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ARTICLE INFO ABSTRACT

Introduction: Hypoxic-ischemic brain injury is the main cause of death and disability of comatose patients after
cardiac arrest. Early and reliable prognostication is challenging. Common prognostic tools include clinical
neurological examination and electrophysiological measures. Brain imaging is well established for diagnosis of
focal cerebral ischemia but has so far not found worldwide application in this patient group.

Objective: To review the value of Computed Tomography (CT), Magnetic Resonance Imaging (MRI), and Positron
Emission Tomography (PET) for early prediction of neurological outcome of comatose survivors of cardiac ar-
rest.

Methods: A literature search was performed to identify publications on CT, MRI or PET in comatose patients after
cardiac arrest.

Results: We included evidence from 51 articles, 21 on CT, 27 on MRI, 1 on CT and MRI, and 2 on PET imaging.
Studies varied regarding timing of measurements, choice of determinants, and cut-off values predicting poor
outcome. Most studies were small (n = 6-398) and retrospective (60%). In general, cytotoxic oedema, defined
by a grey-white matter ratio < 1.10, derived from CT, or MRI-diffusion weighted imaging < 650 x 10~ mm?/s
in > 10% of the brain could differentiate between patients with favourable and unfavourable outcomes on a
group level within 1-3 days after cardiac arrest. Advanced imaging techniques such as functional MRI or dif-
fusion tensor imaging show promising results, but need further evaluation.

Conclusion: CT derived grey-white matter ratio and MRI based measures of diffusivity and connectivity hold
promise to improve outcome prediction after cardiac arrest. Prospective validation studies in a multivariable
approach are needed to determine the additional value for the individual patient.
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Introduction

Most patients surviving cardiac arrest remain comatose immediately
after the circulation has been restored, as a result of transient diffuse
cerebral ischemia [1]. Of these patients 30-70% never regain con-
sciousness as a result of severe hypoxic-ischemic brain injury [1-5].
Hypoxic-ischemic brain injury is the main cause of death or disability in
patients who survive to hospital admission. Early identification of the

severity of brain damage and prediction of subsequent outcome is
challenging. Brain imaging by computed tomography (CT) or magnetic
resonance imaging (MRI) is well established for diagnosis of focal cer-
ebral ischemia [6] but has so far not found worldwide clinical appli-
cation in this patient group [7].

Diagnosis and prognosis of comatose patients after cardiac arrest
is generally based on neurological examination and electro-
physiological measures [8-10]. Absence of pupillary and corneal
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reflexes, absence of the N20 response of Somatosensory Evoked Po-
tentials (SSEP) [9], and lasting isoelectric or low voltage EEG pat-
terns 24 h after cardiac arrest are almost invariably associated with a
poor outcome [11]. The post resuscitation guidelines from the Eur-
opean Resuscitation Council also consider absence of EEG reactivity
and high serum Neuron Specific Enolase levels as predictors of poor
outcome, although not 100% specific [5,9]. Together, neurological
examination and electrophysiological measures allow reliable pre-
diction of good or poor outcome in 50% of patients [2,11]. In the
remaining 50% of patients after cardiac arrest who are comatose and
treated in intensive care units, we are unsure of the severity of their
brain damage and unsure of what we can tell their relatives re-
garding the chances of recovery.

Improved prognostication of patients who are comatose after car-
diac arrest may add to communication between doctors and families
and support treatment decisions. This applies to support for treatment
continuation in those with a chance of recovery, and for discontinua-
tion in the absence of relevant recovery perspectives. Here we review
the pathophysiology of hypoxic ischemic brain injury and build on
pathophysiological principles to discuss the applicability of four ima-
ging techniques of the brain: Computed Tomography (CT), Magnetic
Resonance Imaging (MRI), Positron Emission Tomography (PET) and
Single Photon Emission CT (SPECT). In addition, we summarize the
evidence of the diagnostic and prognostic accuracy of these imaging
modalities in comatose patients after cardiac arrest.

