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Evidence-based Practice and Neuromuscular
Monitoring

It’s Time for Routine Quantitative Assessment

OVER the last years, a growing body of information has
accumulated in the anesthesia literature about the advan-
tages and pitfalls of various techniques used for quanti-
tatively monitoring neuromuscular function in routine
anesthetic practice and the associated incidence (and
consequences) of residual neuromuscular block in the
postoperative period. Many methods are available, rang-
ing from quantitative strain–gauge techniques, electro-
myography, acceleromyography, phonomyography, etc.
However, quantitative techniques are not widely used,
with most anesthesiologists relying on visual or tactile
assessment of the train-of-four (TOF) ratio, or, in many
cases, no neuromuscular monitoring at all. One argu-
ment for such qualitative approaches to monitoring is
that with modern short and intermediate acting relax-
ants, residual paralysis is not a clinical problem or, even
if patients are not completely reversed by the end of the
case, the block will dissipate in a few minutes. Another
approach is “reverse everyone,” which is viewed by
some as uniformly easy, safe, and effective for patients
given these agents.

There is now increasing evidence that this relaxed
attitude to neuromuscular monitoring is unwise. The
study by Debaene et al., published in this issue of ANES-
THESIOLOGY,1 has a clear message to all of us. The authors
examined the incidence and magnitude of a neuromus-
cular block on arrival in the PACU in a large group of
relatively unselected patients who had received a single
dose of intermediate-duration relaxant for intubation
(rocuronium, vecuronium, or atracurium). Patients re-
ceived no other relaxant during their surgery and did not
receive reversal agents at any time. The message is that,
while it may be presumed that the attending anesthesi-
ologists felt that adequate neuromuscular function was
present at the time of transfer, 45% of the patients
arrived in the recovery room with a residual neuromus-
cular block, defined as an adductor pollicis TOF ratio of
less than 0.90! Sixteen percent had a TOF ratio of less

than 0.7. Interestingly, in sufficiently cooperative pa-
tients, even clinical tests were frequently abnormal; 15%
of tested patients failed a test of head lift. Even in pa-
tients tested more than 2 h after drug administration, the
incidences of residual paralysis were 10 and 37% (based
on a TOF ratio of less than 0.7 or less than 0.9, respec-
tively). The specific relaxant used did not influence
these incidences.

The study was not a rigorous study of drug kinetics or
twitch depression and recovery. Instead, the authors
examined something close to routine clinical practice;
that is, the anesthesiologist was free to select the neuro-
muscular blocking drug, the dose, and whether to use or
not use neuromuscular monitoring. There are clearly
experimental problems with this approach, and it is
unfortunate that the authors did not provide further
information about the actual anesthetic practice (in par-
ticular whether or not some form of monitoring was
used). This limits the external validity of the study. Nev-
ertheless, the results clearly demonstrate that a disturb-
ingly high fraction of patients did not have adequate
neuromuscular function on arrival in the recovery room.

Recently, several studies focusing on this kind of
broad, unselected patient population have been pub-
lished.2–8 They all found an alarmingly high incidence of
residual paralysis in the recovery room despite the use of
intermediate acting neuromuscular blocking agents (ve-
curonium, rocuronium, atracurium, and cisatracurium).
There are several possible explanations for this unex-
pectedly high incidence. One reason might be the
change in definition of clinically significant residual pa-
ralysis from a TOF ratio of 0.70 to 0.90. However, since
clinical measures are also commonly abnormal, this can-
not be a complete explanation. Thus, it is clear that the
widespread belief that intermediate-acting muscle relax-
ants have a very low tendency to cause residual paralysis
(and therefore, that it is not necessary to monitor or even
to reverse the neuromuscular block) is very wrong. Com-
bining the results of the current study1 with the results
from several similar investigations,2–8 there is now suf-
ficient information to support a general change in the
attitude towards monitoring and reversal of a neuromus-
cular block in routine anesthetic practice.

