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Cardiac arrest (CA) is the most common cause of death in the
developed world, claiming over 17 million lives annually.1–3

Despite advances in care, the majority of patients who are
treated after the return of spontaneous circulation (ROSC)
will succumb to the sequelae of hypoxic-ischemic brain injury
before hospital discharge. Similar to traumatic brain injury,
hypoxic-ischemic brain injury after CA results in both primary
and secondary injuries, with distinct mechanisms and treat-
ment strategies (►Fig. 1). High-quality cardiopulmonary
resuscitation (CPR) initiated as soon as possible after collapse,
and early defibrillation to rapidly restore normal perfusion,
are themost important interventions to reduce the severity of
primary brain injury.4 It remains unclear whether care pro-
vided after ROSC can reduce the severity of primary brain
injury or if therapies after CPR improve outcomes only by
reducing the risk of secondary brain injury. Evidence-based
therapies in the hours to days after ROSC that improve
neurologic outcomes include targeted temperature manage-
ment; early coronary revascularization; delayed, multimodal
neurologic prognostication; and postacute care rehabilita-
tion.5 In this review, we provide an overview of the mecha-
nisms and consequences of postarrest brain injury as an
introduction to the many specific therapies that are reviewed
in depth elsewhere in this issue.

Neuronal Death after Cardiac Arrest

The physiological andmolecular events associated with brain
injury after CA are complex and have been described in
detail.6–8 In the clinical setting, hypoxic-ischemic brain injury
cannot be ascribed to any single mechanism. It is perhaps
unsurprising then that well-controlled experiments which
block or promote a single molecular pathway are ineffective
for improving brain recovery,9,10 but pleiotropic, relatively
nonspecific interventionsmay improve recovery. Examples of
the latter include reduction of brain temperature and general
anesthesia.11,12 Substantial current research focuses on
understanding the fact that histological signs of post-CA
neuronal death are delayed for hours or days after ische-
mia-reperfusion. This observation has prompted an analogy
to other types of delayed, programmed cell death such as
apoptosis, autophagy, necroptosis, and ferroptosis.6,13,14 No
pure model of cell death is exactly like the delayed neuronal
death observed after global ischemia-reperfusion, and it is
probably best to consider each of these mechanisms as a
potential contributor to post-CA brain injury. In patients,
other macroscopic disturbances of multiple organ systems,
endothelial function, and homeostatic processes also contrib-
ute to the progression of brain injury and neuronal death.
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modifiable mechanisms of secondary brain injury including seizures, hyperpyrexia,
cerebral hypoxia and hypoperfusion, oxidative injury, and the development of cerebral
edema. Finally, the authors discuss the outcomes of cardiac arrest survivors with a focus
on commonly observed patterns of injury as well as the scales used to measure patient
outcome and their limitations.
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Cerebral Homeostasis after Cardiac Arrest

Potentially modifiable mechanisms of secondary brain injury
include seizures, hyperpyrexia, cerebral hypoxia, oxidative
stress, the development of cerebral edema, microcirculatory
dysfunction, impaired autoregulation of cerebral blood flow,
and increased cerebral vascular resistance.15–24 Not all of these
phenomena occur to the samedegree in every patient.However,
like the molecular events, each one has the potential to add to
brain injury. The provision of high-quality postarrest critical care
can minimize the risk from these potentially modifiable factors.

Seizures occur in 10 to 20% of comatose patients after CA,
may worsen excitotoxicity, and are associated with worse
outcomes.23,25 It remains unknown whether seizures are
simply an epiphenomenon of more severe injury or by them-
selves produce secondary injury.23,24 Regardless, monitoring
of the electrical state of the brain provides both prognostic
information aswell as guidance for intensive care treatment.26

