to be frequency-
dependent, which can sometimes lead to an underestimation of the true strength of
agreement.
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In Paper Ill, the strength of agreement based on kappa values was categorised as
follows:

<0.20 = poor

0.21 -0.40 = fair

0.41 - 0.60 = moderate
0.61 - 0.80 = good

0.81 - 1.00 = very good

However, the interpretation of kappa values is not universally agreed upon in the
literature. Some authors emphasise that kappa values below 1.00 reflect not only
levels of agreement but also the reverse, presence of disagreement. For instance, if
41% of CT images were incorrectly assessed in a clinical setting, this would
constitute a significant quality concern. Consequently, categorising kappa values
between 0.41 and 0.60 as indicating “moderate” agreement may be misleading.?%®
For this reason, we adopted an alternative categorisation of agreement strength in
our in-depth analyses of various radiological signs of HIE in Paper IV:

<0.20 = none

0.21 — 0.39 = minimal
0.40 — 0.59 = weak
0.60 — 0.79 = moderate
0.80 —0.90 = strong
>0.90 = almost perfect

An alternative approach to interpreting kappa values is to avoid categorical labels
altogether and instead consider any value below 0.60 as indicative of inadequate
agreement.

For guantitative variables in Papers | and V, inter- and intra- observer agreement
was assessed using Bland-Altman plots (Figure 23).

Bland-Altman plots display the differences between two sets of measurements
against their means, producing a scatter plot with the mean difference and upper and
lower limits of agreement.?!% 2! The paired t-test or the Wilcoxon signed-rank test
can be used to detect systematic errors, while the limits of agreement reflect the
extent of random errors.
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Figure 23.
Figure created by author.

Percentage concordance

In Paper Ill, the percentage concordance was assessed between the qualitative
classification of definite severe HIE and a GWR-8 cut-off < 1.10 by four or more of
the study investigators and pathological findings from other routine prognostic
methods.

In Paper 1V, concordance was calculated between each rater’s confirmation of an
individual radiological sign and their final evaluation of definite signs of severe HIE.

Self-fulfilling prophecy bias

Assessment of the diagnostic performances described above requires ground truth
data. HIE is linked to poor functional outcomes. However, since local radiologists’
reports were disclosed to the physicians responsible for WLST decisions, and
WLST in these patients almost invariably resulted in death, our findings may be
affected by self-fulfilling prophecy bias and thus overestimated.

A systemic review on neuroprognostication after cardiac arrest revealed that 88%
of the included studies were susceptible to self-fulfilling prophecy bias.?!# 23 In a
retrospective study of unconscious cardiac arrest patients, neuroimaging findings
alone prompted changes in clinical management in approximately 50% of cases,
frequently resulting in the initiation of withdrawal of life-sustaining therapy
(WLST).'®8 This underscores the influence of neuroprognostic test results on real-
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time clinical decision-making, which may contribute to premature WLST and
death.>® 214 215 Fyrthermore, in healthcare settings where WLST is not routinely
practiced, the specificity of neuroimaging for predicting poor neurological
outcomes following cardiac arrest has been shown to be lower compared to settings
where WLST is employed.®

To minimise self-fulfilling prophecy bias, conservative and standardised WLST
protocols were employed in the TTM1- and the TTM2 trials. Prognostication was
conducted no earlier than 108 hours (TTM1) or 96 hours (TTM2) post-
randomisation, with only a limited set of prespecified criteria permitting WLST
prior to this formal prognostication.?®® 2* Validation studies of comparable
prognostication strategies have demonstrated 100% specificity for predicting poor
neurological outcomes, including in settings where WLST is not practiced,
supporting the safety and reliability of this approach.® 27 In regions where WLST
is restricted due to cultural, legal, or religious factors, such as South Korea and Italy,

recovery among patients with poor neurological prognosis remains exceedingly
rare.lZS, 218, 219

A further potential source of overestimation in the predictive performance of
prognostic tests following cardiac arrest is the inclusion of non-neurological causes
of death. Therefore, it is essential to document the mode of death and account for it
in analyses of outcome prediction accuracy.

Ethics

Radiation exposure

CT imaging exposes tissue to ionising radiation, which carries a potential risk of
deoxyribonucleic acid (DNA) damage, potentially resulting in cell death, mutations,
or carcinogenesis. All exposure to ionising radiation should be considered
potentially harmful, with the magnitude of harm generally increasing with
cumulative dose. Radiation dose in CT is commonly guantified using the Computed
Tomography Dose Index volume (CTDlyv), measured in milliGray (mGy). Other
dosimetric parameters include the dose length product (DLP), which reflects the
total radiation output over the scan length, and the size specific dose estimate
(SSDE), which adjusts for patient body habitus to provide a more individualised
dose estimate.??* 22 Compared to other imaging modalities, CT delivers a relatively
high dose of ionising radiation, and, as with all imaging that involves ionising
radiation, the radiation protection principle of "As Low As Reasonably Achievable"
(ALARA) should be applied.
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In the studies included in this thesis, participants underwent CTs either based on
clinical indication (Papers | and V) or according to established clinical protocols
(Papers 11l and 1V). All images were anonymised, and no additional CT
examinations or clinical follow-ups were performed. Thus, our studies did not result
in additional radiation exposure.

A standard non-contrast head CT typically involves a CTDI of approximately 45
mGy and a DLP of around 900 mGy cm. Our cohorts included only adult
participants (>18 years), who generally have lower radiosensitivity than paediatric
populations. In the context of excluding alternative intracranial pathologies and
predicting outcomes in unconscious cardiac arrest patients, the radiation dose
associated with CT in the adult population is generally considered acceptable. While
MRI provides a radiation-free alternative, its use is often limited by availability,
longer acquisition times, and logistical challenges, particularly in critically ill,
mechanically ventilated, and unconscious patients in the ICU.

Research on unconscious patients

All studies included in this thesis were conducted in accordance with the ethical
principles outlined in the Declaration of Helsinki and its subsequent amendments.???
The four fundamental ethical principles guiding research involving human subjects
are shown in Figure 24,22

AUTONOMY

Respect patient’s right of self-governance

NONMALEFICENCE

Avoid causing harm and minimise harm to the patient

BENEFICENCE

Maximise benefits and enhance patient’s well-being

JUSTICE
Treat patients fairly and equitably

Figure 24.
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These ethical principles are universal and apply worldwide, transcending national,
cultural, legal, or economic boundaries.

Approval of study protocols for studies included in this thesis was obtained from
the appropriate ethics committees in each participating country. The treatment
algorithms tested in the TTM1 and TTMZ2 trials were guideline-recommended to be
initiated as soon as possible after hospital admission, necessitating justification of
randomisation prior to obtaining informed consent. For patients who regained
consciousness, written and oral informed consent was obtained, and for all included
patients, declaration was obtained from legal representatives and/or patients
according to local legislation (Papers I-1V).