Literature search

For analysis of the evidence of imaging measures, we applied a
search in the Medline and PubMed databases from 2000 to May 2018.
We used combinations of the following words and MeSH terms: “post-
anoxic encephalopathy”, “hypoxic coma”, “cardiopulmonary re-
suscitation”, “cardiac arrest”, “MRI”, “CT”, “PET”, “SPECT”, “outcome”
and “prognosis”. We screened articles for eligibility based on the ab-
stracts. We excluded review articles, case studies, studies in paediatric
populations, or animal studies. Studies before 2000 were excluded to
prevent inclusion of studies using older, less precise imaging techni-
ques.

Of articles on studies on the diagnostic or prognostic accuracy of CT,
MRI, PET, or SPECT, we extracted the diagnostic determinants that
were used, including cut off values if applicable, and the primary out-
come measure.

Results

In our review, we included 51studies of which 21 on CT (Table 1),
27 on MRI (Table 2),1 using both CT and MRI, and 2 using PET
(Table 3). We found no studies on the diagnostic or prognostic value of
SPECT. Since diagnostic criteria and study designs were disparate, it
was not possible to meta-analyse any results. Studies were generally
small (6-398 patients), leading to wide confidence intervals (impreci-
sion), often retrospective (60%), and cut off values were most often not
predefined, leading to a considerable risk of bias.

Pathophysiological considerations

The human brain represents 2% of the body weight and accounts for
20% of oxygen consumption and 25% of glucose utilization [12,13].

Resuscitation 133 (2018) 124-136

Insufficient blood flow to the brain leads to loss of neuronal function
and viability, sequentially. Transitions from reversible to irreversible
neuronal damage occur on timescales ranging from minutes to hours
and probably even days [14], depending on the remaining blood flow,
the duration of ischemia and the extent of (delayed) reperfusion (Fig. 1)
[15].

Changes in synaptic functioning (i.e. the process in which neurons
pass chemical signals to other neurons) are the earliest consequence of
cerebral ischemia and may occur within seconds, even at moderately
reduced perfusion levels. Early synaptic failure results from pre-
synaptic damage with impaired transmitter release [16]. Dis-
appearance of synaptic activity may be reversible. However, without
timely recovery of cerebral perfusion, disturbances of synaptic trans-
mission may become permanent, with preserved membrane potential
[17]. Synaptic damage goes along with disturbed EEG patterns or
evoked potentials [2], but cannot be visualized with conventional
imaging techniques.

Lower perfusion levels of lead to malfunctioning of energy depen-
dent ion pumps, especially ATP dependent sodium-potassium pumps in
the neuronal and glial plasma membrane [18]. Malfunctioning of these
pumps causes loss of ion gradients across the plasma membrane (de-
polarization) and inability to generate action potentials. With failure of
transmembrane sodium-potassium pumps, the net inflow of osmotically
active particles (sodium, chloride) is larger than the outflow (po-
tassium). This causes an increased intracellular osmolality [19]. Sub-
sequent inflow of water leads to cytotoxic (intracellular) oedema:
swelling of neuronal and glial cells and a decrease of the extracellular
compartment, which may be visualized with CT or diffusion weighted
MRI [20]. Disruption of the blood brain barrier, together with accu-
mulation of osmotically active substances, leads to vasogenic (extra-
cellular) oedema, visible on CT and T2 weighted or FLAR MRI [20].
With cytotoxic oedema, the total tissue brain mass will initially remain
unchanged. Vasogenic oedema leads to tissue swelling, tissue shifts, and
eventually a rise in intracranial pressure, since a new constituent (water
from the vascular space) is added.

Apart from strictly neurophysiological responses, cerebral ischemia
and reperfusion may lead to additional brain injury through complex
series of events, including excitotoxicity, inflammation, and micro-
vascular damage [21].

Neuronal damage may selectively affect specific areas of the brain,
with grey matter (GM) being more vulnerable than white matter (WM),
and hippocampus, cerebellar Purkinje cells, pyramidal cells in the
neocortex, and parts of thalamus and striatum more vulnerable than
other areas [21,22]. Also, excitatory synapses are probably more vul-
nerable than inhibitory synapses, leading to disturbed excitation-in-
hibition ratio’s that are associated with characteristic EEG patterns and
myoclonic status [23,24].