Cerebral autoregulation of blood flow can be absent or
right-shifted after cardiac arrest.19 Thus, the brain is particu-
larly sensitive to hypotension and may require higher than
normal arterial pressure to maintain normal blood flow.
Combined with the fact that systemic hypotension and shock
after CA are also common,27 and microvascular dysfunction
can lead to areas of no-reflow despite return of a perfusing
rhythm,28 significant cerebral hypoperfusion is a real risk.
Aggressive early resuscitation, coronary revascularization,
and vasopressor use to increase mean arterial pressure may
reduce this risk. At a population level, higher arterial pressures
after CA are associated with improved patient outcomes even
after adjusting for the use of vasopressors to achieve these
goals.29,30 Individual need may vary depending on baseline

blood pressure and severity of postarrest illness. Direct inva-
sive monitoring of cerebral oxygenation and blood flow can
reveal substantial interpatient heterogeneity (►Fig. 2). Popu-
lation-based hemodynamic goals may lead to hyperemic
cerebral perfusion in some patients, theoretically worsening
the risk of vasogenic edema or oxidative injury (see below) and
clinically significant brain tissue hypoxia in others. Unfortu-
nately, broadly applicable strategies do not yet exist to deter-
mine the optimal cerebral perfusion pressure for an individual
patient as it changes over time, or alternatively to detect in
real-time the presence of hyperemia or hypoperfusion.

Respiratory failure and dependence onmechanical ventilation
arealso commonafterCA, and imprudent ventilatormanagement
may potentiate secondary brain injury. Hyperventilation-associ-
ated hypocapnia may lead to cerebral vasoconstriction and
exacerbate hypoperfusion, whereas normocapnia or even mild
permissive hypercapnia are associated with improved neurologic
outcomes.31,32 This effect relies on intact chemoregulation of
cerebral bloodflow,whichmayormaynotbepresent after severe
brain injury.33 Because broadly applicable real-time measures of
individual need and treatment responsiveness are not available,
clinicians now treat individual patients using population-based
estimates. Finally, severe hyperoxemia may increase oxidative
stress through formation of reactive oxygen species, whereas
hypoxemia causes unnecessary cellular hypoxia.34,35 In most
patients, both hypocapnia and prolonged hyperoxemia are avoid-
able with careful ventilator management.

Cerebral Edema

Cerebral edema occurs early after ROSC in some patients or
during rewarming in others, and regardless of timing is an

Fig. 1 Conceptual map of brain injury after cardiac arrest. ASA, aspirin; BBB, blood–brain barrier; ROS, reactive oxygen species.
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ominous marker of severe brain injury. However, favorable
outcomes can occur in patients with mild-to-moderate early
edema.15 The timing of early cerebral edema andmechanistic
studies suggest a vasogenic rather than cytotoxic mechanism
for early edema,36 and indeed hyperosmolar therapy may
reduce radiographic signs of edema and intracranial hyper-
tension (►Fig. 3). Reducing gross edema theoretically will
improve microvascular blood flow to vulnerable brain
regions, but it is unknown whether treating postanoxic
cerebral edema improves patient outcomes.

Clinical Assessment of Brain Injury and
Prognosis

Multimodal neurologic prognostication of coma after CA is also
reviewed in detail in this issue. From the perspective of cerebral
vulnerability after CA, it should be noted that inaccurate or
inappropriately early neurologic prognostication after CA can

contribute substantially to avoidablemortalityafter CA.37Guide-
lines recommenddelayingwithdrawal of life-sustaining therapy
based on neurologic prognosis until at least 72 hours after ROSC
because the accuracyof prognostic information available prior to
this time is limited.38–40 Even patients who remain comatose 72
hours after ROSC may go on to awaken and have favorable
recoveries.41 Unfortunately, the withdrawal of life-sustaining
therapy in the first 24 hours after ROSC based on perceived
neurologic prognosis remains common.37 Even the best postar-
rest critical care can be undermined by therapeutic nihilism and
inappropriate care withdrawal.

Regional Heterogeneity Produces Different
Brain Injury Phenotypes

Several neuronal subtypes and brain regions are particularly
sensitive to the physiological and cellular effects of anoxic
injury and circulatory arrest. This results in distinct

Fig. 2 Direct monitoring of brain tissue oxygenation or cerebral blood flow in two patients after cardiac arrest reveals significant between-patient
variation in the necessary mean arterial pressure (MAP) to maintain adequate brain oxygenation. In the left panel, brain tissue hypoxia at a
threshold of 20 mmHg (red line) is present despite intact autoregulation at blood MAPs below �110 mmHg, but can be overcome by increasing
MAP >110 mmHg. In the right panel, autoregulation is mostly intact and brain oxygenation is adequate across a range of MAPs.