When ongoing treatment is no longer considered beneficial, withdrawal of life-
sustaining therapy (WLST) is legally permitted for unconscious post-cardiac arrest
patients in Sweden and most other countries. However, in some countries, cultural
and religious factors make WLST uncommon. Although rare, cases of neurological
improvement have been reported in such settings.*?

By strengthening the evidence and improving the accuracy of CT for
prognostication in unconscious cardiac arrest patients, this thesis can reduce
inappropriate WLST decisions and prevent unnecessary prolonged intensive care in
patients with a futile prognosis, promoting both nonmaleficence and beneficence.
Additionally, by limiting non-beneficial intensive care, critical resources can be
reallocated to patients with a chance of recovery, promoting fairness and optimal
use of healthcare resources (justice).
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Results

Paper |

Participants

Of the 117 patients from Swedish TTM1-trial sites who underwent CT examination
within seven days post-cardiac arrest, 106 were eligible for inclusion. The patient
selection- and exclusion-process is illustrated in Figure 25.

Total study population TTM1
(GECEL)]
Swedish sites
(n=210)

Swedish sites
Head CTs
(n=117)

Head CTs unavailable
(n=5)

Excluded (intracranial
bleeding, infarction or

major artefacts)
Included in the study
(n=106)
Figure 25.

(n=6)
Flowchart of patient selection and exclusion.
CT; computed tomography, n; number of patients, TTM; Targeted Temperature Management.
Examiner 2 excluded n=7 patients for certain ROIs and thus only included n=105 images for some of the
GWR models.
Figure adopted from Paper .
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Among the included patients, 84/106 (79%) were male, median age was 68 years
(IQR 60-75). The median time from ROSC to CT was 4 hours (IQR 2-72 hours),
with 68/106 64% of the CT examinations performed within 24 hours post-ROSC.
At six months, 70/106 (66%) had poor functional outcomes (mRS 4-6).

Prognostic performance

The overall predictive performance for functional outcome, measured by AUROC,
varied across different GWR models. For CTs performed <24 hours post-cardiac
arrest, AUROCs ranged from 0.50 to 0.64 for rater (examiner) 1 and from 0.40 to
0.63 for rater 2. For CTs conducted >24 hours post-cardiac arrest, AUROCSs ranged
from 0.58 to 0.87 for rater 1 and from 0.60 to 0.94 for rater 2 (Figure 26).

All GWR models tested at cut-off < 1.10 achieved 100% specificity for both raters.
The highest sensitivity at this cut-off, for both raters, was observed with the GWR
8 ROIs BG model on CTs performed >24 post-cardiac arrest, 50% (95% CI: 33-67)
for rater 1 and 63% (95% ClI: 46-78) for rater 2. The prognostic performance of the
various CT assessment methods for predicting poor functional outcome, together
with the inter-rater agreement percentages, are presented in Table 6.

CT <24 h after ROSC CT 2 24 h after ROSC

Examiner 1 n  — 1 Examiner 1

GWRL 51 AURDC 0. 7 b 2 1
GWRZOAUROC 0.50 (0.36-0.65 GWR20 AUROC 0158 {0.35-0.51)
GWR RE AURDC 0.57 (0.43-0.71) GIWR BB AURGC 0.75 (0.59-0.91)
Referance Line Reference Line

Z o E o

s =

: H

& e & o

7] s s 10 . s
1 - Specificity 1 - Specificity
Examiner 2 Examiner 2

GWR16 AURDC 0.58 (0.45-0.72)
CWR BC AUROC 0,63 (0.49-0.76) A BC AR 0.93 (0.85-1.00)
CWR CO AURDC 0,54 (0.40-0.68 GWR CO AUROC 0,78 (0.60-0.95)
GWR 51 AURGC 0,60 (0.47-0.74) CWR. 51 AUROC 0.5 (0.4 1.00)
CWR20 AURDC 0,40 (0.26-0.54 CWR20 AURDC 060 (0.41-0.80)
GWR. RB AURDC 0.0 (0.46-0.76) CWR KB AUROC 0,94 (0,86~ 1.00)
Reference Line Reference Line '

£ ¢ Zo

5 5

5

L B A

e 02 7 o8 : -
1 - Specificity 1 - Specificity
Figure 26.

ROC curves and AUROC with 95% confidence intervals of the various GWR models predicting functional
outcome in CTs performed <24 hours or 224 hours after ROSC for the two raters.
Figure adapted from Paper I.
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Table 6. Prognostic performance and percentage agreement for the various GWR models

<24 h post arrest (N = 68) 224 h post arrest (N = 38)
CT method | Cut-off Percent Spec. Sens. | Percent Spec. Sens.
agreement agreement

Eye-balling | HIE 84 89-100 15-20 | 74 100 43-78

SEBES 4 points 84 93-100 10-10 74 100 30-53

GWR:

16 ROIs AV | 1.20 91* 96-100 20-33 92 88-100 63-70
1.15 91* 100 10-15 | 87 100 50-53
1.10 96* 100 5-8 90 100 40

8 ROIs CE 1.20 77 79-89 23-35 | 76 62-88 50-60
1.15 93 100 8-15 84 88-100 43-47
1.10 97 100 5 74 100 13-40

8 ROIs BG 1.10 82* 82-100 23-36 | 97 100 70-73
1.15 93* 100 15-18 | 90 100 63
1.10 93* 100 8-10 79 100 50-63

4 ROI SI 1.20 78* 89-100 28-33 | 92 100 63-67
1.15 91* 96-100 15-18 | 82 100 57-60
1.10 93* 100 8-10 74 100 37

8 ROIs RB 1.20 87 93-100 18-30 | 84 88-100 57-60
1.15 97 100 8-13 97 100 40
1.10 100 100 3 79 100 37-50

Excerpt from the summary table (Paper I) presenting the prognostic performance of various CT
assessment methods for predicting poor outcome (MRS 4-6) at six months, alongside the percentage
agreement between the two raters.

* One additional CT examination was excluded from some analyses by one of the raters due to noted
artefacts.

AV; average, BG; basal ganglia; CBC; cerebellar cortex, CBW; cerebellar white matter, CC; genu corpus
callosum, CE; cerebrum CN; head of the caudate nucleus, GWR; grey- white matter ratio, MC1; medial
cortex at the level of centrum semiovale, MC2; medial cortex at the high convexity level, PIC; posterior
limb of the internal capsule, PU; putamen, RB; robust, Sl; simple, TH; thalamus, WM1; white matter at
the level of the centrum semiovale, WM2; white matter at the high convexity level.
*The 8 ROl RB GWR model was an exploratory post-hoc model including the four ROIs with the
narrowest limits of agreement from the Bland-Altman analysis.

Interrater agreement

The percentage agreement for the unstandardised visual interpretation and the
SEBES ranged from 74% to 84%. All GWR models demonstrated interrater

agreement >74%.

Bland-Altman plots for some of the GWR models are presented in Figure 27. These
GWR models showed varying ranges between upper and lower limits of agreement
and several of the GWR models exhibited small but statistically significant bias.