Though anesthesiologists probably have a relatively
low threshold for carrying new monitoring equipment
into the operating room (e.g., BIS, AEP, ST-analysis, end-
tidal anesthetic gas concentrations, etc.), few techniques
have been documented to affect patient outcome. In this
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respect, neuromuscular monitoring is no exception.
However, recent studies of the use of objective (accel-
eration or EMG) rather than subjective (visual/tactile
evaluation) monitoring techniques may help anesthesi-
ologists find a better way to insure safe recovery from a
neuromuscular block.

Visual or tactile evaluation of the TOF response is
inadequate for evaluating neuromuscular function. Sev-
eral studies have documented that visual or tactile eval-
uation of the TOF response correlates poorly with the
true TOF fade.9–11 In fact, even very experienced ob-
servers are unable to manually detect TOF or DBS fade at
TOF ratio of 0.40–0.60 or more.10 The failure of these
subjective methods, including clinical bedside tests, to
detect residual neuromuscular block is once again dem-
onstrated in the current investigation.1 Consequently,
the only way we reliably can assess a neuromuscular
block is by objective monitoring methods, such as accel-
eromyography or EMG. Based on the current literature, it
is time to replace our old subjective methods with new
objective measurements. Of course, this also means that
there is a need for easily used and reliable equipment for
this purpose.

Does the use of perioperative objective neuromuscular
monitoring exclude residual neuromuscular block in the
postoperative period? There are several publications on
this theme, all of them pointing towards the same con-
clusion.5,8,9,12 Patients being monitored using an objec-
tive method will usually arrive in the recovery room with
the desired level of recovery, i.e., a TOF ratio of more
than 0.70 or 0.80.5,8,9,12 However, patients exposed to
subjective neuromuscular monitoring have a high inci-
dence of residual neuromuscular block, though their
anesthesiologists judged them to have recovered ade-
quately.5,8,9,12 As a corollary, objective monitoring
would permit anticholinesterases to be reserved for only
those patients who actually need a reversal agent.

One crucial question is do residual effects of muscle
relaxants actually affect patient outcome? Or in other
words, it is one thing to say that patients are inade-
quately reversed, based on some form of neuromuscular
monitoring, but it is another to conclude that this resid-
ual paralysis constitutes an increased risk for morbidity
or mortality. In this respect, little data are available for
intermediate acting drugs. However, one large outcome
study from Scandinavia does shed light on this important
topic.13 Patients with a long-acting residual neuromus-
cular block due to pancuronium have a higher risk of
postoperative pulmonary complications, the risk being
further increased with increasing age. For instance, pa-
tients greater than 60 yr of age undergoing major abdom-
inal operations have a 40–50% risk of a postoperative
pulmonary complication if left with a prolonged residual
neuromuscular block in the PACU. This important study
should make us all aware of the risk involved when a
patient is left with a residual neuromuscular block in the

recovery room. It also illustrates that the duration (time
length) during which the patient actually is residually
paralyzed is of importance, hence the strong correlation
to a long-acting neuromuscular block. In this context, it
is important to remember that even medium-acting neu-
romuscular blocking agents may become long-acting
during very modest body hypothermia.14

Apart from the interference with pulmonary function,
the consequences of a residual neuromuscular block
involve other vital organ functions. First, the muscle
function and coordination of protection reflexes of the
pharynx and upper esophagus are impaired in individu-
als with a residual paralysis.15–16 The time course of this
pharyngeal dysfunction and dyscoordination is markedly
longer than that of peripheral skeletal muscle groups,
such as the diaphragm, larynx, hand, and face.15–17 Since
we lack methods for monitoring these vital muscle
groups, we must rely on the functional relationship be-
tween these muscle groups and the TOF response in the
adductor pollicis muscle. Several studies15–16 clearly
show that airway protection and control have not recov-
ered until an adductor pollicis TOF ratio of 0.90 has been
reached. Second, the ventilatory response to hypoxia is
reduced during residual neuromuscular block due to a
direct inhibition of the chemoreceptor activity in the
carotid bodies.18–20 Third, the ability to control the jaw
and the tongue and hereby maintain the airway and
speech may be impaired such that it can interfere with
the protection of the airway, even in an individual with-
out sedation or impaired consciousness.21 Debaene et
al.1 touch on these matters in their attempts to perform
two clinical bedside tests, but they do not more specif-
ically address such effects or discuss alternative explana-
tions for their failure. Anesthetic vapors (e.g., isoflurane
and sevoflurane) and propofol may markedly impair the
pharynx and esophageal coordination resulting in failed
airway protection, even at subanesthetic concentra-
tions.22 They also cause a dyscoordination of the phar-
ynx.22 Residual effects from isoflurane, not directly re-
lated to sedation, thus may partly explain the inability of
some of the patients to cooperate during head lift and
tongue protrusion tests.