Fig. 3 Cerebral edema may develop early after cardiac arrest or during rewarming. In this patient, baseline computed tomography (CT) scan
shortly after cardiac arrest was unremarkable (left). Just at the time of the second CT scan, the patient showed clinical signs of herniation,
prompting empiric therapy with hypertonic saline. Basilar and quadrigeminal cisterns were collapsed (center, arrows). After 24 hours, the subject
had recovery of brainstem reflexes and improved appearance on CT scan (right). Ultimately, this patient had no recovery of cortical function.
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phenotypes among survivors of CA. For example, vulnerable
cell populations include the hippocampal CA1 pyramidal
neurons in the mesial temporal lobe.42,43 As a consequence,
memory impairments, particularly the ability to consolidate
short-term memory, are common after CA even among
patients with otherwise favorable functional outcomes.44,45

Cerebellar Purkinje cell and basal ganglia injury with cortical
sparing may lead to postanoxic myoclonus and a range of
other movement disorders in patients who are cognitively
intact.46–48 Cortical pyramidal neuron injury can cause im-
paired attention, processing speed, and/or executive function
depending on the region of injury.44,45,49 Of note, many of
these deficits also occur in patients with other critical ill-
nesseswho have not suffered CA, supporting the concern that
a combination of critical illness, intensive care, and patient
comorbidities can potentiate brain injury itself.50,51 Regard-
less, many patients experience substantial improvement in
symptom severity in the months after CA, and rehabilitation
improves recovery. Randomized trials have demonstrated
that focused rehabilitation can improve social engagement,
quality of life, and emotional outcomes as well as reduce
medical complications in those discharged after CA.52,53

Quantifying Neurologic Recovery

The common deficits described above are challenging to
quantify. Indeed, most trials to date have relied on gross
measures of functional or neurologic impairment such as
Cerebral Performance Category (CPC) or modified Rankin
Scale Score (mRS) as a primary outcome, in part because of
their simplicity comparedwithmore detailed neurocognitive
testing (►Table 1). In awake patients, CPC and mRS capture
varying aspects of functional recovery across levels, and are
influenced not only by the severity of illness, but also by
environmental and personal factors that modify the interplay

between neurologic disability (e.g., arm paresis), activity
(ability to carry out activities of daily living [ADLs]), and
participation (ability to return to work).54,55 This means that
the use of CPC or mRS as a primary trial outcome risks a
failure to detect true physiological differences between treat-
ment arms because of environmental or personal modifiers.
These scales are dynamic over the course of recovery and
sensitive to setting, adding an additional level of complexity
when considering the timing of outcome assessment. For
example, early after hospital discharge, functional measures
may worsen as patients move from a sheltered hospital
environment to home where there is less assistance for
ADLs, then improve over the following 6 to 12 months.56,57

In addition, these scales are relatively insensitive to deficits in
memory, executive function, and processing speed that
develop commonly after CA and that are important to patient
experience.45,58,59 More sensitive measures have been used
and validated after CA, but have not thus far been imple-
mented as clinical trial endpoints.45,50,59 Despite their limi-
tations, short-term measures of functional recovery at
hospital discharge do predict long-term survival. Those
discharged with moderate or severe disability as measured
by CPC are at substantially higher hazard of death compared
with those with mild or no disability.60

Conclusion

Post-CA brain injury results in multiple molecular and physio-
logical changes over the hours to days after CPR. In practice,
monitoring the status of the brain after CA and the prevention of
secondary injury are central organizing principles for postarrest
care. Reducing the deleterious effects of impaired homeostasis
guides blood pressure and ventilator, fluid, and temperature
management, as well as neurophysiological monitoring during
postarrest intensive care. Proper multimodal assessment of

Table 1 Commonly used measures of neurologic recovery after cardiac arrest

Modified Rankin Scale Cerebral Performance Category

0–No symptoms at all 1–Good recovery: Conscious, alert, able to work, might
have mild neurologic or psychological deficit.