74



The 8 ROIs CE model displayed the widest limits of agreement between the two
examiners, whereas the 8 ROIs BG and 16 ROIs AV models demonstrated the
narrowest ranges.

GWR from 16 ROIs AV GWR from 8 ROIs BG

Difterences
Differences

. X . ) )
Means Means

GWR from 8 ROIs CE GWR from 4 ROIs Sl

Dfferences

Figure 27.
Bland-Altman plots comparing the GWR of each patient calculated from manually placed approximately
0.1 cm? ROIs by rater 1 with those placed by rater 2 for some of the tested GWR models in Paper .

Figure adapted from Paper I.

Paper Il1-1V

Participants

Thirteen sites across four countries participated in the TTM2 CT-sub-study. Among
their patients, 387 (61%) provided informed consent and underwent CT <7 days
post cardiac arrest. Forty-six CTs were excluded due to unfulfilled technical
requirements, significant artefacts, or evidence of current intracranial ischaemia or
haemorrhage. Of the 341 approved CTs, 140 were eligible for the prospective cohort
(defined as unconscious patients with a CT >48 hours <7 days post-cardiac arrest).
All 341 approved CTs were included in the post-hoc analysis (CTs <7 days after
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cardiac arrest). The flowchart of patient selection and exclusion is presented in
Figure 28.

Patients included in the
TTM2 trial
N=1861

Patients from sites not participating in the
“| CT substudy, N=1226

Patients from participating

sites
N=635
No CT available, N=225
> Withdrawn consent, N=2
CT >7d after cardiac arrest, N=21
CT <7d post-arrest
N=387
Technical requirements unfulfilled, N=26
4| Ischaemic lesion, N=8
Intracranial hemorrhage, N=5
Artefacts interfering with evaluation, N=7
CTs approved

N=341 patients

5| CT <48h after cardiac arrest

N=201

Prospective cohort:
Unconscious >48h Post-hoc cohort:

and examined with CT > CT <7d after cardiac arrest

>48h<7d after cardiac arrest N=341

N=140
Figure 28.

Flowchart of patient selection and exclusion.
CT,; computed tomography, N; number of patients, TTM; Targeted Temperature Management.
Figure adopted from Paper Il

The median age of the prospective cohort was 68 years (IQR 59-76), and 106 (76%)
were male. The median time from cardiac arrest to CT was 84 hours (IQR 66-109).
Compared to patients who underwent CT <48 hours after cardiac arrest, and those
who were excluded for other reasons, the prospective cohort had a higher proportion
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of poor outcome, with 105 (75%) exhibiting poor functional outcome (MRS 4-6 at
six months follow-up).

Paper 111

Prognostic performance

The standardised qualitative assessment of “definite signs of severe HIE” predicted
poor outcome with 100% specificity across all raters, while sensitivity ranged from
11% to 57% (Table 7).

Median GWR at both at cut-offs (<1.10 and <1.15) were significantly lower in
patients with poor outcomes compared to those with good outcomes (p < 0.0001).
The overall predictive performance for poor functional outcome, as measured by the
AUROC, ranged from 0.78 to 0.86 for manual GWR4 and from 0.83 to 0.89 for
manual GWRS across the seven raters (Figure 29).
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© _| - . ©
F ) J—J =)
z ir
g J
c
» < || J Raters AUC (95%-CI) - | Raters AUC (95%-Cl)
<18 — 1:0.78 (0.70-086)| © — 1:0.85(0.78-0.91)
w— 2:0.84 (0.78-0.91) s 2:0.87 (0.81-0.93)
5 — 3:0.78(0.70-086)[ — 3: 0,83 (0.77-0.90)
o — 4:0.86(0.80092)| o w— 4:0.86 (0,80-0.92)
w— 5:0.83 (0.77-0.90) w— 50,87 (0.81-0.93)
e 6:0.81(0.74-0.88) s 6:0.89 (0.83-0.94)
) 7:079(0.72087)| < | 7:0.86 (0.81-0,93)
o o
T T T I T T I T T T T
0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 06 08 1.0
1 - Specificity 1 - Specificity
Figure 29.

ROC curves and AUROC with 95% confidence intervals for GWR-4 and GWR-8 for predicting poor
functional outcome in CTs performed >48 hours <7 days after ROSC for the seven raters.
Figure adopted from Paper Il
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Table 7. Prognostic performance for the various GWR models

Method Specificity Sensitivity TP TN FP FN
Rater (95% ClI) (95% ClI)
Qualitative
1 100 (90-100) 11 (7-19) 12 35 0 93
2 100 (90-100) 37 (29-47) 39 35 0 66
3 100 (90-100) 36 (28-46) 38 35 0 67
4 100 (90-100) 61 (51-70) 64 35 0 41
5 100 (90-100) 35 (27-45) 37 35 0 68
6 100 (90-100) 57 (48-66) 60 35 0 45
7 100 (90-100) 40 (31-50) 42 35 0 63
GWR-8 cut-off <1.10
1 100 (90-100) 31 (23-41) 33 35 0 72
2 100 (90-100) 34 (26-44) 36 35 0 69
3 100 (90-100) 38 (29-48) 40 35 0 65
4 100 (90-100) 46 (37-55) 48 35 0 57
5 100 (90-100) 47 (37-56) 49 35 0 56
6 100 (90-100) 39 (30-49) 41 35 0 64
7 100 (90-100) 46 (37-55) 48 35 0 46
GWR-4 cut-off <1.10
1 100 (90-100) 30 (22-39) 31 35 0 74
2 100 (90-100) 18 (12-27) 19 35 0 86
3 100 (90-100) 22 (15-31) 23 35 0 82
4 100 (90-100) 27 (19-36) 28 35 0 77
5 100 (90-100) 31 (23-41) 33 35 0 72
6 100 (90-100) 28 (20-37) 29 35 0 76
7 100 (90-100) 37 (29-47) 39 35 0 66
GWR-8 cut-off <1.15
1 94 (81-98) 48 (38-57) 50 33 2 55
2 100 (90-100) 44 (35-53) 46 35 0 59
3 100 (90-100) 47 (37-56) 49 35 0 56
4 100 (90-100) 53 (44-63) 56 35 0 49
5 100 (90-100) 52 (43-62) 55 35 0 50
6 100 (90-100) 46 (37-55) 48 35 0 57
7 100 (90-100) 56 (47-65) 59 35 0 46
GWR-4 cut-off <1.15
1 91 (78-97) 36 (28-46) 38 32 3 67
2 100 (90-100) 30 (22-39) 31 35 0 74
3 100 (90-100) 29 (21-38) 30 35 0 75
4 100 (90-100) 45 (36-54) 47 35 0 58
5 100 (90-100) 43 (34-52) 45 35 0 60
6 100 (90-100) 38 (29-48) 40 35 0 65
7 94 (81-98) 47 (37-56) 49 33 2 56
Automated GWR cut-off <1.10

100 (90-100) 41 (32-51) 43 35 0 62
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At cut-off <1.10, both manual GWR methods across all raters and the automated
method and achieved 100% specificity. Sensitivity ranged from 31% to 47% for the
GWR-8 method and from 18% to 37% for the GWR-4 method among the seven
raters.