Neuroimaging techniques in relation to pathophysiological
mechanisms

Computed tomography (CT)

CT allows for investigation of both cytotoxic and vasogenic oedema,
and mass effects of the brain. Cytotoxic oedema first decreases the
tissue density of cerebral grey matter and later also of white matter. In
the reviewed studies, this is measured as an absolute decrease, an ab-
solute difference, or the ratio between grey matter and white matter
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density. The ‘Loss of Boundary’ sign is a qualitative measure expressing
decreased distinctive value between grey and white matter. The grey-
white matter ratio (GWR) quantifies this. The GWR is calculated as the
ratio of Hounsfield Units (HU) between grey and white matter, and is
the most studied CT parameter.

Mass effects can become visible as the ‘sulcal effacement sign’
(resulting from displacement of cerebrospinal fluid in sulci, Fig. 2) or
the ‘pseudo subarachnoid haemorrhage sign’ (p-SAH, high attenuation
along cisterns and sulci resulting from distension of superficial veins).
An increased Optic Nerve Sheath Diameter (ONSD) is an indicator of
elevated intracranial pressure [25]. Literature suggests that an
ONSD > 5mm corresponds to intracranial pressure > 20 cmH,0
[25].

Changes in grey matter attenuation, p-SAH and mass effects are all
time dependent. Decreased grey matter attenuation and increased
ONSD can be measured within hours after cardiac arrest [26-30].
Sulcal effacement and the loss of boundary sign can be seen as early as
1 h after cardiac arrest, although very subtle in this early phase [29]. P-
SAH has a prolonged detection period, from hours after the event up to
59 days [31,32], when other prognostic parameters might already have
returned to normal values [32].

Magnetic resonance imaging (MRI)

MRI Diffusion Weighted Imaging (DWI) detects diffusion of water
molecules and is sensitive to detection of cytotoxic oedema, which re-
duces diffusivity. MRI Fluid Attenuation Inversion Recovery (FLAIR)
employs on the water content of tissue, but discards the influence of the
cerebrospinal fluid. Therefore, MRI-FLAIR is sensitive to detection of
cytotoxic and vasogenic cerebral oedema. With both sequences, ab-
normalities become apparent as signal hyperintensities (Fig. 3). Cere-
bral oedema arises within hours after cardiac arrest and is most pro-
minent after approximately 3 days [33,34]. In this early phase,
restricted diffusion can be found using DWI [33,34]. DWI abnormalities
classically start to disappear after 7-10 days [35,36]. Increased signal
intensity on FLAIR images becomes visible after 1-2 days and remains
visible up to weeks after disappearance of DWI abnormalities [33]. This
represents vasogenic oedema in the early phase, and indicates gliosis
when it remains visible for weeks or longer.

Restricted diffusion by cytotoxic oedema can be quantified by cal-
culating the Apparent Diffusion Coefficient (ADC) value of each voxel.
There is no unanimity regarding normal boundaries, but rough in-
dications for normal values in the brain are white matter: 670-800
*10~®mm?/s and grey matter: 700-1000 *10"°mm?/s [37]. A de-
crease in ADC value indicates the presence of cytotoxic oedema [20]. Of
note, these values depend on the chosen protocol settings, such as b-
values and the magnetic field strength. ADC values also correct for
hyperintensities on DWI that are not caused by restricted diffusion, but
by high T2 values influencing the DWI signal. This is called the “T2
shine through effect”.

Relatively new MRI techniques allow for analysis of connectivity in
the brain. These techniques are not yet implemented in clinical prac-
tice. Only a small number of studies has been performed in this field.

Functional MRI (fMRI) estimates brain activity through changes in
blood flow by means of the Blood Oxygen Level Dependend (BOLD)
signal. Subsequent connectivity analyses are based on synchronous
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activity in different parts of the brain. The brain in rest shows syn-
chronous activity in various specific brain areas, known as the resting
state networks. Examples are the Default Mode Network, the executive
control network, the Salience Network, the sensorymotor network, and
the auditory and visual network [38].