1–No significant disability despite symptoms; able to carry
out all usual duties and activities

2–Moderate disability: Conscious, sufficient cerebral
function for independent activities of daily life. Able to work in
sheltered environment

2–Slight disability; unable to carry out all previous activities,
but able to look after own affairs without assistance

3–Severe disability: Conscious, dependent on others for daily
support because of impaired brain function; ranges from
ambulatory state to severe dementia or paralysis

3–Moderate disability; requiring some help, but able to
walk without assistance

4–Coma or vegetative state: Any degree of coma without
the presence of all brain death criteria

4–Moderately severe disability; unable to walk without
assistance and unable to attend to own bodily needs without
assistance

5–Death: Apnea, electroencephalographic silence, etc.

5–Severe disability; bedridden, incontinent, requiring con-
stant nursing care and attention

6–Death: Apnea, electroencephalographic silence, etc.

Note: Cerebral Performance Category and modified Rankin Scale measure different aspects of recovery. Neurologic impairments are listed in bold,
function capability is in italics, and participation ability is underlined.
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coma is critical to avoid premature withdrawal of life support
resulting in death. The pattern of brain injury that remains after
intensive care varies from mild to severe, with some brain
regions being particularly susceptible. Proper evaluation of
cognition and other functions after emergence from coma is
critical for guiding postacute rehabilitation and support services.
Traditional outcome scales (MRS, CPC) may be too coarse to
detect cognitive issues that affect patients’ quality of life.

Acknowledgments
Dr. Elmer’s research time is supported by the National
Heart, Lung and Blood Institute through grant number
5K12HL109068.

References
1 Mozaffarian D, Benjamin EJ, Go AS, et al; American Heart Associa-

tion Statistics Committee and Stroke Statistics Subcommittee.
Heart disease and stroke statistics–2015 update: a report from
the American Heart Association. Circulation 2015;131(4):
e29–e322

2 Lozano R, Naghavi M, Foreman K, et al. Global and regional
mortality from 235 causes of death for 20 age groups in 1990
and 2010: a systematic analysis for the Global Burden of Disease
Study 2010. Lancet 2012;380(9859):2095–2128

3 Nolan JP, Hazinski MF, Aickin R, et al. Part 1: Executive summary:
2015 International Consensus on Cardiopulmonary Resuscitation
and Emergency Cardiovascular Care Science with Treatment Rec-
ommendations. Resuscitation 2015;95:e1–e31

4 KleinmanME, Brennan EE, Goldberger ZD, et al. Part 5: Adult Basic
Life Support and Cardiopulmonary Resuscitation Quality: 2015
American Heart Association Guidelines Update for Cardiopulmo-
nary Resuscitation and Emergency Cardiovascular Care. Circula-
tion 2015;132(18, Suppl 2)S414–S435

5 Callaway CW, Donnino MW, Fink EL, et al. Part 8: Post-cardiac
arrest care: 2015 American Heart Association Guidelines Update
for Cardiopulmonary Resuscitation and Emergency Cardiovascu-
lar Care. Circulation 2015;132(18, Suppl 2)S465–S482

6 Conrad M, Angeli JP, Vandenabeele P, Stockwell BR. Regulated
necrosis: disease relevance and therapeutic opportunities. Nat Rev
Drug Discov 2016;15(5):348–366

7 Safar P, Behring W. Brain resuscitation after cardiac arrest. In:
Layon AJ, Gabrielli A, Friedman WA, eds. Textbook of neuro-
intensive care. Philadelphia: Saunders; 2004:457–498

8 Greer DM. Mechanisms of injury in hypoxic-ischemic encepha-
lopathy: implications to therapy. Semin Neurol 2006;26(4):
373–379

9 Callaway CW, Ramos R, Logue ES, Betz AE, Wheeler M, Repine MJ.
Brain-derived neurotrophic factor does not improve recovery after
cardiac arrest in rats. Neurosci Lett 2008;445(1):103–107

10 Teschendorf P, Vogel P, Wippel A, et al. The effect of intracere-
broventricular application of the caspase-3 inhibitor zDEVD-FMK
on neurological outcome and neuronal cell death after global
cerebral ischaemia due to cardiac arrest in rats. Resuscitation
2008;78(1):85–91