The message is short and clear—it is time to move from
discussion to action and introduce objective neuromuscu-
lar monitoring in all operating rooms, not just those occu-
pied by researchers and aficionados of muscle relaxants. I
believe that objective neuromuscular monitoring is an evi-
dence-based practice and should consequently be used
whenever a nondepolarizing neuromuscular blocking
agent is administered. Such monitoring is noninvasive and
has little risk, and there are strong reasons to believe that its
use can improve patient outcome.

Lars I. Eriksson, M.D., Ph.D. Professor of Anesthesiology and Inten-
sive Care Medicine, Department of Anesthesiology and Intensive
Care, Karolinska Hospital and Institute, Stockholm, Sweden.
lars.i.eriksson@ks.se

1038 EDITORIAL VIEWS

Anesthesiology, V 98, No 5, May 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/5/1039/407905/0000542-200305000-00003.pdf by guest on 20 M
arch 2024



References

1. Debaene B, Plaud B, Dilly M-P, Donati F: Residual paralysis in the PACU after
a single intubating does of non-depolarizing muscle relaxant with an intermediate
duration of action. ANESTHESIOLOGY 2003; 98:1042–8

2. Baillard C, Gehan G, Reboul-Marty J, Larmignat P, Samana CM, Cupa M:
Residual curarization in the recovery room after vecuronium. Br J Anaesth 2000;
84:394–395

3. Hayes AH, Mirakhur RK, Breslin DS, Reid JE, McCourt KC: Postoperative
residual block after intermediate-acting neuromuscular blocking drugs. Anaesthe-
sia 2001; 56:312–318

4. Cammu G, de Baerdemaeker L, den Blauwen N, de Mey JC, Struys M, Mortier
E: Postoperative residual curarization with cisatracurium and rocuronium infusions.
Eur J Anaesthesiol 2002; 19:129–134

5. Gätke MR, Viby-Mogensen J, Rosenstock C, Jensen FS, Skovgaard LT: Post-
operative muscle paralyis after rocuronium: Less residual block when accelero-
myography is used. Acta Anaesthesiol Scand 2002; 46:207–213

6. Kim KS, Lew SH, Cho HY, Cheong MA: Residual paralysis induced by either
vecuronium or rocuronium after reversal with pyridostigmine. Anesth Analg
2002; 95:1656–1660

7. McCaul C, Tobin E, Boylan JF, McShane AJ: Atracurium is associated with
postoperative residual curarization. Br J Anaesth 2002; 89:766–769

8. Mortensen CR, Berg H, El-Mahdy A, Viby Mogensen J: Perioperative moni-
toring of neuromuscular transmission using acceleromyography prevents resid-
ual neuromuscular block following pancuronium. Acta Anaesthesiol Scand 1995;
39:797–801

9. Fruergaard K, Viby Mogensen J, Berg H, el-Mahdy AM: Tactile evaluation of
the response to double burst stimulation decreases, but do not eliminate, the
problem of postoperative residual paralysis. Acta Anaesthesiol Scand 1998; 42:
1168–1174

10. Viby-Mogensen J, Jensen NH, Engbaek J, Ording H, Skovgaard LT, Chraem-
mer-Jorgensen B: Tactile and visual evaluation of response to train-of-four nerve
stimulation. ANESTHESIOLOGY 1985; 1985:440–443

11. Drenck NE, Ueda N, Olsen NV, Engbaek J, Jensen E, Skovgaard LT, Viby
Mogensen J: Manual evaluation of residual curarization using double burst stim-
ulation: A comparison with train-of-four. ANESTHESIOLOGY 1989; 70:578–581

12. Pedersen T, Viby Mogensen J, Bang U, Olsen NV, Jensen E, Engbaek J:

Does perioperative tactile evaluation of the train-of-four responses influence the
frequency of postoperative neuromuscular blockade. ANESTHESIOLOGY 1990; 73:
835–839