At cut-off <1.15, the GWR-8 method resulted in two false-positive predictions by
one rater, yielding specificity ranging from 94% to 100% and sensitivity from 44%
to 56% across raters. For the GWR-4 method, at cut-off <1.15, specificity ranged
from 91% to 100%, and sensitivity from 29% to 47% across the seven raters. One
rater had three- and another rater had two false-positive predictions.

Concordance with other routine prognostic methods

The concordance between “definite signs of severe HIE” assessed by at least four
raters and other prognostic markers ranged from 37% for bilaterally absent pupillary
reflexes to 96% for NSE > 60 pg/L. Similarly, the concordance between at least four
raters assessing GWR-8 <1.10 and other prognostic markers ranged from 32% for
bilaterally absent pupillary reflexes to 97% for NSE > 60 ug/L.

Grey-white matter ratio from automated measurements and comparisons

The median automated GWR was significantly lower in patients with poor outcome
compared to those with good outcome (p < 0.0001). The overall predictive
performance for poor functional outcome, measured by the AUROC was 0.84. The
AUROC for the automated GWR did not differ significantly from the mean manual
GWR-8 (0.87) or GWR-4 (0.84) (Figure 30).

Automated vs. manual GWR

08

0.6
|

0.4

0.2

GWR Method
= Automated 0.84 (0.77-0.91)
= = Avg. Manual 4-RO| (.84 (0.78-0.91)
== Avg. Manual 8-ROI 0.87 (0.82-0.93)
I I T I T
0.0 0.2 04 06 0.8 1.0

0.0

1 - Specificity
Figure 30.
ROC curves and AUROC with 95% confidence intervals for the automated GWR method and for mean
of the seven raters’ manual GWR-4 and GWR-8 methods for prediction of poor functional outcome in
CTs performed 248 hours <7 days.
Figure adopted from Paper IlI.
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Inter- and intra- rater agreement

The interrater agreement ranged from « 0.57 for GWR-4 at both cut-offs to « 0.83
for GWR-8 at the cut-off <1.15 (Table 8).

Table 8. Interrater agreement for the various CT assessment methods

Method Fleiss’ kappa (95% CIl) Strength of agreement*
Qualitative 0.6 (0.56-0.64) Moderate
GWR-8

cut-off <1.10 0.72 (0.69-0.76) Good

cut-off <1.15 0.83 (0.79-0.86) Very good
GWR-4

cut-off <1.10 0.57 (0.53-0.6) Moderate

cut-off <1.15 0.57 (0.53-0.61) Moderate

* The interpretation of k-values lacks universal consensus, this categorisation was applied in Paper IIl.

The intrarater agreement for the qualitative assessment ranged from « 0.33 to 0.93
(Table 9). For the GWR-8 method, intrarater agreement ranged from « 0.58 to 0.84
at cut-off <1.10, and from « 0.62 to 1.00 at cut-off <1.15, across the seven raters.
For GWR-4, the intrarater agreement ranged from approximately 0.30 to 0.75 at

both cut-offs.

Table 9. Intrarater agreement for the various CT assessment methods

Rater Qualitative assessment GWR-8, cut-off GWR-4, cut-off
Cohen’s kappa Cohen’s kappa Cohen’s kappa
Strength of agreement* Strength of agreement* Strength of agreement*
1 0.78 Good <1.10 0.66 Good <1.10 0.63 Good
<1.15 0.67 Good <1.15 0.36 Fair
2 0.76 Good <1.10 0.58 Moderate <1.10 0.26 Fair
<1.15 0.76 Good <1.15 0.35 Fair
3 0.91 Very <1.10 0.84 Very good <1.10 0.27 Fair
good <1.15 1 Very good | <1.15 0.33 Fair
4 0.93 Very <1.10 0.76 Good <1.10 0.36 Fair
good <1.15 1 Very good | <1.15 0.50 Moderate
5 0.75 Good <1.10 0.84 Very good <1.10 0.75 Good
<1.15 0.77 Good <1.15 0.74 Good
6 0.85 Very <1.10 0.74 Good <1.10 0.70 Good
good <1.15 1 Very good | <1.15 0.40 Fair
7 0.33 Fair <1.10 0.77 Good <1.10 0.41 Good
<1.15 0.62 Good <1.15 0.32 Fair

* The interpretation of k-values lacks universal consensus, this categorisation was applied in Paper .
Table adapted from Paper Il where full tables including confidence intervals can be found in the

supplementary data.

80




Post-hoc analyses of automated GWR

Except for CTs performed within 2 hours post-cardiac arrest, the median automated
GWR was significantly lower in poor functional outcome patients compared to good
functional outcome patients across all other time intervals (Figure 31).

A single false-positive prediction occurred in the >2 to 6-hour interval, resulting in
a specificity of 98% for poor outcome prediction. All other time categories
demonstrated 100% specificity. The highest sensitivity was observed in CTs
performed between >48 and 96 hours after cardiac arrest.

CT<48h, N=201 Prospective cohort, N=140
<2h 22-6h >6-48h >48-96h | >06-168h
— p=06 " : p<0.001 —_p<0.01 —p<0.00071 _ . p<0.0001

0.91

Good Poor Good Poor Good Poor Good Poor Good Poor
Outcome at 6 Months after Cardiac Arrest

Figure 31.

Box-scatter plots for automated GWR for prediction of poor functional outcome (MRS 4-6 at 6 months)
grouped by timing of CT in hours after cardiac arrest. Except for CTs performed within 2 hours post-
cardiac arrest, the median automated GWR was significantly lower in poor functional outcome patients
compared to good functional outcome patients across all other time intervals.

Figure adopted from Paper Il

Paper IV

Prognostic performance

The mean prognostic performances for predicting poor functional outcome for the
different signs indicating HIE on CT are presented in Table 10.

e Loss of grey-white distinction

Bilateral loss of grey-white matter distinction demonstrated 100%
specificity for predicting poor functional outcome across all raters at each
of the three assessed anatomical levels. The mean sensitivity among the
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seven raters ranged from 45% at the basal ganglia level to 50% at the high
convexity level.

Sulcal effacement

The mean specificity for predicting poor outcome for bilateral sulcal
effacement ranged from 93% at the corona radiata level to 99% at both the
basal ganglia- and at the high convexity level. Mean sensitivity ranged from
29% at the basal cisterns to 49% at the corona radiata level. Among the 35
patients with good functional outcomes at six months, 11 (18 individual
ratings) were assessed as exhibiting signs of bilateral sulcal effacement at
one- or several anatomical levels on CTs. The median age among these
misclassified patients was 54 years (IQR 41-57), compared to a median age
of 68 years (IQR 59-76) in the overall cohort.