11 Derwall M, Timper A, Kottmann K, Rossaint R, Fries M. Neuro-
protective effects of the inhalational anesthetics isoflurane
and xenon after cardiac arrest in pigs. Crit Care Med 2008;36
(11, Suppl)S492–S495

12 Hicks SD, DeFranco DB, Callaway CW. Hypothermia during reper-
fusion after asphyxial cardiac arrest improves functional recovery
and selectively alters stress-induced protein expression. J Cereb
Blood Flow Metab 2000;20(3):520–530

13 Horn M, SchloteW. Delayed neuronal death and delayed neuronal
recovery in the human brain following global ischemia. Acta
Neuropathol 1992;85(1):79–87

14 Au AK, Chen Y, Du L, et al. Ischemia-induced autophagy contrib-
utes to neurodegeneration in cerebellar Purkinje cells in the
developing rat brain and in primary cortical neurons in vitro.
Biochim Biophys Acta 2015;1852(9):1902–1911

15 Metter RB, Rittenberger JC, Guyette FX, Callaway CW. Association
between a quantitative CT scan measure of brain edema and
outcome after cardiac arrest. Resuscitation 2011;82(9):1180–1185

16 Oku K, Kuboyama K, Safar P, et al. Cerebral and systemic arterio-
venous oxygen monitoring after cardiac arrest. Inadequate cere-
bral oxygen delivery. Resuscitation 1994;27(2):141–152

17 Wolfson SK Jr, Safar P, Reich H, et al. Dynamic heterogeneity of
cerebral hypoperfusion after prolonged cardiac arrest in dogs
measured by the stable xenon/CT technique: a preliminary study.
Resuscitation 1992;23(1):1–20

18 Nishizawa H, Kudoh I. Cerebral autoregulation is impaired in
patients resuscitated after cardiac arrest. Acta Anaesthesiol Scand
1996;40(9):1149–1153

19 Sundgreen C, Larsen FS, Herzog TM, Knudsen GM, Boesgaard S,
Aldershvile J. Autoregulation of cerebral blood flow in patients
resuscitated from cardiac arrest. Stroke 2001;32(1):128–132

20 Schaafsma A, de Jong BM, Bams JL, Haaxma-Reiche H, Pruim J,
Zijlstra JG. Cerebral perfusion and metabolism in resuscitated
patients with severe post-hypoxic encephalopathy. J Neurol Sci
2003;210(1-2):23–30

21 Buunk G, van der Hoeven JG, Meinders AE. Cerebrovascular
reactivity in comatose patients resuscitated from a cardiac arrest.
Stroke 1997;28(8):1569–1573

22 Hickey RW, Kochanek PM, Ferimer H, Alexander HL, Garman RH,
Graham SH. Induced hyperthermia exacerbates neurologic neu-
ronal histologic damage after asphyxial cardiac arrest in rats. Crit
Care Med 2003;31(2):531–535

23 Rittenberger JC, Popescu A, Brenner RP, Guyette FX, Callaway CW.
Frequency and timing of nonconvulsive status epilepticus in
comatose post-cardiac arrest subjects treated with hypothermia.
Neurocrit Care 2012;16(1):114–122

24 Rossetti AO, Carrera E, Oddo M. Early EEG correlates of neuronal
injury after brain anoxia. Neurology 2012;78(11):796–802

25 Youn CS, Callaway CW, Rittenberger JC; Post Cardiac Arrest
Service. Combination of initial neurologic examination and con-
tinuous EEG to predict survival after cardiac arrest. Resuscitation
2015;94:73–79

26 Friberg H, Westhall E, Rosén I, Rundgren M, Nielsen N, Cronberg T.
Clinical review: Continuous and simplified electroencephalography to
monitor brain recovery after cardiac arrest. Crit Care 2013;17(4):233

27 Coppler PJ, Elmer J, Calderon L, et al; Post Cardiac Arrest Service.
Validation of the Pittsburgh Cardiac Arrest Category illness sever-
ity score. Resuscitation 2015;89:86–92