Structural connectivity can be estimated by means of Diffusion
Tensor Imaging (DTI). DTI is an advanced variation of DWI, taking into
account the direction of diffusion of water molecules. The random
motion of water molecules is restricted by the normal architecture of
neuroglial tissue and fiber tracts, which is called anisotropy. Fractional
anisotropy is a quantitative DTI based measure for the degree of ani-
sotropy Anisotropic structures, such as white matter tracts, have high
fractional anisotropy.

Positron emission tomography (PET)

PET imaging is based on glucose or oxygen metabolism. This is
measured indirectly by the blood flow towards different parts of the
brain. Both the cerebral blood flow and the metabolism of the brain
are of interest in hypoxic-ischemic brain injury. These are measured
by 5 relevant PET parameters: cerebral blood flow, oxygen metabo-
lism (CMRO,), oxygen extraction fraction, cerebral blood volume and
glucose consumption. Hypoxic brain damage eventually leads to a
decrease in all these parameters, because of the decreased neuronal
activity, disturbed cerebral autoregulation and microvascular dys-
function.

Prognostic value of neuroimaging techniques
Computed tomography

Decreased attenuation of grey matter

Patients precluding cerebral recovery show lower HU values in the
grey matter than patients with favourable outcome [39]. An absolute
decrease of tissue density in the grey matter attenuation alone is an
unreliable predictor of poor outcome [40,41]. The predictive value
increases when attenuation measures of grey and white matter are
related, for example as expressed by the grey white matter ratio
(GWR). We included 17 studies that studied GWR as a predictor
(n = 25-283). GWR values as a single prognosticator predicted poor
outcome with 100% specificity and varying sensitivity (5.6%-55%)
[26-28,40-53]. Differences are explained by variable definitions of
poor outcome, variable time-periods between the arrest and CT, a
variation in regions of interest (ROIs) that were investigated, ac-
curacies of ROI selection (manual or automated) [27,41], differences
in technical details of the CT scanner, scanning protocols, and in re-
construction algorithms.

Other attenuation based parameters than GWR that have been in-
vestigated to predict poor outcome are: I. An absolute difference in HU
values between cortex and white matter of < 5 (specificity of 100%,
sensitivity of 63%) [30]. II. The sulcal effacement sign (specificity of
100%, sensitivity of 14.4-56.6%) [29,54]. IIl. The Loss of Boundary
sign at the level of the basal ganglia (specificity of 92%, sensitivity of
81%) [29]. The loss of boundary sign was qualitatively obtained, with
an inter-observer concordance of 76% between two trained radi-
ologists. The authors gave no clear definitions of this sign.
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Pseudo sub-arachnoid haemorrhage sign

Approximately 8-20% of the patients show p-SAH, based on 2 stu-
dies (n = 45-398) [31,32]. The presence of p-SAH predicted poor
outcome with specificities of 100% and sensitivities of 30% [32] and
11.5% [31] when measured within one hour after cardiac arrest.

GOS 1-2 at discharge
CPC 3-5 at discharge

MRs 4-6 (timing
CPC 3-5 at discharge
CPC 3-5at 1 month

Definition of poor
unknown)

outcome

Optic nerve sheath diameter

Two studies (n = 91-119) reported significantly higher ONSD in
patients with poor as compared with good outcome, measured by CT
within 24 h [26,42]. Slightly different cut-off values predicting poor
outcome with a specificity of 100% were reported: ONSD > 7 mm (sens
5.5%) [26], and ONSD > 6.21 mm (sens 55.9%) [42]. Combining
ONSD with GWR resulted in a multivariable predictive model with a
specificity of 100% and a sensitivity of 92.6% [42].

Spec (95%CI)
100 (96.1-100)

100
100
100
100

Magnetic resonance imaging

55.9 (43.3-67.9)

Sens (95%CI)
5.5

11.5 (8.1-16.0)

31

Qualitative DWI and FLAIR

We included thirteen studies on qualitative scoring of DWI and
FLAIR scans in patients with hypoxic-ischemic brain injury
(n = 10-172) [33-36,50,55-59], measured between 1 and 150 days
post cardiac arrest. All studies found signal abnormalities in the cortex
and deep grey matter [33-36,55,56]. The cerebellum and hippocampus
were involved in four of these studies [33,35,55,56]. The subcortical
white matter and corpus callosum showed the least signal abnormal-
ities. Predictive values for poor outcome of qualitative interpretation of
DWI and FLAIR scans are reported by 3 studies, with sensitivities ran-
ging between 78.8-98.5% en specificities of 46.2-100% [50,59,60].
Treatment with hypothermia did not influence DWI and FLAIR results
[34,36].