Other signs indicating HIE

The p-SAH Sign and the Reversal Sign both demonstrated 100% specificity
for poor outcome prediction across all raters. The White Cerebellum Sign
yielded two false-positive predictions, resulting in a mean specificity of
99%. The mean sensitivity for these three signs ranged from 8% to 11%.

Table 10. Prognostic performance for the various radiological signs

Sign Specificity Sensitivity
mean (min-max) mean (min-max)
Loss of grey-white distinction at the level of:
Basal ganglia 100 (100-100) 45 (14-69)
Corona radiata 100 (100-100) 46 (33-59)
High convexity 100 (100-100) 50 (38-60)
Sulcal effacement at the level of:
Basal cisterns 98 (89-100) 29 (8-53)
Basal ganglia 99 (94-100) 38 (21-58)
Corona radiata* 93 (80-100) 49 (23-64)
High convexity* 99 (97-100) 41 (25-54)
Signs of:
p-SAH 100 (100-100) 8 (3-13)
White cerebellum 99 (94-100) 11 (1-31)
Reversal 100 (100-100) 9 (3-13)

Prognostic performance for prediction of poor functional outcome (MRS 4-6) at six months post-arrest.
Specificity and sensitivity for all items in the gualitative CT-assessment checklist reported as means of
the raters with full range (minimum and maximum) not (95% CI).

* The sulcal effacement at corona radiata- and high convexity level was rated retrospectively by four of
the seven raters.

p-SAH; the Pseudo Subarachnoid Haemorrhage Sign.
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Interrater agreement

The interrater agreement for loss of grey-white distinction ranged from « 0.57 at the
basal ganglia level to « 0.74 at the high convexity level (Table 11). For sulcal
effacement, the level of interrater agreement ranged from «k 0.41 at the basal cisterns
to k 0.65 at the high convexity level. The interrater agreement for the White
Cerebellum Sign was « 0.36, for the p-SAH Sign « 0.49, and for the Reversal Sign
0.52.

Table 11. Interrater agreement for the various radiological signs

Sign Fleiss’ kappa Strength of
(95% ClI) agreement”

Loss of grey-white distinction at the level of:

Basal ganglia 0.57 (0.53-0.6) Weak

Corona radiata 0.67 (0.64-0.71) Moderate

High convexity 0.74 (0.7-0.78) Moderate

Sulcal effacement at the level of:

Basal cisterns 0.41 (0.38-0.45) Weak
Basal ganglia 0.61 (0.57-0.64) Moderate
Corona radiata* 0.57 (0.5-0.63) Weak
High convexity* 0.65 (0.59-0.72) Moderate
Signs of:

p-SAH 0.49 (0.45-0.53) Weak
White cerebellum 0.36 (0.33-0.4) Minimal
Reversal 0.52 (0.49-0.56) Weak

Fleiss’ kappa (95% ClI) for the seven raters for the qualitative CT assessment signs.

* The sulcal effacement at corona radiata- and high convexity level was rated retrospectively by four of
the seven raters.

#The interpretation of k-values lacks universal consensus, this categorisation was applied in Paper IV.

Concordance between an individual radiological sign and “definite signs of HIE”

The concordance between each rater’s confirmation of an individual radiological
sign and their final evaluation of definite signs of severe HIE ranged from 92% to
100% for loss of grey-white distinction across the seven raters and the various
anatomical levels. For sulcal effacement, concordance ranged from 39% to 100%.
The concordance for the p-SAH Sign ranged between 5% to 50%, for the White
Cerebellum Sign from 2% to 45%, and for the Reversal Sign from 8% to 31%.
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Paper V

Participants

A total of 228 consecutive (but filtered to match a cardiac arrest population) non-
contrast CTs were screened to reach the predetermined inclusion target of 155 CTs.
The flowchart outlining patient selection and exclusion is presented in Figure 32.
The mean and median age of participants was 75 years (IQR 74-75), and 91 (59%)
were male.

CTs due to TIA/stroke
January — August 2021
Matched to cardiac arrest population
N=228

Excluded 61 CTs excluded (43 patients)
- Heamorrhage, N=19

- Infarction, N=15

- Artefacts, N=2

CTs - Metastasis/Tumour, N=5
N=167 - Other, N=2

- Cardiac arrest, N=0

Excluded 12 CTs excluded

- more than one CT per identical patient

Included CTs
N=155

Figure 32.

Flowchart of patient selection and exclusion.

CT; computed tomography, N; number of patients, TIA; Transient Ischaemic Attack.
Figure adopted from Paper V.

GWR

The distribution of the GWR from 0.1 cm? and 0.2 cm? ROIs for each patient, as
assessed by all three raters, is presented in Figure 33A. For the 0.1 cm? ROls, the
median GWR (min-max) for the three raters were: 1.30 HU (1.14-1.56), 1.31 HU
(1.16-1.54), and 1.32 HU (1.18-1.49), respectively. For the 0.2 cm? ROls, the
corresponding median GWR (min-max) for the three raters were: 1.29 (1.15-1.48),
1.32 (1.20-1.52), and 1.27 (1.14-1.48). None of the participants were assigned a
GWR below 1.10.
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A) Box- and whiskers plots of GWR from manually placed 0.1 cm? and 0.2 cm? ROIs at the basal ganglia
level for the included N=155 patients presented separately for the three raters. Whiskers between 5-95%
Cl. B) Circular ROIs of 0.1 cm? (size presented by green ROIs in right hemisphere) and 0.2 cm? (size
presented by red ROls in left hemisphere) manually placed in the genu corpus callosum [A], in the head
of the caudate nucleus [B], in the putamen [C], and in the posterior limb of the internal capsule [D]. The
GWR was calculated by the mean attenuation in the head of the caudate nucleus [B] and the putamen
[C] bilaterally divided by the mean attenuation in the genu corpus callosum [A] and the posterior limb of
the internal capsule [D] bilaterally.

Figure adopted from Paper V.

Interrater agreement

Several pairwise comparisons between raters revealed a statistically significant but
small bias, with mean GWR differences ranging from 0 to 0.05 for both the 0.1 cm?
and the 0.2 cm? ROIs GWR (Figure 34A-F). The limits of agreement between raters
were approximately £0.1 around the mean difference. GWR measurements using
the 0.2 cm? ROIs demonstrated narrower limits of agreement compared to those
using 0.1 cm? ROIs.

Variability between GWR calculated from 0.1 cm2 compared with 0.2 cm2

All raters demonstrated statistically significant but small bias, with mean GWR
differences ranging from 0 to 0.04, when comparing their measurements from 0.1
cm?ROIs GWR to those from 0.2 cm? ROIs GWR (Figure 35A-C). The limits of
agreement were approximately +0.1 around the mean difference.
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Figure 34A-F.

Bland-Altman plots comparing GWR of each patient (N=155) calculated from manually placed 0.1 cm?
ROIs; A) by rater 1 with those placed by rater 2, B) by rater 2 with rater 3, C) by rater 3 with rater 1, and
comparing GWR of each patient (N=155) calculated from 0.2 cm? manually placed ROIls; D) by rater 1
with those placed by rater 2, E) by rater 2 with rater 3, and F) by rater 3 with rater 1.