13. Berg H, Viby-Mogensen J, Roed Mortensen CR, Engbaek J, Skovgaard LT:
Residual neuromuscular block is a risk factor for postoperative pulmonary com-
plications. A prospective, randomized and blinded study of postoperative com-
plications after atracurium, vecuronium and pancuronium. Acta Anaesthesiol
Scand 1997; 41:1095–1103

14. Heier T, Caldwell JE, Eriksson LI, Sessler DI, Miller RD: The effect of
hypothermia on adductor pollicis twitch tension during continuous infusion of
vecuronium in isoflurane-anesthetized humans. Anesth Analg 1994; 78:312–317

15. Eriksson LI, Sundman E, Olsson R, Nilsson L, Witt H, Ekberg O, Kuylen-
stierna R: Functional assessment of the pharynx at rest and during swallowing in
partially paralysed humans. ANESTHESIOLOGY 1997; 87:1035–1043

16. Sundman E, Witt H, Olsson R, Ekberg O, Kuylenstierna R, Eriksson LI: The
incidence and mechanism of pharyngeal and upper esophageal dysfunction in
partially paralyzed humans Anesthesiology 2000; 92:977–984

17. Isono S, Koichi T, Ide T, Suigimori K, Mizuguchi T, Nishino T: Differential
effects of vecuronium at the diaphragm and geniohyoid muscle in anesthetized
dogs. Br J Anaesth 1992; 77:1070–1073

18. Eriksson LI, Sato M, Severinghaus JW: Effects of vecuronium-induced
partial neuromuscular block on hypoxic ventilatory responses. ANESTHESIOLOGY

1993; 78:693–699
19. Wyon N, Joensen H, Yamamoto Y, Lindahl SGE, Eriksson LI: Carotid body

chemoreceptor function is impaired by vecuronium during hypoxia. ANESTHESI-
OLOGY 1999; 89:1471–1479

20. Jonsson M, Kim C, Yamamoto Y, Runold MK, Lindahl SGE, Eriksson LI:
Atracurium and vecuronium block nicotine-induced carotid body responses. Acta
Anaesthesiol Scand 2002; 94:117–122

21. Kopman AF, Yee PS, Neumann GG: Relationship of the train-of-four fade
ratio to clinical signs and symptoms of residual paralysis in awake volunteers.
ANESTHESIOLOGY 1997; 86:765–771

22. Sundman E, Witt H, Sandin R, Kuylenstierna R, Bodén K, Ekberg O,
Eriksson LI: Pharyngeal function and airway protection during subhypnotic
concentrations of propofol, isoflurane and sevoflurane. ANESTHESIOLOGY 2001;
95:1125–1132

Anesthesiology 2003; 98:1039–41

Perinatal Brain Injury: The Role of Development in
Vulnerability

THE article appearing in this issue of ANESTHESIOLOGY by
Ditsworth et al.1 reports that cell death in the brains of
piglets subjected to 90 min of deep hypothermic circu-
latory arrest (DHCA) is largely apoptotic, accompanied
by activation of caspases 3 and 8, as well as early release
of cytochrome c and the presence of Fas. This article
raises several issues of interest to anesthesiologists.
These include 1) the potential danger of DHCA to the
developing brain and whether we can do anything to
better protect the brains of these infants during surgery,
2) the role of development in determining the mecha-
nisms of brain injury, and 3) the role of development in

susceptibility to brain injury and sensitivity to neuropro-
tective interventions.

Although DHCA clearly provides significant protection
to the brain and other organs from ischemia, the results
of this article and prior reports2–4 demonstrate that
DHCA for a sufficient duration does result in brain injury.
This finding is not surprising, because the extent of brain
injury resulting from ischemia must in part depend on
the duration of the ischemic insult, even in the presence
of hypothermia. This work and that of others has shown
that 60–90 min of DHCA is sufficient to cause brain cell
death. Further investigation of the effects of deep hypo-
thermia alone are needed, as well as investigation into
the use of low-flow perfusion versus intermittent perfu-
sion as a way to protect the brain but still permit ade-
quate surgical conditions.