Four prospective studies (n = 19-68) used a semi-quantitative
approach by a standardized scoring system [34,36,61,62]. DWI and
FLAIR scans were scored by trained radiologists, according to the
degree of abnormality on a scale from 0 to 4 in regions of the cortex
and deep grey nuclei. They found significantly more signal abnorm-
alities in patients with unfavourable outcomes [34,36,61]. This dif-
ference remained significant from the first day up to two weeks after
the arrest [34,36,61]. Signal abnormalities found in the cortex and
deep grey nuclei predicted poor outcome with 100% specificity and
sensitivities of 66% (cortex score > 27 (max. 88)) [36], 40% (whole
brain score =41 (max. 168)) [62], and 100% (cut-off value not spe-
cified) [34].

GM-WM < 5.5 63
p-SAH present

> 6.21 mm

> 7.0mm

Cut off
value
p-SAH present

Median time ROSC to

scan
39.5 min
56 min

1hr

WM structures
Subcortical WM
Internal capsule
Corpus callosum

ADC

We included ten studies on ADC values, obtained from DWI scans
(n = 9-125). Decreased ADC values, most often seen in the cortex and
basal ganglia, were associated with poor outcome [55,57,63-69]. ADC
values < 650 to 700 *10~® mm?/s in minimally 10-22% of the brain
volume predicted poor outcome with a specificity of 100% and sensi-
tivities ranging from 41% to 81% [55,63,65,66]. The optimal time
window to perform ADC imaging to predict poor outcome was between
day two and five after cardiac arrest [55,65]. No ADC lesions could be
found within the first hours after arrest [67]. One study reported no
significant differences in ADC values between patients with poor and
good outcome [70].

Cisterns, sulci, ventricles, parenchyma

Region of interest
GM structures
Cerebral cortex
Caudate nucleus
Putamen
398 Basal cisterns or sulci, subarachnoid and intracranial areas
Optic nerve

119 Optic nerve

n
58
45
91

fMRI

Three studies investigated the within and between network con-
nectivity of resting state networks using fMRI at 3-13 days after car-
diac arrest (n = 12-47). Patients with poor outcome typically showed
decreased [61,71] or disrupted [72] network strengths in default
mode network, including the precuneus, posterior cingulate cortex,
mesiofrontal and anterior cingulate cortex, and temporoparietal
junction areas. The connectivity between the default mode network
and the Salience Network showed the highest discriminative value
between patients with poor versus good outcome on a group level

Retrospective
Retrospective
Retrospective
Retrospective
Retrospective

Study design
? This study analysed a predictive model combining GWR with Glasgow coma Scale and time to return of circulation as predictors.

> The authors of this study gave no sensitivity value. This value is calculated using the data provided in the article.

Pseudo sub-arachnoid haemorrhage sign
Yuzawa et al. [32]
Optic Nerve Sheath diameter

Hwan Kim et al. [42]

Yamamura et al. [30]
Chae et al. [26]

Other CT measures
Lee et al. [31]

Source
GM: grey matter, WM: white matter, Sens: sensitivity, Spec: specificity, CPC: cerebral performance category, HU: Hounsfield unit, GOS: Glasgow outcome scale, LOB: loss of boundary, NS: not specified. HC: healthy

controls, MRs: modified Ranking scale. Min: minutes, n: number of included PAE patients.

When studies investigated multiple ROI’s, the ROI’s with the best results are given.

Confidence intervals are only displayed if mentioned by the authors.

Table 1 (continued)
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Table 2 (continued)

Main results

Definition poor
outcome

Spec

Sens (95%

CD

Cut off-value

Median
time

Region of Interest

n

Study design

Source

(95%CI)

ROSC-
Scan

hemispheres compared to healthy

controls.