28 Ames A III, Wright RL, Kowada M, Thurston JM, Majno G. Cerebral
ischemia. II. The no-reflow phenomenon. Am J Pathol 1968;52(2):
437–453

29 BeylinME, Perman SM, Abella BS, et al. Highermean arterial pressure
with or without vasoactive agents is associated with increased
survival and better neurological outcomes in comatose survivors of
cardiac arrest. Intensive Care Med 2013;39(11):1981–1988

30 Kilgannon JH, Roberts BW, Jones AE, et al. Arterial blood pressure
and neurologic outcome after resuscitation from cardiac arrest�.
Crit Care Med 2014;42(9):2083–2091

31 Schneider AG, Eastwood GM, Bellomo R, et al. Arterial carbon
dioxide tension and outcome in patients admitted to the intensive
care unit after cardiac arrest. Resuscitation 2013;84(7):927–934

32 Roberts BW, Kilgannon JH, Chansky ME, Mittal N, Wooden J,
Trzeciak S. Association between postresuscitation partial pressure
of arterial carbon dioxide and neurological outcome in patients
with post-cardiac arrest syndrome. Circulation 2013;127(21):
2107–2113

Seminars in Neurology Vol. 37 No. 1/2017

The Brain after Cardiac Arrest Elmer, Callaway 23

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



33 Carmona Suazo JA, Maas AI, van den Brink WA, van Santbrink H,
Steyerberg EW, Avezaat CJ. CO2 reactivity and brain oxygen
pressure monitoring in severe head injury. Crit Care Med 2000;
28(9):3268–3274

34 Elmer J, Scutella M, Pullalarevu R, et al; Pittsburgh Post-Cardiac
Arrest Service (PCAS). The association between hyperoxia and
patient outcomes after cardiac arrest: analysis of a high-resolution
database. Intensive Care Med 2015;41(1):49–57

35 Kilgannon JH, Jones AE, Shapiro NI, et al; Emergency Medicine
Shock Research Network (EMShockNet) Investigators. Association
between arterial hyperoxia following resuscitation from cardiac
arrest and in-hospital mortality. JAMA 2010;303(21):2165–2171

36 Xiao F, Arnold TC, Zhang S, et al. Cerebral cortical aquaporin-4
expression in brain edema following cardiac arrest in rats. Acad
Emerg Med 2004;11(10):1001–1007

37 Elmer J, Torres C, Aufderheide TP, et al; Resuscitation Outcomes
Consortium. Association of early withdrawal of life-sustaining
therapy for perceived neurological prognosis with mortality after
cardiac arrest. Resuscitation 2016;102:127–135

38 Cronberg T, Brizzi M, Liedholm LJ, et al. Neurological prognostica-
tion after cardiac arrest–recommendations from the Swedish
Resuscitation Council. Resuscitation 2013;84(7):867–872

39 Wijdicks EF, Hijdra A, Young GB, Bassetti CL, Wiebe S; Quality
Standards Subcommittee of the American Academy of Neurology.
Practice parameter: prediction of outcome in comatose survivors
after cardiopulmonary resuscitation (an evidence-based review):
report of the Quality Standards Subcommittee of the American
Academy of Neurology. Neurology 2006;67(2):203–210

40 Sandroni C, Cariou A, Cavallaro F, et al. Prognostication in coma-
tose survivors of cardiac arrest: an advisory statement from the
European Resuscitation Council and the European Society of
Intensive Care Medicine. Intensive Care Med 2014;40(12):
1816–1831

41 Gold B, Puertas L, Davis SP, et al. Awakening after cardiac arrest and
post resuscitation hypothermia: are we pulling the plug too early?
Resuscitation 2014;85(2):211–214

42 Larsson E, Lindvall O, Kokaia Z. Stereological assessment of
vulnerability of immunocytochemically identified striatal and
hippocampal neurons after global cerebral ischemia in rats. Brain
Res 2001;913(2):117–132

43 Björklund E, Lindberg E, Rundgren M, Cronberg T, Friberg H,
Englund E. Ischaemic brain damage after cardiac arrest and
induced hypothermia–a systematic description of selective eosin-
ophilic neuronal death. A neuropathologic study of 23 patients.
Resuscitation 2014;85(4):527–532