The results reported by Ditsworth et al.1 focus on the
mechanism of brain cell death following DHCA. Their
observations strengthen the argument that much of the
cell death is apoptotic by demonstrating activation of
caspases 3 and 8, as well as cytochrome c release from
mitochondria, a step often necessary for activation of the
caspase proteases that kill the cell. Making the distinc-
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tion between different types of cell death is not a purely
academic one, since different mechanisms of cell death
may suggest different strategies for protection. Necrotic
cell death involves swelling rather than condensation of
the cell and internal organelles, random DNA fragmen-
tation, early disruption of organelles without formation
of apoptotic bodies, and early loss of plasma membrane
integrity.

In contrast, apoptosis is a type of cell death with a
distinct morphology consisting of nuclear condensation,
early preservation of nuclear and cytoplasmic mem-
branes, and relative preservation of cellular organelles.5

Apoptotic cell death plays a key role in the normal
development of the central nervous system.6 As each
region develops, the number of cells is reduced from the
number initially generated so that the number of differ-
ent types of neurons is appropriate,7 and the number of
astrocytes and oligodendrocytes is matched to the num-
ber of neurons and axons. This process results in devel-
opmentally determined vulnerable periods for specific
cell populations. For example, cerebral white matter
injury consisting of periventricular leukomalacia and hy-
pomyelination are the anatomic correlates of cerebral
palsy. These forms of brain injury are thought to be due
to the specific vulnerability of premyelinating oligoden-
drocytes in the mid to late third trimester of human
pregnancy when ischemia or infection/cytokine expo-
sure may result in excessive loss of oligodendrocytes and
a reduced number of mature myelinating oligodendro-
cytes.8,9 This response to ischemia is not seen in older
patients or animals, suggesting that the tendency of a cell
to undergo apoptosis is developmentally regulated. This
concept is further supported by the recent observation
that expression of caspase 3 decreases during postnatal
development,10 but it increases in very old animals.11 In
addition, the pro-apoptotic Bax molecule and associated
release of cytochrome c is increased in brain mitochon-
dria from immature compared to mature animals, further
indicating that early postnatal brain cells are primed to
undergo apoptosis.12

Thus an important aspect of understanding brain in-
jury due to cerebral ischemia requires understanding the
role played by development. Although several investiga-
tors argue against a role for apoptosis in adult brain
ischemia, there is much better agreement that apoptosis
plays an important role in the response to ischemia in
the perinatal period. Work from several laboratories
studying normothermic ischemia clearly suggests that
apoptotic cell death in the brain is developmentally
regulated, with apoptosis being readily detected after
models of perinatal hypoxia/ischemia, but less promi-
nent in adult models of cerebral ischemia.13–22

Many genes involved in the cell death process have
been identified. Many biochemical changes and specific
signaling pathways have been shown to participate in
this process. Apoptosis may result from imbalances in

signaling pathways (such as lack of growth factors), may
be initiated by activation of membrane receptors, and
has several potential pathways for execution. These in-
clude (1) activation of proteases called caspases that
carry out the cell death,23–26 (2)participation of mito-
chondria in the release of proapoptotic proteins,27,28

and (3) regulation by the bcl-2 family of proteins.29

Several steps in the apoptosis cascade have provided
new ways to reduce ischemic cell death in models of
cerebral ischemia. Caspase inhibitors and overexpres-
sion of antiapoptotic regulatory proteins (such as bcl-2)
have been shown to be effective at reducing ischemic
brain injury in animal models.30–35 Despite this type of
evidence, due to the heterogeneity of the morphologic
picture in cerebral ischemia, there is still disagreement
about the extent to which cell death during stroke involves
apoptosis, necrosis, or a combination of both.36–40

Complicating our understanding of the mechanisms of
cell death are recent findings that suggest that there are
multiple methods of genetically controlled cell death
and that the morphologic picture of apoptosis does not
always correlate with activation of caspases nor does the
appearance of a necrotic death rule out an active genet-
ically determined type of cell death. Genetically deter-
mined types of cell death independent of caspase acti-
vation have been described,41,42 which may still display
the cellular morphology of apoptosis. Cell death in
which activation of caspases is important but results in
necrosis-like morphology has also been reported.43 Re-
cent data suggest that both caspase-dependent and
caspase-independent forms of cell death are involved in
cerebral ischemia.44