Whole brain white matter fractional

Best achieved CPC

100 (69.1-100)

13 days WWM-FA < 0.91 89.7

Whole brain

200

Prospective

Velly et al. [62]

anisotropy could predict poor outcome

score of 3-5 in the first

6 months.

(75.8-97.1)

in patients who are unconscious 7 days

after cardiac arrest.

Number of included PAE patients, VS: Vegetative state, CPC: Cerebral Performance Category, DC-LADCV: relative volume of most dominant cluster of ADC values, GOS: Glasgow outcome scale, MRs: Modified
Ranking scale, CA: Cardiac arrest, DC-LADCV: Relative volume of most dominant cluster of low-ADC voxels, HCs Healthy controls, Rs: resting state, WM: White matter, WWM-FA: whole brain white matter fractional

anisotropy, Confidence intervals are only displayed if mentioned by the authors.

N =

2 Al these studies qualitatively described differences on group level, mostly without defining the predictive value for an individual patient. Therefore, these studies are grouped within this table.

> The “cortex score” consisted of the scores of DWI and/or FLAIR abnormalities in the cortical grey matter of the frontal, parietal, occipital, and temporal lobes, the insular cortex, and the hippocampus. The “deep grey

nuclei score” consisted of the scores of the DWI and/or FLAIR abnormality scores of the putamen, globus pallidus, caudate nucleus, and the thalamus. The “cortex plus deep grey nuclei score” combined the cortex score

and deep grey nuclei score. The “whole brain” score included all brain regions.

¢ Total of 17 patients, of which 12 after cardiac arrest.
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(AUC = 0.88) [61]. Prognostic values for individual patients were not
reported.

Graph theory measures divide the brain in a network of nodes and
edges. Strongly connected areas are called hub nodes. A single pro-
spective study (n = 12) reported a radical redistribution of hub nodes
in comatose patients within a few days after cardiac arrest, compared to
healthy controls [73]. Prognostic values for individual patients were
not reported.

DTI

Four studies investigated comatose patients after cardiac arrest with
DTI (n = 49-200) [62,74-76]. One study found significantly lower
fractional anisotropy 15-17 days after cardiac arrest in patients with
poor outcome than in patients with good outcome and healthy controls
[74]. Differences were most pronounced in the corpus callosum and
internal capsule [74]. The established “FA selected” score > 0.44 pre-
dicted poor outcome with 100% specificity (CI 63-100%) and a sensi-
tivity of 94% (CI 83-99%) [74]. The corpus callosum and internal
capsule were included in this FA-selected score. In patients who re-
mained comatose for at least 7 days after resuscitation, the whole brain
white matter fractional anisotropy < 0.91 predicted poor outcome with
a 100% specificity and 90% sensitivity according to a second study
[62].

In a clinical trial (n = 110) focussing on xenon gas as a therapeutic
intervention, patients who died within 6 months after cardiac arrest
had significantly lower fractional anisotropy than survivors [75]. A
fourth study showed lower diffusivity along the white matter tracts and
higher diffusivity perpendicular to the white matter tracts in patients
than in healthy controls [76], indicative of axonal damage in the hy-
poxic-ischemic brain [76,77].

Positron emission tomography

We included 2 small studies using PET analysis for prognostication
of hypoxic ischemic brain injury (n = 6-8) [78,79]. One prospective
study found a decreased glucose consumption in both white and grey
matter of patients one day post resuscitation [78]. None of the 8 in-
vestigated subjects had a good outcome and only two patients survived
longer than two weeks after cardiac arrest. Glucose consumption was
significantly decreased in all brain regions compared to healthy con-
trols. No differences in glucose consumptions were found between
survivors and non-survivors. Cerebral perfusion was comparable be-
tween patients and controls.

A second PET study found a reduced cerebral oxygen metabolism
(CMRO,) to 30% of normal, measured more than one week after cardiac
arrest to be a sign for prolonged, but not necessarily persistent coma
[79]. Reduced CMRO5 in unconscious patients might have been related
to sedation effects, because all patients were mechanically ventilated
during PET scanning. After 7 days a decreased oxygen extraction frac-
tion became distinctive between patients with good and poor outcome.
No reliable prognosticator could be established from this study, because
of the small sample size (n = 6) and because all patients died as a result
of recurrent myocardial infarctions.