Each plot indicates the mean of each GWR (x-axis) with mean differences (y-axis).

Figure adopted from Paper V.
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Figure 35A-C.

Bland-Altman plots comparing the GWR of each patient (N=155) calculated from manually placed 0.1
cm? ROIs with manually placed 0.2 cm? ROIs by; A) rater 1, B) rater 2, and C) rater 3. Each plot indicates
the mean of each GWR (x-axis) with mean differences (y-axis).

Figure adopted from Paper V.
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Discussion

Based on data from two prospective multicentre studies, among other sources, the
findings presented in this thesis demonstrate that CT serves as a highly specific
prognostic tool for predicting poor functional outcomes following cardiac arrest,
irrespective of the assessment method employed. However, sensitivity varies
depending on the timing of imaging, the assessment method, and the rater, with a
moderate median sensitivity.

Timing of CT

To maximise the prognostic performance of CT, it is crucial to determine the
optimal timing for image acquisition following ROSC. Current ERC/ESCIM
prognostication guidelines do not specify a fixed interval for performing CT, but
recommend that formal multimodal prognostication should not be conducted earlier
than 72 hours after ROSC.*®* The American Neurocritical Care Society advises
performing CT for prognostic assessment no earlier than 48 hours after ROSC.%

In the pilot study (Paper 1), patients were categorised based on CT timing: early
(<24 hours) or late (>24 hours) after cardiac arrest. Most established and novel
gualitative and quantitative methods for diagnosing poor outcomes demonstrated
high specificity both on early and late CTs. Sensitivity, however, increased from
low on early CTs to moderate or high on late CTs.

In the post-hoc analysis in Paper I1l, the prognostic performance of GWR with a
cut-off <1.10, assessed automatically, was evaluated across different time intervals
following cardiac arrest. Except for one false-positive prediction in the >2 to 6-hour
interval post-cardiac arrest, all other time intervals demonstrated 100% specificity.
The highest sensitivity, 48%, was observed between 48 and 96 hours post-cardiac
arrest.

Although CTs performed shortly after hospital admission are justified and valuable
for excluding or confirming a neurological cause of CA and/or unconsciousness,'%
evidence from this thesis as well as from other studies,’” 2?* indicate that CTs
conducted within a few hours post-cardiac arrest have limited prognostic value. Our
findings of increased sensitivity for predicting poor outcome within the initial days
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are consistent with previous studiest®> 47149 175 and align with the temporal
pathophysiological progression of HIE.2 %0-33

Assessment methods

Qualitative CT assessment methods

Signs indicating hypoxic-ischaemic encephalopathy (HIE) and poor prognosis on
CT are most often assessed visually without standardisation and reported
qualitatively in clinical practice.?® This unstandardised visual interpretation, eye-
balling, was evaluated in the pilot study, (Paper 1). Eye-balling resulted in three
false-positive predictions on early CTs, with specificities of 89% and 100% for the
two raters. Sensitivity for eye-balling on early CTs was low for both raters. For late
CTs, specificity was 100% for both raters, and sensitivity ranged from 43% to 78%.
Inter-rater agreement was 84% for early and 74% for late CTs. The standardised
qualitative assessment, SEBES, did not improve the percentage agreement and
showed lower sensitivity than eye-balling across both time groups and raters.
However, SEBES resulted in one fewer false positive, two in total, both on early
CTs and from the same rater, indicating a potentially safer assessment when
standardised.

In Paper 1ll, the application of a standardised qualitative assessment checklist,
incorporating a more precise definition of definite severe HIE than those proposed
in current guidelines, yielded a specificity of 100% for predicting poor outcomes
across all seven raters (980 ratings) on CTs performed between > 48 hours < 7 days
post-cardiac arrest. However, sensitivity exhibited considerable variability, ranging
from 11% to 61%.

The predictive performance of our qualitative assessments, with high median
specificity but only moderate median sensitivity, is consistent with previous
studies.’® 1> Albeit infrequently, false-positive predictions were observed in early
CTs (Paper 1), aligning with prior findings.*’® 22¢ This highlights the importance of
a multimodal approach to prognostication in unconscious cardiac arrest patients and
the inherent risks of relying solely on qualitative CT assessment for evaluating HIE,
the most common current practice.

The reliability of qualitative CT assessment is limited by the absence of standardised
radiological criteria, resulting in inadequate interrater agreement.> 158 160 Eyen
with the implementation of standardised criteria in Paper Ill, inter-rater reliability
was limited (x 0.6), indicating a need for further improvements to standardise the
qualitative CT evaluation after cardiac arrest.
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To investigate this, we analysed the prognostic performance and interrater
agreement of individual items within the qualitative CT checklist in Paper 1V,
including the p-SAH Sign, the White Cerebellum Sign, the Reversal Sign, loss of
grey-white distinction, and sulcal effacement. Among these, bilateral loss of grey-
white matter distinction demonstrated the highest prognostic value, achieving 100%
specificity across all raters and anatomical levels, with mean sensitivity ranging
from 45% at the basal ganglia level to 50% at the high convexity level. This sign
also showed the strongest concordance with raters’ conclusions of definite severe
HIE and the highest interrater agreement (kx 0.74) (at the high convexity level).
These findings highlight that reduced grey-white matter distinction should
constitute an essential part of the radiological evaluation for signs indicating HIE
on CTs following cardiac arrest, as supported by previous studies.!3> 49 In contrast
to several quantitative CT studies, which preferably assess radiodensities at the
basal ganglia level, 3 146 149. 176-178, 182 o1 results suggest that including the high
convexity level in qualitative assessments may provide additional prognostic value.

When evaluated in isolation, the radiological sign of sulcal effacement resulted in
several false-positive predictions, predominantly at the corona radiata level, with
mean specificity ranging from 93% to 99%. This implies that sulcal effacement may
be more challenging to assess than loss of grey-white matter distinction, particularly
in younger patients with physiologically higher brain volume. Consistent findings
have been reported in previous studies.??’” Furthermore, the prognostic mean
sensitivity of sulcal effacement exhibited considerable variability, ranging from
29% to 49% across anatomical levels.

While cytotoxic and ionic oedema typically develop within hours after cardiac
arrest, vasogenic oedema evolves over the first few days.??® Paper IV included CTs
obtained between >48 hours and <7 days post-cardiac arrest, a timeframe
theoretically sufficient for the development of both cytotoxic and vasogenic
oedema. Nevertheless, the slightly lower sensitivity of sulcal effacement compared
to loss of grey-white matter distinction may partly reflect temporal differences in
the pathophysiological evolution of these signs. Interrater agreement for sulcal
effacement was also lower than for loss of grey-white matter distinction.