44 Tiainen M, Poutiainen E, Oksanen T, et al. Functional outcome,
cognition andquality of life after out-of-hospital cardiac arrest and
therapeutic hypothermia: data from a randomized controlled
trial. Scand J Trauma Resusc Emerg Med 2015;23:12

45 Sabedra AR, Kristan J, Raina K, et al; Post Cardiac Arrest Service.
Neurocognitive outcomes following successful resuscitation from
cardiac arrest. Resuscitation 2015;90:67–72

46 Harper SJ, Wilkes RG. Posthypoxic myoclonus (the Lance-Adams
syndrome) in the intensive care unit. Anaesthesia 1991;46(3):
199–201

47 Welsh JP, Yuen G, Placantonakis DG, et al.Whydo Purkinje cells die
so easily after global brain ischemia? Aldolase C, EAAT4, and the
cerebellar contribution to posthypoxic myoclonus. Adv Neurol
2002;89:331–359

48 Venkatesan A, Frucht S. Movement disorders after resuscitation
from cardiac arrest. Neurol Clin 2006;24(1):123–132

49 Sieber FE, Palmon SC, Traystman RJ, Martin LJ. Global incomplete
cerebral ischemia produces predominantly cortical neuronal inju-
ry. Stroke 1995;26(11):2091–2095, discussion 2096

50 Lilja G, Nielsen N, Friberg H, et al. Cognitive function in survivors of
out-of-hospital cardiac arrest after target temperature manage-
ment at 33°C versus 36°C. Circulation 2015;131(15):1340–1349

51 Hopkins RO, Weaver LK, Collingridge D, Parkinson RB, Chan KJ,
Orme JF Jr. Two-year cognitive, emotional, and quality-of-life
outcomes in acute respiratory distress syndrome. Am J Respir
Crit Care Med 2005;171(4):340–347

52 Moulaert VR, van Heugten CM, Winkens B, et al. Early neurologi-
cally-focused follow-up after cardiac arrest improves quality of life
at one year: A randomised controlled trial. Int J Cardiol 2015;
193:8–16

53 Takahashi K, Sasanuma N, Itani Y, et al. Impact of early interven-
tions by a cardiac rehabilitation teamon the social rehabilitation of
patients resuscitated from cardiogenic out-of-hospital cardiopul-
monary arrest. Intern Med 2015;54(2):133–139

54 WHO. Towards a common language for function, disability, and
health. International Classification of Functioning, Disability and
Health (ICF). Geneva, Switzerland: World Health Organization;
2002

55 Rittenberger JC, Raina K, Holm MB, Kim YJ, Callaway CW. Associa-
tion between Cerebral Performance Category, Modified Rankin
Scale, and discharge disposition after cardiac arrest. Resuscitation
2011;82(8):1036–1040

56 Raina KD, Callaway C, Rittenberger JC, HolmMB. Neurological and
functional status following cardiac arrest: method and tool utility.
Resuscitation 2008;79(2):249–256

57 Raina KD, Rittenberger JC, Holm MB, Callaway CW. Functional
outcomes: one year after a cardiac arrest. BioMed Res Int 2015;
2015:283608

58 Moulaert VR, Verbunt JA, van Heugten CM, Wade DT. Cognitive
impairments in survivors of out-of-hospital cardiac arrest: a
systematic review. Resuscitation 2009;80(3):297–305

59 Cronberg T, Lilja G, Horn J, et al; TTMTrial Investigators. Neurologic
function and health-related quality of life in patients following
targeted temperature management at 33°C vs 36°C after out-of-
hospital cardiac arrest: a randomized clinical trial. JAMA Neurol
2015;72(6):634–641

60 Phelps R, Dumas F,Maynard C, Silver J, Rea T. Cerebral Performance
Category and long-term prognosis following out-of-hospital car-
diac arrest. Crit Care Med 2013;41(5):1252–1257

Seminars in Neurology Vol. 37 No. 1/2017

The Brain after Cardiac Arrest Elmer, Callaway24

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