Discussion

We reviewed the value of imaging techniques to assist in neurolo-
gical prognostication of comatose patients with hypoxic-ischemic brain
injury. The most studied parameters, decreased GWR based on CT and
ADC values as measured by MRI, are based on cytotoxic oedema. GWR
values lower than 1.10 and ADC values lower than 650 *10~° mm?/s in
at least 10% of the brain repeatedly predicted poor outcome with a
100% specificity but at a highly variable sensitivity. Predictive values of
the GWR were high from the first hour to 3 days after cardiac arrest.
The optimal time window for prognostication based on ADC was be-
tween two and five days after resuscitation. Semi-quantification of
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Table 3
PET parameters and their prognostic value.

Resuscitation 133 (2018) 124-136

Source Study design n Region of Median time  Cut off- Sens (%) Spec Definition poor Main results
Interest ROSC-Scan value outcome
Schaafsma et al. Prospective 8 Whole Day 1 - - All patients had poor All patients in this study had a poor outcome. The
[78] brain outcome (GOS 1-2) investigated PET measures showed no differences
between survivors and non-survivors. Glucose
consumption was significantly decreased in all patients,
compared to healthy controls.
Edgren et al. Prospective 6 Whole Day1,3&7 - - Remain comatose >4  All patients showed initial low cerebral oxygen
[79] brain days after resuscitation metabolism (CMRO,). When the CMRO, was low

> 1week, this was a sign for prolonged coma.

GOS: Glasgow outcome scale.

Synaptic_ Cytotoxic Vasogenic
Seconds Minutes Hours Days
() () C) Cell Death
Minutes Hours Days Weeks

EEG & SSEP

CT & MRI-DWI

CT,MRI-T2 &
MRI-FLAIR

Fig. 1. Timeline of neuronal damage after cardiac arrest and diagnostic measures sensitive to detection of abnormalities for each phase. DTI and fMRI are missing in

this figure, because of inconclusive evidence about the optimal timing.

visual DWI and FLAIR interpretation reliably predicted poor outcome
with moderate to high sensitivities of 40-100% [34,36,62]. Only one
study included in this review gave a detailed description of the spa-
tiotemporal pattern of abnormalities after hypoxic-ischemic brain in-
jury, based on MRI [55]. They found abnormalities in the cerebral
cortex, the putamen and cerebellum to be most distinctive between
patients with good and poor outcome in the first 2-3 days after cardiac
arrest. Other studies also report the cortical structures and the deep
grey matter to be most sensitive for hypoxic damage [21,22,34,36].

Since multiple studies report high predictive values, GWR and ADC
probably contain valuable information for poor outcome prediction.

All relevant CT parameters and DWI measures are based on cyto-
toxic oedema. Apparently, substantial cytotoxic oedema precludes re-
levant recovery. Since not all patients with poor recovery show cyto-
toxic oedema, measures of cytotoxic oedema may be complementary to
other factors that predict poor outcome, such as synaptic failure (EEG)
or disruption of connectivity (fMRI or DTI). Presence of vasogenic oe-
dema seems to have limited additional predictive value.

DTI and fMRI are promising with regard to additive value for
prognostication of outcome after cardiac arrest. On a group level, dif-
ferences in connection strengths in the default mode network between
patients with poor and good outcome have been found approximately 3
days after cardiac arrest. Two studies found high prognostic values of
DTI performed approximately 2 weeks after cardiac arrest (spec 100%,
sens. 90-94%) [62,74]. Since EEG differences between patients with
good and poor outcome are largest within the first 24 h, discrimination
of fMRI may be enhanced by earlier scanning.

In almost all studies that investigated CT and MRI, scans were
performed in patients who had been treated with 24 h of therapeutic
hypothermia (32-34 °C). In these studies, patients were scanned before,
during or after application of hypothermia. At all time-points, differ-
ences between patients with favourable and unfavourable outcome
were found. The use of hypothermia may influence the spatiotemporal
pattern of brain damage, and ADC values are known to be influenced by
temperature [80]. However, the exact effects of temperature remain
unclear.