Consistent with previous studies, the White Cerebellum Sign, the p-SAH sign, and
the Reversal sign demonstrated high specificity but limited sensitivity.3¢ 152 153
Relative to the other assessed radiological signs of HIE, these signs provided
comparatively limited additional prognostic value.

Quantitative CT assessment methods

In the pilot study (Paper I), several GWR models at varying cut-offs were evaluated
for the assessment of HIE on CTs following cardiac arrest. At a cut-off <1.10, all
GWR models demonstrated 100% specificity across both raters and on both early
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and late CTs. As noted previously, sensitivity for predicting poor outcome increased
substantially when GWR was obtained on late CTs (> 24 hours to 7 days post-
cardiac arrest). On these late CTs, the highest sensitivity at the <1.10 cut-off was
observed with the GWR model based on eight ROIs placed at the basal ganglia level
(8 GWR BG), yielding sensitivity ranging from 50% to 63%. In addition to its
superior prognostic performance, the 8 GWR BG model also demonstrated one of
the highest levels of interrater percentage agreement (79%). This aligns with
findings from previous studies and is likely attributed, at least in part, to the
particular susceptibility of subcortical nuclei to HIE, as well as the relatively low

risk of partial volume effects in these often well-defined structures,36: 146, 149, 176-178,
182

Even at higher cut-offs (1.15 and 1.20), several GWR models maintained 100%
specificity, with some achieving sensitivities up to approximately 70% (GWR 8
BG). In the literature, GWR cut-off values proposed to predict poor functional
outcome with 100% specificity post-cardiac arrest have ranged from approximately
1.08 to 1.23.%2 In Paper | we observed that the false-positive rate with GWR at cut-
off <1.15 could be reduced when the quantitative assessment was supplemented
with eye-balling. Nevertheless, in planned Paper IlIl, we chose to validate a
conservative cut-off to minimise the risk of false-positive predictions.

In Paper 111, seven raters from four countries independently placed ROIs at the basal
ganglia level on 140 CTs obtained >48 hours <7 days post-cardiac arrest from
thirteen sites across four countries. Both the GWR-8 and GWR-4 models
demonstrated 100% specificity for poor outcome prediction at cut-off <1.10 across
all raters. The GWR-8 demonstrated higher median sensitivity (39%) and stronger
interrater (x 0.72) and intrarater agreement (k 0.58 — 0.84) than the GWR-4 among
the seven raters. Both the caudate nuclei and the putamina are particularly
vulnerable to hypoxic-ischemic encephalopathy (HIE),® ® and our results suggest
that including both structures in manual grey matter attenuation measurements
improves the prognostic performance of the GWR compared to assessing the
putamina alone. However, our objective alternative, the automated GWR based
solely on putamina grey matter attenuation measurements, achieved 100%
specificity and 41% sensitivity at cut-off <1.10.

In Paper 11, using a cut-off <1.15, sensitivity increased and showed more consistent
results across the seven raters (44% to 56%), contrasting the qualitative assessment.
However, one rater produced two false-positive predictions at this cut-off. Notably,
none of these patients were identified with HIE signs by any rater using qualitative
criteria, underlining the potential value of combining quantitative and qualitative
approaches.

There is a potential risk that quantitative measurements based on small ROIs may
not accurately represent the entire structure, as localised factors such as
calcifications or blood vessels can bias mean attenuation and GWR values.
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Automated, atlas-based measurements encompassing the entire structure may
mitigate this risk and provide more reliable assessments, however, these methods
still require stringent quality control to exclude artefacts and acute pathological
changes.

Another hindrance to relying solely on gquantitative assessment and establishing a
universally reliable GWR cut-off for poor outcome prediction is the variability in
attenuation values (HU-values) across different scanners and acquisition protocols,
which GWR has not been shown to fully compensate for.!#? 22 The “marked
reduction” in GWR for poor outcome prediction referenced in current guidelines
lacks specification regarding ROIls, cut-off values, scanner types, acquisition
protocols, or timing of examination post-cardiac arrest.*® In Paper 111, to reflect real-
world clinical conditions, we accepted all scanners and acquisition protocols, with
the only prerequisites being tube voltage of 120 kV and axial slice thickness of 4-5
mm. Under these conditions, in CT scans performed between 48 hours and 7 days
post-cardiac arrest,a GWR below 1.10 serves as a strong prognostic marker for HIE.
However, as shown in Paper V, although no participant had a GWR below 1.10, the
limits of agreement of £0.1 GWR, observed both between different raters and within
a single rater using varying ROI sizes, underscore the challenges and risks of relying
on fixed GWR cut-offs for prognostication.

Raters

Across all prognostic studies in this thesis, specificity for predicting poor outcomes
was consistently high among all raters. However, sensitivity varied considerably,
especially in the qualitative assessment of HIE signs. Experienced neuroradiologists
achieved moderate to high sensitivity, while less experienced raters exhibited
substantially lower sensitivity during unstandardised visual evaluations.

Current guidelines recommend that signs of HIE identified through conventional
visual analysis should be confirmed by an experienced neuroradiologist.** Had only
experienced neuroradiologists assessed the CTs included in Papers I-IV, our
findings would imply that qualitative assessment of CTs obtained > 24 hours (Paper
) and >48 hours <7 days (Paper Ill) post-cardiac arrest demonstrates high
prognostic performance in predicting poor outcome in unconscious patients.
Notably, two of the neuroradiologists in Paper Il exhibited substantially lower
sensitivity in the quantitative assessment compared to their qualitative evaluations
(approximately 40% versus 60%).

The highest concordance between these two neuroradiologists’ conclusions of
definite severe HIE and isolated radiological signs was observed for loss of grey-
white matter distinction, indicating that this sign was the most critical indicator in
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their assessments. This pattern of concordance was also evident among the less
experienced raters.

An alternative explanation for the lower sensitivity in some less experienced raters
compared to the most experienced neuroradiologists is that the former strictly
adhered to the defined criteria, whereas the experienced neuroradiologists relied
more on their clinical judgement. This would indicate that the proposed criteria for
definite severe HIE may have been too rigid.

The findings in this thesis support current guideline recommendations that
assessment should be performed by neuroradiologists to ensure optimal accuracy.
However, despite the widespread use of external radiological review, only a limited
number of CTs are assessed by neuroradiologists in clinical practice. Given the
involvement of less experienced and general radiologists, the results in this thesis
suggest that combining quantitative and qualitative assessments can enhance the
prognostic performance of CT. Ultimately, it may be that providing raters with
automated or machine-learned GWR measurements could be most beneficial, as this
approach would also assist in training less experienced raters to recognise subtle
visual changes indicative of HIE.

Strengths

Strengths of Papers I-IV include their multicentre designs, nested within large
international cardiac arrest trials employing standardised criteria for
neuroprognostication, WLST, and structured six-month functional outcome
assessments. Paper |11 was additionally a pre-planned study.

In both Papers 111 and IV, CTs were obtained at a clinically relevant time point for
neuroprognostication. Across all Papers included in this thesis, radiological
assessments were performed by at least two independent and blinded raters. In
Papers Il1-V, the raters represented different countries, contributing to the external
validity.