In addition to changes in the mechanisms of brain cell
loss with development, the effect of the same insult
changes with age. Vulnerability or the extent of injury
observed in response to an ischemic insult increases as a
function of age. Vulnerability to ischemia changes rap-
idly with age in the perinatal period as demonstrated in
a study of combined focal ischemia–hypoxia in rat be-
tween the ages of postnatal days 1 and 7.45 Brains of
postnatal day 5 rats showed markedly less injury than did
brains of postnatal day 7 animals. Similar changes in
response to injury have also been seen in brain cell
cultures.46 Thus, although a given duration of ischemia
may result in less severe injury in an infant, because this
deficit will be present throughout life, it is still a matter
of great concern.

Understanding differences in the mechanisms of brain
injury provoked by ischemia in neonates compared to
adults will lead to the development of age-specific pro-
tective strategies. At this time, a great deal remains to be
learned about age-specific responses to cerebral isch-
emia, and the efficacy of potential protective strategies
should be evaluated in both perinatal and adult models
of cerebral ischemia.

1040 EDITORIAL VIEWS

Anesthesiology, V 98, No 5, May 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/5/1039/407905/0000542-200305000-00003.pdf by guest on 20 M
arch 2024



Rona G. Giffard, M.D., Ph.D.,* Gary Fiskum, Ph.D.† *Associate
Professor of Anesthesia, Vice Chair for Research, Stanford University
School of Medicine, Stanford, California, †Professor and Research
Director of Anesthesiology, University of Maryland School of
Medicine, Baltimore, Maryland. rgiffard@stanford.edu

References

1. Ditsworth D, Priestley M, Loepke AW, Ramamoorthy C, McCann J, Staple L,
Kurth D: Apoptotic neuronal death following deep hypothermic circulatory
arrest in piglets. ANESTHESIOLOGY 2003; 98:1119–27

2. Nomura F, Forbess JM, Jonas RA, Hiramatsu T, du Plessis AJ, Walter G,
Stromski ME, Holtzman DH: Influence of age on cerebral recovery after deep
hypothermic circulatory arrest in piglets. Ann Thorac Surg 1996; 62:115–22

3. Kurth CD, Priestley M, Golden J, McCann J, Raghupathi R: Regional patterns
of neuronal death after deep hypothermic circulatory arrest in newborn pigs.
J Thorac Cardiovasc Surg 1999; 118:1068–77

4. Langley SM, Chai PJ, Miller SE, Mault JR, Jaggers JJ, Tsui SS, Lodge AJ,
Lefurgey A, Ungerleider RM: Intermittent perfusion protects the brain during
deep hypothermic circulatory arrest. Ann Thorac Surg 1999; 68: 4–12; discussion
12–3

5. Kerr JF, Wyllie AH, Currie AR: Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br J Cancer 1972; 26:239–57

6. Oppenheim RW: Cell death during development of the nervous system.
Annu Rev Neurosci 1991; 14:453–501

7. Thomaidou D, Mione MC, Cavanagh JF, Parnavelas JG: Apoptosis and its
relation to the cell cycle in the developing cerebral cortex. J Neurosci 1997;
17:1075–85

8. inney HC, Back SA: Human oligodendroglial development: relationship to
periventricular leukomalacia. Semin Pediatr Neurol 1998; 5:180–9

9. Back SA, Luo NL, Borenstein NS, Levine JM, Volpe JJ, Kinney HC: Late
oligodendrocyte progenitors coincide with the developmental window of vul-
nerability for human perinatal white matter injury. J Neurosci 2001; 21:1302–12

10. Hu BR, Liu CL, Ouyang Y, Blomgren K, Siesjo BK: Involvement of caspase-3
in cell death after hypoxia-ischemia declines during brain maturation. J Cereb
Blood Flow Metab 2000; 20:1294–300

11. Martin DS, Lonergan PE, Boland B, Fogarty MP, Brady M, Horrobin DF,
Campbell VA, Lynch MA: Apoptotic changes in the aged brain are triggered by
interleukin-1beta- induced activation of p38 and reversed by treatment with
eicosapentaenoic acid. J Biol Chem 2002; 277:34239–46