Techniques that rely on functionality of the brain, such as fMRI and
PET, are likely to be affected by sedation effects. One study using fMRI

133

added sedation as a covariate in their prediction model and found that
sedation indeed has an effect on the measurements [71]. When the level
of sedation was added as a covariate in the prediction model, subjects
with poor outcome showed even lower connectivity strengths than
those with good outcome [71].

Quantitative MRI techniques, such as ADC maps, fMRI, or diffusion
tensors, are sensitive to differences in imaging setup [81-85]. Also, the
MRI vendor and available packages influence measurements. Although

Fig. 2. Example of an adults non-contrast brain CT-scan following cardiac ar-
rest. Especially the occipital regions are affected in this case, showing diffuse
swelling and sulcal effacement. Distinction between grey and white matter (the
‘grey-white matter ratio’) is diminished throughout the brain.
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Patient 2

Patient 1

Fig. 3. FLAIR, DWI and ADC images of 2 adult patients following cardiac arrest.
Patient 1 shows FLAIR signal hyperintensities, diffusion and mass effects in the
posterior parts of the brain on the second day after the event. The deep grey
nuclei are also affected, but show less diffusion restriction. A second scan made
14 days after the event showed no diffusion restriction, while parenchymal
gliosis could be seen on T2 imaging (figures not included). Patient 2 shows
FLAIR signal hyperintensities, mass effects and diffusion restriction in all grey
matter structures. This is an example of very severe global hypoxic brain da-
mage.

differences between scanners often remain within the 2SD interval,
variability in MR measures in different settings complicates the possi-
bility to establish a reliable threshold for prediction of poor neurologic
prognosis. It is therefore crucial to harmonize imaging protocols be-
tween sites when performing multicentre studies, to re-evaluate ima-
ging protocols after system updates, and to provide a detailed de-
scription of the protocols for imaging and analysis. Visual analysis of
MRI scans is less influenced by MRI vendor.

This is a narrative review, without a systematic analysis of the
quality of the included studies and resulting evidence according to the
PRISMA guidelines. Therefore, our appreciation of the evidence is lar-
gely qualitative. Based on the diversity of study designs, preventing the
possibility of any meta-analysis, unblinded outcome assessments with
risk of bias, limited numbers of inclusions with wide confidence inter-
vals, divergent, retrospectively adjudicated cut off values, and lack of
external validation, we conclude that the current evidence for CT or
MRI measures for reliable prediction of poor outcome of comatose
patients after cardiac arrest is weak

A perfect model for prognostication of comatose patients after car-
diac arrest does not exist. GWR < 1.10 on a CT-scan made within 24 h
after cardiac arrest is strongly associated with poor outcome, but not
100% specific. Between day 2 and 5 after resuscitation,
ADC < 650 X 10-6 mm?/ s in 22% of the brain volume points towards

Resuscitation 133 (2018) 124-136

permanent brain damage, but does not preclude functional recovery.
The prognostic value of brain imaging therefore remains insufficient to
use as a single predictor of cerebral recovery.

We recommend to perform future imaging studies in a multimodal
setting, combining imaging techniques with other potential predictors.
This will allow establishment of the additional prognostic value of
imaging techniques, as well as combining multiple methods into pre-
diction models. We further recommend strict acknowledgement of
timing of imaging with regard to cardiac arrest, since changes on CT
and MRI are highly dynamic. Furthermore, exploration of fMRI, DTI
and automated image processing may contribute to optimization of
prediction models.

Conclusion

CT and MRI studies have shown significant differences between
comatose patients after cardiac arrest with favourable and unfavour-
able outcome. These differences represent various pathophysiological
mechanisms following global anoxia of the brain. GWR may indicate
poor outcome in the first hours to days after cardiac arrest, while ADC
measurements may be predictive after 2-5 days. However, prospective
multicentre studies with sufficiently large sample sizes are needed to
determine whether specific imaging parameters or spatiotemporal
patterns of abnormalities, when added to clinical signs, SSEP and EEG,
further enhance prediction of outcome of comatose patients after car-
diac arrest in an early phase.
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