Papers Ill and V were conducted according to pre-specified protocols that included
sample size calculations. For Paper Ill, the protocol also incorporated standard
operating procedures for both qualitative and quantitative CT assessments.

Papers I and I111-1V included CTs from all scanners and acquisition protocols, except
for requiring a tube voltage of 120 kV and axial reconstructions of 4-5 mm, thereby
supporting the external validity.
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Limitations

Several limitations apply to the studies included in this thesis. Papers | and V were
conducted retrospectively. In addition, Paper V was a single-centre study, and all
measurements were performed using images from one single CT scanner with
identical acquisition parameters, which limits the generalisability and external
reliability of the findings. This study also lacked detailed demographic data, further
restricting interpretability.

In Paper I, CT examination was not mandatory but instead performed upon clinical
indication, introducing a considerable risk of selection bias. The small sample size
limited statistical power and precluded further subgroup analyses, which would
have been valuable given the dynamic changes in neuronal injury that can occur
within the first 24 hours and the days that follow.

Papers 111 and 1V were also constrained by moderate sample sizes, leading to wide
95% confidence intervals for specificity. Additionally, a notable proportion of
patients underwent CT imaging prior to the pre-specified time-point, introducing a
potential risk of selection bias in these studies as well.

To enable participation from raters in different countries, CT assessments in Papers
I11-V were conducted using a VPN-secured platform equipped with only basic
windowing tools. Ratings were in most cases made on standard computer screens,
which typically have lower luminance and resolution than clinical radiology
workstations. This may have reduced diagnostic confidence and impacted both
gualitative and quantitative assessments. Unlike clinical practice, raters were
restricted to axial images only, and assessments of qualitative and quantitative
features were conducted separately. Ratings were final, the rater had to complete the
assessment of one patient before proceeding to the next and was not permitted to
revisit previous CT examinations. Additionally, raters could neither consult with
colleagues nor access prior examinations for comparison. These constraints may
have adversely affected the prognostic performance for predicting poor outcomes
post-cardiac arrest based on CT imaging.

Lastly, applicable to Papers -1V, is the potential for self-fulfilling prophecy bias,
as CT reports from local radiologists were available to treating clinicians involved
in decisions regarding WLST. Strategies implemented to minimise this risk are
discussed on page 69. In Paper I11, we further addressed this concern by evaluating
the concordance between either definite severe HIE or GWR-8 <1.10 in at least 4
raters, and the more objective predictor NSE >60 ng/L. The resulting concordance
rates were 96% and 97%, respectively. In Paper V, we demonstrated that in an
elderly reference population, corresponding to the age group with the highest
incidence of cardiac arrest, none had a GWR <1.10 when assessed using the same
guantitative method as in the cardiac arrest cohort. This finding provides additional
support for the robustness and specificity of the applied GWR threshold.
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Conclusions

CT is a highly specific tool for predicting poor functional outcomes after cardiac
arrest and should be considered in patients who remain unconscious >48 hours post-
arrest, as part of a multimodal neuroprognostication strategy.

Combining a structured qualitative assessment of definite severe HIE with a GWR
<1.10, assessed manually or via an automated method at the basal ganglia level,
enables prediction of poor functional outcome with high specificity and moderate
sensitivity.

Improving interrater agreement will require further refinement of standardised
gualitative assessment, with a focus on the robust predictive marker of loss of grey-
white matter distinction.
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Future perspectives

Several important questions remain to be addressed to further evaluate and optimise
the predictive value of computed tomography in unconscious patients following
cardiac arrest. Key areas for future research include:

The value of serial CTs

Many patients undergo CT shortly after hospital admission, and those who remain
unconscious may receive additional scanning at clinically relevant time points for
neuroprognostication. However, the prognostic value of serial CT assessments
remains underexplored. The ability to compare imaging across time points may
improve the prognostic performance and better reflect routine radiological practice.
Future studies should also aim to more accurately replicate clinical conditions by
considering aspects such as radiological workstations, workflow integration, and the
handling of inconclusive ratings, to strengthen the external validity and clinical
applicability of findings. Additionally, larger prospective trials of serial CT scans
are needed to validate promising automated neuroprognostic markers, such as the
regional brain net water uptake.

Timing of CT for neuroprognostication

This thesis demonstrated that CTs performed >48 hours after cardiac arrest can
predict poor functional outcome with 100% specificity. The pilot study (Paper 1),
albeit underpowered, showed tendencies that prognostication with CT is safe from
24 hours after cardiac arrest. Many HIE pathophysiological processes occur before
48 hours, with the more reliable indicator, loss of grey-white matter distinction,
typically emerging earlier than sulcal effacement. This suggests that a shorter time
window, such as >24 hours post-arrest, may be sufficient to identify signs of HIE.
Future studies should explore this possibility and define the earliest reliable time
point for CT-based prognostication.

Refining the qualitative definition of HIE

Hypoxic ischaemic encephalopathy lacks standardised radiological criteria. A more
precise qualitative definition of HIE on CT could be, “Extensive and bilateral loss
or reduction of grey-white matter distinction in the basal ganglia and/or
frontoparietal cortex.” Prospective validation of this definition is needed to improve
interrater agreement.
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Integration of qualitative and quantitative assessments

In this thesis, A GWR cut-off <1.10 was associated with no false positives, while a
cut-off <1.15 introduced a small number of false positives. As quantitative GWR is
intended to complement qualitative CT assessment, future research should evaluate
their combined prognostic performance. This approach may allow for increased
sensitivity with a slightly higher GWR cut-off, without compromising specificity.

Development of automated and machine-learned tools

Automated methods for calculating GWR should be further developed and
validated. In the long term, these tools could provide a reliable and widely accessible
adjunct for clinical evaluation of HIE on CT, especially in settings with limited
neuroradiological expertise. They may also aid in training less experienced
clinicians to recognise subtle imaging features associated with HIE. Additionally,
machine-learned GWR estimation could efficiently generate normative reference
data across different scanners, acquisitions protocols and age groups for future
studies.

Integration of combinations of predictors for poor outcome

Given the recommendation for multimodal prognostication, patients often undergo
multiple complementary assessments. Future studies should investigate the
predictive value of CT combined with other markers to enhance the accuracy of
poor outcome prediction. Specifically, combining NfL with CT may not only
improve prognostic performance but also serve as a robust surrogate marker for
HIE, thereby strengthening the reliability of CT findings.

Technical development of CT

The recent developments in CT technology, including dual-energy, spectral, and
photon-counting CT, are likely to improve the sensitivity for detecting signs of HIE
and predicting poor outcomes post-cardiac arrest. This should also be explored in
future studies.

The predictive value of a normal CT

In addition to assessing the predictive performance of CT for poor outcomes after
cardiac arrest, it would also be important to investigate the prognostic value of a
normal CT, particularly when combined with other concordant predictors, for
identifying patients likely to have a good outcome.
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