12. Polster BM, Robertson CL, Bucci CJ, Suzuki M, Fiskum G: Postnatal brain
development and neural cell differentiation modulate mitochondrial Bax and
BH3 peptide-induced cytochrome c release. Cell Death Diff 2003; IN PRESS

13. eilharz EJ, Williams CE, Dragunow M, Sirimanne ES, Gluckman PD: Mech-
anisms of delayed cell death following hypoxic-ischemic injury in the immature
rat: evidence for apoptosis during selective neuronal loss. Brain Res Mol Brain Res
1995; 29:1–14

14. van Lookeren Campagne M, Gill R: Ultrastructural morphological changes
are not characteristic of apoptotic cell death following focal cerebral ischaemia
in the rat. Neurosci Lett 1996; 213:111–4

15. Petito CK, Torres-Munoz J, Roberts B, Olarte JP, Nowak TS, Jr, Pulsinelli WA:
DNA fragmentation follows delayed neuronal death in CA1 neurons exposed to
transient global ischemia in the rat. J Cereb Blood Flow Metab 1997; 17:967–76

16. Portera-Cailliau C, Price DL, Martin LJ: Excitotoxic neuronal death in the
immature brain is an apoptosis- necrosis morphological continuum. J Comp
Neurol 1997; 378:70–87

17. Sidhu RS, Tuor UI, Del Bigio MR: Nuclear condensation and fragmentation
following cerebral hypoxia- ischemia occurs more frequently in immature than
older rats. Neurosci Lett 1997; 223:129–32

18. Colbourne F, Sutherland GR, Auer RN: Electron microscopic evidence
against apoptosis as the mechanism of neuronal death in global ischemia. J Neu-
rosci 1999; 19:4200–10

19. Ishimaru MJ, Ikonomidou C, Tenkova TI, Der TC, Dikranian K, Sesma MA,
Olney JW: Distinguishing excitotoxic from apoptotic neurodegeneration in the
developing rat brain. J Comp Neurol 1999; 408:461–76

20. Cheng Y, Deshmukh M, D’Costa A, Demaro JA, Gidday JM, Shah A, Sun Y,
Jacquin MF, Johnson EM, Holtzman DM: Caspase inhibitor affords neuroprotec-
tion with delayed administration in a rat model of neonatal hypoxic-ischemic
brain injury. J Clin Invest 1998; 101:1992–99

21. Nakajima W, Ishida A, Lange MS, Gabrielson KL, Wilson MA, Martin LJ,
Blue ME, Johnston MV: Apoptosis has a prolonged role in the neurodegeneration
after hypoxic ischemia in the newborn rat. J Neurosci 2000; 20:7994–8004

22. Gill R, Soriano M, Blomgren K, Hagberg H, Wybrecht R, Miss MT, Hoefer
S, Adam G, Niederhauser O, Kemp JA, Loetscher H: Role of caspase-3 activation
in cerebral ischemia-induced neurodegeneration in adult and neonatal brain.
J Cereb Blood Flow Metab 2002; 22:420–30

23. Alnemri ES: Mammalian cell death proteases: a family of highly conserved
aspartate specific cysteine proteases. J Cell Biochem 1997; 64:33–42

24. Thornberry NA, Lazebnik Y: Caspases: enemies within. Science 1998;
281:1312–16

25. Honig LS, Rosenberg RN: Apoptosis and neurologic disease. Am J Med
2000; 108:317–30

26. Yuan J, Yankner BA: Apoptosis in the nervous system. Nature 2000;
407:802–9

27. Mignotte B, Vayssiere JL: Mitochondria and apoptosis. Eur J Biochem 1998;
252:1–15

28. Kroemer G, Reed JC: Mitochondrial control of cell death. Nat Med 2000;
6:513–9

29. Reed JC, Jurgensmeier JM, Matsuyama S: Bcl-2 family proteins and mito-
chondria. Biochim Biophys Acta 1998; 1366:127–37

30. Linnik MD, Zahos P, Geschwind MD, Federoff HJ: Expression of bcl-2 from
a defective herpes simplex virus-1 vector limits neuronal death in focal cerebral
ischemia. Stroke 1995; 26:1670–74

31. Lawrence MS, Ho DY, Sun GH, Steinberg GK, Sapolsky RM: Overexpres-
sion of Bcl-2 with herpes simplex virus vectors protects CNS neurons against
neurological insults in vitro and in vivo. J Neurosci 1996; 16:486–96

32. Papadopoulos MC, Koumenis IL, Xu L, Giffard RG: Potentiation of murine
astrocyte antioxidant defence by bcl-2: protection in part reflects elevated glu-
tathione levels. Eur J Neurosci 1998; 10:1252–60

33. Endres M, Namura S, Shimizu-Sasamata M, Waeber C, Zhang L, Gomez-Isla
T, Hyman BT, Moskowitz MA: Attenuation of delayed neuronal death after mild
focal ischemia in mice by inhibition of the caspase family. J Cereb Blood Flow
Metab 1998; 18:238–47

34. Cao G, Pei W, Ge H, Liang Q, Luo Y, Sharp FR, Lu A, Ran R, Graham SH,
Chen J: In Vivo Delivery of a Bcl-xL Fusion Protein Containing the TAT Protein
Transduction Domain Protects against Ischemic Brain Injury and Neuronal Apo-
ptosis. J Neurosci 2002; 22:5423–31

35. Mouw G, Zechel JL, Zhou Y, Lust WD, Selman WR, Ratcheson RA:
Caspase-9 inhibition after focal cerebral ischemia improves outcome following
reversible focal ischemia. Metab Brain Dis 2002; 17:143–51

36. Martin LJ, Al-Abdulla NA, Brambrink AM, Kirsch JR, Sieber FE, Portera-
Cailliau C: Neurodegeneration in excitotoxicity, global cerebral ischemia, and
target deprivation: A perspective on the contributions of apoptosis and necrosis.
Brain Res Bull 1998; 46:281–309

37. McConkey DJ: Biochemical determinants of apoptosis and necrosis. Toxi-
col Lett 1998; 99:157–68

38. Roy M, Sapolsky R: Neuronal apoptosis in acute necrotic insults: why is
this subject such a mess? Trends Neurosci 1999; 22: 419–22

39. Fujikawa DG: Confusion between neuronal apoptosis and activation of
programmed cell death mechanisms in acute necrotic insults. Trends Neurosci
2000; 23:410–1

40. Northington FJ, Ferriero DM, Graham EM, Traystman RJ, Martin LJ: Early
Neurodegeneration after Hypoxia-Ischemia in Neonatal Rat Is Necrosis while
Delayed Neuronal Death Is Apoptosis. Neurobiol Dis 2001; 8:207–19

41. Sperandio S, de Belle I, Bredesen DE: An alternative, nonapoptotic form of
programmed cell death. Proc Natl Acad Sci U S A 2000; 97:14376–81

42. Mathiasen IS, Jaattela M: Triggering caspase-independent cell death to
combat cancer. Trends Mol Med 2002; 8:212–20

43. Leist M, Jaattela M: Four deaths and a funeral: from caspases to alternative
mechanisms. Nat Rev Mol Cell Biol 2001; 2:589–98

44. Zhan RZ, Wu C, Fujihara H, Taga K, Qi S, Naito M, Shimoji K: Both
caspase-dependent and caspase-independent pathways may be involved in hip-
pocampal CA1 neuronal death because of loss of cytochrome c From mitochon-
dria in a rat forebrain ischemia model. J Cereb Blood Flow Metab 2001; 21:
529–40

45. Grafe MR: Developmental changes in the sensitivity of the neonatal rat
brain to hypoxic/ischemic injury. Brain Res 1994; 653:161–6

46. Papadopoulos MC, Koumenis IL, Yuan TY, Giffard RG: Increasing vulner-
ability of astrocytes to oxidative injury with age despite constant antioxidant
defenses. Neuroscience 1998; 82:915–25

1041EDITORIAL VIEWS

Anesthesiology, V 98, No 5, May 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/5/1039/407905/0000542-200305000-00003.pdf by guest on 20 M
arch 2024


